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Abstract

Integrins are a family of heterodimeric transmembrane receptors that mediate adhesion to the extracellular
matrix (ECM). However, integrins are not just adhesion receptors. They can act as “bidirectional signal trans-
ducers” that coordinate a large number of cellular activities in response to the extracellular environment and
intracellular signaling events. Among the activities regulated by integrins are cell adhesion, assembly of the
ECM, growth factor signaling, apoptosis, organization of the cytoskeleton, and cytoskeleton-mediated processes
such as contraction, endocytosis, and phagocytosis. Integrins regulate these activities through a complex net-
work of intracellular signaling kinases and adaptor proteins that associate with the transmembrane and cyto-
plasmic domains of the integrin subunits. In this review, we will discuss how some of the known integrin-
mediated activities can control the function of the trabecular meshwork. We will also discuss how integrin
activity is a tightly regulated process that involves conformation changes within the heterodimer which are

mediated by specific integrin-binding proteins.

Introduction

THE FUNCTION OF the trabecular meshwork (TM) is to
regulate the outflow of aqueous humor (AH) from the
anterior chamber in order to maintain intraocular pressure
(IOP). It is generally believed that the major components
responsible for the movement of AH are the contractile for-
ces of the TM and the composition of extracellular matrix
(ECM) of the juxtacanalicular canal (JCT). The ECM in the
JCT is a highly dynamic structure that can influence the
outflow resistance of the TM through interactions with cell
surface receptors which bind the components of the ECM.
One major family of receptors that interact with ECM
proteins is the integrins. Integrins are a family of hetero-
dimeric transmembrane receptors that are composed of a-
and B-subunits. These integrins are distributed throughout
the TM with the heaviest localization observed along cells on
the beams.'™ There are 11 different integrins in the TM and
all of them are known to promote adhesion to the ECM.
Integrins found in the TM and their ligands are listed in
Table 1. In general, integrins are divided into subgroups
depending on the binding motif that they recognize in the
ligands.* The largest subgroup is the integrins that bind an
RGD sequence found in many proteins. These integrins are
the most promiscuous members of the family, because they
bind a large number of ECM proteins as well as growth
factors such as CTGF and VEGF and the latent forms of
TGFp1 and B3. The latent form of TGFB2 does not contain an

RGD motif. The other subgroup of integrins interacts with
proteins through a functionally related LDV (L/I-D/E-V/S/
T-P/S) motif. In the TM, this includes 04p1, a4B7, and a9p1
integrins. The third subgroup of integrins in the TM contains
an ol-domain, and their ligand binding is often coordinated
by a cation-binding domain. These integrins interact with
collagen or laminins. The motif that collagen-binding in-
tegrins recognize is GFOGER. A consensus sequence motif
has not been identified for laminin-binding integrins.
Integrins are not just adhesion receptors, but they also act
as conduits to convey information about the extracellular
environment into the cell and cellular changes to the extra-
cellular environment. The signals generated by integrins
regulate a large number of biological processes that are rel-
evant to TM function, including growth factor signaling, cell
death, senescence, autophagy, phagocytosis, and the as-
sembly and turnover of extracellular matrices. These signal-
ing events also activate members of the Rho GTPase family
that control contractility of the actomyosin cytoskeleton and
play a critical role in regulating AH outflow. Integrins are,
therefore, likely to play a role in regulating outflow facility.
The conformation of the integrin plays a critical role in
integrin signaling (Fig 1). A large number of studies have
now established that the physiological low-affinity resting
state of an unoccupied integrin on the cell surface is a bent
conformation of the extracellular domain with the cytoplas-
mic tails of the o and B subunits bound together with a salt
bridge.5 On exposure to an ECM ligand, conformational
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TABLE 1. INTEGRINS AND THEIR LIGANDS

Integrin Ligands Consensus motif
olp1? Collagens (I, IV, IX), laminin, galectin-8 GFOGER in collagen
a2p1? Collagens (I, IV, IX), laminin, E-cadherin, TSP-1, tenascin-C, GFOGER in collagen
a3p1? Laminin, TSP-1, galectin-8 Not identified
adpl Fibronectin, VCAM-1, ICAM-4, TSP-1, osteopontin, ADAM2 L1/-D/E-V/S/T-P/S (LDV)
abp1 Fibronectin, fibrillin, osteopontin, TSP-1, galectin-8, ADAMY, 12, 15, 23 RGD
a6p1? Laminin, TSP, ADAMY, 12, 15, 23 Not identified
a7p1 Laminin Not identified
a8p1 Fibronectin, vitronectin, osteopontin, LAP-TGF-3 RGD
a9p1 Tenascin-C, VEGF-C, VEGF-D, VCAM-1, osteopontin, Adam?2, 9, 12, 15, 23 LI/-D/E-V/S/T-P/S (LDV)
a10B1 Collagens (I, IV, VI, IX), laminin GFOGER in collagen
al1p1 Collagens (I, IV, IX) GFOGER in collagen
avfl Fibronectin, vitronectin, LAP-TGF-B, osteopontin, ADAMY, 12, 15, 23, galectin-8 RGD
avf33 Fibronectin, vitronectin, TSP-1, 2 and collagen IV, CTGF, MMP-2, LAP-TGF-§, RGD

osteopontin
avf5 Fibronectin, vitronectin, LAP-TGF-B, osteopontin, ADAMY, 12, 15, 23 RGD
avp6 Fibronectin, LAP-TGF-B, osteopontin RGD
avp8 Fibronectin, LAP-TGF-f3 RGD
a6p4? Laminin Not identified
a4p7 Fibronectin, VCAM-1, osteopontin LI/-D/E-V/S/T-P/S (LDV)

Integrins that have been identified in the TM are in the shaded rows."
“Indicate that those integrins have also been identified in Schlemm’s Canal Cells. To date, the a6 integrin subunit appears to be only

expressed in Schlemm’s Canal cells.””
TM, trabecular meshwork.

changes are transmitted to the transmembrane and cyto-
plasmic domains of the o- and B-integrin subunits that result
in a high affinity state. This is called outside-in signaling and
it regulates cell shape, migration, growth, and survival.
Critical for integrin signaling is the formation of a signaling
complex. Integrins do not have any intrinsic enzymatic ac-
tivity in their cytoplasmic tails, so outside-in signaling events
are mediated by interactions between adaptor, or scaffold
proteins to link the integrins to kinases such as focal adhe-
sion kinase (FAK) and Src.® These cytoplasmic interactions
are mediated by the conformational changes that are trig-
gered by the ligand binding to the extracellular ligand do-
main. The signaling kinases are then activated by a series of
auto- and trans-phosphorylation events that are triggered by
the physical clustering of the integrins induced by the multi-
valency of their ECM ligands. Once the integrins cluster,
integrin binding to their ligand occurs with a higher avidity
(Fig. 1).

It should be noted that unoccupied integrins have been
reported to exist on the cell surface,”® so changes in the ex-
pression of the ECM could theoretically trigger a new sig-
naling event without necessarily disrupting cell adhesion.
For instance, one of the changes in the ECM seen in glau-
coma is an increased deposition of fibronectin. Fibronectin
contains 7 possible integrin binding sites, and it can bind 7 of
the 11 integrins found in the TM. Thus, an increase in fi-
bronectin expression could contribute to the pathogenesis of
glaucoma by altering outside-in integrin signaling, leading to
changes in the actin cytoskeleton.

In addition to outside-in signaling, integrins are unique
because they can be activated to bind their ligand in a pro-
cess called inside-out signaling, which shifts the integrin
from the low-affinity (or resting) state to a high-affinity (ac-
tive) state (Fig. 1). Inside-out signaling is usually the result of
an agonist signal triggering an intracellular event that in-
duces a conformational change in the integrin which stabi-

lizes the extended conformation and exposes the external
ligand binding site.” This change is triggered through many
signaling intermediaries that cause the cytoplasmic tails of
the integrins to interact with a number of cytoplasmic pro-
teins. The best-studied integrin regulators are talin and kin-
dlin, but other molecules can also regulate integrin activation
such as integrin linked kinase and filamin.'” These intracel-
lular signals can be the result of external cues such as stretch,
injury, or inflammation. Within the TM, recent studies sug-
gest that treatment with dexamethasone may activate the
high-affinity state of avp3 integrin, possibly through an in-
side-out signaling event."!

Control of Integrin Expression

Integrin signaling is responsive to stretch, steroids, CTGF,
and TGE-p, all of which are factors that affect IOP. In the TM,
stretch up-regulates the expression of av, o5, and Bl in-
tegrins'?, and steroids up-regulate the expression of a2, o5,
av, and the B3 integrin subunits.!’° In contrast, the a3 and
o4 integrin subunits are not affected by dexamethasone.'?
Integrin expression in the TM is also affected by CTGF,
which up-regulates the expression of the av and p1 integrin
subunits."” Surprisingly, integrin expression in the TM does
not appear to be significantly affected by TGFp1 or TGFp2,
although in other cells types, both growth factors clearly
affect the expression of avp3 and avf5 in’cegrinslg’19 and
several Bl integrins, especially o5p1 integrin.®>*' TGFp2
caused only a small increase in the expression of the p1 and
o2 integrin subunits in the TM,?? while neither TGFp1 nor
TGFpP2 seemed to affect the expression of avf3 integrin
(D.M. Peters, unpublished data). Finally, expression of the B1
integrin subunit in the TM can be regulated by miR-183*
and miR-204.**

In some instances, these factors may not change integrin
expression levels, but instead affect integrin activity. For
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FIG. 1. Schematic of integrin signaling. (A) Integrins can be activated by inside-out signaling events that are mediated by
G-protein-coupled receptor (GPCR) or growth factor receptor (GFR) signaling pathways. These intracellular signaling
pathways cause a conformational change in integrins into the extended, high-affinity conformation. Ligands (yellow oval) that
activate integrins via GPCRs are chemokines involved in lymphocyte trafficking,'™ whereas growth factors which activate
integrins include FGF, HGF, and VEGF.'! In trabecular meshwork (TM) cells: dexamethasone (DEX) also appears to act as an
agonist to trigger the active conformation'!'® by signaling through the glucocorticoid receptor (GR). (B) Integrins exist in a
bent conformation when they are unoccupied. In this conformation, the transmembrane and cytoplasmic domains are closely
associated. During activation, the transmembrane and cytoplasmic domains are separated and cytoplasmic proteins such as
talin or kindlin can bind and stabilize the extended conformation. Integrins can also undergo a conformational change to the
high-affinity state through outside-in signaling, by binding to specific domains of extracellular matrix (ECM) ligands.
Clustering of the integrin induced by the multi-valency of the ECM proteins enhances the signal.

affi nity) (hlgh

Talin
Kindlin @
F-actin

1. Tethering 2. Unfolding

3. Assembly

FIG. 2. Role of integrins in matrix assembly. The first step is the tethering of fibronectin (FN) to the cell surface via specific
integrins. Soluble fibronectin is a heterodimer that is secreted as a compact globular protein. The second step is the unfolding
of the globular domain to expose the amino termini and multiple other FN-FN binding sites (red dots) that are involved
in fibril formation. This conformational change is triggered by contractile forces (arrows) that are generated by integrin-
actomyosin linkages. The third step is the polymerization of fibronectin into fibrils. As integrins cluster, the multiple FN-FN
binding sites mediate lateral and linear association of fibronectin heterodimers into fibrils.

FIG. 3. Model of integrin-mediated phago-
cytosis in TM cells. Phagocytosis in TM
cells involves an avf5 integrin—focal adhe-
sion kinase (FAK) signaling pathway that
can regulate actin cytoskeleton remodeling
to form the phagocytic cup in TM cells. Ac-
tivation of the avf3 integrin via dexametha-

sone (DEX) hinders avp5 integrin-FAK-
mediated phagocytosis, possibly by prevent-
ing actin remodeling.
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example, a4p1, a5p1, o2p1, and avp3 integrins can switch
from the inactive (low affinity) state to an active (high af-
finity) state in response to stretch®® or external stimuli such
as shear force or cytokines.”® In the TM, one such external
stimulus could be dexamethasone, which can activate avf3
integrin."! The exact manner in which dexamethasone activates
avf3 integrin is unknown, but most likely, it involves activa-
tion of cytoplasmic proteins, leading to inside-out activation of
the integrin. Recent proteomic studies support this idea and
show that a large number of cytoplasmic proteins which are
capable of activating ovp3 integrin are up-regulated by dexa-
methasone.’® The dexamethasone-induced increase in ovp3
integrin is the result of an increase in the transcription of 3
integrin mRNA through a secondary glucocorticoid response
mechanism,?” similar to what has been shown for rnyocilin.zg'29
This increase was dependent on calcineurin, a phosphatase
that activates the NFAT family of transcription factors.””
Treatment with dexamethasone not only increased both
expression and activation of avp3 integrin at the cell sur-
face, but this effect also persisted even after the removal of
dexamethasone. This suggests that long-term treatment
with dexamethasone could result in a dysregulation of the
avp3 integrin signaling pathway. The induction of an avp3
integrin signaling pathway(s) by dexamethasone can be
significant. It can lead to the inhibition of phagocytosis,'®
and avf3 integrin signaling can lead to cytoskeleton chan-
ges such as the development of cross-linked actin networks
(CLANS) in TM cells.""*° CLANS are thought to play a role
in altering the contractile properties of the TM in glauco-
ma.>®? Thus, the different mechanisms of integrin activa-
tion can affect the manner in which TM cells adapt to
changes in IOP in order to regulate outflow facility.

Biological Processes Controlled
by Integrin Signaling

Although integrins are best known for their role in me-
diating cell adhesion, individual integrins can perform spe-
cialized functions. For instance, only certain integrins (241,
a5p1) regulate matrix deposition while other integrins (avf5,
a2p1) regulate phagocytosis. Some integrins are capable of
regulating multiple cellular functions such as the ability of
avfB3 integrin to regulate both matrix deposition and
phagocytosis. Thus, the repertoire of integrins can impart
unique functions to the TM and changes in the repertoire, or
activity of integrins, is, therefore, likely to affect outflow fa-
cility by altering the integrin-mediated signaling events that
regulate matrix deposition and remodeling, phagocytosis,
and/or contractility. These changes in integrin signaling can
be triggered by changes in the types of ECM proteins de-
posited in the TM, such as those induced by TGFp or dexa-
methasone. They can also be affected by the expression or
phosphorylation of intracellular proteins that modulate in-
tegrin activity via an inside-out signaling event (Fig. 1). In
the next sections, we will discuss how specific integrins
regulate these biological processes.

Role of Integrins in Matrix Assembly

An important role for integrins is their ability to control
the deposition of the ECM. The assembly of both fibronectin
and collagen fibrils is a highly controlled, cell-mediated
process involving specific integrins. For instance, in vascular
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smooth muscle cells, both collagen and fibronectin fi-
brillogenesis can be inhibited using anti-a2B1 or o5p1 in-
tegrin antibodies, resp)ectivel}/.33’34 Interestingly, if the
assembly of fibronectin matrices is impaired, ECM deposi-
tion overall may be impaired because the incorporation of a
number of ECM molecules into the matrix is dependent on
the assembly of fibronectin fibrils.*>*® ECM proteins that use
fibronectin as a scaffold for their deposition into the ECM
include collagens I and III, fibrillin, tenascin-C, and LAP-
TGEFB. Thus, when fibronectin fibril formation is disrupted, a
decrease in microfibril formation, collagen fibril formation,
and LAP-TGFp incorporation into the ECM is also observed.
Interestingly, lysyl oxidase (LOX), the enzyme found to be
altered in pseudoexfoliation glaucoma,” also interacts with
fibronectin in the matrix and this interaction stimulates LOX
activity. Finally, integrins may also control the turnover of
matrix. Recent studies have shown that the Bl integrin is
involved in the endocytosis of soluble fibronectin® and
indirectly influences the endocytosis of type I collagen ma-
trix.*” Together, these observations suggest that integrin-
mediated control of fibronectin matrices plays a critical role
in both ECM deposition and turnover in the TM and that a
disruption in integrin-mediated matrix assembly could have
far-reaching consequences outside the assembly of collagen
and fibronectin fibrils.

Mechanistically, integrins control matrix assembly by
tethering fibronectin to specific cell surface sites and trig-
gering a conformation change in fibronectin that exposes fi-
bronectin—fibronectin binding sites which are responsible for
the polymerization of fibronectin into fibrils*® (Fig. 2). The
primary integrin known to regulate matrix assembly is the
a5B1 integrin, which binds the RGD site in fibronectin. Al-
though the interaction with integrins is usually mediated via
the RGD site in fibronectin, not all RGD-binding integrins are
capable of mediating the assembly of fibronectin into fi-
brils.*® Other integrins reported to regulate fibronectin fi-
brillogenesis are o4p1,*! avp1,*? and avp3* integrins. The
olIbB3 integrin is also known to control fibril formation,**
but since allbf3 is only found on platelets, it does not play a
role in assembling the ECM in the TM. The reason that only
certain integrins are capable of promoting matrix deposition
is unclear. One explanation may be the avidity of the inter-
action between the integrin and its ligand. Although o5p1
integrin binding to fibronectin occurs primarily at the RGD
site in fibronectin, the bond strength between a5p1 integrin
and fibronectin is further enhanced via interactions between
a5B1 integrin and fibronectin’s synergy site (PHRSN). In the
case of a4p1, avfl, avp3, and ollbp3 integrins, the necessary
bond strength for matrix assembly may be acquired by ac-
tivating the high-affinity state of these integrins. Thus, when
the avf3 integrin is activated in the TM, this enhances fi-
bronectin matrix deposition, especially in the presence of
TGEF-p2 (D.M. Peters, unpublished data).

Factors that are likely to affect matrix assembly in the TM
are contractility, activation of Rho kinase, and changes in
the affinity of the integrin.> A critical feature of the in-
tegrin-mediated assembly of fibronectin fibrils is the cyto-
skeletal connections with the integrins’ cytoplasmic tails.
These connections provide the necessary contractile forces
that induce the conformational change in fibronectin from a
compact globular molecule to a more extended, open con-
formation (Fig. 2). These contractile forces are mediated
by Rho kinase through the formation of actomyosin
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networks*® and enhanced Rho kinase activity via treatment
with either lysophosphatidic acid** or sphingosine-1-phos-
phate®® will facilitate matrix deposition. In the absence of
contractile forces, the assembly of fibronectin fibrils is im-
paired. Thus, one reason that only certain integrins may
participate in fibril formation is the need for sufficient bond
strength with the integrin to transmit the necessary con-
tractile forces to change the conformation of fibronectin.

Integrin-mediated matrix assembly is also facilitated by
rigid substrates, as these provide a counter-force for the cell
to pull on and alter the conformation of fibronectin. Thus,
cells form a matrix on tensioned collagen gels or other rigid
substrates, while assembly is hampered on soft substrates or
floating collagen gels.**® Therefore, the increased stiffness
of the TM in glaucomatous tissue reported by Last et al.*
could enhance integrin-mediated matrix deposition.

Integrins and Phagocytosis

Phagocytosis is the receptor-mediated engulfment of large
particles (=0.5 pm), and it is a normal TM cellular function
that helps in maintaining cell and tissue homeostasis. In
healthy eyes, TM cells are thought to be highly phagocytic
and capable of efficiently clearing away debris to facilitate
outflow of AH.*>* In vivo, TM cells are capable of ingesting

igment granules, erythrocytes, and pseudoexfoliative ma-
terial,”° and their phagocytic activity modulates expres-
sion of ECM remodeling genes.

In TM cells, this process appears to involve an avf5 in-
tegrin-FAK signaling pathway, as there is a significant re-
duction in phagocytic activity when B5 integrin expression is
knocked down or when FAK activity is inhibited.'® Thus,
phagocytosis in TM cells is similar to that observed in other
highly phagocytic, nonimmune cells, such as retinal pig-
mented epithelial cells, which also utilize the avfp5 integrin-
FAK signaling pathway to phagocytose rod outer segments.”*’
During phagocytosis, the role of the avp5 integrin-mediated
signaling pathway in the TM may not be to directly bind the
ingested material but rather to locally direct cytoskeletal re-
modeling in order to facilitate the formation of the F-actin-
rich phagocytic cup in conjunction with FAK and co-receptors
such as MerTK**%0¢! (Fig. 3).

Multiple studies have shown that treatment with steroids
such as dexamethasone significantly impairs phagocytosis in
TM cells.”*** Recent studies in cultured TM cells suggest that
the dexamethasone-induced decrease in the phagocytic
function of TM cells is due to the activation of avp3 in-
tegrin.'® Thus, in TM cells, the avp5 integrin-FAK signaling
pathway that mediates phagocytosis is modulated by the
activation state of the avp3 integrin. Interestingly, activation
of the avB3 integrin has previously been implicated in the
formation of CLANs in TM cells.'’?*%? CLAN formation
utilizes an Racl/Trio signaling pathway to reorganize the
actin cytoskeleton into rigid geodesic dome-like structures.
Hence, the Racl/Trio signaling through ovf3 integrin acti-
vation could prevent the utilization of Racl by avp5 in-
tegrin® during the formation of the phagocytic cup (Fig. 3).

Growth Factor Signaling

One area of integrin research that has not been explored in
the TM, but has been extensively studied in other cells and
tissues, is the cooperation between integrin and growth

GAGEN ET AL.

factor receptor (GFR) signaling.®® This is a dynamic and re-
ciprocal process. For example, in the TM, CTGF up-regulates
the expression of the av and B1 integrin subunits,'” and there
are numerous reports of TGFp-1 and -2 up-regulating the
expression of integrin-binding ECM molecules such as fi-
bronectin, collagen, thrombospondin-1, and SPARC.2%6467
Integrins, on the other hand, can also control the expression
of TGF-B receptors. In fibroblasts, expression of the o5 in-
tegrin subunit induces expression of TGF-BRII, which, in
turn, renders the cells more responsive to TGF-f signaling.®®
In the absence of the B3 integrin subunit, the expression of
both TGE-BRI and TGF-BRII is enhanced, suggesting that the
avp3 integrin represses the expression of these receptors in
fibroblasts.®” Both integrins and growth factors cooperate
with each other by orchestrating the endocytosis and re-
cycling of the GFRs and integrins. In endothelial cells, VEGF-
A can induce the recycling of avB3 integrin,”® and inhibition
of avf3 integrin induces recycling of VEGFR2 back to the cell
surface.”!

Integrins can also regulate growth factor signaling path-
ways. It is well established that integrins can transmit in-
formation from the ECM into the cell by activating the same
signal transduction pathways which are regulated by
GFRs.®*”? Some of the pathways shared by integrins and
GFRs include the MAPK, PI-3Kinase, AKT, and Rho GTPase-
mediated pathways (Fig. 4). The independent activation of
these pathways by integrins, in essence, helps amplify the
signals generated from the GFR-mediated pathway and is
thought to provide a “maintenance” signal for cell survival.

In addition to independently activating these pathways,
integrins also collaborate with GFRs to regulate these signal-
ing events. This collaborative interaction between integrins
and GFRs has been described for many GFRs, including the
receptors for IGF, VEGF, TGF-B, HGF, PDGF, and EGF.**>”?
However, the integrin-mediated activation of specific growth
factor signaling pathways is dependent on the expression of
specific integrin subunits. For example, the VEGFR and TGF-
BRII are only found in complexes with ov3 integrin, whereas
the EGFR interacts with several 1, 33, and 4 1'ntegrins.72—75
Since the association with GFRs appears to only occur with
specific integrins and cells express specific profiles of integrin
subunits, this suggests that integrins act as “environmental
sensors” which determine the outcome of the growth factor
signaling by creating or localizing the GFR to the correct
spatial location. Any changes in the integrin profile or ECM
environment are, therefore, likely to affect growth factor-me-
diated cell behavior.

There are at least 2 different mechanisms by which in-
tegrins and GFRs collaborate.®>” First, integrins can directly
induce the GFR pathway in the absence of the soluble
growth factor via a physical interaction between the unoc-
cupied GFR and the associated integrin (Fig. 4). For example,
avp3 integrins have been shown to physically associate with
a number of GFRs, including EGFR, PDGFR, VEGFR2, and
IGFR-1.7> The association of these receptors with avp3
integrin triggers a transactivation event that leads to induc-
tion of the GF signaling pathway in the absence of the sol-
uble growth factor.

The second mechanism involves the integrin assisting the
GEFR signaling pathway by mediating the organization of an
integrin-GFR signaling platform. This can be accomplished
in a number of ways. First, integrins can recruit and control
GEFR signaling complexes through the recruitment of specific
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adaptors to the plasma membrane. For instance, both the bio-reservoirs for growth factors. Binding of the growth
EGFR and the PDGFR have been shown to associate with factors to integrins helps bring them to the cell surface and
integrins via the FAK/Src complex on the cytoplasmic tails  introduce them to the GFR. For instance, binding of FGF-1 or
of the integrins.76 Second, as shown in Table 1, a number of IGF-1 to av[33 integrin is known to promote signaling by the
integrins can bind growth factors. Thus, integrins can act as FGFR or IGFR-1, respectively.®> Another salient feature of

FIG. 4. Collaboration between integrins, growth factors, and GFRs. (A) Integrins and GFRs can activate the same signaling
pathways independent of each other. The Ras-MAPK pathway is illustrated as an example of a GFR pathway that can be
amplified by independent integrin signaling. (B) Integrins and unoccupied GFRs can physically interact with each other via
bridges formed by cytoplasmic adaptor proteins that cluster the 2 types of receptors together. The clustering of GFRs leads to
receptor transactivation and phosphorylation (green stars) of key residues in the GFR cytoplasmic domains followed by
induction of the GF signaling pathway. Examples of this scenario include EGFR, PDGFR, VEGFR2, or IGFR interacting with
avP3 integrins. (C) Soluble GFs, for example, FGF-1 or IGF-1, can bind both integrins and their cognate receptors, thus
coupling the 2 receptor types. As discussed above, this clustering leads to transactivation and induction of GF signaling
pathways. (D) Certain GFs, such as VEGF-A and angiopoietins 1 and 2, are able to bind integrins independent of their
cognate receptors and activate specific signaling pathways.

LTBP-1
TGFpRII
TGFp ii I I

TGFRI

Contractlon

FIG.5. Integrins are involved in activation of TGFp. (A) The LAP-TGF-B complex is a dimeric, inactive protein consisting of
the active C-terminal growth factor that is noncovalently linked to a pro-peptide termed the latency-associated peptide (LAP,
in red). It is bound to certain integrins on the cell surface via an RGD sequence within the LAP peptide. It is also tethered to
the ECM via the latent TGF-B-binding protein-1 (LTBP-1, in orange), which itself binds to ECM proteins in the absence of any
contraction. The LAP masks the active growth factor and prevents its interactions with its cognate receptors (TGFBRI,
TGEFBRII). (B) On contraction of the actomyosin network, the cell pulls away from the ECM, thus stretching the inactive TGFf
propeptide such that the active growth factor is now able to recognize and bind to its cognate receptors.
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this model is that it helps localize the growth factor and GFR
to specific regions of the cells. This is especially critical
during cell migration to promote directional migration.”*
Alternatively, some integrin-mediated signaling pathways,
in particular o5p1 and avf5 integrins, can be activated by
direct binding of certain growth factors to the integrins in
the absence of their own cognate receptors. For example,
angiopoietins 1 and 2 can mediate integrin-dependent ad-
hesion and spreading of both HUVECs and fibroblasts.””
Angiopoietin-1 also promotes integrin-mediated migration
of HUVECsS, while angiopoietin-2 does not.

Perhaps the best known example of an integrin-growth
factor-GFR complex is the interaction of av integrins with the
large latent TGF-B complex consisting of LAP-TGF-B-LTPB-1.
The propeptide of LAP-TGF-B contains an RGD motif to
which all the av integrins (avp1, avp3, avp5, avp6, and avp8)
as well as a8B1 integrin can bind.”® Although all these in-
tegrins are capable of binding the RGD sequence in the LAP
fragment of TGFP1 and TGEFP3, avp6 and avp8 integrins
appear to be the predominant integrins that bind and acti-
vate these TGF-Bs (Fig. 5). The avp6 integrin activates the
LAP-TGF-B complex containing the latent TGF-p-binding
protein-1 (LTBP-1) by triggering an allosteric change in the
conformation of the LAP-TGF-p complex which unveils the
TGE-B in such a manner that it can bind to the TGFRs on
the same cell or on neighboring cells. In this instance, the
contractile forces generated by the cell stretch the avf6 in-
tegrin-bound LAP-TGF-f complex, which is also bound to
the ECM via LTBP-1, and unveils the active TGF-f. The av[38
integrin, on the other hand, introduces LAP-TGF-B to matrix
metalloproteinase-14, thereby causing the proteolytic release
of TGF-B.”®

Of course, not all integrin-GFR interactions lead to acti-
vation of the growth factor signaling pathway. These inter-
actions can also lead to the suppression of the signal. For
example, the a1B1 collagen-binding integrin can bind T-cell
protein tyrosine phosphatase. This interaction serves to ac-
tivate the phosphatase and recruit it to the EGFR where the
ligand-induced EGFR signal is inhibited.”

Growth Arrest and Apoptosis

The collaboration between integrins and growth factor
signaling for cell survival is largely believed to be the reason
that nonadherent normal cells die. It is widely accepted that
a cell’s responsiveness to growth factors depends on integrin-
mediated adhesion events. Any disruption in cell attachment
results in anoikis (detachment-induced apoptosis) or growth
arrest.®’ In certain instances, the mis-expression of a certain
integrin or absence of its ligand can lead to cell death. For
example, up-regulation of the P4 integrin subunit can me-
diate cell death, senescence, or autophagy in response to cell
stress,®! while expression of the avp3 integrin in the absence
of a ligand triggers apoptosis in endothelial cells.” At the
present time, it is not known whether changes in integrin
expression are observed in glaucomatous TM tissue, but it is
tempting to speculate that the ECM changes observed in
glaucomatous tissue could be triggering the wrong ECM-
integrin signals needed for cell survival.

Control of Cytoskeleton

It is well established that integrins can activate members
of the Rho GTPase family and, therefore, mediate contrac-
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tility.82_85 The best studied example of this, of course, is the
integrin-mediated formation of the actomyosin network
known as stress fibers via RhoA in focal adhesions. The or-
ganization of the actomyosin network has been shown to
play a critical role in regulating outflow facility®*® and will
be covered in another review in this special issue.

Integrins, however, are not always found in focal adhe-
sions nor do they always trigger stress fiber formation. One
such exception is the a4p1 integrin, which is expressed pre-
dominantly at the leading edge of highly migratory cells
such as circulating leukocytes, rather than at focal adhe-
sions.®® In fact, the o4 integrin subunit is unique, because not
only is its expression limited to a number of cell types, but it
also inhibits focal adhesion formation and decreases con-
tractility. This is consistent with studies which found that
activation of the 041 integrin by the Hepll domain of fi-
bronectin decreased contractility and stress fiber formation
in cultured TM cells®*! and caused an increase in outflow
facility in both human and monkey organ cultured ante-
rior s<egmer1ts.89’92 As discussed next, in order to decrease
contractility in TM cells, the o4f1 integrin requires co-
signaling with a collagen-binding integrin.

Cross-Talk Between Integrins

Integrin signaling in the TM, as in all cells, is complex and
controlled, in part, by the presence of other integrins and
matrix proteins that co-direct signaling events between in-
tegrins. Thus, changes in the expression of an integrin, its
activation state, or ECM ligand can alter the signaling events
mediated by another integrin. A number of instances of in-
tegrin cross-talk have been observed in the TM that reflects
how changes in the composition of the ECM, or integrin
expression, can alter the actomyosin network. For example,
the formation of CLANs in TM cells involves co-operative
signaling between a B1 integrin subunit and an avp3 in-
tegrin.* For maximal CLAN formation mediated by the ac-
tivation of avp3 integrin, the Pl integrin subunit may be
paired with either the o5 or o4 subunit, both of which bind
fibronectin, or with the 2 subunit, which binds collagen.
Activation of avp3 integrin alone, either with a B3 integrin
activating antibody or by engaging an avf3 integrin with
a ligand such as vitronectin, does not appear to be suffi-
cient to induce significant CLAN formation,'*%%* support-
ing the concept of integrin cross-talk in CLAN formation.
Since avf3 integrin can be activated by a fragment of
thrornbospondin—l,l1’30’62 this suggests that up-regulation
of thrombospondin-1 by either TGFB2 or dexamethasone®
or the activation of avB3 integrin by dexamethasone'''®
would enhance the probability of CLAN formation occurring
in the TM, and this could explain why formation is enhanced
under these circumstances.”'?*%>%*

Co-signaling between integrins also regulates the forma-
tion of stress fibers in TM cells. In both subconfluent’ and
confluent cultures of TM cells,”* activation of a4f1 and a5p1
integrin signaling pathways enhances stress fiber formation.
In contrast, co-signaling between the 421 collagen-binding
integrin and «4f1 integrin appears to trigger the disassembly
of actin filaments in TM cultures and to reduce the contractile
properties of TM cells.”* This suggests that Rho signaling is
down-regulated by 02p1 and 041 integrin co-signaling and
offers a possible explanation as to how the a4f1 integrin-
binding Hepll domain of fibronectin®® was able to increase
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outflow facility in both human and porcine anterior segment
organ cultures.*** This type of cross-talk is antagonistic and
is often referred to as transdominant inhibition.”” Another
example of transdominant inhibition would be activated avp3
integrin inhibiting ovp5 integrin-mediated phagocytosis in
TM cells.'® Together, these studies suggest that co-signaling
between different integrins is likely to play an important role
in the TM and once again illustrates how changes in the
composition of the ECM could alter TM cell function.

Several mechanisms have been reported to control integrin
cross-talk. The most frequently observed mechanism gener-
ally involves the binding of cytoskeleton and signaling
adaptor molecules to the cytoplasmic tails of the integrin
subunits during inside-out signaling as discussed earlier
(Fig. 1). The best-characterized examples are the interaction
between talin 1 or kindlin 1 with the B3 integrin subunit and
paxillin with the o4 integrin subunit. Integrin cross-talk,
however, may also occur through regulation of integrin
mRNA stability.”® For example, in GD25 cells, expression of
the 1 subunit caused a down-regulation of avp3 integrin by
decreasing the stability of the B3 integrin mRNA. Integrin
cross-talk can also be affected by the endocytosis and cell
surface expression of an integrin heterodimer.” For example,
recycling of the avp3 integrin to the cell surface is controlled
by the Rab-coupling protein (RAB11FIP1), which associates
directly with the B3 integrin subunit. If avp3 integrin func-
tion is impaired, RAB11FIP1 dissociates from avf3 integrin
and binds to the B1 integrin subunit, thereby bringing o5p1
integrin to the cell surface.

Therapeutic Applications

Currently, integrin therapies are not being used to treat
glaucoma. However, integrin antagonists to allbf3 integrin
have been used for more than 15 years to treat acute coro-
nary syndromes,'” and antagonists to o4f1 and 04B7 in-
tegrins are being used to treat inflammatory diseases.
Antagonists to avf3 integrin are also currently being tested
as treatment for wet AMD and diabetic retinopathy.'”" To
date, antagonists have been developed that could target in-
tegrins found in the TM, including o1p1, a4f1, 04p7, avp3,
and avf5 integrins. These inhibitors of integrin function in-
clude blocking monoclonal antibodies (ie, vitaxin,'*? natali-
zumab'®®), peptide antagonists (ie, cilengitide104), and small
molecules such as disintegrins.'%'%

The key to using anti-integrin therapies will be to (i) know
which integrin to target, (ii) design a specific probe based on
the sequence surrounding the integrin-binding motif, and
(iii) determine the correct conformation of the peptide.'™"
Generic RGD peptides target all RGD-binding integrins
and, when perfused into cultured bovine anterior seg-
ments'”® or human anterior segments,'” have no effect on
outflow facility. However, a loss of cell attachment, espe-
cially of Schlemm’s canal cells, was observed. In contrast,
when a fragment from the HepIl domain of fibronectin that
lacks an RGD sequence and should only bind 041 integrin
was used,”® an increase in outflow facility was observed.”?
At the higher concentration used in cultured human anterior
segments, this fragment also caused the detachment of
Schlemm’s canal cells. However, when an 8-fold lower
concentration was perfused into monkey anterior segments,
outflow facility was still increased without the loss of cell
attachment.®
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Another important feature to be kept in mind when using
integrin therapies is the ability of integrins to adopt different
affinities. Thus, an integrin-binding peptide or antibody
could act as either an agonist or as an antagonist depending
on how it affects the integrin conformation.'”® Experimental
support for this comes from the finding that RGD peptides
can facilitate the assembly of focal adhesions and block
production of PDGF.'® To further complicate matters, some
RGD peptides have been found to have a biphasic effect. At
high concentrations, they act as antagonists, but at low
concentrations, they are agonists.''’

In addition to their use as antagonists, RGD-containing
peptides and proteins have been successfully used to control
drug bio-distribution and to act as agents to target nano-
particles (liposomes or polymers) to cells. Although this
approach has been primarily investigated as a mechanism to
deliver anti-cancer drugs, cyclic RGD peptides conjugated to
silver nanoparticles are also being investigated as a way to
deliver a sustained controlled substance to prevent retinal
angiogenesis.''" Whether such an approach could be bene-
ficial for the delivery of drugs or viral vectors to the TM
remains to be determined.

Conclusions

In addition to mediating cell adhesion, the different in-
tegrins in the TM are likely to have unique and specialized
functions, such as modulating matrix assembly, cell con-
tractility, and phagocytosis. Undoubtedly, with so many
integrin-assisted processes involved in the regulation of AH
outflow, having a better understanding of how integrins
function in the TM in vivo is warranted.
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