
Differential involvement of ezrin/radixin/moesin proteins in
sphingosine 1-phosphate-induced human pulmonary endothelial
cell barrier enhancement

Djanybek M. Adyshev, Nurgul K. Moldobaeva, Venkateswaran R. Elangovan, Joe G. N.
Garcia, and Steven M. Dudek
Institute for Personalized Respiratory Medicine, Department of Medicine, Section of Pulmonary,
Critical Care, Sleep, and Allergy, University of Illinois at Chicago, Chicago, Illinois, USA 60612

Abstract
Endothelial cell (EC) barrier dysfunction induced by inflammatory agonists is a frequent
pathophysiologic event in multiple diseases. The platelet-derived phospholipid sphingosine-1
phosphate (S1P) reverses this dysfunction by potently enhancing the EC barrier through a process
involving Rac GTPase-dependent cortical actin rearrangement as an integral step. In this study we
explored the role of the ezrin, radixin, and moesin (ERM) family of actin-binding linker protein in
modulating S1P-induced human pulmonary EC barrier enhancement. S1P induces ERM
translocation to the EC periphery and promotes ERM phosphorylation on a critical threonine
residue (Ezrin-567, Radixin-564, Moesin-558). This phosphorylation is dependent on activation of
PKC isoforms and Rac1. The majority of ERM phosphorylation on these critical threonine
residues after S1P occurs in moesin and ezrin. Baseline radixin phosphorylation is higher than in
the other two ERM proteins but does not increase after S1P. S1P-induced moesin and ezrin
threonine phosphorylation is not mediated by the barrier enhancing receptor S1PR1 because
siRNA downregulation of S1PR1 fails to inhibit these phosphorylation events, while stimulation
of EC with the S1PR1-specific agonist SEW2871 fails to induce these phosphorylation events.
Silencing of either all ERM proteins or radixin alone (but not moesin alone) reduced S1P-induced
Rac1 activation and phosphorylation of the downstream Rac1 effector PAK1. Radixin siRNA
alone, or combined siRNA for all three ERM proteins, dramatically attenuates S1P-induced EC
barrier enhancement (measured by transendothelial electrical resistance (TER), peripheral
accumulation of diphospho-MLC, and cortical cytoskeletal rearrangement. In contrast, moesin
depletion has the opposite effects on these parameters. Ezrin silencing partially attenuates S1P-
induced EC barrier enhancement and cytoskeletal changes. Thus, despite structural similarities and
reported functional redundancy, the ERM proteins differentially modulate S1P-induced alterations
in lung EC cytoskeleton and permeability. These results suggest that ERM activation is an
important regulatory event in EC barrier responses to S1P.
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1. Introduction
The pulmonary vascular endothelium serves as a semi-selective barrier between circulating
blood and surrounding tissues and regulates many biological processes such as protein and
fluid transport, inflammation and angiogenesis. Endothelial barrier dysfunction induced by
inflammatory agonists is the direct underlying cause of vascular leak and pulmonary edema
in sepsis and an essential component of angiogenesis, tumor metastasis, and atherosclerosis
[reviewed in 1]. Therefore, the preservation of vascular endothelial cell (EC) barrier
integrity has the potential for profound clinical impact. We have previously described potent
EC barrier enhancement induced by the platelet-derived phospholipid sphingosine-1
phosphate (S1P), which involves Rac GTPase-dependent cortical actin rearrangement as an
integral step [2]. There are five cognate G-protein-coupled receptors to which S1P
specifically binds, designated S1PR1-5 [3]. Vascular EC primarily express S1PR1, S1PR2
and S1PR3 [4], which have a high degree of sequence homology. Importantly, these three
receptors are differentially coupled to downstream signaling cascades that regulate Rho
GTPases. S1PR1 couples exclusively to Gi and promotes Rac1 activation, while S1PR2 and
S1PR3 couple to Gi, Gq, and G12/13 and activate RhoA [3, 5]. Stimulation of cells with
S1P at the physiological range (0.1 to 1 μM) results in Rac1-dependent barrier protection by
activation of SIPR1 [2], whereas exposure to higher concentrations (≥5 μM) mediates
RhoA-dependent barrier disruption through S1PR3 ligation [6, 7]. Additionally, S1P
stimulates the phospholipase C-dependent release of Ca2+ from ER stores via Gq, and
activates ERK, p38 MAPK and PI3K via Gi [8, 9].

Previous studies have proposed a working model of EC barrier regulation in which the
vascular barrier is regulated by a balance between competing EC contractile forces, which
generate centripetaltension, and adhesive cell-cell and cell-matrix tethering forces, imposed
by focal adhesion and adherens junctions (AJ), which together regulate cell shape change [1,
2, 10-13]. EC barrier enhancement induced by S1P and other barrier protective factors, such
as oxidized phospholipids, human growth factor (HGF), ATP or simvastatin requires
actomyosin remodeling, including formation of a prominent cortical actin rim, peripheral
accumulation of phosphorylated regulatory myosin light chains (MLC), and disappearance
of central stress fibers, which is regulated by Rac-dependent mechanisms [2, 14-17].
However, the downstream targets of these signaling pathways leading to the cytoskeletal
changes remain incompletely defined.

The widely distributed ERM family of membrane-associated proteins (ezrin, radixin,
moesin) regulates the structure and function of specific domains of the cell cortex [reviewed
in 18]. The ERM proteins are actin-binding linkers that connect filamentous (F)-actin and
the plasma membrane, either directly via binding to transmembrane proteins or indirectly via
scaffolding proteins attached to transmembrane proteins. This linker function makes ERM
proteins essential for many fundamental cellular processes including cell adhesion,
determination of cell shape, motility, cytokinesis and integration of membrane transport with
signaling pathways [18-21]. The three ERM proteins share a high level of amino acid
identity (70-85%) (18), and prior to activation exist in an auto-inhibited conformation in
which the actin-binding C-terminal tail binds and masks the N-terminal FERM domain
(band 4.1, ezrin, radixin, moesin homology domains) [22]. The activation state of ERM
proteins is tightly regulated by phosphorylation events. Binding of the protein to membrane
lipid phosphatidylinositol 4,5-bisphosphate (PIP2) [23] and subsequent phosphorylation of a
conserved C-terminal threonine (T567 in ezrin, T564 in radixin, T558 in moesin) [22, 24,
25] are believed to disrupt the intramolecular association, thus unmasking sites for
interactions with other proteins. In addition, phosphorylation of ezrin on other residues may
also be required to direct specific targeted effects in cells [26- 28]. Several kinases have
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been implicated in regulating ERM protein function through phosphorylation of the C-
terminal threonine residue [20, 28- 39]. However, the identity of kinases that directly
phosphorylate ERM in many cells remains to be clearly defined [18, 28].

ERM proteins also associate with cytoplasmic signaling molecules in cellular processes that
require membrane cytoskeletal reorganization. ERM proteins appear to act both downstream
and upstream of the Rho family of GTPases, which regulates remodeling of the actin
cytoskeleton [18, 28]. However, information is limited concerning the possible role of ERM
proteins in the remodeling of endothelial cytoskeleton in response to different agonists. Koss
and coworkers [32] demonstrated that ERM proteins are phosphorylated on C-terminal
threonine residues by TNF-α-induced signaling events and likely play important roles in
modulating the cytoskeletal changes and permeability increases in human pulmonary
microvascular EC.

In the present study, we explored the potential involvement of ERM proteins in the
remodeling of the endothelial cytoskeleton that is essential to the S1P barrier-enhancing
response. To study the involvement of ERM in EC barrier regulation, we applied several
complementary approaches including immunoblotting, immunocytochemistry,
transendothelial monolayer resistance (TER) measurements (a sensitive indicator of EC
barrier function), and depletion of endogenous ERM proteins by small interfering RNA
(siRNA) in cultured human pulmonary artery EC. Our results suggest that ERM proteins are
phosphorylated on this critical C-terminal threonine residue by S1P-induced signaling
events and, despite their structural similarities and reported functional redundancy, ERM
proteins differentially modulate S1P-induced changes in lung EC cytoskeleton and
permeability. These results advance our mechanistic understanding of EC barrier regulation
and identify the ERM family as potential clinically important targets for therapeutic
manipulation during high permeability processes.

2. Materials and methods
2.1. Reagents

S1P was obtained from Avanti Polar Lipids (Alabaster, AL). Antibodies (Ab) were obtained
as follows: mouse monoclonal Ab against β-Tubulin (Covance, Berkeley, CA), rabbit
polyclonal di-phospho-MLC and rabbit polyclonal phospho-Ezrin (Thr567)/Radixin
(Thr564)/Moesin (Thr558) Ab, rabbit polyclonal phospho-PKCδ (Tyr311) Ab, rabbit
polyclonal phospho-PKCθ (Thr538) Ab, rabbit polyclonal anti-p38 MAPK Ab (Cell
Signaling, Danvers, MA), ezrin specific mouse monoclonal Ab, rabbit polyclonal phospho-
PKCβI&II (Thr500) Ab (Invitrogen, Carlsbad, CA), rabbit monoclonal anti-radixin Ab
(Sigma, St. Louis, MO), mouse monoclonal anti-moesin Ab, mouse monoclonal anti-PKCθ
Ab (BD Biosciences, San Jose, CA), rabbit polyclonal phospho-PKCζ (Thr410) Ab
(Bioworld, St. Louis Park, MN), mouse monoclonal anti-PKCβI Ab, rabbit polyclonal anti-
PKCδ Ab, rabbit polyclonal anti-PKCζ Ab (Santa Cruz Biotechnology, Santa Cruz, CA),
Texas red phalloidin and Alexa 488-, Alexa 594-conjugated secondary Ab (Molecular
Probes, Eugene, OR). ROCK inhibitor Y-27632, PKC inhibitors Ro-31-7549,
Bisindolylmaleimide I, and Go 6976, RAC1 inhibitor, and Rho, Rac, and Cdc42 inhibitor
Toxin B were purchased from Calbiochem (San Diego, CA). S1PR inhibitors JTE-013 and
CAY10444 were purchased from Cayman Chemical (Ann Arbor, MI). Unless specified,
biochemical reagents were obtained from Sigma Co. (St. Louis, MO).

2.2. Cell culture
Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza Inc.
(Allendale, NJ) and used at passages 5–9 as described elsewhere [40].
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2.3. Measurement of transendothelial electrical resistance
Measurements of transendothelial electrical resistance (TER) across confluent EC
monolayers were performed using an electrical cell-substrate impedance sensing system
(ECIS; Applied Biophysics, Troy, NY) as previously described [2, 41, 42].

2.4. Depletion of specific EC proteins via siRNA
To reduce the content of individual EC proteins, cultured EC were treated with specific
siRNA duplexes, which guide sequence-specific degradation of the homologous mRNA
[43]. Validated siRNAs were ordered from QIAGEN (Valencia, CA) in ready-to-use,
desalted, and duplexed form. Duplex of sense 5'-CACCGUGGGAUGCUCAAAGdTdT-3'
and antisense 5'-CUUUGAGCAUCCCACGGU GdTdT-3' siRNA was used for targeting
sequences that are part of the coding region for Homo sapiens ezrin: 5'-
AACACCGTGGGATGCTCAAAG-3', duplex of sense 5’-
GAAAUAACCCAGAGACUCUdTdT-3’ and antisense 5’-
AGAGUCUCUGGGUUAUUUCdTdT-3’ was used for targeting sequences that are part of
the coding region for Homo sapiens radixin: 5’-AAGAAATAACCCAGAGACTCT-3’, and
duplex of sense 5’-GGGAUGUCAACUGACCUAAdTdT-3’ and antisense 5’-
UUAGGUCAGUUGACAUCCCdTdG-3’ was used for targeting sequences that are part of
the coding region for Homo sapiens moesin: 5’-CAGGGATGTCAACTGACCTAA-3’.
Duplex of sense 5'-AGAGCUAAGUAGAUGUGUAdTdT-3' and antisense 5'-
UACACAUCUACUUAGCUCUdTdG-3' siRNA was used for targeting sequences that are
part of the coding region for Homo sapiens PKCβI: 5'-
CAAGAGCTAAGTAGATGTGTA-3', duplex of sense 5’-GAAGCAUGACAGCAUUAAA
dTdT-3’ and antisense 5’-UUUAAUGCUGUCAUGCUUCdCdG-3’ was used for targeting
sequences that are part of the coding region for Homo sapiens PKCζ: 5’-
CGGAAGCATGACAGCATTAAA-3’, duplex of sense 5’-
CUCUACCGUGCCACGUUUUdTdT -3’ and antisense 5’-
AAAACGUGGCACGGUAGAGdTdT-3’ was used for targeting sequences that are part of
the coding region for Homo sapiens PKCδ: 5’-AACTCTACCGTGCCACGTTTT-3’, duplex
of sense 5’-CAAGAAGUGUAUUGAUAAAdTdT-3’ and antisense 5’-
UUUAUCAAUACACUUCUUGdTdG-3’ was used for targeting sequences that are part of
the coding region for Homo sapiens PKCθ: 5’-CACAAGAAGTGTATTGATAAA-3’, and
duplex of sense 5’-GAGAACUGCGGUUACUUAAdTdT-3’ and antisense 5’-
UUAAGUAACCGCAGUUCUCdTdG-3’ was used for targeting sequences that are part of
the coding region for Homo sapiens p38 MAPK: 5’-CAGAGAACTGCGGTTACTTAA-3’.
Nonspecific, non-targeting AllStars siRNA duplex (QIAGEN, Valencia, CA) was used as
negative control treatment. HPAEC were grown to 70% confluence, and the transfection of
siRNA (final concentration 50 nM) was performed using DharmaFECT1 transfection
reagent (Dharmacon Research, Lafayette, CO) according to manufacturer'sprotocol. Forty-
eight hours post-transfection cells were harvested and used for experiments. Additional
control experiments using EC transfections with fluorescently labeled nonspecific RNA
showed that this protocol allowed us to achieve 90–100% transfection efficiency.

2.5. Determination of Rac GTPase activity
Rac activation assay was performed using a commercially available assay kit purchased
from Upstate Biotechnology (Lake Placid, NY). EC grown in 100-mm dishes were
transfected with indicated siRNA duplexes for 48h followed by treatment with S1P for
indicated time periods in serum-free EBM-2. Cells were lysed in 500μl lysis buffer and
homogenized by pipetting. After a brief centrifugation to remove the cell debris,
supernatants were collected and GTP-bound Rac was captured using pull-down assays with
immobilized human p21-binding PAK-1domain (residues 67-150)-PBD, according to the
manufacturer's protocol. The agarose beads were washed with the lysis buffer (five times)
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and resuspended in 30 μl of 2×SDS gel loading buffer. The level of activated Rac as well as
total Rac content were evaluated by Western blot analysis and quantified by scanning
densitometry of autoradiography films. The level of activated Rac was normalized to Rac
content in total cell lysates for densitometry evaluations.

2.6. Immunofluorescent staining
EC were plated on glass coverslips, grown to 70% confluence, and transfected with siRNA
followed by stimulation with S1P. Then cells were fixed in 3.7% formaldehyde solution in
PBS for 10 min at 4°C, washed three times with PBS, permeabilized with 0.2% Triton
X-100 in PBS-Tween (PBST) for 30 min at room temperature, and blocked with 2% BSA in
PBST for 30 min. Incubation with antibody of interest was performed in blocking solution
for 1 h at room temperature followed by staining with either Alexa 488-, or Alexa 594-
conjugated secondary Ab (Molecular Probes). Actin filaments were stained with Texas Red-
conjugated phalloidin (Molecular Probes) for 1 h at room temperature. After
immunostaining, the glass slides were analyzed using a Nikon video-imaging system (Nikon
Instech Co., Japan) consisting of a phase contrast inverted microscope Nikon Eclipse
TE2000 connected to Hamamatsu (Hamamatsu Photonics K.K., Japan) digital camera and
image processor. The images were recorded and processed using Adobe Photoshop 6.0.

2.7. Immunoblotting
Protein extracts were separated by SDS-PAGE, transferred to nitrocellulose or
polyvinylidene difluoride membranes (30 V for 18 h or 100 V for 1.5 h), and reacted with
Ab that recognizes ezrin, moesin, radixin, or other Ab of interest as indicated for individual
experiments. The level of phosphorylated ERM was examined by using a single Ab that
recognizes any of the three ERM proteins only when they are phosphorylated on the
threonine residue: ezrin (T567)/radixin (T564)/moesin (T558) (Cell Signaling).
Immunoreactive proteins were detected with the enhanced chemiluminescent detection
system (ECL) according to the manufacturer's directions (Amersham, Little Chalfont, UK).
Intensities of immunoreactive protein bands were quantified using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

2.8. Coimmunoprecipitation assays
EC monolayers were stimulated with S1P (1 μM) or SEW2871 (10 μM) and after brief
washing with PBS, cells were lysed with 500 μL of cell lysis buffer containing 20 mM Tris
(pH 7.5), 150 mM NaCL, 1% NP-40, 2 mM EDTA, 0.2 mM EGTA, 0.2 mM sodium
orthovanadate, 0.5% Protease inhibitor cocktail III (1:200), 0.5% Phosphatase inhibitor
cocktail II. After clearing by centrifugation, lysates were then incubated with 2 μg of the
appropriate Ab (anti-radixin, anti-ezrin or anti-moesin Ab) at 4°C for 1 h, followed by
incubation with protein G Sepharose 4 Fast Flow (GE Healthcare, Piscataway, NJ) for 1 h.
Protein G beads were collected by centrifugation, washed three times with the same buffer,
resuspended in 80 μL of 2x SDS sample buffer, then boiled for 5 min. Protein extracts were
subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and probed with
antibodies of interest. The relative intensities of immunoreactive protein bands were
quantified by scanning densitometry using ImageQuant software.

3. RESULTS
3.1. S1P induces threonine phosphorylation of ERM via a PKC-mediated pathway

To explore the effect of S1P on the threonine phosphorylation of ERM at its critical
regulatory site, confluent human pulmonary EC were stimulated with S1P (1 μM) and
threonine phosphorylation evaluated by Western blot analysis utilizing phospho-specific
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ERM antibody (phospho-Ezrin Thr567/Radixin Thr564/Moesin Thr558). S1P challenge
induced the sustained threonine phosphorylation of ERM, which reached maximum levels
by 20 min and remained elevated for at least 90 min (Fig. 1).

Several protein kinases (PKC, ROCK, GRK2, p38, NIK, MRCK, Mst4 and LOK) have been
found to phosphorylate the regulatory C-terminal threonine residue of ERM proteins in
various systems [20, 28-39]. The following experiments were performed to determine the
signaling mechanisms leading to ERM phosphorylation in pulmonary EC upon S1P
treatment. The role of PKC was examined first using three PKC-specific pharmacological
inhibitors that have different IC50 values for different PKC isoforms, bisindolylmaleimide I
(Bis I), Go 6976, and Ro-31-7549. Bis I, Ro-31-7549 and Go 6970 are all competitive
inhibitors for the ATP-binding site of PKC [44, 45, 46]. Bis I inhibits the conventional PKC
isoforms α, βI, βII and γ (activated by phosphatidylserine, diacylglycerol and Ca2+) with
similar potency (IC50 = 10 nM) [44], and the unconventional isoforms δ and ε (require
phosphatidylserine and diacylglycerol but are Ca2+-independent) and the atypical isoform ζ
(require only phosphatidylserine), to a lesser extent [46]. In contrast to Bis I, Ro-31-7549
has slight selectivity for the α isoform (IC50 = 53 nM), but also affects βI, βII, e and γ [45].
Go 6970 inhibits Ca2+-dependent PKC isoforms α and βI (46). In our experiments,
pretreatment with Ro-31-7549 completely prevented ERM phosphorylation inducedby S1P
(Fig. 2A) while Bis I and Go 6976 partially prevented ERM phosphorylation (Fig. 2A).

Pretreatment with BAPTA, a chelator of intracellular Ca2+, also partially inhibited ERM
phosphorylation (Fig. 2B), which combined with pharmacological PKC inhibitor data
suggest that multiple PKC isoforms (conventional, unconventional, atypical) may be
required. An in silico MotifScan (http://scansite.mit.edu/) of human ezrin, radixin and
moesin sequences to search for kinase candidate(s) identified four PKC isoforms (classical
PKCα,β,γ and atypical PKCζ)(Table 1) as potential kinases for ezrin phosphorylation at
threonine 567, radixin phosphorylation at threonine 564, and moesin phosphorylation at
threonine 564. PKCα, PKCβ, and three other PKC isoforms not identified by MotifScan--
unconventional PKC isoforms ν andθ, and atypical PKCι—have been previously shown to
contribute to the phosphorylation of ERM proteins [20, 31-33]. To better characterize the
PKC isoforms potentially involved in ERM phosphorylation after S1P, activation of
individual PKC kinases was explored using isoform-specific phospho-antibodies. S1P
stimulation (1 μM) of HPAEC significantly increased phosphorylation of PKCζ (Thr410)
(Suppl. Fig. 3A), PKCθ (Thr538) (Suppl. Fig. 3B), PKCβ (Thr500) (Suppl. Fig. 3C), and
PKCδ (Tyr311) (Suppl. Fig. 3D). These PKC isoforms were selected for further
experimentation using isoform-specific siRNA. After validating that these siRNAs
efficiently inhibit their respective targets (Suppl. Fig. 4), EC were transfected with siRNA
for PKCβI, PKCζ, PKCθ or PKCδ and then stimulated with S1P to determine the effects on
ERM threonine phosphorylation. Depletion of PKCζ expression significantly reduced ERM
phosphorylation after S1P, while depletion of PKCβ1 or PKCδ resulted in a less robust but
still statistically significant reduction in ERM phosphorylation (Fig. 3). Taken together,
these data indicate that multiple PKC isoforms likely participate in S1P-induced ERM
phosphorylation.

We next explored whether additional signaling pathways previously reported to participate
in ERM regulation are involved in S1P-induced ERM phosphorylation. Our results indicate
that pharmacologic inhibition of p38 MAPK with SB203580 (Fig. 2B), or downregulation of
p38 expression via siRNA (Fig. 3), significantly attenuated S1P-induced threonine
phosphorylation of ERM relative to controls. In addition, preincubation of HPAEC with the
Rho kinase inhibitor Y27632 significantly attenuated S1P-induced ERM phosphorylation
(Fig. 2C), indicating a role for Rho GTPase in this response. Because phosphatidylinositol 4,
5-bisphosphate (PIP2) also modulates ERM phosphorylation (23), the role of PIP2 was
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examined by using Toxin B from Clostridium difficile, which inhibits Rho, Rac, and Cdc42
leading to a decrease in PIP2 synthesis by stimulating the production of phospholipase C.
Since Rac1 regulates PIP2 production [47] and thereby possibly increases ERM activity, we
also used the Rac1-specific inhibitor NSC23766, which inhibits Rac 1 GDP/GTP exchange
activity by interfering with its interaction with the Rac 1-specific guanine nucleotide
exchange factors, Trio and Tiam1. Pretreatment with either the Rac1 inhibitor or Toxin B
significantly inhibited ERM phosphorylation after S1P (Fig. 2C). These data suggest that
PIP2 is required for S1P-induced ERM phosphorylation and that Rac1 may be involved
upstream of PIP2-induced ERM activation.

3.2. Effect of ERM silencing on Rac1 activation in EC stimulated by S1P
Among multiple signaling cascades activated in the pulmonary endothelium by S1P, the
Rac/Cdc42-dependent pathway plays a critical role in the mediation of S1P-induced barrier
enhancement [2, 48]. To test the hypothesis that ERM proteins may be involved in the
positive-feedback loop of Rac activation in response to S1P, we studied the effects of ERM
protein downregulation on Rac activation in response to S1P. The role of ERM was
evaluated using siRNA targeting ezrin, radixin, or moesin. EC were treated with control
nonspecific siRNA or the siRNA for ezrin, radixin, or moesin, either singly or in
combination, and the protein expressions of ezrin, moesin, or radixin were examined. We
first validated that these siRNAs efficiently and specifically inhibited their respective targets
with little “off-target” downregulation of the other ERMs (Suppl. Fig. 1). Pulmonary EC
were then transfected with nonspecificsiRNA, or siRNA for moesin, radixin, or siRNA for
the combination of ezrin, radixin and moesin (pan-ERM), and then stimulated with S1P for
measurement of Rac activation. In contrast to cells transfected with nonspecific RNA,
depletion of radixin alone or downregulation of all three ERM proteins combined
significantly reduced Rac activation in response to S1P (Fig. 4A). In contrast, moesin
depletion slightly increased Rac activation. Consistent with these results, radixin and pan-
ERM but not moesin-depleted ECs exhibited decreased Rac-dependent autophosphorylation
of the downstream Rac target PAK1 (2) after S1P challenge (Fig. 4B). These results
demonstrate that during EC barrier enhancement by S1P, Rac is not only an upstream
regulator of ERM protein phosphorylation, but it may also serve as a downstream target for
ERM-mediated signaling. Moreover, ERM proteins differentially modulate this Rac activity.

3.3. Role of ERM in S1P-induced lung EC barrier enhancement
To evaluate the functional involvement of ERM proteins in S1P-induced EC barrier
enhancement, we measured changes in TER, a highly sensitive in vitro assay of
permeability, in lung EC treated with nonspecific siRNA or those treated with siRNA for
ezrin, radixin, or moesin (either singly or in combination). Data expressed as normalized
resistance (Fig. 5) demonstrate significant attenuation of S1P-induced TER increase in EC
transfected with radixin or pan-ERM-specific siRNA compared with cells transfected with
nonspecific RNA duplexes. S1P-induced TER elevation is only partially attenuated by
siRNA depletion of ezrin. In contrast, depletion of moesin slightly enhances the TER
increase after S1P (Fig. 5) compared with agonist-stimulated cells transfected with
nonspecific RNA. These data clearly indicate novel differential roles for ERM proteins in
mediating S1P-induced lung EC barrier enhancement.

3.4. Role of S1P receptors in S1P-induced ERM phosphorylation
In human pulmonary EC, activation of S1PR1 receptor promotes Rac1 activation and
triggers the endothelial barrier-protective response [2, 49]. We next used S1PR1-specific
siRNA to determine the role of S1PR1 in S1P-induced threonine phosphorylation of ERM.
Despite dramatic reduction in S1PR1 expression by this siRNA approach (Fig. 6A), S1PR1
depletion did not significantly attenuate S1P-induced ERM phosphorylation at the C-

Adyshev et al. Page 7

Cell Signal. Author manuscript; available in PMC 2013 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



terminal threonine (Fig. 6B). In contrast, HPAEC preincubated with pharmacologic
antagonists for S1PR2 (JTE-013) or S1PR3 (CAY10444) exhibited significantly decreased
ERM phosphorylation after S1P relative to controls (Fig. 7). Overall, these data suggest that
S1PR2 and/or S1PR3, but not S1PR1, are likely to participate in this phosphorylation
response.

3.5. Individual ERM proteins are phosphorylated differentially on threonine in S1P and
SEW2871 stimulated EC

There are no antibodies currently available that specifically differentiate among the C-
terminal phospho-threonines of individual ERM proteins. Therefore, we employed an
indirect method for detection of individual ERM threonine phosphorylation in pulmonary
EC. After stimulation with S1P or the S1PR1 specific agonist SEW2871, radixin, ezrin or
moesin was individually immunoprecipitated under nondenaturing conditions, and threonine
phosphorylation of each ERM protein then was determined by Western blot with phospho-
specific ERM antibody. Interestingly, radixin, the ERM protein most important for EC
barrier enhancement by S1P (Fig. 5), did not exhibit increased threonine phosphorylation at
the regulatory C-terminal site after S1P or SEW2871 (Fig. 8A). In contrast, phosphorylation
at this site was significantly increased in both ezrin and moesin by S1P, but not by the
S1PR1 specific agonist SEW2871 (Fig. 8B-C). These data support those in Fig. 6 to further
demonstrate that ERM protein phosphorylation after S1P is not mediated through S1PR1.
Moreover, these results reveal a differential phosphorylation response by ERM proteins after
S1P as the observed increase in ERM threonine phosphorylation at the critical regulatory
site occurs primarily in ezrin and moesin, but not in the barrier-promoting radixin protein.

3.6. Involvement of ERM in S1P-induced EC cytoskeletal remodeling
Increased EC barrier function is tightly associated with remodeling of the cell cytoskeleton
and accompanied by actin rearrangement manifested by formation of a peripheral cortical
actin ring and increased MLCK-catalyzed MLC phosphorylation, spatially localized in the
cell periphery [2]. The distribution of phosphorylated ERM in EC before and after S1P
treatment was examined. Before S1P treatment, minimal phosphorylated ERM proteins were
observed in the cytoplasm as well as at the cell borders (Fig. 9). Stimulation with S1P
induced an increase in the amount of phosphorylated ERM proteins, consistent with the
immunoblotting studies (Fig. 1). The phosphorylated ERM proteins were localized primarily
at the cell periphery along with cortical actin rings at 20 min (Fig. 9). The observation that
phosphorylated ERM proteins were concentrated along EC edges upon S1P treatment led us
to examine the role of these proteins in modulating endothelial cytoskeletal rearrangements
that occur during S1P-induced barrier enhancement.

In the next series of experiments we analyzed the effect of ERM depletion on the human
endothelial actin cytoskeleton. EC were transfected with nonspecific RNA duplex
oligonucleotides (Fig. 10) or ERM-specific siRNA (Fig. 10, Suppl Fig. 2) followed by S1P
challenge (20 min, 1 μM). Double immunofluorescent staining using Texas red phalloidin to
visualize F-actin and di-phospho-MLC antibody to detect phosphorylated MLC was
performed, as described in Methods. Unstimulated EC transfectedwith ezrin-, radixin-, or
moesin--specific siRNAs, either individually or in combination showed no significant
difference in the organization of actin cytoskeleton and levels of MLC phosphorylation
compared with control EC exposed to nonspecific RNA. However, S1P stimulation of EC
treated with nonspecific RNA induced robust cortical actin ring formation and accumulation
of peripheral di-phospho-MLC, which was nearly abolished by the combination of siRNAs
for radixin/ezrin/radixin, pan-ERM depletion, or by radixin or ezrin alone or their
combination. In contrast, moesin depletion alone or double depletion of moesin and ezrin
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combined enhanced peripheral cortical ring formation and MLC phosphorylation (Fig. 10,
Suppl Fig. 2).

The role of ERM in modulating junctional complex formation after S1P was then examined
by comparing the distribution of the key junctional protein VE-cadherin and F-actin in EC
treated with control siRNA or pan-ERM siRNA. Before S1P treatment, the distribution of
VE-cadherin and F-actinwas similar in EC treated with control or ERM siRNA (Fig. 11).
S1P treatment for 20 min in control siRNA-treated EC caused F-actin reorganization that
included cortical ring formation and VE-cadherin thickening and bundling along the EC
periphery (Fig. 11). However, these changes were prevented in EC treated with pan-ERM
siRNA, indicating that ERM proteins are required (Fig. 11). In addition, VE-cadherin
appeared disjointed and less continuous at the EC borders and diffuse in the cytoplasm
compartment of the EC (Fig. 11). These data together demonstrate that ERM proteins are
downstream targets of S1P-induced signaling mechanisms and play an essential and
differential role in the regulation of the endothelial actomyosin cytoskeleton.

4. Discussion
We and others previously have described potent EC barrier enhancement induced by the
angiogenic sphingolipid S1P, which involves Rac GTPase-dependent cortical actin
rearrangement as an integral step [2, 48, 50]. Although the ERM family of actin-binding
proteins act both as linkers between the actin cytoskeleton and integral plasma membrane
proteins as well as signal transducers for agonists that induce cytoskeletal remodeling [18],
the role of ERM proteins in S1P barrier responses are unknown. Recent data indicate that
S1P increases ERM phosphorylation at a critical regulatory threonine site [51]. We therefore
explored whether the ERM family of proteins play a role in modulating the S1P-induced
endothelial barrier protective response. Our data demonstrate S1P-induced ERM
phosphorylation on a conserved threonine residue critical for ERM activation by
conformational changes and strongly suggest important roles for the ERM proteins in
mediating endothelial barrier enhancement by S1P. This phosphorylation requires S1P-
induced signaling pathways that include activation of PKC isoforms, Rac1, Rho, and p38.
S1P also produces translocation of phosphorylated ERM from the cytoplasm to EC
periphery within the early stages of barrier enhancement (Fig. 9). Most importantly, our data
demonstrate differential roles for the ERM proteins in this response, despite their structural
similarities and reported functional redundancy (Figs. 4, 5, 8, 10). Radixin exerted a
particularly prominent and essential role in the promotion of EC barrier function by S1P,
while moesin appears to have opposing inhibitory effects (Fig. 5). This observation about
moesin is consistent with recent reports describing its involvement in increased permeability
induced by hypoxia in the blood-brain barrier [52] and advanced glycation end products
(AGE) in human microvascular EC [53].

Prior data obtained using knockout mice lacking individual ERM proteins largely support
the functional redundancy of the three ERM proteins, with defects observed when only one
ERM protein was expressed [54-59]. However, the differential biological functioning of
these proteins in S1P-mediated EC barrier responses may reflect important structural
differences between these proteins. Moesin lacks a polyproline stretch present in the two
other proteins that may be critical for certain protein-protein interactions [60]. Moreover,
ezrin, but not moesin, is phosphorylated on tyrosine in EGF-challenged human A431 cells
despite tyrosine 145 conservation in both proteins [61]. Ezrin is uniquely required for T cell
activation [62] and radixin specifically mediates anchoring of the GABAA α5 subunit to the
actin cytoskeleton which is dependent on radixin-phosphoinositide binding and activation.
In contrast, ezrin and moesin do not appear to interact with this receptor [63]. In Jurkat T
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cells moesin and ezrin bind different proteins and have complementary, phosphorylation-
regulated roles in formation of the immunological synapse [62].

The possibility exists that ezrin, radixin and moesin exert cooperative interactions to
regulate the EC barrier, with radixin playing a key barrier-enhancing role. This is suggested
by experiments in which depletion of all three ERM proteins produced TER decreases below
basal level during the early stages of S1P treatment (Fig. 5). In contrast, radixin depletion
leads to a slight increase in TER during early S1P–mediated increases in TER (5 to 10 min)
(Fig. 5). Moreover, combined depletion of the ERM proteins results in more significant
attenuation of S1P-induced Rac1 activation and activation of the Rac1 downstream target
PAK1, compared with radixin knockdown alone (Fig. 4). The finding that moesin has some
synergistic functional interaction with ezrin and radixin in mouse mammary tumor MTD-IA
cell-cell and cell-substrate adhesion and microvilli formation also supports this possibility
[64]. Conditional deletion of ezrin in murine T cells in combination with moesin silencing
demonstrated that ezrin and moesin exhibit unique translocation and phosphorylation
patterns in response to T cell antigen receptor (TCR) engagement and function
synergistically to promote T cell activation [65].

Recent reviews have summarized the current knowledge about ERM proteins as controllers
of signaling molecules and of the cortical cytoskeleton, with the Rho family GTPases and
PKC isoforms implicated in regulating ERM function through phosphoinositides and
phosphorylation of the C-terminal threonine residue [18, 28, 66]. Binding of the ERM
proteins to membrane lipid PIP2 and subsequent phosphorylation of a conserved C-terminal
threonine are thought to unfold inactive monomers, thus unmasking sites involved in
interaction with other proteins [18, 28, 66]. Rac can induce localized production of PIP2 [47]
through formation of complexes with a type I phosphatidylinositol-4-phosphate 5-kinase and
diacylglycerol kinase that can synthesize phosphatidic acid and activate PIP2 production [67,
68]. Our data indicate that Rac1 may be upstream of ERM activation after S1P, possibly
through regulation of PIP2 production. In addition to binding to ERM proteins, PIP2 may
also modulate PKC signaling pathways leading to ERM phosphorylation. Activated by G-
proteins, phospholipase C cleaves PIP2 into inositol-1,4,5-triphosphate and 1,2-
diacylglycerol (DAG). Activation of classical (α, β, γ) and unconventional PKC isoforms
(δ, ε, ν and θ) requires DAG. Thus, elevation of PIP2 production may be required for the
activation of PKC isoforms, one of the upstream regulators for ERM phosphorylation.

Several protein kinases have been reported to phosphorylate the C-terminal threonine
residue of ERM proteins. Examples include PKCα [19, 28], PKCβ, θ and ν [31, 32], PKCι
[33], LOK [29], Rho kinases/ROCK [34, 35], GRK2 [36], NIK [37], MRCK [38], p38 [32]
and Mst4 [39]. Prior work indicates that S1P signals through S1P1 receptor and
heterotrimeric protein Gi to activate PKCδ, ε and ζ isoforms in HPAEC and that PKCζ
regulates S1P-induced Rac activation [69]. In human pulmonary EC, our data now indicate
that PKC isoforms ζ, β, and δ participate in S1P-induced ERM phosphorylation at the C-
terminal threonine site (Fig. 3).

S1PR1, S1PR2 and S1PR3 differentially participate in vascular EC barrier regulation by
S1P. They are coupled to different G proteins and therefore stimulate different downstream
pathways leading to either increased (S1PR1) or decreased (S1PR2, S1PR3) barrier
function. S1P induced enhancement of EC barrier function by activation of S1P1 receptor
has been demonstrated in vivo and in vitro [6, 7, 70], while in contrast S1PR2 and S1PR3
activation results in RhoA-mediated barrier disruption [6, 7, 70]. Interestingly, our data
indicate that the barrier enhancing S1P1 receptor is not involved in the increased ERM
phosphorylation observed after S1P (Figs. 6, 8). Moreover, the S1P-induced increase in
ERM phosphorylation at the critical threonine regulatory site occurs almost exclusively in
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moesin and ezrin (Fig. 8), while the barrier enhancing radixin protein exhibits no change in
its phosphorylation status. Our data indicate that S1P primarily induces moesin and ezrin
threonine phosphorylation in pulmonary EC through activation of S1PR2 and/or S1PR3
(Fig. 7), suggesting the possibility that this phosphorylation event is not functionally
required for barrier enhancement after S1P. Because radixin does not exhibit increased
regulatory threonine phosphorylation after S1P in these cells, the mechanism by which it
participates in improving barrier function remains unclear. One hypothesis is that the pool of
threonine-phosphorylated radixin that exists in unstimulated cells (Fig. 8) may be activated
by the accumulation of PIP2 after S1P stimulation, leading to translocation of activated
radixin to the plasma membrane to participate in cytoskeletal rearrangements that result in
barrier enhancement. Support for this hypothesis is provided by the recent report in
Drosophila cells that PIP2 binding alone can recruit moesin to the cell membrane
independent of its phosphorylation [71]. Another possibility is that phosphorylation of
radixin at sites other then C-terminal threonine may result in activation. For example,
several additional sites have been reported for ezrin (threonine 235, tyrosines 145 and 353)
[72, 73], but the functional roles of phosphorylation at these sites are still unclear.

An important feature of ERM proteins is their ability to act both upstream and downstream
of Rho GTPases (reviewed in 11, 21), which suggests the existence of a positive feedback
loop between these two types of proteins. Our data support the findings that ERM proteins
function both upstream and downstream of the Rac pathway after S1P in EC (Figs. 2C, 4),
which stimulates the peripheral actin rearrangements that mediate S1P-induced barrier
enhancement [2, 49]. Our experiments demonstrate that knockdown of either radixin or all
ERM proteins significantly reduces Rac activation and activation of the Rac downstream
target PAK1 (Fig. 4), which is a principal mediator of Rac-dependent signaling to the
cytoskeleton. These findings are consistent with prior work that overexpression of either the
C-terminal domain of radixin or ezrin T567D, in which an aspartic acid mimics the
constitutive threonine phosphorylation of the C-terminus, induced Rac1 activation in NIH
3T3 fibroblasts and in Madin-Darby canine kidney cells correspondingly [74, 75]. In
addition, overexpression of the ezrin T576D resulted in increased membrane ruffling and
lamellipodia [25]. The specific mechanism by which the ERM proteins activate Rac1
remains unknown. The Rho GDP dissociation inhibitor (RhoGDI) and ERM proteins
directly interact [76] and may displace RhoGDI from Rac1, allowing Rac1 to bind GTP and
be subsequently activated. ERM proteins may be involved in RhoGDI displacement from
Rac-GTP in S1P-induced EC barrier regulation. Another possibility is that ERM may
regulate Rac-specific guanine nucleotide exchange factors (GEFs) such as Tiam1 and PAK-
interacting exchange factor (βPIX), which are known to be involved in Rac activation after
S1P [77] and focal adhesion structure, respectively [78]. An analogous example is provided
by the C-terminal threonine-phosphorylated form of ezrin that associates with the Cdc42/
Rho specific GEF Dbl and causes Rho activation [79]. It is possible that interaction between
ERM proteins, Tiam and/or βPIX is involved in the activation of S1P-induced Rac/Cdc42-
dependent signaling, a hypothesis currently being evaluated.

5. Conclusions
S1P-induced barrier protective effects on the pulmonary endothelium have been associated
with remodeling of the actin cytoskeleton, focal adhesion rearrangement and the increased
interaction between adherens junction (AJ) proteins α/β-catenin and VE-cadherin [6, 48,
81-83]. ERM proteins may modulate such intermediate signaling events for cytoskeletal
changes and barrier enhancement as Rac/Cdc42-dependent signaling, focal adhesions and
AJ. Our data demonstrate that depletion of either radixin alone, or of all three ERM proteins,
attenuates S1P-induced Rac activation, cortical cytoskeleton rearrangement, increase in
TER, and VE-cadherin peripheral redistribution. Thus, despite their structural similarities
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and reported functional redundancy, the ERM proteins differentially modulate S1P-induced
changes in lung EC cytoskeleton and permeability. These results advance our mechanistic
understanding of EC barrier regulation and identify the ERM family as potential targets for
therapeutic manipulation in this clinically important physiologic process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ezrin/radixin/moesin (ERM) proteins mediate endothelial barrier enhancement
by S1P.

• S1P stimulates ERM phosphorylation on a regulatory threonine residue.

• This phosphorylation is dependent on several PKC isoforms, p38, and Rac.

• ERM proteins differentially regulate endothelial cytoskeletal structure after S1P.

• Radixin promotes S1P barrier effects while moesin inhibits them.
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Figure 1. Time-dependent effects of S1P on threonine phosphorylation of ERM
(A) Confluent human pulmonary artery endothelial cells (HPAEC) were treated either with
control vehicle or S1P (1 μM) for the indicated times, and phosphorylated ERM (phospho-
Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558)) was detected via immunoblot. (B) The
bar graph represents relative densitometry. Data are presented as fold changes in
phosphorylated ERM over vehicle-treated control and expressed as means ± S.E. from three
independent experiments. *P < 0.05 vs. unstimulated control.
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Figure 2. S1P-induced ERM phosphorylation requires activation of PKC, p38, Rho kinase, and
Rac1
HPAEC were pretreated with either control vehicle or the following inhibitors: PKC
inhibitors Ro-31-7549 (10 μM, A) for 30 min, bisindolylmaleimide (BsI, 1 μM, A) for 30
min, Go6976 (1 μM, A) for 1 h, Ca(2+) chelator BAPTA-AM (25 μM, B) for 1 h, p38
inhibitor SB 203580 (20 μM, B) for 30 min, Rho kinase inhibitor Y-27632 (10 μM, C) for 1
h, Rho, Rac, and Cdc42 inhibitor Toxin B from Clostridium difficile (1 μM, C) for 1 h,
Rac1 inhibitor (200 μM, C) for 30 min. EC were then stimulated with EBM-2 medium alone
or S1P (1 μM) for the indicated time. Phosphorylation of ERM proteins was analyzed by
immunoblotting of cell lysates with ERM phosphospecific Ab as in Fig. 1. β-tubulin Ab was
used as a normalization control. Results of scanning densitometry of Western blots are
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shown as % of ERM phosphorylation relative to vehicle treated EC stimulated by S1P.
Results are representative of 3-6 independent experiments. Values are means ± S.E. *,
significantly different from cells treated with vehicle (p < 0.05); **, significantly different
from cells stimulated with S1P (p < 0.05); #, significantly different from cells stimulated
with vehicle (p < 0.01); ##, significantly different from cells stimulated with S1P (p < 0.01).
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Figure 3. Depletion of PKC isoforms or p38 MAPK inhibits S1P-induced ERM phosphorylation
(A) Confluent EC were incubated with non-specific, PKCβI-, PKCζ-, PKCθ-, PKCδ- or
p38-specific siRNA as described in Methods, then stimulated by S1P (1μM, 20 min) or
vehicle. Total lysates were analyzed by immunoblotting for phospho-ERM. Immunoblotting
with β-tubulin Ab was used as a normalization control. (B) The bar graph represents relative
densitometry of fold changes in phosphorylated ERM after S1P relative to vehicle-treated
control. Results are means ± S.E. of four independent experiments. *, significantly different
from cells treated with ns siRNA without S1P (p < 0.05); #, significantly different from cells
treated with ns siRNA without S1P (p < 0.01). **, significantly different from cells treated
with ns siRNA and S1P (p < 0.05).
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Figure 4. Effect of ERM on S1P-induced Rac1 activation and PAK1 phosphorylation
EC were treated with transfection reagent (Cntr1, B) nonspecific siRNA (Cntr, A; Cntr2, B)
or treated with moesin (MSN) siRNA, radixin (RDX) siRNA or ezrin, radixin, and moesin
siRNAs (ERM) combined for 48 h. EC were serum-starved for 1 h and then stimulated with
1 μM S1P or vehicle control. In vitro Rac GTPase activation assay was performed as
described in Methods. The immunoreactive bands from the representative experiments were
quantitated using ImageQuant™ software. % Rac1 Activation on the y axis refers to the
following: (densitometry of activated Rac1 band/densitometry of total Rac1 band) X 100
(A). Total lysates were analyzed by immunoblotting with anti-phospho-PAK1 (T423) Ab
(B). Immunoblotting with β-tubulin Ab was used as a normalization control. Results are
means ± S.E. of three independent experiments. *, significantly different from control cells
without S1P (p < 0.05); **, significantly different from control cells stimulated with S1P (p
< 0.05).
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Figure 5. Effect of ERM depletion on S1P-induced endothelial barrier enhancement
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EC grown in chambers on gold microelectrodes were transfected with siRNA for radixin
(panel A), moesin (panel B), ezrin (panel C), combined siRNAs for ezrin, radixin, and
moesin (panel D), or treated with nonspecific (ns) siRNA, as described in Methods and used
for transendothelial electrical resistance (TER) measurements. At time = 0, cells were
stimulated with S1P (1 μM) or vehicle control. Shown are pooled data of 5 independent
experiments. The bar graph (E) depicts pooled TER data (n = 5) as maximal value of
normalized TER elevation above base line achieved within 30 min ± S.E. *, significantly
different from cells treated with ns siRNA reagent without S1P (p < 0.05); **, significantly
different from control cells stimulated with S1P (p < 0.05).
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Figure 6. Effect of S1PR1 receptor depletion on S1P-induced ERM phosphorylation
Confluent EC were incubated with non-specific or S1PR1 siRNA as described in Methods
and then analyzed for S1PR1 expression by Western blotting (A). A representative Western
blot and quantitative densitometry (n = 3) are shown. Similarly treated EC were stimulated
by S1P (1μM, 20 min) or vehicle, and then total lysates were analyzed by immunoblotting
for phospho-ERM (B). Immunoblotting with β-tubulin Ab was used as a normalization
control. Results are means ± S.E. of three independent experiments. *, significantly different
from control cells without S1P (p < 0.05).
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Figure 7. Effect of S1PR2 or S1PR3 inhibition on S1P-induced ERM phosphorylation
(A) Confluent EC were pretreated with either control vehicle, S1PR2 inhibitor JTE-013 (10
μM), or S1PR3 inhibitor CAY1044 (10 μM) for 30 min. Cells were then stimulated with
EBM-2 medium alone or S1P (1 μM) for 20 min. Phosphorylation of ERM proteins was
analyzed by immunoblotting of cell lysates with ERM phosphospecific Ab. Immunoblotting
with β-tubulin Ab was used as a normalization control. (B) The bar graph represents relative
densitometry of fold changes in phosphorylated ERM after S1P relative to vehicle-treated
control. Values are means ± S.E. (n=4). *, significantly different from cells treated with
EBM-2 (p < 0.05); #, significantly different from cells treated with EBM-2 (p < 0.01); **,
significantly different from cells treated with S1P (p < 0.05); ##, significantly different from
cells treated with S1P (p < 0.01).
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Figure 8. Individual ERMs are phosphorylated differentially on threonine in S1P and SEW2871
stimulated HPAEC
EC were treated either with control vehicle , S1P (1 μM) or SEW2871 (10 μM) and after
cell lysis, protein complexes were immunoprecipitated with radixin (A), ezrin (B) or moesin
(C) antibodies, and the phosphorylated ERM was detected by Western blotting. Equal
protein loading was confirmed by membrane reprobing with radixin (A), ezrin (B) or moesin
(C) antibodies. Results of scanning densitometry of Western blots are shown as normalized
values to radixin (A), ezrin (B) and moesin (C) and expressed as means ± S.E. from three
independent experiments. *P < 0.05 vs. unstimulated control.
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Figure 9. Distribution of phospho-ERM in EC after S1P
EC grown on glass cover slips and treated with 1 μM S1P for 20 min (images at bottom) or
non treated control cells (images at top) were subjected to double immunofluorescent
staining with Texas red phalloidin to visualize F-actin (A) and anti-phospho-ERM Ab (B).
Threonine-phosphorylated ERM proteins predominantly localized to the periphery of ECs
following S1P stimulation (20 min). Images are representative of 3 independent
experiments. Scale bar = 10 μm.
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Figure 10. Effects of ERM depletion on S1P-induced cytoskeletal remodeling
EC grown on glass cover slips were incubated with siRNA to ezrin, radixin, moesin, or
combination of siRNAs to all three proteins, or treated with non-specific siRNA duplex as
described in Methods followed by S1P treatment (1μM, 20 min). ECs were subjected to
double immunofluorescent staining with Texas Red phalloidin to visualize F-actin (panels A
and B, upper images) and anti-pp-MLC Ab (Panels A and B, bottom images). Incubation
with siRNA to radixin (k, l) and combined siRNAs to ezrin, radixin, and moesin (s, t) almost
completely inhibits S1P-induced cortical actin ring formation and peripheral MLC
phosphorylation compared with control (nsRNA) incubation (c, d, arrows). Incubation with
siRNA to ezrin (g, h) partially attenuates S1P-induced cortical actin ring formation and
peripheral MLC phosphorylation. In contrast, pretreatment with siRNA to moesin enhances
S1P-stimulated cortical actin ring formation and peripheral MLC phosphorylation (o, p,
arrows) compared with incubation with nsRNA. Bar = 10 μM. Images are representative of
three independent experiments.
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Figure 11. Effect of ERM depletion on the distribution of the F-actin and VE-cadherin
Quiescent HPAEC monolayers grown on glass cover slips were incubated with combination
of siRNAs to ezrin, radixin, and moesin or treated with non-specific siRNA duplex as
described in Methods followed by S1P treatment (1μM, 20 min). Cells were subjected to
double immunofluorescent staining with Texas Red phalloidin to detect F-actin (panels A
and B, bottom images) and anti-VE-cadherin Ab (Panels A and B, upper images). ERM
silencing inhibits S1P-induced redistribution of F-actin and VE-cadherin to the cell
periphery. Images are representative of three independent experiments.
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TABLE 1

MotifScan results for ezrin T567, radixin T564, and moesin T557 sites

Protein PKC isoform
a Site Score

b
Percentile

c

Ezrin α, β, γ T566 0.5410 3.449

ζ T566 0.5566 1.407

Radixin α, β, γ T564 0.5410 3.449

ζ T564 0.5185 0.619

Moesin α, β, γ T557 0.5410 3.449

ζ T557 0.5566 1.407

a
Predicted Ser/Thr kinases for ezrin T567 phosphorylation site.

b
The scan scores start at 0.000 if the sequence optimally matches a given motif and the scores increase for sequences as they diverge from the

optimal match. Lower scores in the output are thus better matches.

c
The percentile ranking of ezrin T567 phosphorylation site in respect to all potential motifs in vertebrate proteins in Swiss-Prot.
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