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The integrin family of adhesion receptors regulates basic functions of cells, and the signals they 
induce are altered in tumor cells. In this review we discuss how different integrin-dependent signals 
are generated during cell adhesion and by physical forces acting on cells. We also describe how 
reactive oxygen species are integral parts of integrin signaling and highlight a few important 
questions in the field. Answers to those may improve our understanding of integrins and their role in 
the development of cancer. 
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Introduction 
The integrin family of adhesion receptors has crucial roles for numerous processes such 
as organ development, angiogenesis, blood coagulation, and immune responses. At the 
cellular level integrins contribute to these processes through their structural and signaling 
functions. They are the central components of hemidesmosomes, focal contacts and other 
cell contacts, and they regulate extracellular matrix formation. The signaling reactions 
induced by integrins are essential for several basic cellular functions, including survival, 
cell cycle regulation, and migration (1,2). Integrin signals are generated by different types 
of cellular stimuli, i.e. ligand binding and various types of physical forces (3,4). 
Importantly, the “integrin signals” triggered by these stimuli are not the same (5). 

Tumor development is known to depend on integrin-mediated adhesion and 
physical stimuli in several ways, which concern both the cancer cells themselves and the 
non-transformed host cells. Cell proliferation is regulated by cooperative signals from 
growth factors and integrins, e.g. in the activation of the ERK pathway and the passage 
through the G1/S checkpoint of the cell cycle (6). Integrin adhesion also controls the 
cytokinesis process at the end of the cell cycle by poorly understood signals (7). Integrins 
have been reported to cooperate with growth factor receptors by different mechanisms, 
including interactions in common receptor complexes, generation of intermediates 



	  
	  

necessary for the growth factor pathway (converging pathways), and amplification of 
growth factor signals (8). Integrins may therefore contribute to the deregulated 
proliferation of cancer cells caused by defects in reactions downstream of integrins or 
several other receptors. Invasive growth and metastasis require cell migration, which 
depends on membrane protrusions at the cell front driven by actin polymerization and 
detachment at the rear driven by actin-myosin contraction. Both reactions are potently 
induced by integrins (2,9). The invasive phenotype in carcinomas is linked to TGFβ-
induced epithelial-mesenchymal transition, and the activation of the latent TGFβ 
complex occurs mainly via binding to integrin αvβ6 in carcinomas (10). The high TGFβ 
activity will in addition have other effects promoting tumor growth, including the 
formation of a collagen-rich stiff extracellular matrix (ECM) by resident fibroblast-like 
cells. Host cells contribute to tumor progression also by forming new blood vessels, 
whose angiogenesis requires integrins both for the migration of endothelial cells and 
pericytes, and for the remodeling of the ECM. 	  

In order to better understand how integrin-dependent reactions are used by cancer 
cells to promote invasive growth, the ability to metastasize and to resist apoptosis-
inducing conditions, the effects of defined integrin stimuli on cell signals need to be 
identified. These efforts include characterization of (i) responses induced by the different 
integrin stimuli, and (ii) integrin type-specific signals.  

 
Integrin Signaling Mechanisms 
Integrin signaling has mainly been studied in re-adhesion assays where suspended cells 
are seeded on immobilized integrin ligands. During the attachment and cell spreading 
phases in such assays many signaling reactions occur as extensively documented, e.g. the 
activation of focal adhesion kinase (FAK), phosphatidylinositol 3-kinase (PI3K), Rho 
GTPases, and the pathway components downstream of these proteins. However, the 
initial triggering events for the reactions are still poorly understood. Ligand binding to 
integrins results in large conformational changes in the extracellular domain (11), but it is 
not known whether they are propagated across the plasma membrane. While this 
possibility should not be excluded, it has been shown that mere integrin clustering by 
polyvalent antibodies can induce recruitment and activation of cytoplasmic enzymes 
(3,12). The understanding of the signaling mechanism(s) is also complicated by the later 
emerged role of integrins as mechano-receptors, whereby signals are generated through 
conformational changes in force-sensitive proteins associated with integrins (4).  
 
Ligand-induced integrin signaling 
Cell attachment and spreading are driven by dynamic and incompletely understood 
reactions involving ligand-integrin interactions, force from actin polymerization pushing 
against the plasma membrane, and myosin-dependent pulling force on adhesion sites. 
Thus it is often unclear by which mechanism the signaling proteins were activated in 
published studies of re-adhering cells. Using inhibitors of myosin II (Blebbistatin) and 
RhoA kinase (Y27632) we found that several phosphorylation reactions during the 
initial stages of fibroblast attachment (<30 minutes) to fibronectin occur independently of 
intracellular contractile forces (5). Thus, mere ligand binding to integrin α5β1 was 



	  
	  

sufficient to trigger phosphorylation of FAK-Y397, ERK-T202/Y204, AKT-S473, 
p130CAS-Y410, myosin phosphatase targeting subunit 1 (MYPT)-T853, myosin light 
chain (MLC)-S19 and cofilin-S3. This was the case also for the reactions driving 
integrin-dependent actin polymerization. The polymerization was monitored as 
lamellipodia protrusion from the initial contact points of attaching cells by live cell total 
internal reflection fluorescence (TIRF) microscopy, and this assay could detect the 
response to integrin ligand binding as early as after a few seconds (5,9). Possibly, the 
contribution of myosin-dependent contractile force becomes important at later time 
points or affects other signaling reactions.  
 
Tension-induced integrin signaling 
Integrins act as mechano-sensors by linking extracellular ligands to actin filaments via 
adaptor proteins in adhesion sites (4). Some integrin adhesion site-associated proteins can 
change conformation upon mechanical stimulation and thereby expose cryptic binding or 
phosphorylation sites. So far only few intracellular proteins have been clearly shown to 
be force-regulated, such as talin (13), p130CAS (14), and filamin (15), but this may 
change if the methodological difficulties to study such conformational changes are 
overcome. Mechanical force has also been reported to regulate the structure and function 
of integrins themselves (16), an interesting finding that is important to be investigated 
further. The forces acting on cells in our body include gravity, stretching by muscle work 
(breathing, pressure pulses from heart beats, pulling on tendons, etc.), shear stress from 
liquid flow, and contractile force generated by myosin II inside the cell. These physical 
stimuli are necessary for the development and maintenance of our body (17,18). The 
signaling outcome of intracellular contraction is dependent on the stiffness of the 
surrounding ECM, and ECM stiffness may be a dominant factor for stem cell 
differentiation (19). Tumor development has been reported to be affected by the tissue 
stiffness mainly in two ways: (i) soft ECMs foster selection of tumor initiating cells 
(“tumor stem cells”) by induction of pluripotency genes, (ii) a stiff ECM (typical for solid 
tumors) promotes tumor growth and migration (20).  
 A variety of approaches have been used to study the role of mechanical force on cell 
signaling reactions, and the reported results vary considerably. The cell type studied and 
how the force is applied (static, cyclic, frequency, amplitude, duration) are obvious 
factors that will influence the outcome of the experiments. For example, cyclic stretching 
for hours has been reported to affect the cytoskeletal organization (21), oxidative stress 
levels (22), and mRNA synthesis (23), responses that will have many secondary effects in 
the cell. Some responses are seen within five to ten minutes of mechanical stimulation 
(5,23), and they are likely to be relatively direct results of the conformational changes in 
the force-sensitive proteins. Other factors that can affect the results are cell density and 
ion channel expression, information usually not provided in the published reports. 
Besides integrins, cadherins and several ion channels are believed to be the main 
mechano-receptors on cells (24,25). The contributions of mechano-signals from cell-cell 
contacts can be analyzed and controlled by performing the experiments at low and high 
cell densities. However, the involvement of mechano-stimulated ion channels is presently 
more difficult to study. This is due to a lack of specific inhibitors and to the large number 



	  
	  

of different channels that makes knock-out and knock-down approaches complicated. It 
should also be noted that some ion channels have been reported to actually interact with 
and to be regulated by integrins (26).  
 We have recently shown that short-term cyclic stretching (ten to 30 minutes) of 
sparsely seeded fibroblasts triggers activation of only a small number of integrin-
associated signaling proteins compared to the signals generated during cell attachment 
(integrin ligation). The phosphorylation of ERK1/2 appears to be a particular stretch-
responsive signal (5). FAK has been suggested to become activated by unfolding in 
response to force and to be required for tension-induced activation of ERK (27,28). 
However, consistent with the absence of force-induced FAK activation in our studies, 
phosphorylation of ERK1/2 was induced to the same degree by cyclic stretching (1 Hz) 
of FAK-null and FAK-expressing fibroblasts (29). The question how this MAPK is 
activated by tensional force is intriguing and presently not understood as illustrated by 
the following examples: different reports have suggested that ERK activation by integrin-
mediated tension correlates with or is dependent on activation of Ras (30), inactivation of 
Ras (31), influx of Ca2+ (24), or release of reactive oxygen species (ROS) from 
mitochondria (22).  
 
Integrin Type-Specific Signals 
In spite of the vast literature on integrin-mediated signaling the differences in responses 
between different integrins are still poorly characterized. Most cells express several 
integrin α and β subunits, and some of the resulting integrin heterodimers have 
overlapping ligand specificities. Therefore, in order to receive significant data regarding 
signaling specificity of the different integrins, cell systems and ligands need to be well 
characterized and controlled. The signals generated by β1, β2, or β3 integrin subunits 
have been extensively studied while less is known about β4 to β8. The information 
regarding contributions from the α subunits to integrin signals is scarce. β1 and β3 
integrins are expressed by most cultured adherent cell lines and can trigger similar 
signaling reactions. Yet, important functional outcomes are known to differ between the 
two fibronectin receptors α5β1 and αvβ3. Integrin αvβ3 promotes the formation of large 
adhesion sites (32). In contrast, α5β1 induces the formation of smaller and more dynamic 
adhesion sites at the cell periphery (32,33) and stronger traction force (32,34). It is also 
much more efficient than αvβ3 in inducing fibronectin polymerization on the cell surface 
(35). The underlying mechanisms for these actomyosin-related differences are not clear. 
However, myosin II-dependent contraction requires activating phosphorylation on 
myosin light chain (MLC)-S19, and α5β1 was recently shown to induce this 
phosphorylation more efficiently than αvβ3 (5,32).  

The regulation of MLC phosphorylation involves at least two signaling pathways, 
i.e. RhoA/ROCK-dependent inactivation of MLC phosphatase and phospholipase C 
(PLC)/Ca2+/calmodulin-dependent activation of MLC kinase (36). Interestingly, the 
RhoA activity can be suppressed by β3-associated Src catalyzing an activating 
phosphorylation of RhoA GAP (37), while the β1 cytoplasmic domain does not bind Src 
(38). This is consistent with lower RhoA activity after adhesion mediated by αvβ3 
compared to α5β1 (39). However, αvβ3 has also been reported to induce a much higher 



	  
	  

RhoA activity than α5β1 in adhesion assays (32); since the traction force in this study 
was lower from αvβ3 than from α5β1 and therefore did not correlate with the RhoA 
activities, it was concluded that only α5β1 was able to promote coupling of RhoA to 
ROCK activation in these cells. However, we found that α5β1 and αvβ3 induced the 
inactivating phosphorylation of MLC phosphatase (a direct measure of ROCK activity) 
equally efficiently in two different cell lines (5). The varying results regarding the 
correlation of RhoA with MLC activity suggest that the activation via 
PLC/Ca2+/calmodulin/MLC kinase has a dominating role in the regulation of myosin II 
and cell contraction. The regulation of MLC kinase by integrins (Figure 1) therefore 
deserves more detailed studies.  

Fig.1   Phosphorylation of MLC by MLC kinase (MLCK) or ROCK activates myosin II to pull on actin 
filaments. ROCK also phosphorylates the MLC phosphatase subunit MYPT1 and thereby inhibits the 
inactivation of myosin II. ROCK can be activated by integrins via GTP-loaded RhoA (30). MLCK activation 
requires Ca2+-loaded calmodulin and is promoted by (locally) elevated cytoplasmic Ca2+ levels, which can be 
induced by integrin-activated phospholipase C (PLC) (40). The activating steps upstream of RhoA GEFs 
(including p190RhoGEF, p115, GEF-H1, and LARG) (30)) and PLC triggered by integrins are incompletely 
understood. Adhesion via integrin α5β1 is reported to induce phosphorylation of MLC more efficiently than 
adhesion via αvβ3 (5,32). 
 
Integrins and Reactive Oxygen Species 
It has become increasingly clear that integrin functions are intimately associated with 
ROS action. Integrin stimulation generates significant amounts of ROS, and ROS affect 
integrin signals as well as a variety of other functions in cells. While it is important to 
realize that ROS is a summary name for very different molecules, each with 
characteristic properties and reactivity such as hydrogen peroxide, hydroxyl and 
superoxide radicals, cell signaling reactions are thought to be affected mainly by 
hydrogen peroxide due to its relatively long half-life. ROS are produced by several 
cellular oxidases, e.g. complexes in the mitochondrial electron transport chain, NADPH 
oxidases (NOXes) and 5-lipoxygenase (5-LOX) in the contexts of cell metabolism, 
pathogen defense and cell signaling (41). ROS production is tightly controlled and 
defense systems limit ROS to act mainly in a localized fashion. Thereby potentially 
harmful effects of these promiscuously reactive molecules are prevented or reduced. 
Elevated ROS production from mitochondria and NOXes are commonly found in tumor 
cells and may be linked to increased migration and apoptosis resistance (42,43). 



	  
	  

Hydrogen peroxide preferentially targets redox-sensitive residues in proteins, 
cysteines being the prototypic example (44). Quite early on it has been realized that 
cysteines in proteins often play roles for their enzymatic function, and more recently it 
has been acknowledged that the reversible modification of these residues by oxidation or 
conjugation is part of signal transduction mechanisms (44,45). An important example is 
the reaction of hydrogen peroxide with phosphatases, e.g. the inhibition of PTEN (45) 
which conserves the 3´-phosphorylated phosphatidylinositols and leads to sustained 
activities downstream of PI3Ks. Other targets include transcription factors (41,46), 
kinases (e.g. Src, (47)), small GTPases (48-52), matrix metalloproteinases (41,53), actin 
(54,55) and actin-associated molecules (56-58). ROS acting on these targets will give rise 
to numerous feedback and feedforward reactions and is likely responsible for providing 
signal amplification and mediating cross-talk between different signal cascades (59).  

In order to control ROS effects, cells contain multiple protection systems such as 
ROS-converting enzymes (superoxide dismutases, catalase, glutathione peroxidase, 
peroxiredoxins) and other scavengers (e.g. GSH-GSSG, ascorbate), but there may be 
differences in how effectively these mechanisms work in different cell types and even in 
individual cells among one population. Additionally, different cellular compartments 
show marked differences in their redox potential (44). These variations, together with the 
complicated chemistry and fast reactivity of ROS, underlie the complexity of this 
research field and the experimental difficulties it is facing. More detailed information can 
be found in several comprehensive reviews on ROS chemistry and biology (41,60-65).  

ROS from several sources have been linked to integrin engagement and signaling, 
both during attachment and mechanical stimulation of cells. Mitochondria-derived ROS 
(52,66) as well as ROS from NOXes and 5-lipoxygenase (5-LOX) produced in response 
to integrin ligand binding (67,68) were reported to affect cell attachment, spreading, and 
associated cytoskeletal changes. There are also indications that FAK, important for 
survival and migration, is regulated by ROS in response to integrin-mediated adhesion 
e.g. through the reversible oxidation (i.e. inhibition) of the phosphatases LMW-PTP 
(67,69) and SHP-2 (66). The inhibition of these phosphatases may allow a sustained 
phosphorylation and activation of FAK and thus the propagation of integrin signals. Less 
is known about ROS production downstream mechanical cell stretching, but NOXes 
(70,71) and mitochondria (22) as well as cross-activation between these sources (72) 
have been implicated. For example, Ali et al. (22) reported an increased FAK 
phosphorylation at Y397 in endothelial cells in response to cyclic strain, which could be 
abolished by antioxidants and mitochondrial inhibitors. However, several of the results 
on the role of ROS during different integrin stimuli were obtained with reagents that have 
poor specificity (e.g. diphenylene iodonium (DPI), apocynin, and N-acetylcysteine) or 
may cause artifacts (e.g. dyes such as 2,7-dihydrodichlorofluorescein diacetate 
(H2DCFDA)) (73-75). Considering the variations in experimental settings in different 
studies, such as stimuli parameters, measurement methods and endogenous differences in 
cell lines and types, both with regard to ROS production and antioxidant capacities, 
general conclusions are difficult to draw at present.  

In our own studies, we have obtained evidence that mitochondrial ROS affect AKT 
and ERK1/2 signaling pathways in two different fibroblast cell lines in re-adhesion 



	  
	  

assays (30 minutes after seeding) (5). Rotenone, an inhibitor of complex I in the 
respiratory chain with no known other targets, reduced AKT phosphorylation levels, what 
would be consistent with a higher activity of PTEN (and other phosphatases) when ROS 
release from mitochondria is inhibited. In this context it is interesting to note that AKT2 
has been reported to co-localize with mitochondria (76) and that β1 integrins in MCF-7 
cells preferentially activate the AKT2 isoform during attachment and spreading (77). 
Also Taddei et al. (66) reported data supporting the importance of mitochondrial ROS in 
an early phase of cell attachment. The mechanism for how integrins transfer signals to 
mitochondria remains unclear, although both physical coupling via actin filaments and 
diffusible factors have been suggested (22,52,78). 

We also found that extracellular addition of catalase (a highly specific enzyme 
catalyzing the reaction from hydrogen peroxide to water and oxygen) enhances the 
stretch-induced ERK1/2 phosphorylation. A stable vitamin C derivate that is converted to 
active vitamin C (superoxide scavenger) by cellular enzymes inside and outside the cells 
has strikingly similar effects. These results, summarized in Table 1, point to a role of 
NOXes in stretch-induced signaling ((5) and Figure 2).  
 
Table 1. Diverging effects of ROS derived from different cellular sources on signals 
during cell attachment and stretching. 
 

 AKT-pS473 ERK-T202/Y204 p130CAS-Y410 
BJ hTERT GD25β1 BJ hTERT GD25β1 BJ hTERT GD25β1 

Attachment + rotenone − − − + = = 
Stretching + rotenone = = = = = = 
Attachment + catalase = = = = = = 
Stretching + catalase = = + + = = 

 
= no change 

− reduced phosphorylation 
+ increased phosphorylation 

 

 
Fig. 2   Integrin stimulation generates ROS from different sources. Elevated release of hydrogen peroxide from 
mitochondria during cell attachment is induced by unknown mechanisms. Our data suggests that mechano-
stimulation generates superoxide by NOXes located at the plasma membrane (5) and, possibly, in the case of 
NOX4, also at intracellular sites (79-81). Superoxide can rapidly dismutate to hydrogen peroxide, which can 
pass through membranes. Integrin-mediated activation of NOX1 and NOX2 involves the activation of RAC, but 
the mechanisms for RAC activation as well as other steps in NOX activation are incompletely characterized. 
The generated ROS will significantly modulate the signaling reactions downstream of integrins as well as 
signals induced by other receptors. 



	  
	  

 
In order to obtain more informative data, better methods allowing for both temporal and 
spatial resolution are needed. Several new methods to monitor certain ROS types or 
redox states have been developed employing for example boronate-based H2O2-selective 

probes (e.g. PeroxyGreen (82,83)), the genetically encoded H2O2 biosensor HyPer (84) 
and redox-sensitive GFP (for example roGFP (85,86)); all have been used for live cell 
measurements. However, it is important to choose the probes carefully depending on the 
research question and to ensure suitable conditions with appropriate controls in order to 
be able to draw valid conclusions (87). For example, a measurement of the redox state 
does not provide relevant information about ROS concentrations. It will be interesting to 
follow if these promising probes work as hoped for, and to see if they can verify previous 
observations and provide opportunities to better understand the interplay between 
integrins and ROS. 
 
Outlook 
In spite of the vast amount of research that has been performed in the integrin field 
during the past decades, there are several key questions remaining to clarify.  
(i) Integrins: What are the signals deriving from distinct members of the integrin family 
during ligand binding? And what are the roles of the integrin α units in signaling? We 
still have not yet clearly revealed if integrins themselves are mechano-sensitive, i.e. if 
their conformation or clustering is affected by force, and if it makes a difference if the 
force comes from inside or outside of the cells. 
(ii) Force-induced signals: It is necessary to find ways to experimentally distinguish 
integrin mechano-signals from signals originating from cell-cell contacts and ion-
channels. Also, the proposed interactions between certain ion-channels with integrins 
need to be characterized in more detail. 
(iii) ROS: It would be important to clarify the mechanisms for how integrins regulate 
different NOXes and how they affect ROS release from mitochondria.  
 Although these are demanding tasks, every step towards a more detailed 
understanding of integrin signaling mechanisms and their interplay with other crucial 
molecules such as ROS, would bring us closer to understanding very important basic 
cellular functions and their roles in pathologies. 
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