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Abstract

In this study, we examined the role(s) of syndecan-4 in regulating the formation of an actin
geodesic dome structure called a cross-linked actin network (CLAN) in which syndecan-4 has
previously been localized. CLANSs have been described in several different cell types, but they
have been most widely studied in human trabecular meshwork (HTM) cells where they may play a
key role in controlling intraocular pressure by regulating aqueous humor outflow from the eye. In
this study we show that a loss of cell surface synedcan-4 significantly reduces CLAN formation in
HTM cells. Analysis of HTM cultures treated with or without dexamethasone shows that laminin
5 deposition within the extracellular matrix is increased by glucocorticoid treatment and that a
laminin 5-derived, syndecan-4-binding peptide (PEP75), induces CLAN formation in TM cells.
This PEP75-induced CLAN formation was inhibited by heparin and the broad spectrum PKC
inhibitor Ro-31-7549. In contrast, the more specific PKCa inhibitor Go 6976 had no effect, thus
excluding PKCa as a downstream effector of syndecan-4 signaling. Analysis of PKC isozyme
expression showed that HTM cells also expressed both PKCy and PKCe. Cells treated with a
PKCze agonist formed CLANs while a PKCa/y agonist had no effect. These data suggest that
syndecan-4 is essential for CLAN formation in HTM cells and that a novel PKCe-mediated
signaling pathway can regulate formation of this unique actin structure.
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Introduction

The syndecans are a four-member family of transmembrane HSPGs. Their extracellular
domains bear multiple HS glycosaminoglycan chains that bind ECM proteins and other
extracellular ligands [1]. All four members of the syndecan family are found within the TM
[2] with syndecans-3 and -4 being the most predominant. The TM is the primary structure
within the anterior segment of the eye that regulates aqueous humor outflow and is critical
for maintaining normal intraocular pressure [3]. The function of syndecans within the TM is
unknown.

In other tissues, syndecans function as co-receptors for integrins such as avp3 integrin [4]
and various heparin-binding growth factors [5]. More recently syndecan-4 has been
implicated as a mechanotransducer because, like integrins, they appear capable of regulating
the organization of the actin cytoskeleton in response to mechanical forces [6, 7] and may be
part of the stimuli that senses mechanical changes caused by the movement or vibration of
the extracellular milieu [8]. Most of the signaling activity of syndecans can be linked, either
directly or indirectly, to Rho family GTPase-mediated signaling pathways and typically
these pathways involve PKCa [9-11]. However other isoforms such as PKCs 3 and vy [10],
PKCS$ [12, 13] and PKCe [14] may also be associated with syndecan signaling, albeit
indirectly through phosphorylation events [15].

Of the syndecans, syndecan-4 is best known for having a regulatory role in the organization
of actin stress filaments and is found in focal adhesions [16-18]. However, a more recent
study [19] has suggested that syndecan-4 may also play a role in the formation of CLANS.
CLANSs are unique actin geodesic dome structures observed in a variety of cell types [20-
23] including HTM cells [19, 24]. CLANS are a specialized actin structure composed of 3-5
actin filaments radiating from a central vertex (hub) that is very reminiscent of the actin
geodesic domes first described by Lazarides[25] and later by Ingber in his model of
tensegrity [26]. Syndecan-4 is found within CLAN vertices along with PIP,, PDLIM1, and
a-actinin [19, 27, 28]. The function of CLANS is unknown, however, they have been found
with increased frequency within the TM from eyes of glaucomatous patients [29], and they
form spontaneously in cultured TM cells from glaucomatous donors [30]. Hence, CLANSs
may be a stress response structure resulting from increased intraocular pressure that
subsequently alters the contractile properties of the TM making the cells less responsive to
additional changes in intraocular pressure [19, 31, 32].

CLANs also form in response to glucocorticoid treatments both in anterior segment tissue
and isolated TM cell cultures [33]. In addition, CLANS can be induced in cultured TM cells
by the activation of an avp3 integrin signaling pathway [34]. This avp3 signaling cascade
includes Src, the Rho family GTPase Racl, the Racl GEF Trio and may include the atypical
GPCR CD47 [31]. CLAN formation induced by avp3 signaling also requires cross-talk with
a PI-3 kinase-mediated 1 integrin signaling pathway [19].

In this study we investigated the role of syndecan-4 in the formation of CLANS using siRNA
to knock down expression of syndecan-4 and a syndecan-4-binding peptide called PEP75
[35, 36]. PEP75 is found in the fourth module of the LG domain of the unprocessed a.3
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chain in laminin 5 (laminin 332) and has been shown to bind syndecan-4 and syndecan-2,
but not syndecan-1 [35, 36]. Laminin 5 is composed of a3, f3 and y2 subunits or chains. It is
typically found in basement membranes of stratified epithelia and plays an important role in
maintaining epithelial-mesenchymal integrity in tissues subjected to external forces [37, 38].
Both the LG4 and LG5 modules of laminin 5 play a role in regulating deposition of the
protein into the ECM. Once laminin 5 has been secreted and deposited within the ECM,
however, these modules are proteolytically removed. Thus the LG4 module containing the
PEP75 sequence is potentially available for binding to cells expressing syndecan-4 via the
PEP75 sequence. This peptide appears to be biologically active and has been shown to
regulate migration, adhesions, and MMP-1 expression [39-42].

In this paper, we show that laminin 5 is present in cultures of HTM cells and that
dexamethasone appeared to increase its deposition within the ECM. We also show that
CLAN formation is dependent on the expression of syndecan-4 and that the laminin 5-
derived PEP75 appears to activate a novel PKCe- signaling pathway that triggers CLAN
formation. Activation of this pathway appears to involve HS chains and can enhance CLAN
formation induced by avp3 integrin activation. This is the first study to show that HTM cells
express laminin 5, and, to the best of our knowledge, this is the first time that PKCe has
been shown to be involved with syndecan-4 in the formation of an actin structure.

Materials and Methods

Cell culture

Four different HTM strains were used for this study. N17TM-2 HTM cells were isolated
from the OD eye of a 17 year old donor. N27TM-2, N27TM-3 and N27TM-6 cells were
isolated from the OD eye (TM-2) and the OS eye (TM-3 and TM-6) respectively of a 27
year old donor. Neither donor had any known history of ocular disease. The cells strains
were isolated as previously described [2, 43, 44]. Cells were cultured in low glucose DMEM
(Sigma, St. Louis, MO), 15% fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 2 mM
L-glutamine (Sigma), 1% amphoteracin B (Mediatech, Herndon, VA), 0.05% gentamicin
(Mediatech) and 1 ng/mL FGF-2 (Peprotech, Rocky Hill, NJ) [43, 44]. For experiments
where cells were treated with or without DEX (Sigma), cells were grown to confluence on
glass coverslips and maintained as monolayers for 7 days. The cultures were then switched
to 10% FBS-containing medium plus 0.1% ethanol alone or ethanol containing 500 nM
DEX for an additional 7 days. Cells were re-fed with fresh medium containing ethanol or
DEX every other day prior to fixation in p-formaldehyde.

Cell spreading assays

The spreading assays were performed as described previously [19, 31, 34]. Confluent HTM
monolayers were serum-starved for 24 hours and then re-plated in the presence of 25 pg/ml
cycloheximide onto coverslips pre-coated with 20 nM fibronectin with or without the 3
integrin activating mAb AP-5 (Blood Center of Wisconsin, Milwaukee, WI). Alternatively,
glass chamber slides were coated with 20 nM fibronectin or laminin 5 (Abcam, Inc,
Cambridge, MA). In some experiments cells were plated in the presence of the laminin 5-
derived peptide PEP75 [35, 36]
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(KNSFMALYLSKGRLVFALG) with or without increasing concentrations (0.02 uM, 0.2
UM, 2.0 uM, 20 uM or 200 uM) of porcine intestinal mucosa heparin (Sigma) or the PEPcon
control peptide (LVAGAFFKRKLLLMNSSGY). Both peptides were synthesized at the
University of Wisconsin Biotechnology Center (Madison, WI). Alternatively, cells were pre-
incubated with the PKC inhibitors Ro-31-7549 (5uM) or Gé 6976 (10uM) (both from EMD
Millipore, Billerica, MA), or the PI3-Kinase inhibitor LY 294002 (20uM) (EMD Millipore)
for 1 hour prior to re-plating in the presence or absence of PEP75. In some experiments,
cells were pre-treated for 30 minutes with 5 uM of the PKCal/y selective agonist ROPA (LC
Laboratories, Woburn MA) [45] or with 10 pM of the PKCe selective agonist FR236924
(DCP-LA, R&D Systems, Minneapolis, MN) [46] Cells were allowed to spread for 2-3
hours and then fixed with 4% p-formaldehyde plus 0.18% TritonX-100 for 30 minutes.
Human plasma fibronectin was prepared as described [47].

Immunofluorescence microscopy and quantification of CLANs

For laminin localization studies, cells were treated with ethanol alone or with 500 nM DEX,
fixed in 4% p-formaldehyde and then double-labeled with either a mouse mAb against
laminin 5 (clone P3H9-2, Abcam, Inc, Cambridge, MA) or a rabbit pAb against laminin 1
(EMD-Millipore Corp.). As a negative control, cells were double-labeled with mAb G-A-5
(Sigma) against GFAP and rabbit 1gG. For syndecan localization, cells plated and spread on
fibronectin for 3 hours were fixed in —20°C methanol and then double-labeled with either
mouse mADb 150.9 [48] against syndecan-4 or mouse mAb 10H4 [49] against syndecan-2
(kindly provided by Guido David, Katholieke Universiteit, Leuven, Belgium) together with
a rabbit pAb against F-actin (Sigma). As a negative control, cells were double-labeled with
mAb G-A-5 together with rabbit anti-F-actin. The primary antibodies were detected using
Alexa Fluor®546-conjugated goat anti-mouse IgG or Alexa Fluor®488-conjugated goat-
anti-rabbit 1gG, respectively (both from Invitrogen, Carlsbad, CA).

Fixed cells used in spreading assays for CLAN quantification were labeled with Alexa
Fluor®488-conjugated phalloidin and Hoechst 33342 (both from Invitrogen) to visualize F-
actin and nuclei respectively. Fluorescence was observed with an epifluorescence
microscope (Zeiss Axioplan 2) equipped with a digital camera (Axiocam HRm) and image
acquisition software (Axiovision ver. 4.8).

To quantify the number of CPCs, 5-8 low-power (200X) fluorescence images from each
treatment group were captured. The minimum requirement for an actin structure to be
counted as a CLAN was previously described [31]. The number of CPCs per image, along
with the total number of cells, was counted to calculate the percentage of CPCs per image.
Data were pooled from 2-3 experiments for each treatment and represent the mean
percentage of CPC + the standard deviation (s.d.) of the mean. Statistical analysis comparing
the different treatment groups for CLAN formation was performed using ANOVA. Where
pairs of treatment groups had to be compared, ANOVA analysis was used in conjunction
with the Tukey HSD test.
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Western blot analysis

Confluent HTM monolayers were lysed with a 25 mM Hepes, pH 7.4 buffer containing 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% deoxycholate, 1X Halt protease inhibitor and
1X Halt phosphatase inhibitor (both inhibitors were from Thermo Fisher Scientific). Twenty
micrograms of whole cell lysate per lane was electrophoresed and transferred to Immobilon-
FL (EMD-Muillipore). All primary antibodies were from Abcam and used at the following
dilutions: rabbit monoclonal anti-PKCa clone Y124 at 1:5000, rabbit monoclonal anti-
PKCpII clone Y125 at 1:500, rabbit monoclonal anti-PKCy (phosphotyrosine T515) at
1:1000 and mouse anti-PKCe clone 1B7 at 1:1000. Secondary antibodies were from LI-
COR, Inc (Lincoln, NE). Rabbit antibodies were detected with IRDye 800CW-conjugated
goat anti-rabbit IgG and the mouse antibodies were detected with IRDye 800CW-conjugated
goat anti-mouse IgG. Blots were read on an Odyssey CLx system (LI-COR, Inc).

siRNA transfection

Confluent HTM monolayers were transfected with siRNA in conjunction with
Lipofectamine 2000 (Invitrogen). Transfections were performed according to the
manufacturer’s instructions. The siRNA used were ON-TARGETplus siCONTROL Non-
Targeting Pool (D-001810-10-05, Dharmacon) and syndecan4 siRNA ON-TARGETplus
SMARTpool (L-003706-00-0005, Dharmacon) at a final concentration of 125 nM.
Subsequent experiments were performed 72 hours post-transfection which included a 24
hour serum starvation period.

RNA isolation, reverse transcription and real-time PCR

Total RNA was isolated from confluent monolayers treated with or without sSiRNA using the
QIlAshredder and RNeasy Plus Mini Kits (Qiagen Inc.). Total RNA was reverse transcribed
with the RETROscript reverse transcription kit (Life Technologies, Inc.) or AffinityScript
QPCR cDNA Synthesis Kit (Agilent Technologies) using random primers according to the
manufacturer’s instructions. Real-time PCR experiments using the synthesized cDNA were
performed using an Applied Biosystems 7300 real-time PCR system (Life Technologies.,
Inc.) with SYBR Green PCR Master Mix (Life Technologies, Inc.). The PCR profile used
was 2 min at 50°C and 10 min at 95°C followed by 40 cycles of 15 sec at 95°C and 1 min at
60°C. Data were normalized to GAPDH and the fold change compared to untreated cells
was determined. The following primers were used for the PKC isozyme analysis: PKCa:
(forward primer) GTCCACAAGAGGTGCCATGAA, (reverse primer)
AAGGTGGGGCTTCCGTAAGT; PKCBII: (forward) GGATTGGGATTTGACCAGCAG;
(reverse) TGGCACAGGCACATTGAAGT,; PKCy: (forward)
GAAGACCCGAACGGTGAAAG,; (reverse) GTCCCAGTCCCACACCTCCA, PKCe:
(forward) TCGGGTGAAGCCCCTAAAGA,; (reverse) GGCTGCCGAAGATAGGTGG.

FACScan analysis

FACS analysis was performed on HTM cells as previously described [34, 50]. Cells were
lifted from tissue culture dishes non-enzymatically using Cell Dissociation Solution™
(Sigma) prior to blocking with 1% goat serum. Cells were incubated with either mAb 8G3
against human syndecan-4 [51], kindly provided by Guido David, (Katholieke Universiteit
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Leuven) or purified mouse 1gG1fibronectin formed CLANS in response (EMD-Millipore
Corp) at 10 ug/ml in phosphate-buffered saline (PBS) +1% BSA for 30 min, on ice. Primary
antibodies were detected with 5 pg/mL Alexa 488-conjugated goat anti-mouse 1gG at in PBS
+ 1% BSA for 30 min, on ice. Analysis was performed with the FACSCalibur System (BD
Biosciences, San Jose, CA). Percent changes in syndecan-4 levels in response to siRNA
treatment were assessed by comparing the normalized geometric means of the untreated,
negative control siRNA, and syndecan-4 siRNA treatment peaks.

Loss of syndecan-4 inhibits CLAN formation

Our earlier studies [19, 28, 31, 34], summarized in Figure 1A, sought to characterize both
the structural components responsible for the formation of CLANS and the signaling
pathways regulating their formation. Consistent with our earlier studies [19, 34], syndecan-4
was found in CLAN vertices (Fig. 1B). In contrast syndecan-2, which is closely related to
syndecan-4 [52], fails to localize within this structure. Negative control cells labeled for
GFAP failed to show any staining (not shown). Likewise, the other two members of the
family, syndecans 1 and 3, have not been localized within CLANS (not shown). Thus, it
appears that localization to CLANS is specific to syndecan-4.

To determine if syndecan-4 was necessary for the formation of CLANSs induced by avf3
integrin signaling, syndecan-4 siRNA was used to knockdown expression of syndecan-4 in
HTM cells. Figure 2A shows that a twelve-fold reduction in syndecan-4 RNA resulted in a
32-33% decrease in the cell surface expression of syndecan-4 relative to cells treated with
the non-targeting siRNA or untreated cells respectively (Fig. 2B). CLAN formation induced
by activation of avp3 integrin using mAb AP-5 was also significantly impaired by the
knockdown of syndecan-4 expression and resulted in a corresponding 64% decrease (p <
0.01) in the percentage of cells forming CLANSs (Fig. 2C). Knockdown of syndecan-4 did
not impair attachment and cell spreading (Fig. 3). This suggests that syndecan-4 plays an
important structural role in CLAN formation.

Syndecan-4-binding peptide induces CLAN formation

To further verify that syndecan-4 played a role in CLAN formation, HTM cells were
incubated with a laminin 5-derived peptide, PEP75, which has been shown to bind to
syndecan-4 in a HS-dependent manner [36]. This is a biologically active peptide that is
found within the LG4 module that is proteolytically released from laminin 5 (Fig. 4).
Untreated cells or cells treated with a control peptide, typically failed to form CLANs when
plated for 3 hours on fibronectin-coated coverslips (Figs. 5A, B). In contrast, HTM cells
plated on fibronectin formed CLANS in response to PEP75 (Figs. 5C) which were similar to
those induced by the 3 integrin-activating antibody AP-5 (Fig. 5D). As shown in Figure 6,
treatment of cells with PEP75 alone significantly induced CLAN formation relative to
untreated cells (p < 0.01) at a level comparable to that induced by mAb AP-5.

CLAN formation induced by PEP75 could be blocked, in a dose dependent manner (p <
0.01), by the addition of heparin (Fig. 6) suggesting that PEP75 was inducing CLAN
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formation through a heparan sulfate proteoglycan. Syndecan-4 and avp3 integrin appeared
to be working together in the formation of CLANS, since the addition of PEP75 in the
presence of mAb AP-5 caused an additional 2.5-fold increase (p < 0.01) in the number of
cells forming CLANS. Heparin also inhibited this increase in a dose dependent manner. At
200 uM heparin the level of CLAN returned back to the level observed in the presence of
mAb AP-5 alone.

Dexamethasone increases deposition of laminin 5 into the ECM of HTM cultures

Given that PEP75 is derived from laminin 5 which is generally considered to be specific to
the basement membranes of stratified epithelia [37] we sought to determine whether or not
HTM cells made this protein and whether treatment with DEX increased its deposition
within the ECM of HTM cultures. Figure 7A shows that in the absence of DEX, laminin 5
and laminin 1 are both detectable within the ECM of HTM cells. The labeling patterns were
similar, but not identical (compare panels 7A and 7B). Control cells double-labeled with
monoclonal anti-GFAP and rabbit 1gG failed to show any staining (not shown). Treatment
with DEX for 7 days resulted in heavier labeling patterns for both laminin 5 (panel 7D) and
laminin 1 (panel 7E) suggesting that the expression of both laminins is up-regulated by
steroid treatment. As in the absence of DEX, the labeling patterns for the two ECM proteins
were still not completely identical. This suggests that the LG4 domain containing the PEP75
sequence could be available to bind to syndecan-4 expressed by HTM cells and that this
interaction would be enhanced in DEX treated cultures when CLANS are more prevalent.

To determine if laminin alone was sufficient to induce CLAN formation, HTM cells were
plated on a purified mixture of processed and unprocessed laminin 5. As shown in Figure 8,
these cells failed to demonstrate any appreciable CLAN formation (< 1% CLAN-positive
cells, not shown) in the absence (Fig. 8A) or presence (not shown) of PEP75. This was not
unexpected, since our earlier studies showed that CLAN formation is a co-signaling event
with 1 and avf3 integrins [31]. When we treated HTM cells plated on laminin 5 with mAb
AP-5, however, the HTM cells formed CLANSs (Fig 8B) indicating that avp3 integrin
signaling was essential for CLAN formation.

PEP75 induces PKC-dependent CLAN formation

Since syndecan-4 has been shown to promote signaling events such as focal adhesion and
stress fiber formation via PKCa [16-18], we then examined if syndecan-4 was using a PKC-
dependent signaling pathway to form CLANS. Figure 9A shows the effects of two different
PKC inhibitors on PEP75-induced CLAN formation. GO 6976 is a relatively selective PKC
inhibitor that targets PKCa, PKCB1 and PKCy [53]. In contrast, the PKC inhibitor Ro-31-
7549 is a broad spectrum inhibitor [54]. G6 6976 had no effect on PEP75-induced CLAN
formation, while Ro-31-7549 reduced CLAN formation nearly five-fold relative to cells
treated with PEP75 alone (p < 0.01) and six-fold relative to vehicle-treated cells (p < 0.1).
This suggested that PKCy, PKCBII, or PKCe may by mediating CLAN formation induced
by PEP75 while PKCa was not involved. Relative to the DMSO control group, neither of
the PKC inhibitors had any obvious effect on overall cell spreading (Fig. 9B)
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We also examined the potential role of PI-3 kinase in PEP75-mediated CLAN formation. A
recent study by Araki, et al. [35] found that PEP75 induced clustering of syndecan-4 and 1
integrins, and we had previously found that CLAN formation was regulated, in part, by a
P1-3 kinase-dependent 1 integrin signaling pathway [31]. However, the PI-3 kinase
inhibitor LY 294002 had no effect on PEP75-induced CLAN formation (Fig. 9A) indicating
that PEP75 was not utilizing the syndecan-4/ B1 integrin pathway previously described by
Avraki, et al.

To help determine which PKC isozyme might be involved, we performed PCR and western
blot analysis to determine which PKCs were present in the HTM cells. As shown in Figure
10, PKCpII was undetectable by either PCR or western blotting. In contrast, the a, yand ¢
PKC isozymes were all found at both the RNA and protein level. With the exception of
PKCBII, these results are consistent with an earlier report [55]. Given the absence of any
inhibition by G& 6976 on PEP75-induced CLAN formation, PKCa is unlikely to mediate the
effects of the peptide on HTM cells. However, PKCy and PKCe are both inhibited by
Ro-31-7549 suggesting that one or both of these PKCs could be utilized by syndecan-4 to
regulate PEP75-induced CLAN formation.

In order to try to identify specifically which PKC was regulating PEP75-mediated CLAN
formation, two PKC agonists were used that have been reported to demonstrate a high
degree of selectivity with regards to which isozymes they activate. ROPA preferentially
activates PKCs a and vy [45] while FR236924 (DCP-LA\) is a highly selective PKCe agonist
[46]. As shown in Figure 11A, the PKCe agonist FR236924 increased the percentage of
CLAN-positive cells seven-to twelve-fold over the percentage seen in control cells (P >
0.01). In fact the level of CLAN formation with FR236924 was virtually identical to that
observed in PEP75-treated cells. In contrast, the PKCa/y agonist ROPA completely failed to
induce CLAN formation in HTM cells. The morphology of FR236924-treated cells appeared
similar to control cells while ROPA-treated cells often exhibited reduced spreading relative
to control cells (Fig. 11B). ROPA-treated cells also often exhibited pronounced membrane
ruffling which was absent in the other treatment groups. These data suggest that the PKC
isozyme involved in mediating PEP75-induced CLAN formation is PKCe.

Attempts to use siRNA-based procedures to verify that PKCe was involved were
unsuccessful due to reagent-induced toxicity. We also attempted to overexpress dominant
negative versions of both PKCy and PKCzg in order to abrogate PEP75-induced CLAN
formation. However, we were unable to achieve high enough transfection efficiencies in our
quiescent cell strains necessary to make any statistically significant conclusions.

Discussion

In this study we show that syndecan-4 plays a key role in the formation of atypical actin
structures known as CLANS since the knockdown of syndecan-4 expression reduced CLAN
formation. Whether syndecan-4 is playing a strictly structural role as a membrane docking
receptor that mediates the assembly of this actin structure or whether it has a signaling role
as well is unknown [15]. Formation of syndecan-4-containing CLANS appeared to use a
novel PKCe pathway rather than the PKCa pathway previously shown to be involved with
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syndecan-4-in focal adhesion and stress fiber formation [16-18]. This suggests that varying
the PKC-syndecan signaling interaction could impact the organization of the actin
cytoskeleton.

The fact that data pointed to PKCe rather than PKCa as mediating PEP75-induced CLAN
formation was not completely unexpected. There is precedent for finding syndecan-4
interacting with other PKCs within discreet signaling structures other than focal adhesions.
A study by Vanwinkle, et al. [14] localized syndecan-4 within costameres of
cardiomyocytes and suggested that, based upon immunolocalization data, PKCe could be a
downstream effector of syndecan-4.

PKCe is a member of the novel subclass of PKC isozymes while PKCa, v, Bl and Bl all
belong to the conventional subclass of PKCs [56]. Thus, the interaction(s) between PKCe
and syndecan-4 likely differ from that reported for syndecan-4 and PKCa. PKCa binds the
cytoplasmic tail of syndecan-4 in the presence of PIP2, [10] and this interaction involves the
PKCa C2 regulatory domain [57]. Since the C2 domains of the conventional PKCs are
structurally distinct from those of the novel PKCs [56], the PKCe C2 domain is unlikely to
interact with the syndecan-4 cytoplasmic tail. This is consistent with the yeast two-hybrid
studies of Lim, et al. [58] that failed to demonstrate a direct interaction between syndecan-4
and PKCe. Nevertheless, PKCe could be regulating syndecan-4 activity in connection with
PEP75-mediated CLAN formation given that novel PKCs have been shown to regulate
serine phosphorylation of syndecan-4 [59, 60]. Whether a PKCe- mediated phosphorylation
event regulates the incorporation of syndecan-4 into CLANS or the formation of the actin
CLAN structure is unknown.

It is interesting that PKCe is involved in the formation of CLANS. Previous reports have
shown that PKCs in general are involved in regulating aqueous humor outflow from the eye
and that they do so in part by regulating the contractility of the TM [61-64]. However, those
studies were concerned with showing that PKC regulated stress fiber formation and did not
address any role for PKCs in CLAN formation. Interestingly, PKCe is known to be part of a
mechanical stress response [65, 66] and CLANSs may be a stress response structure [26]
Thus, it seems reasonable that PKCe could be involved in regulating the rearrangement of
stress fibers to form CLANS in response to mechanical stress.

It was not entirely unexpected that a matrix fragment like laminin 5-derived PEP75 could
induce CLAN formation. A recent study [31] found that a thrombospondin-1-derived
peptide, 4N1K, also induced CLAN formation in HTM cells. This peptide binds to the avp3
integrin co-receptor CD47 (Figure 1A). In addition to these matrix fragments, various ECM
proteins have been found to induce CLAN formation [19]. Fibronectin, in particular, elicited
the strongest CLAN response. However, upon activation of an avp3 signaling pathway,
other ECM proteins such as type | and type IV collagen also induced significant levels of
CLAN formation indicating that several 1 integrins can co-signal with av33 integrins to
regulate CLAN formation.

These co-signaling events could be the result of glucocorticoid-induced up-regulation and
activation of avp3 integrins [67] and ECM proteins [28, 34]. Glucocorticoids have
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previously been shown to increase production and matrix deposition of unidentified laminins
as well as thrombospondin-1, fibronectin and type 1V collagen in HTM cells [68-70]. Here
we have shown dexamethasone specifically increases matrix deposition of laminin 1 and
laminin 5 which contains the PEP75 peptide used in this study. PEP75 is derived from the
LG4 module of laminin 5 that is normally released from the mature protein once it has been
deposited into the ECM. Therefore, this domain could potentially contribute to the increased
CLAN formation observed following steroid treatment [33] by binding to syndecan-4
expressed on HTM cells. In addition, if the LG4 domain remains as a component of the
ECM, this domain also has the potential to stabilize CLANSs.

It is interesting that PEP75 also enhanced CLAN formation induced by avfB3 activation.
This indicates that there is more than one signaling pathway capable of regulating CLAN
formation. In addition to the B1/B3 integrin co-signaling pathway previously reported [19],
there appears to be a syndecan-4/avp3 integrin-mediated pathway possibly triggered by the
LG4 domain of laminin 5. Other signaling pathways shown to trigger CLAN formation
include those involving TGFp2 [71], Wnt5a [72] and GPCRs [73]. Whether these other
pathways represent distinct pathways from the syndecan-4/avp3 integrin or $1/83 integrin
pathways is unclear. TGFB2- and Wnt5a—mediated CLAN formation requires prolonged
treatments with these agents that can often result in the modulation of integrin mediated
events and their ECM ligands. CLAN formation induced by GPCR signaling involved
Schwann cells plated on laminin 1 [73] following short term treatments with either
lysophosphatidic acid or sphingosine 1-phosphate. Activation of this pathway would target
members of the Rho GTPase family which have previously been shown to be involved in the
B1/p3 integrin co-signaling [19]. Clearly, understanding how these separate pathways trigger
CLAN formation and determining if there is any commonality among these pathways could
lead to a better understanding of steroid-induced glaucoma.

Several questions concerning syndecan-4 and this signaling pathway remain open. In
particular, it is unknown whether syndecan-4 acts as a transmembrane structural component
that mediates the formation of CLANS or if it also plays a role in meditating downstream
signaling events in CLAN formation. There is also the question of whether an integrin is
directly associated with syndecan-4 as a co-receptor in CLANS. Integrins have been shown
to physically associate with syndecans and act as their co-receptors [4]. However, an earlier
study found that neither B1 nor B3 integrins could be detected with syndecan-4 in CLAN
vertisomes [19]. Yet combining PEP75 and AP-5 treatments resulted in greater CLAN
formation than either treatment by itself. This suggests at least an indirect association
between the syndecan-4, PKCe and the avp3 integrin signaling pathways. It is also worth
noting that a number of the same signaling molecules that are associated with integrins in
focal adhesions and stress fiber formation are also seen in CLAN verstisomes and appear to
be involved in regulating CLAN formation despite them being completely different
structures found at opposite aspects of cells [21, 74]. Thus there probably are some shared
signaling components between the syndecan-4 and avp3 integrin triggered pathways.

In summary, the data demonstrate that the HSPG syndecan-4 plays a critical role in
regulating the formation of a unique actin structure distinct from stress fibers. That role
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could be structural, but it may also have a signaling role as well since activation of a novel
syndecan-4/PKC pathway induces CLAN formation.
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< ‘ F-actin

Figure 1. Schematic of CLAN components and integrin-mediated signaling pathways involved
A) Syndecan-4 (SDC4), a-actinin, PIP, and PDLIM1 have previously been shown to

localize within the vertices of interconnecting F-actin bundles in CLANs where we propose
they may form a molecular signaling complex or “vertisome” [19, 28]. Other known CLAN
components not depicted include filamins A and B, myosin and tropomysosin [19, 20, 22,
28].The formation of this structure has been shown to involve distinct 1 and 3 integrin
pathways that utilize P13-kinase (PI3K) and CD47/Racl/Trio respectively [31]. PI3K may
activate Trio, or it may converge with the Rac/Trio pathway downstream of Racl (dotted
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line). The formation of this CLAN structure can be triggered by PEP75 (red curved line)
which is a peptide from laminin 5 that can bind syndecan-4. It can also be triggered by an
activating antibody to avp3 integrin (mAb AP-5) or a peptide from thrombospondin-1
(TSP1) called 4N1K [31]. PKCs may also activate other signaling molecules that regulate
CLAN formation. B) Syndecan-4 (SDC4) is an integral part of the CLAN structure while
syndecan-2 (SDC2) is not. The merged image shows that syndecan-4 localizes specifically
to the vertices of the CLAN structure. This localization is not observed for syndecan-2.
Arrowheads show location of CLAN vertices obvserved with F-actin labeling. Scale bar =5
pm.
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Figure 2. Loss of syndecan-4 reduces B3 integrin-mediated CLAN formation
A) N27TM-3 HTM cells were left untreated or transfected with a non-targeting (NT) RNAI

or syndecan-4 (SDC4) RNA.. 72 hours post-transfection, RNA was extracted and analyzed
for loss of RNA expression using real-time PCR. Cells were processed as described in
Materials and Methods. Data were normalized to GAPDH and the fold change compared to
untreated cells was determined. B) FACS analysis was performed on HTM cells transfected
with NT or SDC4 RNAI 72 hours post-transfection to determine cell surface expression of
SDCA4. Cells were processed as described in Materials and Methods. C) Untreated cells or
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cells treated with NT or SDC4 RNAI were re-plated onto fibronectin-coated coverslips 72
hours post-transfection in the absence or presence of the 33 integrin-activating antibody
AP-5. Three hours later the cells were fixed and labeled with phalloidin. The percentage of
CLAN-positive cells (CPCs) is shown as the mean + the SD; n ranged from 1295-1582 cells
for each treatment group. For all 3 treatment groups, the cells treated with mAb AP-5
showed increased CLAN formation over the corresponding untreated cells (P < 0.01). For
AP-5-treated cells, SDC4 RNA. significantly reduced CLAN formation over untransfected
cells or cells transfected with non-targeting RNAi (P < 0.01).
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Figure 3. Loss of syndecan-4 does not impair cell spreading of HTM cells on fibronectin
N27TM-3 HTM cells were left untreated (A, D) or transfected with a non-targeting RNAI

(B, E) or a syndecan-4 RNAI (C, F). Seventy two hours post-transfection, the cells were re-
plated onto fibronectin-coated coverslips in the absence (A-C) or presence (D-F) of the $3
integrin-activating antibody AP-5. Three hours later the cells were fixed and labeled with
phalloidin. Scale bar =100 um.

Exp Cell Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Fillaetal.

Page 22

Un-processed LN5 Processed LN5S

a3

Maturation

*

LG modules
KNSFMALYLSKGRLVFALG

Figure 4. Schematic of laminin 5
Laminin 5 (laminin 332) is a heterotrimeric, multi-domain-containing ECM protein that is

composed of a3, B3 and vy2 subunits. The unprocessed form of the protein contains a large
globular domain at the C-terminal end of the a3 chain which is composed of five LG
modules (LG1-5). The binding sites for a3p1, a6p1 and a.6p4 integrins are located within the
first three LG modules (asterisk) while the syndecan 4 binding PEP75 sequence
(KNSFMALYLSKGRLVFALG) is located within the LG4 module. After secretion and
deposition into the ECM, the protein undergoes proteolytic processing that results in the loss
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of N-terminal portions of both the a3 and y2 chains as well as cleavage of the LG4 and LG5
modules from the C-terminus of the a3 chain. Thus the PEP75-containing module of
laminin 5 is potentially free to interact with cell surface receptors such as syndecan 4
independent of the rest of the protein.
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Figure 5. Comparison of HTM cells treated with PepCon, PEP75 or mAb AP-5
N27TM-2 HTM cells were plated onto fibronectin-coated coverslips and allowed to spread

for 3 hours prior to fixation and labeling with Alexa 488-conjugated phalloidin and Hoechst
33342. A) untreated cells; B) cells treated with 60 ug/mL PEPcon; C) cells treated with 60
pg/mL PEP75 and D) cells treated with mAb AP-5. Insets = enlarged areas of cells with
CLANSs; asterisks = areas in panels C & D enlarged in insets. Scale bar = 20pum.
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Figure 6. PEP75 induces CLAN formation which is sensitive to competition with heparin
N27TM-2 HTM cells were plated onto fibronectin-coated coverslips in the absence or

presence of 60 ug/mL (28.5 uM) PEP75 together with increasing concentrations of heparin
(0.02 uM — 200uM in 10-fold increments). The treatment groups on the right half of the
graph included mAb AP-5. After 3 hours the cells were fixed and labeled with phalloidin.
The percentage of CPCs is shown as the mean + the SD; n ranged from 1134-2149 cells for
each treatment group. Both PEP75 and mAb AP-5 alone increased CLAN formation over
untreated contols (P < 0.01). 2.0 uM, 20 uM and 200 uM concentrations of heparin
decreased PEP75-induced CLAN formation to near control levels (P > 0.01) while 0.02 uM
and 0.2 pM concentrations had no effect. PEP75 and AP-5 in combination induced
significantly greater CLAN formation than PEP75 alone or AP-5 alone, respectively (P <
0.01). 2.0 puM, 20 uM and 200 uM heparin significantly decreased CLAN formation in cells
treated with PEP75 and AP-5 to levels seen in cells treated with AP-5 alone (P < 0.01) while
0.02 uM and 0.2 pM, again, had no effect.
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Figure 7. Localization of laminin 5 and laminin 1 in HTM cells treated with or without
dexamethasone
Confluent monolayers of N27TM-2 cells were treated for 7 days with 0.1% ethanol (A-C)

or 500 nM DEX (D-F) prior to fixation and labeling with either mouse mAb P3H9-2 against
laminin 5 (A, D; red channel) or a rabbit pAb against laminin 1 (B, E; green channel). DEX
increased the labeling for both laminins, however, the labeling patterns for laminin 5 and
laminin 1 did not completely overlap. Merged images (C, F) are also shown. Similar results
were obtained with the N17TM-2 HTM cell strain (data not shown). Asterisks = areas
enlarged within insets; arrows = regions where laminin 1 and laminin 5 labeling show
incomplete co-localization. Scale bar = 50 um.
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Figure 8. HTM cells plated on laminin 5 only form CLANSs in the presence of mAb AP-5
N27TM-2 HTM cells were plated on laminin 5 for 3 hrs in the absence (A) or presence (B)

of the avp3 integrin-activating antibody AP-5 prior to fixation and labeling with phalloidin.
CLANs did not form on laminin 5 alone but did so in the presence of soluble mAb AP-5.
Spreading also appeared to be enhanced when cells were spread on laminin 5 in the presence
of AP-5. Bar = 20 um.
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Figure 9. PEP75-induced CLAN formation is dependent upon PKC, but independent of PI3-
Kinase

A) N27TM-2 HTM cells were plated onto fibronectin-coated coverslips in the absence or
presence of 60 ug/mL PEP75 or 60 ug/mL PEPcon. PEP75-treated cells were also treated
with 0.1% DMSO alone, 20 pM LY?294002, 5 uM Ro-31-7549 or 10 uM Go 6976. After 3
hours the cells were fixed and labeled with phalloidin. The percentage of CPCs is shown as
the mean + the SD; n ranged from 1211-2624 cells for each treatment group. There was no
difference between untreated control cells and cells treated with PEPcon. PEP75 alone
significantly increased CLAN formation over untreated controls and PEPcon-treated cells,
respectively (P < 0.01). Ro-31-7549 significantly decreased PEP75-induced CLAN
formation over cells treated with PEP75 alone (P < 0.01). DMSO alone, LY294002 and G&
6976 all failed to reduce PEP75-induced CLAN formation relative to cells treated with
PEP75 alone. B) Cells were treated with PEP75 together with DMSO only, G 6976 or
Ro-31-7549. Neither of the inhibitors had any significant effect upon cell spreading relative
to the DMSO control-treated cells.
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Figure 10. PKCa, y and g, but not PKCBII, are expressed in HTM cells
A) mRNA was extracted from N27TM-2 HTM monolayers and gPCR performed using

primers for PKCa, Bll, y and €. The location of molecular weight markers are indicated. B)
Western blot analysis of protein extracts from HTM monolayers. 20 ug was loaded per lane
and the samples were probed using antibodies for for PKCa, BlI, v or € respectively. The
location of molecular weight markers are indicated.
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Figure 11. A PKCe agonist induces CLAN formation in HTM cells while a PKCy agonist does
not

A) N27TM-3 HTM cells were plated onto fibronectin-coated coverslips in the absence or
presence of 0.1% DMSO, 5 uM ROPA (PKCal/y agonist), 10 pM FR236924 (PKCe agonist)
or 60 pg/mL PEP75. After 2 hours the cells were fixed and labeled with phalloidin. The
percentage of CPCs is shown as the mean + the SD; n ranged from 988-1591 cells for each
treatment group. Cells treated with the PKCe agonist (P < 0.01) or PEP75 (P < 0.01) showed
a higher percentage of CLAN-positive cells compared to untreated cells or cells treated with
DMSO. Cells treated with the PKCa/y agonist ROPA did not form CLANS. B)
Representative images of N27TM-3 HTM cells treated with either DMSO, FR236924 or
ROPA. FR236924 induced CLAN formation (see inset) while ROPA did not. ROPA-treated
cells, however, frequently demonstrated pronounced membrane ruffling (see inset,
arrowheads) which was absent in the other treatment groups.
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