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Abstract 

Individual cells in multicellular organisms constantly explore their microenvironment, or niche, 

to obtain spatial information that is used to regulate cell behavior to maintain tissue integrity. The 

extracellular matrix (ECM) is an important source of such spatial information. Binding of the integrin 

family receptors to the ECM triggers formation of integrin adhesion complexes (IACs) which link the 

ECM network to cellular cytoskeleton via remarkably large multiprotein complexes collectively 

referred to as the integrin adhesome. Recent advances in proteomics have enabled researchers to 

study the IAC composition in detail. Various biochemical IAC isolation methods and culture 

conditions have been employed to study the composition and dynamics of integrin-mediated 

adhesions mainly in fibroblasts and lymphoblasts. These studies have led to identification of 

daunting lists of potential IAC components. This review focuses on the current status of proteomics-

driven research seeking to understand integrin functions by comprehensive analysis of IAC 

components. These systems level approaches have revealed the complexity of biochemical and 

biomechanical signals that are processed at IACs and provide a novel insight into how these signals 

are conveyed to regulate cellular behavior. 
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Integrin structure and activation 

Integrins constitute a large family of αβ-heterodimeric receptors which emerged during 

evolution to regulate multicellular organization and communication between the different cell types 

in the early metazoans [1]. In vivo, integrins orchestrate cell-ECM and cell-cell interactions that are 

critical for cell adhesion, polarity and migration and thereby formation and maintenance of most if 

not all multicellular tissues as well as many processes involving regulated cell adhesion such as 

leukocyte activation [2]. In mammals, 18 α-subunits and 8 β-subunits can reportedly form 24 distinct 

heterodimers [3]. In evolutionary terms integrins fall roughly into four groups; RGD-, laminin- and 

collagen-binding integrins and leukocyte integrins the latter two containing an additional αI-domain 

that is not present in the first two groups [1]. Some integrin subunits, such as β1, β2 and αV, can 

pair with multiple other subunits while most subunits form only 1 or 2 different heterodimers [3]. 

Most cell types express several different integrin subunits. Importantly, although there is significant 

overlap in the ligand-binding specificity between the different integrins their functional redundancy 

is only partial as evidenced by the documented phenotypes of integrin-knockout mice [4]. It is 

obvious that cellular context, cell type(s) involved and the surrounding ECM microenvironment, 

modulate integrin-mediated responses but the molecular mechanisms explaining the signaling 

specificity of the different integrin heterodimers remain poorly understood.  

Integrins are type I transmembrane glycoproteins with a large extracellular domain and a short 

intracellular tail [5]. Integrin activation involves complex conformational changes that are regulated 

by effectors binding mainly to the integrin cytoplasmic tails which contain several motifs that have 

been reported to interact with numerous binding partners [5-9] (Figure 1A). Accordingly, most of 

the canonical adhesome proteins are cytoplasmic or intracellular peripheral membrane proteins 

[10]. The key property of activated integrins is to form a link between the ECM and cellular actin 

cytoskeleton [11]. Due to the dynamic nature of cell-ECM interactions, the formation and 
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maintenance of such links need to be highly regulated. Inside-out activation of integrins is triggered 

when cytoplasmic integrin activating proteins, talin and kindlin in particular, bind to the C-terminal 

tail [12]. Outside-in activation is triggered after integrin first engages with its ECM ligand thereby 

facilitating subsequent recruitment of cytoplasmic activators such as talin and/or kindlin to the C-

terminal integrin tails [13-17]. Both talin and kindlin can serve as a linker connecting integrins to 

actin filaments [18, 19]. Other proteins reportedly linking integrin cytoplasmic domains to actin are 

α-actinin [20], filamin [21], tensin [22], myosin-X [23] and ILK/Pinch/Parvin-complex [24-28]. These 

proteins are thus central adhesome components and with the exception of myosin-X, all of them 

are found in most proteomic studies on integrin adhesions complexes (IACs) [29]. 

Integrin-mediated adhesions 

Focal adhesions (FAs) are prototypical integrin-mediated cell-ECM contact sites that link cellular 

actin cytoskeleton to the ECM scaffold [30]. Nascent adhesions or focal contacts are initially formed 

by one or few integrins that progressively cluster to form FAs (Figure 1B) [31, 32]. FAs can be several 

square micrometers in size and they serve as anchoring points for actin stress fibers which also exert 

strain on the FAs they are linked to. These integrin-associated actin-rich platforms define the bona-

fide “adhesome” as they gradually assemble up to hundreds of different proteins components [2] 

(Figure 1C). Individual components or smaller units of FAs, including integrins themselves, undergo 

dynamic diffusion to and from the FA [33]. On one hand, FAs need to be actively maintained in order 

to prevent their disassembly. On the other hand, FAs serve as environmental probes by continuously 

assembling and disassembling in a regulated manner. Cell locomotion, stress fiber dynamics and/or 

retrograde actin flow eventually drive formation of more ventrally positioned fibrillar adhesions 

(FBs) which appear to be connected to less contractile (or non-contractile) actin filaments when 

compared with FAs [34]. Whether talin-enriched FAs mature into tensin and α5β1-integrin enriched 
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FBs or if they rather represent two different types of integrin-mediated adhesions can be debated 

but they do contain different sets of effectors [30, 34]. Recently tensin-rich FBs were identified as 

hot spots for α5β1-integrin internalization and were proposed to be specifically linked to energy 

metabolism [35]. FAs can be formed by different integrin heterodimers and β1- and αV-integrins 

appear to synergistically drive FA maturation [36, 37] 

FAs are not the only type of integrin-mediated adhesive structures. Pseudopodia, podosomes 

and invadopodia are integrin-dependent adhesive structures that have been functionally linked to 

ECM degradation [38]. Proteomic analyses of these structures have been performed and while they 

share several components with FAs there are also significant differences reflecting their specialized 

functions [39-43]. In the following chapters I will, however, focus on the FA-associated adhesome 

that has been characterized in multiple studies. 

Composition of the integrin adhesome – ever increasing 

complexity? 

The composition of integrin associated complexes (IACs) is dynamically changing over time and 

space as it is assembled in response to mechanical stress and disassembled via endocytic and/or 

proteolytic processes [44-50]. The literature-curated integrin adhesome consisting of 90 core 

components and 66 peripheral components was originally defined by combining data from 

individual focused protein-protein interaction and microscopy-based studies, as well as functional 

genomics approaches [2, 10, 51]. More recently due to emergence of unbiased IAC proteome 

analyses the number of IAC components has expanded from ~200 up to more than 2400 proteins 

[29, 52]. Comparative proteomic analyses revealed that most of these so-called meta-adhesome 

proteins are cell and/or context-specific as significant differences were observed between the IACs 

analyzed from different cell lines [29]. Differences were also found depending on which specific 
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integrin is forming the adhesion or whether nascent or more mature adhesions were isolated [29, 

53-57]. Despite the observed high variability of IAC associated proteins, a core consensus adhesome 

consisting of 60 proteins which were consistently identified from the different IAC preparations was 

proposed [29]. Interestingly, only half of the proteomics-derived core consensus adhesome proteins 

overlapped with the literature-curated adhesome (Figure 2A). Along the same lines, there is 

surprisingly little overlap with adhesome components identified from different types of proteomic 

analyses although they do generally fall within similar functional groups (Figure 2B-D). 

Isolation of integrin associated complexes for proteomics 

The most critical step in proteomics of IACs is sample preparation. Selection of the isolation 

method is not trivial because integrin-mediated adhesion complexes are dynamic, their formation 

and disassembly are mechanosensitive such that they respond to forces by changing their 

composition. In most approaches cell culture plates have been coated with an integrin ligand, 

commonly fibronectin (FN), but substrate-coated paramagnetic beads have also been used, 

particularly for suspension cells [29, 53, 58] (Figure 3A). Importantly, FAs do not undergo mechanical 

maturation when substrate-coated beads are used, thus this approach is useful when focusing the 

analysis on nascent adhesions [29]. Integrin heterodimer repertoire adds another layer of 

complexity because most cell types express multiple different integrin heterodimers. Furthermore, 

many of the interactions within IACs are relatively weak and/or transient and therefore mild and 

rapid isolation procedures are needed [54, 59, 60](Figure 3B). One solution to this challenge relies 

on the use of chemical crosslinkers (eg. DTBP, DTSSP or DSP/DPDPB) in order to stabilize and 

preserve low affinity interactions [55-58, 61, 62] (Figure 3C). 

Regardless of the method, biochemical isolations and/fractionations will always contain some 

impurities. When combined with the sensitive state-of-art mass-spectrometry (MS) analyses, these 
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impurities (eg. unspecific binders) together with abundant proteins typically found as contaminants 

in proteomic analyses pose a challenge how to separate real IAC components from a large number 

of non-specific contaminants. In some circumstances most frequent false positives on IACs can be 

excluded by utilizing a negative control ligand such as poly-L-lysine or transferrin onto which cells 

bind in an integrin-independent manner [53, 56, 57, 62]. However, the selection of negative control 

is not a trivial issue as different negative controls can have different set of non-specific hits [63]. 

Moreover, some of the established key adhesome components are found with medium-to-high 

frequency in contaminant repositories such as “CRAPome” [64]. Vascular cell adhesion protein 1 

(VCAM-1) mutant, VCAM-1 D40A that has lost its ability to interact with α4β1-integrin, is one 

elegant example of carefully selected negative control that differentiates VCAM-1-bound α4β1-

integrin associated complexes from integrin-independent and non-specific contaminants [58]. 

IACs reside at membranes and likely contain many transmembrane and membrane-associated 

proteins whose interactions with integrins could depend on intact membranes. Use of detergents 

to solubilize membrane proteins and at the same time preserve large yet delicate membrane-

associated protein complexes can be a difficult task that needs to be carefully optimized [65, 66]. 

Some receptor complexes, such as the TCR-complex have been successfully immuno-isolated 

without detergents or chemical crosslinkers by coupling paramagnetic bead approach with nitrogen 

cavitation resulting in membrane vesiculation [67]. In our hands, however, this approach has been 

difficult to systematically reproduce for IACs (Manninen et al. unpublished). Moreover, bead-based 

approaches are limited to obtaining nascent adhesions. Another interesting technology is the BioID 

method that utilizes promiscuous biotin ligase that can be fused to protein of interest to biotinylate 

its proximal interacting proteins in vivo [68]. This is a powerful novel approach that is perfectly 

suited for capturing transient and/or weak protein-protein interactions. BioID-technology has been 
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recently used to characterize the interaction partners of two central FA proteins, paxillin and kindlin-

2 [69] (Figure 3D). BioID analysis revealed a much more restricted set of IAC components when 

compared with mechanical isolation of IACs and together with standard affinity-purification 

approaches provides an interesting additional method that can be utilized to dissect subsets of IACs 

[56, 69, 70]. 

Lessons learned from proteomic analysis of integrin associated 

complexes 

Integrin activation and formation of nascent adhesions 

Most of the current proteomics studies have been designed to capture active integrin 

complexes. However, integrin inactivation is not a default state but is also regulated. Therefore 

inactive integrins form also complexes with many proteins [4]. Byron and colleagues addressed this 

issue by utilizing conformation-specific integrin antibodies to capture either active or inactive IACs 

using the bead-based method (Figure 3A) [71]. Fibroblasts spread efficiently on substrates coated 

with immobilized activating or inhibitory integrin-antibodies but they formed stress fibers only 

when spreading on activating integrin antibodies. Somewhat surprisingly, the majority (64%) of the 

2265 proteins identified by MS analysis were associated with both active and inactive IACs [71]. 

Active IACs were found to be enriched with actin-binding proteins and a number of microtubule 

(MT) interacting proteins such as MT plus end tracking (+TIPs) proteins. This is in agreement with 

previous findings where MTs were found to target FAs resulting in stabilization of peripheral MT 

localization [72, 73]. By using immobilized activating or inhibitory integrin antibodies Byron and 

colleagues showed that MTs were stabilized only at active integrin adhesions. What is the role of 

MT stabilization at forming FAs? MTs are not required for FA assembly or maturation. In contrast, 

MTs are involved in FA disassembly and inhibition of MT oligomerization enhances FA maturation 
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[50, 72]. MT targeting to integrin-mediated adhesions might direct specific membrane cargo to form 

polarized domains required for example oriented cell division or cell polarization [74-76]. 

As mentioned above integrin activation involves large conformational changes [7]. It has been 

proposed that proximal integrin effectors interact preferentially with either active or inactive 

conformation thereby promoting integrin activation or inhibition, respectively [8, 77]. In many cases 

the different proteins have been suggested to compete for binding to integrins by interacting with 

the same or an adjacent motif and thereby favor a certain conformational state of integrin [9]. Thus, 

a significant number of proteins directly interacting with integrins should interact in mutually 

exclusive manner. Curiously, well-characterized proteins shown to inhibit integrin activation were 

not significantly enriched in inactive IACs [4]. This could reflect differences in the regulation of 

different integrin heterodimers. Alternatively, inhibitory integrin-associated proteins such as 

sharpin or integrin cytoplasmic domain-associated protein-1 (ICAP-1) might only function upon 

particular signals that are not triggered when integrins are rendered inactive by conformation 

specific antibodies. It is also noteworthy that IACs in this study were captured by using paramagnetic 

beads and thus proteomic analysis focused on nascent adhesions in the absence of force-dependent 

maturation of IACs. However, inactive IACs were found to be enriched in Rho and Ras GTPase family 

members that are involved in cytoskeletal organization and membrane trafficking. While these 

effectors are known regulators of FA dynamics the possible mechanisms how they associate with 

inactive integrins and/or their potential functions to inactivate integrins await further studies. 

Force-dependent maturation of nascent adhesions and disassembly of focal 

adhesions 

When activated integrins connect to both actin and sufficiently rigid ECM they have been shown 

to display catch bond behavior leading to more stable integrin-ECM interaction and clustering of 
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integrins at FAs [78]. Catch bonds have the ability to strengthen their affinity to the ligand when 

force is exerted on the interacting molecules [79]. These forces are initially generated by retrograde 

actin flow at lamellipodia and upon further maturation of the adhesions by RhoA/RhoA-associated 

kinase (ROCK)-driven actomyosin contractility [44, 80, 81]. Inhibition of myosin function causes FA-

disassembly. Curiously, proteomic studies identified many Lin11/ Isi-1/Mec-3 (LIM)-domain 

containing proteins which were highly enriched in IACs in actomyosin-contractility dependent 

manner [54, 57]. Several LIM domain proteins shuttle between nucleus and cytoplasm and/or 

associate with actin cytoskeleton [82]. Many LIM-domain proteins contain more two or more LIM-

domains each of which consists of two tandem zinc-fingers [82]. Such structure makes LIM-domain 

arrays suitable for stretch sensing at actin filaments as has been reported for zyxin and muscle LIM 

protein [83, 84]. Although mechanistic details remain unresolved, force-dependent recruitment of 

multiple LIM-domain proteins to FAs possibly reflects their general importance in 

mechanoresponsive integrin signaling and stress fiber formation [31, 32]. Alternatively, increased 

number of LIM-domain proteins could be merely due to higher concentration of filamentous actin 

accumulating at mature FAs. Some of the key hubs (paxillin, pinch, zyxin) at FA contain LIM-domains. 

Mechanosensitive LIM-domain-mediated strengthening of the actin filament connections could 

establish a tension-dependent feedback loop that adjusts actin network organization in response to 

mechanical stress thereby maintaining mechanical homeostasis. Actin-associated proteins in 

general are abundant in IACs. On a cautionary note, actin forms large insoluble networks that span 

the length of a cell and thus many actin-binding proteins including LIM-domain proteins might be 

indirectly retained within the IAC associated interconnected actin polymers, particularly when 

chemical crosslinkers are used. 
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FA-associated MTs likely serve as tracks to target trafficking of various membrane cargo to cell-

ECM adhesions but they are also involved in FA disassembly [85]. Disruption of the MT network with 

nocodazole leads to increased RhoA-mediated myosin contractility and thereby formation of stress 

fibers and FA maturation to FBs [86, 87]. MTs associate with a Rho guanine nucleotide exchange 

factor 2 (GEF-H1) that is released upon nocodazole-mediated disruption of MTs [88]. GEF-H1-driven 

activation of RhoA and subsequent stimulation of myosin-mediated contractility promotes FA 

maturation. One of the prominent cellular functions of integrin-mediated adhesions is their role as 

mechanosensors [32, 89]. In order to respond to mechanical stimulus integrin-mediated adhesions 

need to be able to adjust their composition according to mechanical properties of the ECM. 

Nocodazole-driven FA disassembly implicates the regulation of MT network as an important 

component of mechanotransduction machinery. Interestingly, Fässler and colleagues identified 

GEF-H1 as a component of αV-integrin associated IACs and a critical effector regulating substrate 

stiffness-induced myosin reinforcement [56]. Both αV- and β1-integrins can alone form nascent 

adhesions and mediate cell attachment. However, several studies support cooperative functions for 

αV- and β1-integrins at FAs to enable mechanoresponsive signaling and modulation of the 

composition of FAs [36, 56, 90, 91]. It is tempting to speculate that αV-integrins contribute to FA 

assembly by recruiting GEF-H1 (or MTs) whose release or activation is then somehow regulated by 

MT dynamics. Proteomic analysis of IACs in fibroblasts identified a number of proteins that have 

been previously implicated in tethering MTs to peripheral membranes [55]. At least some of these 

proteins, however, were enriched at IACs in nocodazole-treated cells suggesting that their 

abundance is negatively regulated by intact MT network. Whether these proteins recruit MTs at 

focal adhesions and are then released or if they function to actively trigger MT-dependent FA 

disassembly remains unclear. Another study purified IACs from keratinocytes and identified a MT 

+TIP-associated end-binding 2 (EB2)/MAP4K4/IQSEC1-complex that was shown to actively mediate 
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FA disassembly [60]. In light of these findings it is clear that MT and actin networks converge at FAs 

where complex interactions regulate the stability of each network. Nevertheless, further studies are 

needed to clarify how this interplay is regulated.  

Organization of protein complexes at focal adhesions 

Despite the large number and confusing heterogeneity of IAC components localizing to FAs, 

structurally FAs are highly organized. Super-resolution microscopy revealed that integrin 

cytoplasmic tails and proteins intimately associating with them such as focal adhesion kinase (FAK) 

and paxillin, form a membrane proximal integrin signaling layer (within ~ 20nm of the plasma 

membrane) that is juxtapositioned with so-called mechanotransduction layer containing the 

mechanoresponsive molecules talin and vinculin linking adhesions to the actin network [92]. While 

actin was observed throughout the different layers high amounts of actin together with various actin 

binding proteins constitute the actin regulatory layer blanketing the mechanotransduction layer. 

Protein-protein interaction analysis of the core consensus adhesome identified four central hubs 

coordinated by 1) talin and vinculin 2) FAK and paxillin 3) ILK/Pinch/Parvin (IPP) and kindlin and 4) 

α-actinin, zyxin and vasodilator-stimulated phosphoprotein (VASP) [29]. These hubs can be 

positioned to the above-mentioned layers with FAK/paxillin- and IPP/kindlin-complexes at the 

plasma membrane extending to mechanotransduction layer, talin/vinculin-network mostly within 

the mechanotransduction layer but spanning all the layers and α-actinin/zyxin/VASP-complex 

concentrated at the actin regulatory layer [92]. Some experimental evidence for such layering was 

also provided by proximity biotin ligation approach where BirA fused to kindlin or paxillin 

preferentially labeled membrane-proximal components of FAs [69]. However, in contrast to super-

resolution microscopy, BioID data suggested that FAK is positioned further away from the plasma 

membrane [69, 92]. Additional studies are clearly required to resolve the spatial organization of the 
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key FA components. Importantly, different integrin heterodimers show spatial segregation and/or 

different kinetics also in the plane of the membrane [33, 93]. 

The daunting complexity of IACs raises a question how the highly organized assembly is 

achieved. One possible explanation comes from a study by Horton et al. who performed a proteomic 

analyses on IACs in the absence or presence of an inhibitor for FAK that is a tyrosine kinase centrally 

involved in regulation of focal adhesion dynamics [94, 95]. Somewhat surprisingly, FAK inhibitor had 

only minor effects on IAC composition despite significant decrease in the phosphotyrosine content 

at FAs [95]. In line with the proteomic data cell adhesion was also only minimally affected by FAK 

inhibition. In contrast, cell migration and proliferation were sensitive to FAK inhibition. Similar 

results were observed when Src, another FA-associated tyrosine kinase, was inhibited or even when 

the activity of both FAK and Src was blocked. An analysis of the dynamics of selected FA proteins 

revealed that the turnover rate and mobile fraction of phosphotyrosine-binding proteins were 

increased upon FAK and/or Src-inhibition [95]. These findings suggest that many of the protein 

complexes could pre-exist at IACs or in their proximity and the dynamics of their association within 

IACs is regulated by phosphorylation. Pre-assembled complexes are common in cellular signaling 

pathways [96]. In line with such model, the IPP complex consisting of ILK, pinch and parvin pre-

assembles in the cytoplasm before it is targeted to FAs [97]. A dynamic pre-organized platform that 

is stabilized upon a general signal such as tyrosine phosphorylation would explain how highly 

organized IACs could rapidly assemble or disassemble to regulate cellular functions.  

Signaling at integrin associated complexes 

Integrin mediated focal adhesions are important not only structurally but also serve as cellular 

signaling platforms conveying signals from the ECM into cells and vice versa. Serine-, threonine- and 

tyrosine phosphorylation is the best studied post-translational modification involved in mediating 
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cellular signals [98]. Several kinases and phosphatases have been implicated in the regulation of 

integrin-mediated signaling [99-101]. Phosphoproteomic analyses recapitulate these findings and 

show marked changes in protein phosphorylation upon cell adhesion [56, 62, 102]. These include 

the majority of adhesome proteins, particularly the group of adaptor proteins [62]. Although 

phosphorylation chains propagate the signal in cells phosphorylation of a particular protein is a 

spatially restricted event. Therefore, the phosphoproteome in isolated adhesions is different from 

total cellular phosphoproteome. Robertson et al. detected a number of phosphorylation events that 

were only observed in IACs demonstrating that these phosphorylation sites were modified only in 

active adhesions [62]. This finding is in agreement with the role of FAK/Src-mediated 

phosphorylation of IAC components specifically at FAs to stabilize their recruitment [95]. IAC 

phosphoproteome contained hundreds of proteins that were not detected in IAC proteome [62]. 

Importantly, it was noted that 19 of the 315 IAC components only found in the phosphoproteome 

are included in the literature-curated adhesome. 

Phosphorylation-based signals are typically propagated along a chain of kinases and their 

corresponding substrates. Thus, all signaling proteins critical for FA formation or FA-mediated signal 

transduction are not enriched at IACs. Analysis of the total phosphoproteome in different conditions 

has also revealed novel regulators of FAs [56, 102]. Schiller and colleagues detected more than one 

thousand differentially phosphorylated sites in 150 proteins when fibroblasts were seeded onto FN-

coated substrate [56]. The analysis was performed in cells expressing αV-integrins or β1-integrins 

alone or in combination. Activation of MEK1/ERK2- and the RhoA/ROCK/myosin-pathways were 

found to be preferentially driven by β1-integrins whereas αV-integrins stimulated RhoA activity that 

was uncoupled from ROCK. Another study reported a phosphoproteomic time series analysis of 

HeLa cells adhering to type I collagen where 517 differentially phosphorylated residues in 357 
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proteins were detected [102]. Out of these 357 candidate proteins, altogether 33 kinases or 

phosphatases were screened by RNAi. A series of cell biological assays identified DBF4, GRK6 and 

PAK2 as critical regulatory kinases orchestrating integrin-mediated cell adhesion and migration. FA 

mediated signaling is clearly context-dependent but by accumulating more studies in different cell 

types it will eventually be possible to delineate common integrin-proximal signaling modules that 

directly regulate FA dynamics. Despite the above-mentioned difficulties to draw generalizations, 

integrins are known regulators of growth factor receptor-mediated signaling and cell adhesion is 

commonly a prerequisite for growth factor receptor signaling and cell survival [103-105]. It is clear 

that several different mechanisms are employed in integrin/growth factor receptor crosstalk and a 

number of IAC components are also intimately linked to growth factor receptor signaling. Curiously, 

only few growth factor receptors are found in IACs [29]. Combination of proteomic analyses and 

genetic models will likely be helpful to unravel the complexity of integrin-growth factor receptor 

interplay.  

Conclusions and future perspectives 

The emerging complexity of integrin-mediated cell adhesions during the last few decades led to 

definition of the integrin adhesome, consisting of more than 200 proteins which either localize to 

FAs or interact directly with another adhesome protein or whose depletion clearly interferes with 

cell adhesion. More recently this literature-curated adhesome has been dwarfed by proteomic 

analyses of integrin-mediated adhesions that have increased the number of potential integrin-

associated proteins to several thousands (Table I). Intriguingly, although a core consensus 

adhesome has been extracted that consists of 60 proteins most consistently identified in different 

proteomic studies, only half of them are found in the literature-curated adhesome [29]. Curiously, 

many of the literature-based adhesome protein absent from the IAC proteomes are kinases and 
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other signaling proteins that may associate with adhesion complexes only transiently and via 

multiple weak interactions that might be disrupted during IAC isolation. What are then all these 

other proteins enriched at IACs (Figure 4)? Whether the IAC-enriched proteins groups that regulate 

RNA processing or translation reflect a yet uncharacterized machinery that links FAs to regulation 

of RNA biogenesis and protein synthesis is an interesting question for future studies [106, 107]. 

While the number of components in IAC proteomes from different cells and/or conditions is 

roughly similar a surprisingly small fraction of them is shared between the studies. This 

heterogeneity is even more surprising given that most of the proteomes come from few cell types 

and mainly focus on only few different ligands. It can be anticipated that once more proteomic 

studies on IACs from different cell types and substrates accumulate the meta-adhesome becomes 

even more heterogeneous. For example, epithelial cells that have so far obtained limited attention 

in proteomics studies express many different integrin heterodimer and efficiently adhere to FN, 

collagen and laminin. The crucial substrate for epithelial cells in vivo is laminin that is recognized by 

multiple different integrin and non-integrin receptors [108-110]. In addition to FAs formed by β1- 

and αV-integrins, α6β4-integrins form hemidesmosomes in epithelial cells. Two distinct types of 

hemidesmosomes have been described, type I hemidesmosomes that are typical for keratinocytes 

and other stratified epithelial cells and type II hemidesmosomes that are found in simple epithelium 

[111, 112]. The fundamental difference that distinguishes hemidesmosomes from focal adhesions 

is that they link to intermediate filament network via plectins and β4-integrins [113]. Given the 

central role of actin dynamics and the abundance of actin-associated proteins in the FA adhesome, 

the proteome of hemidesmosomes will likely look quite different despite the interesting notion that 

the assembly of hemidesmosomes and FAs seem to be closely coordinated [114, 115]. Nevertheless, 

the complexity should not discourage proteomic approaches. On the contrary, comprehensive 
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proteomic characterization of IACs combined with bioinformatics analyses of IACs proteomes and 

phosphoproteomes have already been successfully utilized to identify crucial protein modules and 

to predict important signaling modules regulating FA dynamics. Obviously, characterization of an 

extensive list of IAC proteins is not enough. Careful planning and design to select the most 

appropriate experimental conditions for comparative IAC analyses is of critical importance. 

Adhesion complexes, like any other cellular protein complexes, are likely build from modular units 

[116]. Quantitative MS analyses focusing on selected key IAC proteins will be necessary to resolve 

the stoichiometric composition of such modular units that assemble large integrin-associated 

complexes [117, 118]. A number of generic affinity purification MS approaches have been 

developed to study protein complexes at a proteome/systems level. These methods rely on high 

affinity epitope tags that are fused to the proteins of interests for single step or tandem affinity 

purification to increase specificity and yields in protein complex purification [119-121]. Systematic 

tagging of proteins along with improved sensitivity of MS-instrumentation enables rapid and reliable 

identification of copurifying proteins from relatively small amount of cells by current affinity 

purification MS workflows [122, 123]. Proteomic results need to be validated by biochemical and 

cell biological analyses. In many cases specific depletion of selected IAC components will be 

necessary to dissect the different molecular networks when multiple receptors share a common 

ligand [56]. Comparison of the composition of related but functionally different types of integrin-

associated adhesions such as podosomes and invadosomes will provide interesting insight into how 

the formation of these different adhesive structures is regulated [39-41].  

Proteomic studies on cellular adhesions do face significant challenges when it comes to sample 

preparation. Isolation of subdomains from a joint network of two largely insoluble and highly 

interconnected scaffolds (the ECM network and cellular actin cytoskeleton) is not without problems. 
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While the issues with IAC isolation are likely difficult to resolve alternative approaches such as BirA-

based proximity biotin ligation can be used to complement the IAC analyses and alleviate the 

potential weaknesses of biochemical IAC isolation [69, 124]. Comprehensive proteomic analysis of 

cellular functional units, such as FA, represents modern cell biology that will eventually expand our 

understanding of how cells function as a system. The current progress driven by relatively few 

research groups has paved the way and invites new researchers to tackle the challenge where joint 

efforts will be necessary to tackle the complexity of cell adhesion. 
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Figure legends 

 

Figure 1. Integrin activation and formation of integrin adhesion complexes 

A) Inactive integrins exist in bent conformation in which the C-termini of α- and β-subunits are in 

close apposition. Upon activation integrins adopt an extended conformation where extracellular 

domains stand up perpendicular to the plasma membrane and transmembrane domains 

separate allowing binding of intracellular effectors to the C-terminal cytoplasmic tails. These 

conformational changes also extend to the ligand-binding domain of integrins such that the 

ligand-binding pocket is exposed (closed-to-open transition; not shown) [5-7]. The active 

conformation can be promoted by binding of cytoplasmic activator proteins such as talins and 

kindlins (red ovals) to specific motifs on the cytoplasmic tails of integrins (inside-out signaling). 

Alternatively, binding of extracellular ligands to integrin heterodimer may stabilize active integrin 

conformation thereby facilitating assembly of cytoplasmic effectors (outside-in signaling). Note 

that integrin inhibitors (blue ovals) also bind to the cytoplasmic integrin tails and promote 

inactive conformation [4].  

B) Activated integrins engage with the ECM and recruit cytoplasmic effectors such as talin (TLN) to 

form small nascent adhesions that link to the actin cytoskeleton. In conjunction with increasing 

forces exerted on molecules at nascent adhesions integrins cluster into larger foci to form focal 

adhesions that are not only bigger but contain a large number of additional components such as 

vinculin (VCL) to strengthen the actin linkage [31, 32]. Mechanical forces that regulate the 

maturation of focal adhesions are generated by polymerizing actin fibers and by non-muscle 

myosin II (NMMII)-driven actomyosin contractility. 
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C) An illustration of the complexity of protein-protein interaction networks at integrin adhesion 

complexes (IACs). The graph shows a STRING analysis [125] of the most frequently identified IAC 

components. Only proteins that are found in at least two of the three databases (literature-

curated adhesome, core consensus adhesome and paxillin/kindlin-2 BioID interactome; see 2A) 

were included in the analysis. Red lines indicate experimentally determined interactions and blue 

lines depict pairwise interactions from curated databases. Proteins found in all three databases 

are shown in bold. Proteins listed in the Kyoto Encyclopedia of Genes and Genomes (KEGG) focal 

adhesion pathway are shown as red circles. 

 

Figure 2. Comparison of literature-curated and MS-derived adhesomes 

A) Venn diagram illustrating the comparison of IAC compositions determined by three independent 

methods: literature-curated adhesome [2], biochemical IAC isolation-based core consensus 

adhesome [29] and BioID proximity biotin ligation-based combined interactome of paxillin (PXN) 

and kindlin-2 (FERMT2) [69]. 

B) Gene Ontology treemaps constructed with REVIGO [126] for cellular components of the 

literature-curated adhesome, C) core consensus adhesome and D) BioID-based combined 

interactome of paxillin and kindlin-2 (PXN + FERMT2 BioID). 

 

Figure 3. Schemes of commonly used methods to isolate IACs. 

A) Isolation of IACs by first coating paramagnetic beads with integrin ligand. Non-specific binding 

sites are then blocked on the beads and cells are incubated together with the beads followed by 
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addition of chemical cross-linker(s). Cross-linkers are quenched and cells lysed using detergents 

and sonication. Bead-bound IACs are washed and finally eluted for MS analysis [53, 61]. 

B) Isolation of IACs by seeding cells on ligand-coated substrate followed by hypotonic lysis and 

removal of cell bodies by hydrodynamic force. The protocol also includes removal of excess actin 

and fibronectin (ligand) by immuno-depletion prior to MS analysis [59]. 

C) Isolation of IACs by seeding cell onto ligand-coated substrate followed by addition of chemical 

cross-linker(s) to preserve low-affinity interactions. Cells are then lysed using detergents and cell 

bodies removed by hydrodynamic force (or sonication) [57, 61]. 

D) Characterization of proteins interacting with selected FA-components. Dong et al. fused BirA-

domain to Paxillin or Kindlin-2 [69]. Cells were transfected with either BirA-paxillin or BirA-

Kindlin-2. Upon addition of biotin BirA fused to selected protein generates a reactive biotinoyl-

5’-AMP that forms a covalent bond with primary amine groups within a radius of 15- to 20 nm 

thus effectively labeling BirA fusion protein interaction partners (depicted as circles with red 

borderline in the scheme) [124]. Cells are then lysed using detergents, lysates sonicated and 

biotinylated proteins captured for MS analysis using biotin affinity capture (for example 

NeutrAvidin-beads) [69]. 

 

Figure 4. Gene Ontology treemap of the meta-adhesome 

Gene Ontology treemap constructed with REVIGO for components of the meta-adhesome [29]. 

Meta-adhesome represents components of IACs on FN ligand and combines several published 

quantitative proteomic datasets [29, 53, 55-57, 62].  
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