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Abstract

Integrins are a family of heterodimeric transmembrane receptors that mediate adhesion to the 

extracellular matrix (ECM). In addition to their role as adhesion receptors, integrins can act as 

“bidirectional signal transducers” that coordinate a large number of cellular activities in response 

to the extracellular environment and intracellular signaling events. This bidirectional signaling 

helps maintain tissue homeostasis. Dysregulated bidirectional signaling, however, could trigger the 

propagation of feedback loops that can lead to the establishment of a disease state such as 

glaucoma. Here we discuss the role of integrins and bidirectional signaling as they relate to the 

glaucomatous phenotype with special emphasis on the αvβ3 integrin. We present evidence that 

this particular integrin may have a significant impact on the pathogenesis of glaucoma.
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Glaucoma is a heterogeneous disease that is characterized by a number of changes in the 

trabecular meshwork and the optic nerve head (Morrison et al., 2005; Stamer and Acott, 

2012; Braunger et al., 2015; Wallace et al., 2015; Downs, 2015; Schneider and Fuchshofer, 

2016). The phenotypic changes most often associated with glaucoma involve the 

actomyosin-based contractile properties of the trabecular meshwork (TM), compliance of 

the extracellular matrix (ECM) and the types and amounts of proteins deposited in the ECM 

in both the TM and optic nerve head (ONH). In reality these changes are all interconnected 

and likely the result of bidirectional signaling between the ECM and cells. Bidirectional 

signaling involves the assessment of the tissue’s microenvironment by its resident cells to 

maintain tissue homeostasis (Acott et al., 2014). When changes in the compliance or 

composition of the ECM in the microenvironment occur, these changes are sensed by the 

resident cells (Fig. 1). The resident cells then respond by activating signaling pathways that 

may lead to other changes in cell function, the ECM or expression of cell receptors, for 

example.

*Corresponding author. University of Wisconsin-Medical School, Department of Pathology, 1300 University Avenue, Madison, WI 
53706, USA. dmpeter2@wisc.edu (D.M. Peters). 

HHS Public Access
Author manuscript
Exp Eye Res. Author manuscript; available in PMC 2018 May 01.

Published in final edited form as:
Exp Eye Res. 2017 May ; 158: 124–136. doi:10.1016/j.exer.2016.05.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bidirectional communication between cells and the extracellular environment is often 

directed by several classes of cell surface receptors. Perhaps the best characterized family of 

receptors involved in bidirectional communication is the integrins (Humphries et al., 2006; 

Barczyk et al., 2010; Gagen et al., 2014). How integrins respond to changes in the TM or the 

ONH is likely to contribute to the development of glaucoma and will be the subject of this 

review.

The review will emphasize the changes in integrin signaling induced by TGFβ2 and 

glucocorticoids. TGFβ2 levels are increased in most patients with primary open angle 

glaucoma (POAG) (Fuchshofer, 2011; Fuchshofer and Tamm, 2012; Wordinger et al., 2014) 

and treatments with glucocorticoids can lead to the development of ocular hypertension and 

an increased risk of developing POAG (Clark and Wordinger, 2009). Changes observed with 

glucocorticoid treatment also tend to mimic those observed in POAG patients and following 

TGFβ2 treatment. In addition, we will discuss the mechanosensitivity of integrins to 

mechanical forces that may be associated with glaucoma (Tamm, 2009; WuDunn, 2009; Tan 

et al., 2006).

1. Integrins

Integrins are a family of 24 transmembrane receptors (Humphries et al., 2006; Barczyk et 

al., 2010; Gagen et al., 2014). Each integrin is a heterodimer composed of an α- and a β-

subunit and must be assembled as a heterodimer within the endoplasmic reticulum in order 

to be expressed on the cell surface (Bouvard et al., 2013). The individual α and β subunits 

are mixed and matched to form the 24members of the integrin family each having tissue-

specific biological properties. Three of the α-subunits and four of the β-subunits can be 

expressed as alternatively spliced variants giving rise to integrins with different biological 

properties (Van der Flier and Sonnenberg, 2001). Almost all cells express one or more 

members of the integrin family, although the repertoire of integrin expression can vary 

during development, ageing, and in response to environmental conditions.

The major ligands for integrins are ECM proteins. It is generally thought that integrins bind 

ECM proteins via an arginine-glycine-aspartic acid (RGD) sequence within the ligands. 

However, only a third of integrins are known to bind this sequence in native ECM 

molecules. In ECM proteins like collagen and laminin, these RGD sequences are buried and 

are only available following degradation or denaturation of their fibrillar structure which 

limits these ECM-integrin interactions to specific circumstances (Barczyk et al., 2010). To 

bind collagens assembled into native fibrils, integrins use the consensus sequence GFOGER 

in the triple helical molecule. Accessibility to this binding sequence, however, is also limited 

and dependent on the fibrillar structure in vivo. This suggests that the collagen binding 

integrins may have a limited role in tissue homeostasis. The recognition sequence used by 

integrins to bind native, non-denatured laminin is unknown.

An additional level of complexity with integrin binding to its ECM ligand comes from the 

fact that some integrins also rely on auxiliary binding sites within the ECM ligand (Mould et 

al., 1997; Redick et al., 2000; Adair et al., 2005). The best characterized examples of this are 

the α5β1 and α4β1 fibronectin binding integrins. As shown in Fig. 2, the α5β1 integrin uses 
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both the canonical RGD site and an auxiliary site called the synergy site (PHSRN) within a 

neighboring FN III module to bind fibronectin (Obara et al., 1988; Aota et al., 1994) while 

the α4β1 integrin uses the RGD homologue, IDAPS, and an auxiliary PRARI sequence in 

the 13th and 14th FN III modules to bind fibronectin (Sharma et al., 1999).

Another factor affecting integrin binding is that several ECM proteins undergo alternative 

splicing which generates or removes integrin binding sites from the ECM. The best-known 

example of this is fibronectin which can bind 12 different integrins (Fig. 2). Fibronectin is a 

modular glycoprotein found in the TM (Acott and Kelley, 2008) and in ONH cells in culture 

(Zode et al., 2009). It contains two alternatively spliced sites, generated by exon splicing, 

called the extra domains A (EDA) and B (EDB). There is also a third site called the variable 

(V) region which undoes alternative splicing to generate five isoforms of the V region in 

humans (Hynes, 1990). The fibronectin isoform containing the EDA domain provides an 

additional binding site for α4β1, α4β7 and α9β1 integrins (Leiss et al., 2008; White and 

Muro, 2011). Both the EDA and EDB iso-forms of fibronectin are detected in cultures of 

human TM cells (Medina-Ortiz et al., 2013) (Filla et al., manuscript in preparation). Both 

the EDA and EDB isoforms are upregulated in response to TGFβ2 (Medina-Ortiz et al., 

2013) while dexamethasone upregulates the EDA isoform (Filla et al. manuscript in 

preparation). Alternative splicing of the V-region removes binding sites for α4β1 and α4β7 

integrins (Leiss et al., 2008; White and Muro, 2011). In all these splice variants, the 

canonical RGD integrin binding site in fibronectin is still present, however, inclusion of the 

EDA and EDB domains have been reported to alter the cell-adhesive activity of α5β1 

integrin to the RGD site. Presumably insertion of the EDA or EDB domains alters the spatial 

relationship between the RGD and synergy sites utilized by α5β1 integrin (Leahy et al., 

1996; Manabe et al., 1997; Hashimoto-Uoshima et al., 1997).

Other ECM proteins can undergo alternative splicing as well. For example, tenascin C, 

collagen type XII, CD44 and versican expressed by TM cells are alternatively spliced in 

response to stretch (Keller et al., 2007). As shown in Fig. 2, alternative splicing of tenascin 

C would remove the α7β1 integrin binding site while leaving two other integrin binding 

sites capable of binding six separate integrins unaffected (Golledge et al., 2011; Yoshida et 

al., 2015). Alternative splicing of versican, on the other hand, would not affect its β1 integrin 

binding site (Wu et al., 2005), and to date no integrin binding sites have been reported in 

collagen type XII or CD44.

2. Integrins in the TM

At least eleven different integrins have been identified in the cells associated with the TM in 

the outflow pathway (Table 1). These integrins show a broad distribution and are found 

along the trabecular beams and in the juxtacanalicular tissue (JCT) demonstrating that 

multiple integrins are found on cells throughout the TM (Zhou et al., 1999a). Upon 

culturing, the integrin profile of TM cells appears to change slightly. For instance, the β4 

subunit has been reported to be downregulated in cultured cells (Zhou et al., 1999a) and a 

similar finding has been observed with the β3 integrin. The β3 integrin is downregulated in 

an immortalized TM cell line even though it was found in normal TM cells in culture 

(Gagen et al., 2013).
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Expression of the α2, α5, αv, and β3 integrin subunits is altered by dexamethasone 

treatment of TM cultures (Dickerson et al.,1998; Faralli et al., 2013), while the expression of 

the integrin subunits αv and β1 is altered by connective tissue growth factor (CTGF) in 

cultured TM cells (Junglass et al., 2009). As of yet, no difference in the expression patterns 

of any of these integrin subunits has been reported in normal versus glaucomatous derived 

TM cell lines (Dickerson et al., 1998).

At least 5 integrin subunits have been identified in human Schlemm’s canal (SC) cells. 

Based on normal pairing patterns, this would suggest that SC cells express the collagen 

binding integrin α2β1, and the laminin binding integrins α3β1, α6β1, and α6β4 (Tervo et 

al., 1995; VanderWyst et al., 2011; Perkumas and Stamer, 2012). More recent studies, have 

shown that the α9 integrin subunit can be detected in mouse Schlemm’s canal (Park et al., 

2014) and that both the αvβ3 and αvβ5 integrins are localized along the inner wall of 

Schlemm’s canal as well as within the JCT and TM beams in human anterior segments 

(Zhou et al., 1999b; Gagen et al., 2013). The expression of the αvβ3 integrin in Schlemm’s 

canal and within the TM, however, appears to vary (Fig. 3) between individuals with some 

individuals expressing high levels of αvβ3 integrin while others do not appear to express it 

at all. The finding that αvβ3 integrin is expressed by the endothelial cells of the inner wall 

of Schlemm’s Canal would be consistent with it being found predominantly in vascular 

endothelial cells and raises the question if it would have a similar role in SC cells. In the 

vasculature, αvβ3 integrin has been reported to have a mechanosensory role (Tzima et al., 

2001) which could be important in mediating cellular responses of SC cells to shear stress 

(Ashpole et al., 2014).

3. Integrins in the ONH

In normal primate ONH, immunolabeling studies showed that α2β1, α3β1, α6β1, and α6β4 

integrins have been localized to astrocytes along the margins of laminar beams and within 

glial columns. These integrins, as well as α5β1 and αvβ1 integrins, were found in vascular 

endothelial cells. In contrast, the α1 and β2 integrin sub-units were rarely expressed in the 

ONH and the β3 integrin subunit was found primarily in large blood vessels (Morrison, 

2006). In human ONH astrocytes in culture, integrins were found that were not detected in 

situ. Both the αvβ3 and αvβ5 integrins were detected by immunolabeling studies in 

astrocytes in culture and by RT-PCR. Astrocytes were also found to express the α4, α5, α6, 

α9 and β1 integrin subunits by RT-PCR (Neumann et al., 2014).

4. Biological processes regulated by integrins

The intracellular signals generated by integrins, especially those mediated by members of 

the Rho GTPase family, regulate a large number of biological processes relevant to the 

function of the TM and ONH. In the TM and ONH, several functions have already been 

associated with specific integrins. For instance, αvβ5 integrins have been shown to regulate 

phagocytosis in TM cells in vitro (Gagen et al., 2013). This phagocytic pathway is not 

unique to TM cells and is shared by a number of other tissues in the eye where it is believed 

to play a protective and maintenance role. In retinal epithelium cells (RPE), the αvβ5 

integrin-mediated phagocytic pathway is responsible for the phagocytosis of outer rod 
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segments (Finnemann et al., 1997; Finnemann, 2003a, 2003b; Finnemann and Nandrot, 

2006) and is believed to be responsible, in part, for the age-related blindness observed in 

mice null for the β5 integrin subunit (Nandrot et al., 2004, 2012). In lens epithelium, an 

αvβ5 integrin-mediated phagocytic pathway is responsible for the engulfment of apoptotic 

cells. Alterations in this pathway are associated with UV-induced cataract formation 

resulting from UV-induced degradation of αvβ5 integrin (Chauss et al., 2015).

In TM cells the αvβ5 integrin-mediated phagocytic process is similar to that observed in 

RPE cells and triggers a signaling pathway that utilizes focal adhesion kinase (FAK) to 

activate the GTPase Rac1 responsible for the engulfment of particles (Gagen et al., 2013) 

(Peotter et al., submitted for publication). Phagocytosis plays an important role in keeping 

the outflow pathway in the TM free of cellular debris, and decreases in the phagocytic 

activity of TM cells have been reported in both POAG and following steroid treatment 

(Grierson and Lee, 1973; Epstein et al., 1986; Johnson et al., 1989; Matsumoto and Johnson, 

1997a, 1997b). Clearly, a reduction in αvβ5 integrin mediated phagocytosis in the TM could 

lead to an impairment in the outflow pathway thereby contributing to an elevation in 

intraocular pressure.

αvβ3 integrin participates in a number of activities in the TM. As discussed below, this 

integrin regulates assembly of extracellular matrices and organization of the actomyosin 

cytoskeleton in TM cells (Filla et al., 2006, 2009, 2011). Another function likely to be 

mediated by αvβ3 integrins in both the ONH and TM is growth factor signaling, especially 

CTGF and TGFβ1 signaling (Gagen et al., 2014). αvβ3 integrin has been reported to be a 

receptor for CTGF (Gao and Brigstock, 2004), and all members of the αv family of integrins 

participate in the activation of TGFβ1 (Sheppard et al., 1992).

The role of the α4 integrin subunit and its β subunit partner is less clear. Potentially, the α4 

subunit could partner with either the β1 or β7 integrin subunit. However, there is no 

evidence that TM cells in culture or in situ express the β7 integrin subunit (Schwinn et al., 

2010). Thus, the α4β1 integrin is the only α4-containing integrin that is likely to be 

expressed in the TM. This integrin is best known for its role in leukocyte and tumor cell 

migration (Holzmann et al., 1998; Rose et al., 2001, 2002) so it is interesting that it is also 

detected in the TM and ONH. In the TM, activation of the α4β1 integrin via the PRARI site 

in the Heparin II(HepII) binding domain of fibronectin appears to play a role in mediating 

the depolymerization of actin filaments and the disruption of adherens junctions (Gonzalez 

et al., 2006) which is consistent with its role in other migratory cell types especially 

leukocytes (Rose et al., 2001). Other studies have also suggested that activating α4β1 

integrin with the Heparin II domain of fibronectin controls cellular contractility since the 

contraction of collagen gels by TM cells was reduced in the presence of the Heparin II 

binding domain (Schwinn et al., 2010). Presumably, this reduction in contractility was due to 

a decrease in RhoA activity since RhoA is known to control both actin polymerization and 

adherens junctions formation (Rao et al., 2008; Sumida and Stamer, 2010; Citi et al., 2011).

These results suggest that the α4β1 integrin interaction with one or more of its ECM ligands 

could be part of the normal homeostatic mechanisms proposed to regulate IOP (Acott et al., 

2014). In support of this role, when human or monkey organ cultured anterior segments 
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were perfused with the Heparin II binding domain or a PRARI peptide that activates α4β1 

integrin signaling, outflow facility was increased (Santas et al., 2003; Gonzalez et al., 2009) 

and an expansion of the TM reminiscent of actin disrupting agents was observed (Gabelt et 

al., 2004, 2006; Schwinn et al., 2010). Interestingly, expression of the α4 integrin subunit is 

increased in the ONH in glaucomatous eyes (Morrison, 2006). It has been suggested that in 

the ONH, the α4 integrin subunit might play a role in astrocyte migration and microglia 

activation (Morrison, 2006) which would be consistent with its role in decreasing RhoA 

activity in other migratory cells.

Neurite outgrowth in the ONH would be another function that is potentially controlled by 

integrins, since a small molecule antagonist to the α4β1 integrin inhibited neurite outgrowth 

in cultures of retinal ganglion cells (RGCs) and amacrine cells in the chick retina (Leu et al., 

2004). In this study, inhibition of the α4β1 integrin also triggered apoptosis in vivo causing 

a reduction in the number of RGCs in the developing chick retina, demonstrating a 

potentially important role for this integrin in the regeneration of RGCs in the ONH.

Finally, although different integrins often have overlapping functions that can be ascribed 

from tissue to tissue, it is important to keep in mind that tissue specific differences are 

observed. There are even some instances where distinct integrins can produce unique effects 

on cells by using different GTPase signaling pathways (Miao et al., 2002). The best 

characterized examples of this are the α5β1 and αvβ3 integrins. Both of these integrins bind 

the ECM protein fibronectin and activate Rho GTPases to promote migration. In mouse 

embryonic fibroblasts the α5β1 integrin appears to activate a RhoA-mediated pathway 

which promotes random migration whereas αvβ3 integrin supports a lamellipodium-driven 

directional migration that is believed to involve the GTPase Rac1 (Lin et al., 2013). 

Interestingly, the opposite effect is seen in Chinese hamster ovary cells indicating that 

differential regulation of Rho GTPases by integrins is cell type specific (Miao et al., 2002).

5. Integrin signaling

To understand the role of integrins in the pathogenesis of glaucoma, we need to understand 

how integrins control the function of cells in the TM and ONH. The major function 

originally ascribed to integrins was to mediate adhesion, however, it is now recognized that 

integrins also play critical signaling roles. They are known to transmit cues from the 

extracellular milieu across the plasma membrane into the cell via a process known as 

‘outside-in’ signaling (Shattil et al., 2010; Bouvard et al., 2013; Iwamoto and Calderwood, 

2015). These cues could be mechanical such as shear stress in Schlemm’s Canal or stretch in 

the TM or chemical in nature such as changes in the expression of matrix proteins in the TM 

and ONH.

The conformation of the integrin plays a critical role in transmitting these signals (Askari et 

al., 2009). In the resting, or inactive, state, cell surface integrins exhibit a bent conformation 

of their extracellular domains and the cytoplasmic tails are closely bound together (Fig. 4A). 

In this conformation the integrin is unable to interact with the ECM or any cytoplasmic 

proteins. Thus, it is unlikely that a “resting” integrin on the cell surface would affect TM or 

ONH cell function. However, should the “resting” integrin become “active”, the extracellular 
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domain would assume an upright conformation that can bind and transmit signals from ECM 

proteins.

Intracellular signals can also affect how integrins respond to the ECM. This process is called 

‘inside-out’ signaling and results in the switch of the integrin from a resting, inactive 

conformation to a “high affinity or “activated state” that now enables the extracellular 

domain of the integrin to interact with its ECM ligands. Inside-out signaling is usually 

caused by the stimulation of secondary intracellular signaling pathways (Fig. 4B). For 

example in TM cells, stimulation of the glucocorticoid pathway by dexamethasone induced 

the active conformation of αvβ3 integrin and hence triggered an αvβ3 integrin-mediated 

pathway (Filla et al., 2011; Faralli et al., 2013).

Integrin signaling can also be controlled by the crosstalk between different integrin 

receptors. For example, cooperative signaling in TM cells between β1 and αvβ3 integrins 

alter intracellular signaling events that affect the organization of the acto-myosin network 

while signaling from an αvβ3 integrin inhibited αvβ5 integrin-mediated phagocytosis (Filla 

et al., 2006; Gagen et al., 2013) (Fig. 4C). Another example would be the cooperative 

signaling between α2β1 and α4β1 integrins which was shown to trigger the disassembly of 

actin stress fibers and reduced cell contractility in TM cells in culture (Schwinn et al., 2010).

Finally, changes in the composition and/or 3-D architecture of the ECM (Hytonen and 

Wehrle-Haller, 2015) can influence integrin signaling (Fig. 4D). In this instance, changes in 

the ECM can introduce new integrin binding sites via expression of a new ECM protein or 

unfolding of an existing ECM protein as discussed above which would activate a previously 

unactivated or resting integrin. Alternatively, these changes could propagate a change in 

intracellular tension (Hytonen and Wehrle-Haller, 2015) which could alter the composition 

of the signaling molecules associated with integrins as discussed below (Zaidel-Bar and 

Geiger, 2010; Ross et al., 2013; Horton et al., 2016) and hence the signal generated by the 

integrin.

6. Integrin activation in the TM and ONH

It is not known if all integrins in the TM or ONH are engaged with their ECM ligands and 

hence always in an active state or if some exist on the cell surface in an unoccupied, resting 

state. Hence, the development of glaucoma may arise from the activation of a resting 

integrin in the TM or ONH. Activation of the integrin could be induced by either mechanical 

forces such as stretch or shear stress as well as by some secondary signaling events. For 

instance, both stretch and shear force have been reported in the TM (Kelley et al., 2001; 

Keller et al., 2007; Ashpole et al., 2014). In smooth muscle cells and fibroblasts, stretch 

triggers the conversion of α5β1 integrin to the high affinity, activated state (Katsumi et al., 

2005). Similarly in endothelial cells, increased shear stress similar to that reported to exist in 

Schlemm’s canal (Ashpole et al., 2014) led to the activation of αvβ3 integrin (Tzima et al., 

2001).

As stated above, the αvβ3 integrin in cultured TM cells can be activated through an inside-

out secondary signaling pathway induced by dexamethasone (Filla et al., 2011; Gagen et al., 
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2013; Faralli et al., 2013). These recent studies have shown that activation of this integrin 

can lead to several phenotypic changes associated with the pathogenesis of POAG including 

a decrease in phagocytosis (Gagen et al., 2013) and formation of crosslinked actin networks 

called CLANs (Filla et al., 2006, 2009). CLANs are actin geodesic dome-like structures that 

have been observed in both normal and glaucomatous TM cells in vivo (Clark et al., 1995, 

2005; Hoare et al., 2009). They have also been observed in lamina cribrosa cells within 

ONH sections and in cultured lamina cribrosa cells that have either been isolated from 

glaucomatous donors or treated with glucocorticoids (Job et al., 2010). They appear with a 

greater frequency in glaucomatous TM where they are believed to alter the contractile 

properties of TM cells (Hoare et al., 2009).

Changes in the deposition of matrix proteins like fibronectin and collagen that have been 

reported to occur in glaucoma (Acott and Kelley, 2008; Tektas and Lutjen-Drecoll, 2009; 

Vranka et al., 2015) can also lead to integrin activation in the TM and ONH via an outside-in 

mechanism (Fig. 4D). One consequence of this last mechanism is that because different 

integrins bind a range of ECM molecules, each with its own signaling potential, the multiple 

changes in the ECM composition reported to occur in glaucoma are likely to activate and 

affect numerous integrin-mediated pathways in different ways (Chiquet et al., 2003; Orr et 

al., 2006). For example, in β3-null mouse embryonic fibroblasts, the α5β1 integrin was 

activated when the deposition of fibronectin into the ECM was increased (Lin et al., 2013). 

In contrast, the αvβ3 integrin was not activated in β1 null mouse embryonic fibroblasts 

when the levels of fibronectin were increased. Changes in the ECM could also affect how 

SC cells would respond to shear stress. For example, shear stress activates α2β1 integrin in 

endothelial cells plated on collagen, but not on fibronectin. Conversely, shear stress activates 

αvβ3 and α5β1 integrin in endothelial cells plated on fibronectin but not collagen.

7. Integrin adhesomes and glaucoma

Pivotal to the effect that an activated integrin has on cell behavior is the formation of a 

signaling complex, or adhesome, on the integrin cytoplasmic tails (Humphries et al., 2009; 

Zaidel-Bar and Geiger, 2010; Horton et al., 2016). When an integrin is in the “active” 

conformation the cytoplasmic tails of the subunits are separated. This separation exposes 

binding sites which allows a variety of intracellular proteins to bind and form the adhesome 

(Fig. 4). Since integrins do not possess any intrinsic catalytic activity, it is the composition 

of the adhesome which can be specific for each integrin that acts as the major signaling 

conduit that influences a wide variety of downstream signaling events. It also forms a bridge 

between the actomyosin network and the integrin which serves to convert the mechanical 

signals from the ECM into intracellular chemical signaling events.

The adhesome is a complex network of receptors, kinases, phosphatases, adaptor proteins 

and actin that is assembled onto integrin cytoplasmic tails upon engagement of their ECM 

ligands once the integrin is in an activated state (Zaidel-Bar and Geiger, 2010; Horton et al., 

2015). It is now apparent that adhesomes are not static structures. Both fluorescence 

recovery experiments after photobleaching and quantitative time-lapse microscopy studies 

indicate that the receptors, adaptors and even actin in the adhesomes are in a constant state 

of flux (Hu et al., 2007; Worth and Parson, 2008). Assembly of proteins into the adhesome 

Filla et al. Page 8

Exp Eye Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



can be mediated by a series of auto- and trans-phosphorylation events or by mechanical 

forces that induce changes in actin binding proteins such as vinculin, filamin or talin which 

promote their binding to integrin cytoplasmic tails or other proteins within the adhesome 

(Horton et al., 2016). Thus, adhesomes are dynamic complexes with interactions that can be 

rapidly switched “on” or “off”. The dynamic nature of the adhesome makes it sensitive and 

responsive to external signaling cues and forces and is able to rapidly control gene 

expression in response to changes in the extracellular milieu.

Several adhesome components can also be observed to be shuttled between the nucleus and 

the adhesome. One such transient adhesome protein is Hic-5 (also called TGFB1I1) whose 

expression was recently identified to be upregulated by dexamethasome and TGFβ2 in TM 

cells (Clark et al., 2013; Pattabiraman and Rao, 2015). Hic-5 is an adaptor protein that 

divides its time between focal adhesions and the nucleus (Thomas et al.,1999; Yang et al., 

2000; Chodankar et al., 2014). It plays a role in both cyto-skeletal organization and 

transcriptional regulation. In TM cells, it co-localized with αvβ3 integrins in focal adhesions 

and induced stress fiber formation and RhoA activity. Knockdown of its expression 

suppressed the dexamethasone-induced expression of myocilin, a protein known to be 

involved in POAG and TGFβ2-induced fibrogenic activity (Pattabiraman and Rao, 2015). 

Hic-5 shares homology with another adhesome protein called paxillin whose knockdown 

was also shown to block TGF-β2 responses in TM cells (Takahashi et al., 2013).

Zyxin is another transient adhesome protein whose expression may be altered by TGFβ2 

(Bollinger et al., 2011). Zyxin is known to play a role in promoting actin polymerization at 

focal adhesions. Localization of zxyin to focal adhesions is force-dependent and requires 

highly contractile cells (Zaidel-Bar et al., 2003). In fact, it dissociates from the adhesome 

within seconds if contractile forces are reduced. In smooth muscle cells, zyxin moves to the 

nucleus in response to applied stretch (Cattaruzza et al., 2004). This suggests that zyxin, like 

Hic-5, may have a potentially important role in mediating transcriptional responses to force 

as well regulation of actin polymerization during normal homeostasis.

Recent proteomics studies onTM cells have also indicated that a number of actin-binding 

proteins associated with adhesome formation and stability are also altered upon treatment 

with dexamethasome or TGFβ2 suggesting that integrin-mediated signaling events may be 

altered in glaucoma (Bollinger et al., 2011, 2012; Clark et al., 2013). Filamin B for instance 

is upregulated following both dexamethasone and TGFβ2 treatment. Filamin A, another 

member of this actin-binding familyof proteins, is known tobind to the cytoplasmic tail of 

the integrin β-subunit and strengthen the adhesive interaction with the ECM (Schiller and 

Fassler, 2013). Fil-amin A is also recognized as an important mechanotransducer that 

regulates actin network stretching (Ohta et al., 2006; Ehrlicher et al., 2011) and its activity 

can be regulated by the tension generated by the actomyosin network (Ehrlicher et al., 2011; 

Nakamura et al., 2013). Whether filamin B has a similar function in TM cells is unknown. 

However, these properties could potentially make filamin B an important modulator of 

integrin signaling. Another actin-binding protein associated with integrins in adhesomes and 

reported to be altered by dexamethasone in TM cells is PDLIM1 (Clark et al., 2013). 

PDLIM1, along with filamin B, has been detected in CLANs. Filamin B was detected along 

the actin filaments and PDLIM1 was found in the vertices where the actin filaments 
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interconnect. The increased expression of both filamin B and PDLIM1 would likely 

strengthen the actomyosin network connection to integrins in focal adhesions and stabilize 

the CLAN structure.

The dynamic nature of adhesome complexes coupled with their regulation by mechanical 

forces suggest that they play a role in regulating feedback loops that control tissue 

homeostasis (Acott et al., 2014) and theoretically would be involved in the response to 

changes in ECM composition and compliance in the TM and ONH. Thus, it is interesting 

that so many changes in the integrin adhesome are detected following TGFβ2 and 

dexamethasone treatment, since both these treatments are associated with the development 

of glaucoma. These alterations suggest that these integrin-mediated signaling complexes 

may be altered in glaucoma and/or could be responsible, in part, for the generation of the 

glaucomatous phenotype as studies with Hic-5 imply (Pattabiraman and Rao, 2015).

8. αvβ3 integrin and glaucoma

Of all the integrins studied to date, the αvβ3 integrin has the potential to be a key player in 

the pathophysiology of glaucoma. In contrast to other integrin subunits, the expression of the 

αv and β3 integrin subunits appears to be affected by several factors involved in the 

development of glaucoma. The αv integrin subunit inTM cells has been reported to be 

upregulated by CTGF (Junglass et al., 2009) and stretch (Rose, A.Y. et al., and Association 

for Research in Vision & Ophthalmology. Invest Ophthalmol Vis Sci, 2002; 43:E-Abstract 

1045). Expression of the αv integrin subunit is also increased in the RGC layer and in the 

glial cells of the nerve head following optic nerve crush in mice (Wang et al., 2006). Finally, 

expression of the αv integrin subunit was downregulated by glucocorticoids in one study 

(Dickerson et al., 1998) while expression of the β3 integrin subunit was upregulated by 

glucocorticoid treatments in TM cells in vitro (Dickerson et al., 1998; Rozsa et al., 2006; 

Filla et al., 2011; Clark et al., 2013; Gagen et al., 2013; Faralli et al., 2013). The 

dexamethasone-induced increase in αvβ3 integrin was the result of a 4–6-fold increase in 

the mRNA level and the increased transcription of β3 integrin mRNA that occurs through a 

secondary glucocorticoid response mechanism similar to what has been shown for myocilin 

(Shepard et al., 2001; Joe et al., 2011; Faralli et al., 2013, 2015). This increase was 

dependent on calcineurin, a phosphatase that activates the NFAT family of transcription 

factors.

Interestingly, in the studies reporting the upregulation of these subunits only one or the other 

subunit appears to be upregulated indicating that the expression of the individual subunits 

may not be coordinated. Recent studies in TM cells support this idea and showed that knock 

down of the β5 integrin subunit did not affect expression of its αv integrin partner subunit 

(Gagen et al., 2013). In addition, expression of the αvβ3 integrin which shares the αv 

subunit was also unaffected (Faralli et al., 2013). Finally, it should be noted that increased 

cell surface expression of an integrin heterodimer does not indicate that it is in the activated 

state (Ginsberg et al., 1992; Arjonen et al., 2012; Bouvard et al., 2013; Faralli et al., 2013).

In addition to being upregulated by glucocorticoids, the αvβ3 integrin can be activated by a 

number of factors involved in glaucoma. In vascular endothelial cells, the αvβ3 integrin was 
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activated by shear stress making it a potential mechanosensor (Tzima et al., 2001) and thus 

likely to be activated on SC cells when shear stress is increased (Ashpole et al., 2014). It is 

also activated by dexamethasone in TM cells in culture (Filla et al., 2011; Faralli et al., 2013; 

Gagen et al., 2013).

9. Surface expression and recycling of αvβ3 integrin

The dexamethasone-induced increase in αvβ3 integrin expression and cell surface activation 

persisted for over 2 weeks following the removal of dexamethasone (Faralli et al., 2013). 

This suggests that long term treatment with dexamethasone could result in a dysregulation of 

the cell surface expression of the αvβ3 integrin presumably due to changes in integrin 

recycling. This is worth noting because integrin recycling is important for controlling 

integrin-dependent signaling events, focal adhesion disassembly, matrix turnover, and the 

localized redistribution of integrins to new membrane sites. Recycling can remove both 

active and inactive integrins from the cell surface and it appears that the kinetics of recycling 

varies for each integrin depending on the α-subunit and its activation state (Caswell et al., 

2009; Wickstrom and Fassler, 2011; De Franceschi et al., 2015). Thus, α5β1 integrin is 

rapidly and constitutively internalized whereas α4β1 or α3β1 integrin do not appear to be 

internalized at all. αvβ3 integrin, unlike other integrins, has been reported to be rapidly 

recycled back to the cell surface from early endosomes via a Rab4-dependent mechanism. 

Its recycling affects the recycling of other integrins, most notably α5β1 integrin which is a 

major factor in RhoA activation (White et al., 2007; De Franceschi et al., 2015). Hence the 

constitutive cell surface expression of αvβ3 integrin would likely trigger a dysregulation of 

other integrin signaling pathways.

A number of growth factors, kinases, and members of the Rab and ARF families are known 

to influence integrin recycling (Morgan et al., 2009; Jacquemet et al., 2013). For example, 

PDGF stimulates rapid recycling of internalized αvβ3 integrin from early endosomes. This 

process depends on the protein kinase D1 (PKD1) which binds directly to the β3-integrin 

cytoplasmic tail at endosomes and drives the rapid return of the heterodimer to the plasma 

membrane (White et al., 2007; di Blasio et al., 2010). PKD1 has been reported to be 

upregulated in dexamethasone-treated TM cells in culture (Clark et al., 2013) where we see 

prolonged expression of αvβ3 integrin on the cell surface even after the removal of 

dexamethasone. This supports the idea that the cell surface expression of the αvβ3 integrin 

may be impaired in dexamethasone treated TM cells (Faralli et al., 2013) and raises the 

question of whether the selective internalization of integrins (or lack of it) would play a 

critical role in controlling integrin-mediated pathways in TM and ONH.

10. Effects of αvβ3 integrin activation in TM cells

This prolonged expression and induction of αvβ3 integrin signaling pathways seen with 

dexamethasone could be significant. In adult tissues, αvβ3 integrin is mostly expressed on 

angiogenic endothelial cells found in tissues undergoing remodeling or in pathological states 

involving angiogenesis such as age-related macular degeneration and diabetic retinopathy 

(Brooks et al., 1995; Luna et al., 1996; Friedlander et al., 1996; Wilkinson-Berka et al., 

2006; Lahdenranta et al., 2007) Thus, these studies suggest that upregulation of αvβ3 

Filla et al. Page 11

Exp Eye Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



integrin may have adverse effects on TM cellular functions. Recent studies support this idea 

and have shown that expression and activation of the αvβ3 integrin can lead to several 

phenotypic changes associated with the pathogenesis of POAG. In particular, αvβ3 integrin 

activation leads to the inhibition of αvβ5 integrin-mediated phagocytosis in TM cells 

(Gagen et al., 2013) as well as alterations in the cytoskeleton associated with the 

development of CLANs in TM cells (Filla et al., 2006, 2009, 2011) which are more frequent 

in glaucomatous TM cells and steroid treated cells and organ cultures (Hoare et al., 2009; 

Filla et al., 2011).

CLANs are generally thought to play a role in the progression of glaucoma by restricting the 

contractile properties of the TM (Clark et al., 1994, 2005), although this concept in TM cells 

has never been tested. Recent studies in mouse embryonic fibroblasts, however, would 

support this idea (Schiller and Fassler, 2013; Lin et al., 2013) and suggest a signaling role 

for CLANs as well. These studies showed that the application of cyclic force through the 

αvβ3 integrin resulted in a stiffening of the cytoskeleton (Roca-Cusachs et al., 2009; 

Schiller et al., 2013) which was not seen when the same force was applied to the α5β1 

integrin. This would suggest that the application of cyclic force in the TM as a result of 

changes in IOP would more likely to be perceived by the αvβ3 integrin and not the α5β1 

integrin which is also found in the TM. This could explain why CLANs form in response to 

αvβ3 integrin signaling. αvβ3 integrin-mediated CLANs may be the structural adaptions to 

forces in the TM responsible for the stiffening of the tissue during the progression of POAG 

(Braunger et al., 2015).

How αvβ3 integrin is activated within the TM is unknown. Following dexamethasone 

treatment, three of the major ligands for αvβ3 integrin, fibronectin and thrombospondins-1 

and −2 are upregulated (Steely et al., 1992; Zhou et al., 1998; Flugel-Koch et al., 2004). 

Thus, it is possible that unoccupied αvβ3 integrins on the TM cell surface could become 

engaged by one of these ligands thereby initiating an outside-in signaling pathway. 

Interestingly, thrombospondin-1 levels are increased in 1/3 of patients with POAG and 

thrombospondin-1 and −2 null mice have lower intraocular pressures (Haddadin et al., 

2012). Thrombospondin levels are also increased in TGFβ-treated TM cultures where an 

increase in CLAN formation has also been observed (O’Reilly et al., 2011). Studies by Filla 

et al. (Filla et al., 2009) showed that the 4N1K peptide (RFYVVMWK) from 

thrombospondin-1, which is known to activate αvβ3 integrin signaling via its co-receptor 

CD47 caused an increase in the formation of CLANs. An earlier study by Filla et al. (Filla et 

al., 2006) also showed that the substrate the cell was plated on influenced the degree to 

which CLANs were formed. Thus, alterations in the actin cytoskeleton associated with 

POAG may be due to changes in the composition of the ECM altering integrin signaling 

pathways and/or possibly activating a previous “resting” αvβ3 integrin on the cell surface 

(Fig. 4B).
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11. Activated αvβ3 integrin and the ECM: generation of a positive feedback 

loop

It was recognized over 30 years ago that the bidirectional signaling processes between cells 

and the ECM remains a driving force in understanding the pathogenesis of diseases 

(Humphrey et al., 2014). When either the physiological functions of cells or the ECM 

composition changes, a feedback loop is created (Fig. 5). In normal, healthy tissue, it has 

been postulated that cells would use negative feedback mechanisms to restore the tissue back 

to normal. If there has been either a loss of the negative feedback pathway and/or a switch to 

a positive feedback mechanism, then a diseased state is created (Humphrey et al., 2014).

The αvβ3 integrin may be a key player in the generation of such a feedback loop in 

glaucoma. Recent studies have shown that in addition to causing a decrease in phagocytosis 

and an increase in CLAN formation in TM cells, activation of αvβ3 integrin contributes to 

the excess deposition of a fibronectin matrix (Filla et al., manuscript in preparation). The 

assembly of the ECM, especially a fibronectin matrix, is an integrin-dependent process 

(Schwarzbauer and DeSimone, 2011). A critical feature of the integrin-mediated assembly 

of fibronectin fibrils is the cytoskeletal connections with the integrins’ cytoplasmic tails. 

These integrin-cytoskeletal connections provide the necessary contractile forces that induce 

the conformational change in fibronectin necessary for fibril formation (Schwarzbauer and 

DeSimone, 2011). Using immortalized TM cells overexpressing either the wildtype or a 

constitutively active αvβ3 integrin, it was found that increased matrix deposition was only 

observed in cells expressing the constitutively active form of αvβ3 integrin. Thus, activation 

of this single integrin may be responsible for several of the phenotypic changes observed in 

glaucomatous cells.

Since this integrin can be activated by dexamethasone treatment or changes in the TM ECM, 

it would suggest that αvβ3 integrin signaling mediates the positive feedback loop that 

propagates the formation of these glaucomatous phenotypes and contributes to a “diseased” 

microenvironment (Fig. 5). In this scenario, the increased deposition of fibronectin into the 

ECM that is frequently observed following TGFβ signaling in POAG or steroid treatment in 

steroid-induced glaucoma could promote αvβ3 integrin activation. In turn, activation of 

αvβ3 integrin could change the contractile properties of the TM which are needed for matrix 

production (Zhang et al., 1997).

Exactly how αvβ3 integrin is able to mediate these phenotypic changes is still under 

investigation. The Rho family of small GTPases is a critical downstream target of integrin 

signaling. Integrins are responsible for the translocation and activation of Rho GTPases 

which occurs at membrane sites proximal to the integrin cytoplasmic tails (Lawson and 

Burridge, 2014). Like many Rho GTPase-mediated functions, it is the localized activity of 

the different GTPases at these proximal membrane sites and subtle differences in the integrin 

adhesome composition which control activities like phagocytosis or cellular contractility. 

For example, a switch from an αvβ3 integrin rich adhesome to an α5β1 integrin rich 

adhesome causes a switch from a Rac1-dominated to a RhoA-dominated GTPase signaling 

pathway that in turn causes an increase in cytoskeletal tension and adhesion complex 

maturation (Morgan et al., 2009).
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Recent studies with TM cells suggest that αvβ3 integrins may be affecting the phenotype of 

TM cells by altering how the Rho GTPase Rac1 is activated. In TM cells in vitro, Rac1 is 

required for αvβ5 integrin-mediated phagocytosis (Peotter et al., submitted for publication). 

However Rac1 activity is also needed for αvβ3 integrin-mediated CLAN formation (Filla et 

al., 2009). So it is interesting that constitutive activation of αvβ3 integrin inhibits 

phagocytosis. Recent studies suggest that it may be the differential use of kinases and 

specific guanine nucleotide exchange factors (GEFs) by integrins which regulate 

phagocytosis and CLAN formation (Fig. 6). Activated αvβ3 integrin uses a Src kinase and 

the GEF Trio to activate Rac1 and form CLANs whereas αvβ5 integrins appear to use FAK 

and the GEF Tiam1 to activate Rac1 and mediate phagocytosis. The glaucomatous 

phenotype therefore appears to involve a dysregulation in the spatiotemporal regulation of 

Rac1 activity triggered by αvβ3 integrin which, in a sense, enables the activated αvβ3 

integrin to “steal” Rac1 away from the αvβ5 integrin-mediated phagocytic pathway. This 

would be consistent with previous reports that there is a differential and localized regulation 

of Rho GTPases by integrins (Miao et al., 2002).

12. Future directions

One area yet to be explored in the TM and ONH is the interaction of αvβ3 integrin with 

other intracellular pathways, especially growth factor signaling (Gagen et al., 2014). In most 

of these instances, studies show that αvβ3 integrin interacts with and controls growth factor 

receptors. αvβ3 integrin has also been shown to regulate TGFβ1 activity (Sheppard et al., 

1992) and the expression and recycling of the VEGF receptor-2 (Reynolds et al., 2004, 

2009). The αvβ3 integrin can also associate with Neuropilin-1, a VEGF coreceptor (Soker et 

al., 1998) that mediates signaling through VEGF receptor-2 (Zachary and Gliki, 2001) and is 

found on SC cells (Perkumas and Stamer, 2012). Finally, activation of αvβ3 integrin 

signaling via osteopontin has been shown to control the eNOS/NO pathway (Wang et al., 

2011) which has recently been shown to play a role in outflow facility (Chang et al., 2015).

Clearly this integrin has the potential to play a critical role in mediating the pathophysiology 

of glaucoma and developing ways to control its activity could provide new therapeutic 

avenues for glaucoma. One such approach may be using peptide antagonists and/or 

antibodies. αvβ3 peptide antagonists are currently being used to treat wet age-related 

macular degeneration and diabetic retinopathy (Mousa, 2003) and anti-αvβ3 integrin 

monoclonal antibody therapies are used to treat cancer (Gutheil et al., 2000). Both of these 

clinically tested approaches may prove useful for the treatment of glaucoma (Gagen et al., 

2014). Finally, since different integrins appear to use specific signaling molecules to activate 

GTPases, understanding which kinases and GEFs are used by the integrins to control the 

various GTPase-mediated activities of the TM may provide additional targets that would 

enable us to tailor treatments towards one specific signaling event.
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Fig. 1. 
Bidirectional signaling. The figure illustrates how changes made to the extracellular matrix 

(ECM) by the cell can in turn influence the signals perceived by the integrin adhesion 

complex (IAC) and alter the biological properties of the cell. Changes perceived by the IAC 

can be chemical in nature such as the expression of new ECM proteins (yellow circles) or 

physical due to a change in the 3-D architecture of the ECM or rigidity of the ECM. These 

physical changes can be triggered by contractile forces applied by cells through the IAC.
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Fig. 2. 
Integrin binding sites in fibronectin and tenascin-C. The figure illustrates the multiple 

integrin binding sites in fibronectin and tenascin-C and how alternative splicing would affect 

the availability of these sites. (A) Fibronectin is a dimeric protein disulfide bonded at its 

carboxyl terminus. It can be composed of two identical polypeptide chains or composed of 

two nonidentical chains due to alternative splicing of the EDA, EDB, and V region. It is 

composed of three types of repeating modules (FN-I, FN-II, and FN-III) and a variable 

region. Both chains can contain the integrin binding sites indicated which would essentially 

double the number of integrins bound to fibronectin. (B) Tenascin-C is an oligomeric protein 

consisting of six polypeptide chains. It consists of three repeating modules of heptad repeats, 

EGF-like repeats, FN-III repeats, and a C-terminal globular domain. Alternative splicing of 

the FN-III repeats results in a multitude of non-identical tenascin-C subunits differing in 

number and identity of FN-III repeats and integrin binding sites. Oligomerization of the 

hexamer is mediated by coiled-coil interactions and stabilized by disulfide bonds.
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Fig. 3. 
Variable localization intensity of αvβ3 integrin in trabecular meshwork and Schlemm’s 

canal from 3 different donors. Anterior segment wedges from 3 donors were fixed in 4% p-

formaldehyde prior to paraffin embedding. Sections were cut and then labeled with mAbs 

against either αvβ3 integrin (top) or β-galactosidase (bottom) as a negative control. 

Arrowheads indicate positive staining that is present in the αvβ3 integrin-labeled sections 

but absent in the β-galactosidase-labeled sections. Note the variation in labeling intensity 

observed in tissue from the different donors. Weak αvβ3 integrin labeling is present only 

along the inner wall of Schlemm’s Canal (SC) within the 62 year old donor tissue. In 

contrast, αvβ3 labeling is present within SC and along the trabecular meshwork (TM) 

beams in the other two donors’ tissue sections. However, the labeling is significantly 

stronger in the 68 year old donor than in the 66 year old donor. Specificity of the anti- αvβ3 

integrin antibody (clone [BV3], Abcam, Cambridge, MA) was verified by FACs analysis 

(not shown) using TM-1 cell lines with known levels of αvβ3 integrin (Gagen et al., 2013). 

Scale bar = 50 µm.
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Fig. 4. 
Regulation of Integrin signaling. (A) Integrins can be found in both an inactive, bent 

conformation and an active state on the cell surface. In the active state, the integrin assumes 

a fully extended conformation and the subunits are separated to allow for interactions with 

their ECM ligands and a multi-protein intracellular complex called an adhesome. In this 

conformation, the ECM/integrin/adhesome complex can regulate a number of biological 

processes including phagocytosis, ECM assembly, contraction/relaxation of the trabecular 

meshwork and growth factor signaling. The consensus sequence used by many non-collagen 

binding integrins to bind the ECM is an Arg-Gly-Asp (RGD) motif. (B) Inactive αvβ3 

integrins in the TM can be activated by dexamethasone-induced intracellular signaling 

pathway(s) that trigger the conformational change in the integrin to its active state. This 

process, called inside-out signaling, activates the integrin by promoting the binding of an 

adhesome complex to the cytoplasmic tail of the αvβ3 integrin. In turn, a conformational 
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change is induced into the extracellular domain of the integrin that allows it to bind a ligand 

such as thrombospondin (TSP). Inside-out signaling has been shown to cause the formation 

of CLANs and hence may be involved in steroid-induced glaucoma. (C) Crosstalk between 

activated αvβ3 integrins and other integrins could affect other integrin-mediated signaling 

events in TM cells and induce a glaucomatous phenotype. In particular, activated αvβ3 

integrin can cause a reduction in αvβ5 integrin-mediated phagocytosis, induce CLAN 

formation, and increase the amount of fibronectin assembled into the matrix. Adhesomes are 

represented as different colored shapes to indicate that each adhesome is unique to each 

integrin. (D) Newly synthesized proteins in the ECM can bind to integrins and initiate the 

formation of an adhesome and new signaling events. This is called outside-in signaling and 

could participate in the pathophysiology of glaucoma if constitutively active integrins were 

found on the cell surface of TM cells. Red circles represent newly synthesized ECM 

components.
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Fig. 5. 
Role of αvβ3 integrin signaling in the pathophysiology of glaucoma. Changes introduced 

into the ECM by TGFβ2-or dexamethasone-mediated signaling pathways are perceived by 

the αvβ3 integrin which then alters biological processes such as contractility, matrix 

deposition and phagocytosis. Homeostatic mechanisms (negative feedback loop) would 

downregulate the induced changes and turn off αvβ3 integrin signaling. However, prolonged 

expression of αvβ3 integrin signaling could establish a positive feedback loop that 

propagates the effects induced by TGFβ2 and dexameth-asone. The precise mechanism 

responsible for these negative and positive feedback loops are still unknown.
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Fig. 6. 
Schematic showing differential use of GEFs by αvβ3 and αvβ5 integrins to activate Rac1. 

In normal human TM cells, αvβ5 integrin uses a Rac1-mediated pathway to induce 

phagocytosis. The pathway involves focal adhesion kinase (FAK) (Gagen et al., 2013) and 

the Rac1 specific GEF called Tiam1 (Peotter et al., submitted for publication). Following 

treatment with dexamethasone, inactive αvβ3 integrins on the cell surface become activated 

(Filla et al., 2011; Faralli et al., 2013; Gagen et al., 2013) which results in the activation of a 

Rac1-mediated pathway via the GEF called Trio that promotes the formation of CLANs 

(Filla et al., 2009; Filla et al., 2011). Utilization of Rac1 by this pathway may inhibit 

phagocytosis by limiting the availability of Rac1 GEFs as previously reported (Toth et al., 

2009; Liu et al., 2013). Interestingly, Trio can act as a GEF for both Rac1 and RhoA (van 

Rijssel and Van Buul, 2012) which could explain why activation of αvβ3 integrin has 

recently been reported to activate RhoA (Pattabiraman and Rao, 2015). Use of Trio in this 

case may represent a way to temporally and spatially coordinate the activity of both Rac1 

and RhoA as suggested in studies when both are at activated at the leading edge of migrating 

cells (Kraynov et al., 2000; Pertz et al., 2006).
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