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Abstract
Purpose—To characterize the molecular composition of cross-linked actin networks (CLANs) and
the regulation of their formation by integrins in normal human trabecular meshwork (TM) cells.
CLANs have been observed in steroid-treated and glaucomatous TM cells and have been suggested
to contribute to decreased outflow facility by altering the contractility of the TM.

Methods—Immunofluorescence microscopy was used to identify molecular components of
CLANs and quantitate CLAN formation in HTM cells plated on coverslips coated with various
extracellular matrix (ECM) proteins (fibronectin, types I and IV collagen, and vitronectin), vascular
cell adhesion molecule (VCAM)-1, or activating antibodies against β1, β3, or α2β1 integrins. These
integrin antibodies were also used as soluble ligands.

Results—CLAN vertices contained the actin-binding proteins α-actinin and filamin and the
signaling molecules syndecan-4 and PIP2. CLANs lacked Arp3 and cortactin. CLAN formation was
dependent on the ECM substrate and was significantly higher on fibronectin and VCAM-1 compared
with vitronectin, types I or IV collagen. Adsorbed β1 integrin antibodies also induced CLANs,
whereas adsorbed β3 or α2β1 integrin antibodies did not. Soluble β3 integrin antibodies, however,
induced CLANs and actually enhanced CLAN formation in cells spread on fibronectin, VCAM-1,
type I or type IV collagen, or β1 integrin antibodies.

Conclusions—CLANs are unique actin-branched networks whose formation can be regulated by
β1 and β3 integrin signaling pathways. Thus, integrin-mediated signaling events can modulate the
organization of the actin cytoskeleton in TM cells and hence could participate in regulating
cytoskeletal events previously demonstrated to be involved in controlling outflow facility.

The actin cytoskeleton plays a fundamental role in regulating a variety of cell processes
including morphogenesis, motility, secretion, endocytosis, and cytokinesis.1 Actin-based
processes may also play an important role in regulating aqueous humor outflow through the
trabecular meshwork (TM).2–4 Agents that disrupt the cytoskeleton, such as cytochalasin, H-7,
BDM, latrunculins, ethacrynic acid, vinblastine, and Y-27632,2,4–6 can increase aqueous
humor outflow facility.
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Recent studies suggest that alterations in the organization of the actin cytoskeleton may also
play a role in outflow facility and may be involved in the pathogenesis of steroid-induced
glaucoma7–9 and possibly other forms of POAG as well.7–9 Treatment with glucocorticoids
such as dexamethasone (DEX) can increase intraocular pressure (IOP) both in vivo and in
cultured anterior segments.10–14 Examination of the actin cytoskeleton in DEX-treated
anterior segment cultures14 and TM cell cultures8,9,15 show that the actin cytoskeleton
undergoes reorganization into highly cross-linked actin networks (CLANs) or actin geodesic
domes. Similar structures have been observed in glaucomatous TM cells in the absence of DEX
treatment,16 suggesting that CLANs may also be the result of pressure-induced changes in the
actin network. It has been suggested by others that DEX-induced CLAN formation in TM cells
decreases the overall contractility of the tissue by making the cells more rigid and unable to
change shape and “relax” under pressure.14 Alternatively, it could affect other actin-mediated
biological processes of the TM needed for normal outflow facility, such as gene expression.
17

CLANs are composed of a series of interconnected F-actin bundles that radiate outward from
central vertices and resemble a geodesic dome. Besides actin, CLANs are known to be
composed of α-actinin, tropomyosin, and filamin.18–20 CLANs are located just beneath the
apical cell surface and may be physically attached to the plasma membrane.18,20–22 They are
often found within lamellipodia, but they can also be anywhere throughout the cell.9,19,22
CLANs can be found in both spreading19 and nonspreading cells22,23 and were originally
thought to be precursors to actin stress fibers19 or reorganized sarcomeres.24 CLANs have
also been proposed to be specialized structures that help maintain cellular tensegrity.25 The
function of CLANs, however, remains unclear, and little is known about the structural
components and signaling pathways that regulate their formation and disassembly.

The formation of other actin-containing structures such as filopodia, lamellipodia, and stress
fibers is regulated by signaling pathways involving Rho family GTPases26 and cell surface
receptors, such as integrin family members. Integrins are heterodimeric transmembrane
glycoproteins composed of an α and β subunit. They bind several extracellular matrix (ECM)
proteins via a tripeptide sequence, arg-gly-asp (RGD) in the ECM protein, whereas their
cytoplasmic tails interact with a variety of tyrosine kinases, adaptor proteins, and actin-binding
proteins. Thus, integrins not only form an important physical link between the extracellular
environment and the actin cytoskeleton, but the protein complexes associated with their
cytoplasmic tails regulate the organization of actin-containing structures.27,28

Recent work has demonstrated that syndecans act as coreceptors, along with integrins, to
regulate the organization of the actin cytoskeleton.29–31 Syndecans are a family of type I
membrane proteins, with cytoplasmic and transmembrane domains that are highly conserved.
Of the four members in the family, syndecans-3 and -4 are the predominant members that are
in the anterior segment.32 Their extracellular domains bear multiple heparan sulfate
glycosaminoglycan chains. Syndecans, like integrins, bind ECM proteins and regulate the
organization of the actin cytoskeleton via association with downstream signaling molecules.
Most of the signaling activity of syndecans can be linked, either directly or indirectly, to Rho
family GTPase-mediated signaling pathways and involves interactions between the
cytoplasmic domains of syndecans and signaling molecules like phosphatidylinositol 4,5-
bisphosphate (PIP2) and protein kinase C (PKC).

In this study, we examined the structure of CLANs in HTM cells and the possible role that
syndecans and integrins play in their formation. These studies show that α-actinin, syndecan-4,
PIP2, and filamin are structural components of CLANs and the formation of these structures
is regulated by a novel β1/β3 integrin signaling pathway.
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Methods
Cell Culture

The A7-1 strain of HTM cells was obtained from Jon Polansky (University of California, San
Francisco, CA). Cells were cultured in low-glucose DMEM (Sigma-Aldrich, St. Louis, MO),
15% fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 2% L-glutamine (Sigma-Aldrich),
1% amphotericin B (Mediatech, Herndon, VA), and 0.05% gentamicin (Mediatech) + 1 ng/
mL FGF-2 (Peprotech, Rocky Hill, NJ).33,34 In some experiments, confluent monolayers of
HTM cells were cultured for either 3 or 10 days in the presence or absence of 500 nM DEX
before being used in the spreading assay. DEX was added daily from a 500 μM stock solution
stored at −20°C.

Cell-Spreading Assays
Confluent HTM monolayers, allowed to establish a stable morphology over a 7-day period,
35 were serum-starved for 24 hours. Cells were serum starved to synchronize RhoA-mediated
signaling pathways that regulate cell spreading and actin polymerization.36 Cells were then
trypsin-treated and resuspended in serum-free DMEM containing 25 μg/mL cycloheximide.
Both cycloheximide, which inhibits de novo protein synthesis, and serum-free medium were
used in the assay to prevent unwanted signaling events mediated by serum matrix proteins and
serum factors that would make it difficult to interpret the assay results. Among the serum
components that would be problematic are the matrix proteins fibronectin, vitronectin,37–39
and lysophosphatidic acid.36 These serum components are known to activate integrin-specific
signaling events. Cells were plated onto glass coverslips coated with poly-L-lysine (PL),
fibronectin, vitronectin, type I collagen, type IV collagen, vascular cell adhesion molecule
(VCAM)-1 or the III7–10, III12–14 or IIICS domains of fibronectin. All substrates except the
fibronectin domains were at 20 nM in PBS. The fibronectin fragments were at 100 nM in PBS.
Cells were allowed to spread for 3 hours and then fixed with −20°C methanol for 15 minutes
or 4% p-formaldehyde plus 0.18% Triton X-100 for 30 minutes. Human fibronectin and the
III7–10, III12–14, and IIICS domains were produced as described.40,41 Human vitronectin and
human VCAM-1 were provided by Deane Mosher (University of Wisconsin, Madison, WI).
Human type I collagen and bovine type IV collagen were obtained from Southern
Biotechnology Associates, Inc. (Birmingham, AL), and Chemicon International, Inc.
(Temecula, CA), respectively. In experiments with soluble antibodies, suspended cells were
incubated for 10 minutes in the presence of 10 μg /mL mAb GAL-13 against β-galactosidase
(Sigma-Aldrich), 10 μg /mL mAb B3B11 against β1 integrin (Chemicon International, Inc.),
8 μg /mL mAb AP-5 against β3 integrin (The Blood Center of Southeastern Wisconsin;
Milwaukee, WI), or 6 μg /mL mAb JBS2 against α2β1 integrin (Chemicon International, Inc.)
and then plated, in the presence of the same soluble antibodies, on PL-coated coverslips. In
other assays, cells were spread, in the absence or presence of soluble mAb AP-5 against β3
integrin, on coverslips coated with either the various antibodies or matrix substrates just
described. In experiments with antibodies used as coating substrates, glass coverslips were pre-
coated with 1:100 unconjugated goat anti-mouse IgG (Jackson ImmunoResearch, Inc, West
Grove, PA). In experiments examining the effects of DEX pretreatment on CLAN formation,
cells were spread in the absence or presence of 500 nM DEX.

Immunofluorescence Microscopy
CLANs were labeled with either Alexa 488 phalloidin (Invitrogen, Carlsbad, CA) or polyclonal
anti-F-actin (Sigma-Aldrich) together with antibodies against α-actinin (clone AT6.172;
Sigma-Aldrich), syndecan-4 (clone 150.942), PIP2 (clone KT10; Assay Design, Inc., Ann
Arbor, MI), filamin (clone TI10; Chemicon International, Inc.), Arp3 (clone 4; BD Biosciences,
San Diego, CA), polyclonal anti-cortactin (Sigma-Aldrich), β1 integrin (clone B3B11), β3
integrin (clone 1, BD Biosciences), or glial fibrillary acidic protein (GFAP; clone G-A-5;
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Sigma-Aldrich). Anti-F-actin and anti-cortactin antibodies were detected using either Alexa
488-conjugated goat anti-rabbit IgG or Alexa 488-conjugated donkey anti-rabbit IgG. All
monoclonal antibodies were detected using Alexa 546-conjugated goat anti-mouse IgG. All
secondary antibodies and Hoechst 33342 were purchased from Invitrogen. Hoechst 33342 was
used to localize nuclei. Fluorescence was observed with a microscope (Axioplan 2) equipped
with a camera (Axiocam HR), and software (Axiovision 3.1; all from Carl Zeiss Meditec, Inc.,
Dublin, CA).

To quantitate the number of CLAN-positive cells (CPCs), five to seven low-power (200×)
fluorescence images from each treatment group were captured. The total number of cells per
image was counted and the percentage of CPCs per image was determined. Individual
experiments were performed with duplicate determinations. The data presented in Figures 4,
6, 7, and 9 were each pooled from three to five experiments and represent the mean percentage
of CPC ± SD. Statistical analysis comparing the different treatment groups was performed with
a Student’s t-test.

RESULTS
Multimolecular Components within CLAN Vertices

To study CLAN formation in HTM cells, we developed a cell-spreading assay. This assay
involved taking confluent cultures of HTM cells that had reached the quiescent stage described
by Polansky et al.,33,34 and replating them at a subconfluent density for 3 hours on various
immobilized substrates in the absence of DEX. On replating, these cells retain morphologic
and biochemical features that are unique to the quiescent stage of HTM cells compared with
proliferating cells.33,34 This assay was used instead of confluent monolayers, because it made
it easy to visualize CLAN components and manipulate integrin-mediated signaling events that
regulate actin polymerization. Both of these procedures would be difficult to do in DEX-treated
confluent monolayers, especially since DEX-treatment induces expression of multiple ECM
proteins35,43,44 in HTM cells that can activate any number of integrin-signaling pathways.
Finally, it is significantly easier to quantitate CLAN formation in this assay than in DEX-treated
confluent monolayers.

Using this assay, it was found that CLAN formation reached a maximum within 3 hours after
plating (data not shown) and did not require a prolonged treatment with DEX as described
elsewhere.8,9 Figure 1 shows that in addition to actin filaments, CLANs formed in HTM cells
also contained multimolecular complexes at their vertices that we have named “vertisomes. ”
One of the major components found in vertisomes was α-actinin (Fig. 1A), indicating that these
actin structures were similar to those reported previously.19 In addition to α-actinin, vertisomes
also labeled intensely for PIP2 (Fig. 1D) and syndecan-4 (Fig. 1G), two signaling molecules
known to regulate actin polymerization.1,42,45–47 Lower levels of α-actinin, syndecan-4, and
PIP2 were also found along actin filaments, suggesting that these proteins were also minor
components of actin filaments in CLANs. Clearly, however, these three components were
predominantly found within vertisomes. The localization of syndecan-4, PIP2, and α-actinin
within CLAN vertices differed from that of the major actin-binding protein filamin.28 Double
labeling for actin and filamin showed that filamin localized intensely along the entire length
of the actin filaments as well as within the CLAN vertices (Fig. 1J).

To determine whether CLANs were similar to other actin-branched structures, HTM cells were
also labeled for the presence of Arp3 and cortactin which are normally found at actin branch
points at the leading edge of spreading or motile cells.48 Figure 2 shows that, unlike other
actin-branched structures, neither cortactin (Figs. 2A, 2B) nor Arp3 (Figs. 2C, 2D) localized
to any part of the CLAN structure. Both proteins, however, localized to the leading edge of
spreading HTM cells, consistent with previous reports. Thus, even though CLANs are actin-
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branched structures, they appear to be molecularly distinct from the branched actin networks
found at the leading edge of cells. Cells labeled with a negative control antibody against GFAP
did not show significant staining (not shown).

Presence of Syndecan-4, PIP2, and α-Actinin in Vertisomes Irrespective of Adsorbed
Substrate

Immunofluorescence microscopy experiments were also performed on HTM cells spread on
either vitronectin or type IV collagen, to determine whether the composition of vertisomes was
dependent on interactions with the ECM. Double-labeling for F-actin and syndecan-4
demonstrated that, irrespective of the substrate that the cells were spread on, syndecan-4 was
still prominently localized in vertisomes (Fig. 3). As before, weak syndecan-4 localization was
also observed along the length of actin filaments and occasionally in focal adhesions regardless
of whether cells possessed CLANs (not shown). The localization of PIP2 and α-actinin also
remained the same, regardless of the adsorbed substrate (not shown) suggesting that the
composition of vertisomes is not dependent on the adsorbed substrate.

Differential Induction of CLANs in HTM Cells Spread on Integrin-Specific Substrates
Although the substrate did not affect the composition of CLANs, it affected the ability of HTM
cells to induce CLAN formation. CLAN formation was found to be significantly greater (P <
0.0001) in cells plated on fibronectin than in cells plated on vitronectin, type IV collagen or
type I collagen. As shown in Figure 4, approximately 13% of cells formed CLANs on
fibronectin, whereas only 4% to 5% of cells formed CLANs on the other substrates. In contrast,
CLANs were not observed in cells plated onto PL-coated coverslips (Figs. 5, 6). Thus, of the
four substrates tested, fibronectin was the strongest inducer of CLAN formation. This suggests
that regulation of CLAN formation is both integrin dependent and specific.

To determine whether integrin signaling could activate CLAN formation, HTM cells were
plated on specific integrin-activating antibodies in lieu of ECM proteins. These antibodies
included an activating antibody that recognizes all β1 integrins, an antibody that recognizes
all β3 integrins, and an antibody that recognizes α2β1 integrin, which is primarily a receptor
for collagen. These antibodies have been shown to mediate cell attachment, spreading, and
actin polymerization,49–53 indicating that they activate the same signaling events as ECM
proteins. Thus, in addition to looking for CLAN formation, the abilities of these antibodies to
mediate cell attachment, spreading, and actin polymerization were also used as criteria to
evaluate the role of integrin signaling. As shown in Figure 5, cells plated onto the immobilized
β1 and α2β1 integrin antibodies attached, spread, and polymerized actin, indicating that these
antibodies were actively signaling to cells.

Cell spreading and CLAN formation, however, varied on the different integrin antibody
substrates, which suggests that activation of integrins could trigger CLAN formation, but the
degree of CLAN formation may be integrin specific. Quantification of the number of CPCs
verified this idea. As shown in Figure 6, the level of CLAN formation in cells spread on the
β1-specific antibody, B3B11, was comparable to that observed on whole fibronectin (11%)
indicating that β1 integrins could regulate CLAN formation (Fig 6). The induction of CLAN
formation on the β1-specific antibody, B3B11, however, was significantly greater (P < 0.0001)
than CLAN formation in cells plated on PL or α2β1 integrin antibodies. Thus, CLAN formation
appeared to be integrin specific. CLAN formation could not be determined in cells spread on
the β3 integrin-specific antibody AP-5, because few cells even bound to this antibody when it
was adsorbed to glass coverslips (not shown).

Because previous studies have shown that the β3 activating antibody AP-5 was more effective
as a soluble ligand,53 the experiments were repeated to see whether soluble β3 antibody could
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activate CLAN formation. For comparison purposes, we also examined the ability of soluble
β1 antibody B3B11 and soluble α2β1 antibody JBS2 to activate CLAN formation. For these
studies, soluble activating integrin antibodies were added to cells plated onto PL-coated
coverslips. As shown in Figure 6, when soluble β3 antibody was added to cells plated on PL-
coated coverslips, the soluble β3 antibody not only enhanced spreading, but CLAN formation
was observed in 5.5% of the cells (Figs. 5, 6) indicating that activation of β3 integrins could
also promote CLAN formation. The opposite, however, was observed when soluble β1
antibody B3B11 (data not shown; Fig. 6) or soluble α2β1 antibody JBS2 (Figs. 5, 6) were added
to cells on PL-coated coverslips. In these cases CLAN formation was not induced. Presumably,
these antibodies need to be immobilized to induce spreading and/or subsequent CLAN
formation in HTM cells.

Cells plated on PL-coated coverslips in the presence of soluble α2β1 antibody demonstrated
enhanced spreading and actin polymerization relative to cells plated in the absence of soluble
antibodies even though CLAN formation was not induced. This suggests that the ability to
induce cell spreading and actin polymerization alone is not sufficient to trigger CLAN
formation. Soluble negative control antibodies did not have an effect on either CLAN formation
or cell spreading (Fig. 5).

Enhanced CLAN Formation in Response to Combined β1/β3 Integrin Signaling
Because many integrin-mediated signaling events involve co-signaling between different
integrins, we next examined whether activation of both β1 and β3 integrins could enhance
CLAN formation. For this study, HTM cells were plated onto immobilized β1 antibody B3B11
or α2β1 antibody JBS2 in the presence of soluble β3 antibody AP-5. As shown in Figure 5,
cells plated on either the β1 or α2β1 activating antibodies in the presence of the soluble β3
antibody were able to spread and form CLANs. The percentage of CPCs on the β1 antibody
substrate significantly increased (from 11% to 23%; P < 0.0001) when soluble β3 integrin
antibody was added (Fig. 6). CLAN formation on the α2β1 antibody also increased from
negligible to 7%. This increase in CLAN formation, however, may be due to the β3 antibody
alone, since the percentage of CPCs in the presence of β3 and α2β1 antibodies is not
significantly different from that observed with just the β3 antibody. Thus, although β1 integrin
signaling by itself is sufficient to induce CLAN formation, combined β1 and β3 integrin
signaling enhances CLAN formation in spreading HTM cells.

We then determined whether activation of β3 integrins could induce CLAN formation in HTM
cells spread on specific β1 integrin binding ECM ligands. In addition to fibronectin, three
integrin binding domains of fibronectin were examined (Fig. 7A). These domains include the
III7–10 domain, which contains the RGD sequence in fibronectin54 and is the major β1 integrin-
binding site in fibronectin.55,56 The III12–14 domain, which contains an α4β1 integrin-binding
site54 that functions independently of its syndecan binding activity in HTM cells,55 and the
IIICS domain which binds α4β1 integrins.57 VCAM-1, which is a strong activator of α4β1
integrin58 was also used.

As shown in Figure 7B, none of the three fibronectin domains induced CLAN formation as
well as intact fibronectin. Of the three domains tested, the III7–10 domain performed best, with
6% of the cells forming CLANs. In contrast, none of the cells plated on the III12–14 or IIICS
domains spread or formed CLANs (Figs. 7B, 8). The absence of any cell spreading on the
III12–14 and IIICS domains suggests that the α4β1 integrin is incapable of promoting spreading
in HTM cells. However, cell spreading and CLAN formation, identical with that observed on
fibronectin (13%), were observed when cells were plated on VCAM-1 (Fig. 8). Thus, α4β1
integrins were as potent as other β1 integrins in inducing CLAN formation (Fig. 7B).
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Activation of β3 integrins enhanced CLAN formation in cells, regardless of which integrin
ligand was used as the substrate. As shown in Figure 7B, CLAN formation increased threefold
in cells spread on either fibronectin (43%) or VCAM-1 (44%) if the β3 integrin antibody was
present. Similarly, there was a fourfold increase in CPCs when cells were spread on the
III7–10 fibronectin domain (to 25%) in the presence of solubleβ3 antibody. A slight increase
in cell spreading and CLAN formation (3%– 4%) was also observed on the III12–14 and IIICS
domains when the soluble β3 antibody was present (Fig. 8). For each substrate, CLAN
formation was significantly greater in the presence of soluble β3 antibody than in its absence
(P < 0.0001).

Activation of β3 integrins also enhanced CLAN formation on type IV or type I collagen (Figs.
9, 10), almost to levels observed on fibronectin. In the absence of β3 integrin activation, both
collagens were weak inducers of CLAN formation compared with fibronectin (Fig. 4). In the
presence of soluble β3 antibody, however, CLAN formation significantly increased sixfold
from 6% to 37% (P < 0.0001) on type IV collagen and 23.5-fold from 1% to 23.5% (P < 0.0001)
on type I collagen. This is significant, given that collagens are a major part of the ECM in the
trabecular meshwork.59

In contrast to the effect observed in cells plated on collagen, there was only a twofold increase
in CPCs when they were plated on vitronectin in the presence of soluble β3 antibody compared
with vitronectin alone (Fig. 9). Nevertheless, this represented a statistically significant (P <
0.0023) increase in CLAN formation, despite the fact that overall cell spreading was impaired
when cells were plated on vitronectin in the presence of the soluble β3 antibody AP-5 rather
than vitronectin alone (Fig. 10). This reduction in cell spreading probably reflects competition
between vitronectin and the β3 antibody for binding to the β3 integrin.

Effect of DEX on CLAN Formation in Spread Cells
Because DEX treatment has been reported to induce CLANs,8,9,14,15 we next examined
whether DEX treatment had any effect on CLAN formation in cells plated on fibronectin-
coated coverslips. Pretreatment with 500 nM DEX before use in the spreading assay resulted
in only minor differences, at best, in the number of CPCs. After 3 days of DEX treatment, only
a 1.4-fold increase in CPCs was observed (26% ± 7%) compared with untreated cells (19% ±
4.5%). Longer pretreatments with DEX for 10 days resulted in even smaller increases in CLAN
formation. In this instance, 12% ± 3% of the cells treated with DEX formed CLANs compared
with 10.5% ± 6.5% of the untreated cells.

Likewise, DEX pretreatment did not have any effect on CLAN formation in cells plated on
fibronectin-coated coverslips in the presence of the β3 activating mAb AP-5. In the absence
of DEX, 45% ± 8% of cells formed CLANs if the β3 integrin was activated. If cells were treated
with 500 nM DEX for 3 days before the spreading assay and then plated onto fibronectin-
coated coverslips in the presence of mAb AP-5, 43% ± 10% of the cells formed CLANs. Similar
results were observed in cells plated and spread onto VCAM-coated coverslips in the absence
or presence of mAb AP-5 (not shown). Thus, CLAN formation appeared to be largely
dependent on integrin-induced signaling events rather than a separate DEX-induced
mechanism.

β1 and β3 Integrins Absent from Vertisomes
Because CLAN formation could be induced by β1 and β3 integrin activation, we examined
whether these two integrins colocalized within vertisomes or any other part of the CLAN
structure. As shown in Figure 11, neither β1 nor β3 integrins were found within vertisomes or
along the actin filaments in the CLANs. β1 Integrins were found in focal adhesions in the
presence (Figs. 11A, 11B) or absence (data not shown) of the β3 integrin-activating mAb AP-5.
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In contrast, β3 integrins were found only in focal adhesions in the presence of activating mAb
AP-5 (Figs. 11C, 11D) suggesting that activation of β3 integrins was responsible for driving
the β3 integrin into focal adhesions. In some instances, actin filaments in CLANs appeared to
terminate in β1- or β3-positive focal adhesions19,21,23 (Figs. 11A, 11C, respectively)
suggesting that CLANS could be connected to focal adhesions, although they generally do not
appear to originate from these structures.

DISCUSSION
In this study, CLANs appeared to be molecularly distinct actin-branched networks that had a
unique localization and were regulated by an Arp2/3-independent pathway. CLANs, unlike
other actin-branched structures, did not contain a signaling complex composed of Arp3 or
cortactin at their branch points, but instead contained syndecan-4, α-actinin, filamin, and
PIP2. The absence of Arp3 and cortactin from vertisomes not only suggests that CLANs are
structurally different from other actin-branched networks but that the regulation of their
assembly is via an Arp2/3-independent pathway. CLANs also differ from other branched actin
networks, in that they tend to be near the apical plasma membrane within the spreading
lamellipodia rather than at the leading edge of spreading or motile cells.18,20–22

CLANs formed in spread HTM cells appeared to be structurally similar to and to contain the
same molecular components as CLANs formed in DEX-treated confluent HTM monolayers
(Filla MS, Kaufman PL, Peters DM, unpublished results, 2004). Specifically, vertisomes in
both spreading cells and in DEX-treated monolayers contained α-actinin, syndecan-4, and
PIP2. In addition, filamin localized along the entire length of the actin filaments within CLANs
in both cases. Given that the cell-spreading assay described in this report did not appear to alter
the molecular composition of CLANs, it is likely that the mechanisms involved in forming
CLANs are similar, whether they are present in DEX-treated monolayers or in spreading cells.

The localization of a multimolecular complex of syndecan-4, α-actinin, filamin, and PIP2 in
vertisomes suggests that this complex functions either to stabilize the CLAN structure or to
regulate CLAN formation at the apical cell membrane.21,22 Both filamin and α-actinin cross-
link actin filaments28 and thus could have structural roles within CLANs. α-Actinin also
interacts with syndecan-4,60 and because syndecan-4 is a transmembrane protein, this
interaction could function as a way to attach CLANs to the cell membrane. In addition, both
syndecan-4 and PIP2 have been shown to activate signaling pathways that regulate the
organization of actin filaments. In particular, they appear to activate members of the Rho
family, which organize the formation of actin stress fibers in focal adhesions. Members of the
syndecan family can also interact with CASK and ezrin.61–63 CASK–protein 4.1 complexes
promote assembly of actin filaments in brain extracts,64 and it has been proposed that a
syndecan-4, CASK, and protein 4.1 complex directs the arrangement of F-actin in nonneuronal
cells.65 Thus, both syndecan-4 and PIP2, could play a role in regulating the organization of
CLANs. Any regulatory functions of this complex would not necessarily preclude vertisomes
from also participating in a structural role.

Despite earlier suggestions that CLANs may be precursors to stress fiber formation,19 they
appear to be structurally distinct from mature stress fibers. Stress fibers originate from focal
adhesions on the basal cell surface,18,20–22 whereas very few of the actin filaments in CLANs
terminate at focal adhesions. In addition, CLANs are localized on the apical cell surface.
Finally, vertisomes appear to be distinct from focal adhesions, even though they both contain
α-actinin, syndecan-4, and PIP2. Focal adhesions contained β1 and β3 integrins, whereas
vertisomes did not.
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To the best of our knowledge, this is the first report of any syndecan being associated with
actin branch points, and it represents a novel role for syndecan-4. Syndecan-4 is best known
as a focal adhesion protein, where it associates with protein kinase Cα and PIP2

45,47,66,67 to
activate the Rho GTPase signaling pathway and trigger the formation of actin stress fibers.
46 In fibroblasts, the major ligand responsible for binding and activating the syndecan-4
mediated signaling pathways is the III12–14 (Hep II) domain of fibronectin.30 Whether
interactions between the Hep II domain and syndecan-4 are also involved in CLAN formation
is still unclear. In this study, the HepII domain, as an adsorbed substrate, failed to promote
CLAN formation suggesting that either another syndecan-4 ligand may be involved or
interactions with the extracellular domain of syndecan-4 is not necessary for CLAN formation.
Clearly, additional studies are needed to evaluate the signaling role of syndecan-4 and its
ligands in CLAN formation.

Even though integrins are not part of CLANs, they appear to play an integral role in regulating
CLAN formation. β1 Integrins appear to be responsible for most CLANs, since HTM cells
plated on β1 ligands, such as fibronectin or VCAM, showed the highest percentage of CPCs
compared with cells plated on the β3 ligand, vitronectin. In addition, only cells plated on
adsorbed β1 integrin antibodies formed CLANs, whereas cells plated on β3 integrin antibody
failed to bind let alone assemble a CLAN. Given that integrins regulate CLAN formation, but
are absent from them, it is likely that CLAN formation is regulated by an integrin-mediated
inside-out signaling pathway.68 This is consistent with the observation that the Hep II domain
of fibronectin, which is an extracellular ligand for syndecan-4, failed to induce CLAN
formation.

The degree to which CLAN formation can be activated may depend on the α subunit of the
β1 integrin heterodimer. This possibility was suggested by the differences in the percentage of
CPCs that resulted when HTM cells are plated on different β1 integrin substrates. CLAN
formation on type I or IV collagen was weak at best, and direct activation of the α2β1 collagen
receptor induced little, if any, CLAN formation. In contrast, CLAN formation on fibronectin
or VCAM-1, which use α5β1 and α4β1 integrins, respectively,55,58 was approximately three
times higher than that on the collagens. The specific regulation of an integrin function by the
integrin α-subunit is consistent with the role of the α subunit in regulating cell migration,
invasion, proliferation, differentiation, adhesion, and intracellular calcium levels.69–71
Clearly, the specificity of the α-subunit is not the whole story. The III12–14 and IIICS domains
of fibronectin failed to promote CLAN formation as well as VCAM-1, despite the fact that all
these ligands bind and activate α4β1 integrin. Because VCAM-1 has a higher affinity for
α4β1 integrin relative to the other two fibronectin domains,72 it is likely that the affinity and/
or activation state of the integrin is also essential in regulating CLAN formation.

The mechanism through which β1 and β3 integrin cooperative signaling could regulate CLAN
formation can only be speculated on at this point. One possibility is that β1 activation, in
addition to inducing a basal level of CLAN formation, regulates the activation state of the β3
integrin.73 Thus, the addition of the β3 antibody alone does not lead to significant CLAN
formation in the absence of β1 activation, either by a specific antibody or a β1-binding peptide
or protein. Another possibility is that there is a differential activation of Rac and Rho by β1
and β3 integrins, respectively, which leads to the enhanced formation of CLANs when both
signaling pathways are activated. Differential regulation of Rho family GTPases by β1 and
β3 integrins has been reported in other cell types.74,75

Activation of integrin-specific pathways that modulate the actin architecture and contractility
are likely to occur after steroid treatments and during aging, and such changes could have a
profound effect on IOP. Glucocorticoids have been shown to increase or alter fibronectin
deposition in the matrix of cultured TM cells44,76 and cultured anterior segments.12 Increased
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fibronectin levels have also been reported in the meshworks of glaucomatous eyes,77–79
although clearly not all glaucomatous eyes show an increase in the level of fibronectin
compared with normal eyes.80 In addition, the expression of integrins and/or their ligands can
be regulated by steroid treatments as well as by age-related changes in the ECM.7–9,12,15,
35,44,76,81 Thus, it is possible that increased fibronectin production and/or integrin expression
by glaucomatous or steroid-treated TM cells contribute to glaucoma by promoting the
formation of aberrant actin structures such as CLANs. The fact that steroid treatment did not
dramatically increase the number of CPCs observed when cells were plated and spread on a
fibronectin or VCAM substrate in the absence or presence of an activating β3 antibody further
supports the idea that the effects of steroids on CLAN formation are mediated by signaling
pathways regulated by integrins and/or their ligands.

It remains unclear at present, however, whether CLANS would be involved in the regulation
of aqueous outflow in general and in the pathophysiology of steroid-induced glaucoma or
POAG in particular. One may speculate that CLANs represent, or could lead to, a “stiffening”
of the actin cytoskeleton and, consequently, increased rigidity of overall meshwork architecture
so as to increase outflow resistance (i.e., the converse of the proven ability of contractility-
inhibiting small molecules)2,82–84 and overexpressed proteins85–88 to decrease resistance.
It remains to be shown, however, that there is a direct correlation between CLAN formation
and alterations in outflow facility.

In conclusion, the data suggest that specific integrin-signaling pathways involving β1 and β3
integrins regulate CLAN formation. Understanding how specific integrin pathways regulate
CLAN formation may be useful in understanding how integrin signaling regulates the activity
of the cytoskeleton and hence the cytoarchitecture of the TM.
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Figure 1.
Colocalization of F-actin and various signaling molecules in CLANs formed in HTM cells
spread on fibronectin. Cells were fixed in methanol and labeled with antibodies against F-actin
(B, E, H, K) and α-actinin (A), PIP2 (D), syndecan-4 (G), or filamin (J). Arrowheads: points
of colocalization of F-actin and α-actinin, PIP2, syndecan-4, or filamin. Merged images (C,
F, I, L). Asterisks: Regions magnified in insets. Bar, 50 μm.
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Figure 2.
Localization of F-actin and cortactin or Arp3 in HTM cells spread on fibronectin. Cells were
fixed in p-formaldehyde and labeled with phalloidin (B, D) and antibodies against either
cortactin (A) or Arp3 (C). Arrows: points of colocalization of F-actin and cortactin.
Arrowheads: points of colocalization of F-actin and Arp3. Note the absence of cortactin or
Arp3 within the CLAN structures. Bar, 50 μm.
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Figure 3.
Colocalization of F-actin and syndecan-4 in CLANs formed in HTM cells spread on either
vitronectin or type IV collagen. Cells spread on vitronectin (A, B) or type IV collagen (C, D)
were processed as described in Figure 1. Arrowheads: points of colocalization of syndecan-4
(A, C) and F-actin (B, D). Asterisks: Regions magnified in insets. Bar,50 μm.
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Figure 4.
ECM substrates differentially induce CLAN formation in HTM cells. HTM cells were spread
on poly-L-lysine (PL), fibronectin (FN), vitronectin (VN), type IV collagen (Col IV), or type I
collagen (Col I) and labeled with phalloidin. The percentage of CPCs is shown as the mean ±
SD. n = 2822–4206 cells/group.
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Figure 5.
CLAN formation is triggered by specific integrins. Cells were plated on poly-L-lysine (PL),
negative control (NC), β1 or α2β1 antibodies in the presence or absence of soluble α2β1- or
β3-integrin–activating antibodies and then labeled with phalloidin. Bar, 50 μm.
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Figure 6.
Histogram of CLAN formation induced by either immobilized or soluble integrin-activating
antibodies. Cells were spread on coverslips, coated with immobilized β1 or α2β1 integrin-
activating antibodies in the absence or presence of soluble β3 integrin-activating antibodies.
Alternatively, cells were plated on coverslips coated with poly-L-lysine (PL) in the absence or
presence of soluble integrin-activating antibodies. The percentage of CPCs is shown as the
mean ± SD; n = 1196–3141 cells/group.
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Figure 7.
Histogram of the differential induction of CLAN formation on fibronectin, VCAM or
fibronectin domains upon activation of β3 integrins. (A) Schematic of fibronectin monomer.
Fibronectin is a dimer consisting of repeating sequences of type I (rectangles), II (ovals), and
III (circles) repeats. The alternatively spliced IIICS domain lies in a variant region between
the type III 14th and 15th repeats. The type III7–10 and type III12–14 domains are also indicated.
(B) CLAN induction in HTM cells plated onto substrates of fibronectin, VCAM-1 or various
domains of fibronectin in the presence or absence of soluble β3 integrin-activating antibodies.
Cells were labeled with phalloidin. The percentage of CPCs is shown as the mean ± SD; n =
721–4206 cells/group.
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Figure 8.
CLAN formation is enhanced by activation of β3 integrins in HTM cells plated on fibronectin,
VCAM, or fibronectin domains. Cells were spread on fibronectin (FN), VCAM-1, or the
III7–10, III12–14, or IIICS domains of fibronectin in the absence or presence of activating β3
antibodies and then labeled with phalloidin. Fibronectin fragments are defined in the Figure 7
legend. Bar, 50 μm.
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Figure 9.
Activation of β3 integrin differentially enhances CLAN formation in HTM cells plated on
vitronectin, types I or IV collagen. Cells were plated onto coverslips coated with either
fibronectin (FN), type IV collagen (Col IV), type I collagen (Col I) or vitronectin (VN) in the
presence or absence of soluble β3 integrin-activating antibody AP-5 and then labeled with
phalloidin. The percentage of CPCs is shown as the mean ± SD; n = 1500–2008 cells/group.
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Figure 10.
CLAN formation in HTM cells spread on type I or IV collagen or vitronectin in the presence
or absence of soluble β3-integrin–activating antibodies. Cells were spread on either fibronectin
(FN), type IV collagen (Col IV), type I collagen (Col I), or vitronectin (VN) and then labeled
with phalloidin. Bar, 50 μm.
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Figure 11.
Localization of F-actin and β1 and β3 integrins in CPCs spread on fibronectin. Cells spread in
the presence of the soluble β3 integrin mAb AP-5 were fixed with methanol and labeled with
polyclonal anti-F-actin (B, D) and either mAb B3B11 against β1 (A) or mAb AP-5 against β3
(C) integrin. For cells not incubated with AP-5, mAb clone 1 was used to localize β3 integrin
in fixed cells (not shown). Arrows: β1 (A) or β3 (C) integrin-positive focal adhesions.
Arrowheads: CLAN vertices where vertisomes were found (see Figs. 1, 3). Note that β1 or
β3 integrins were absent from the CLAN structures. Arrows: focal adhesions into which actin
filaments from CLANs are inserted. Bar, 50 μm.
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