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Proliferative diabetic retinopathy (PDR) involves persistent, uncontrolled formation of
premature blood vessels with reduced number of pericytes. Our previous work showed
that advanced glycation endproducts (AGEs) induced angiogenesis in human umbilical
vein endothelial cells, mouse retina, and aortic ring, which was associated with moesin
phosphorylation. Here we investigated whether moesin phosphorylation may contribute
to pericyte detachment and the development of PDR. Primary retinal microvascular
pericytes (RMPs) were isolated, purified from weanling rats, and identified by cellular
markers a-SMA, PDGFR-B, NG2, and desmin using immunofluorescence microscopy.
Effects of AGE-BSA on proliferation and migration of RMPs were examined using CCK-8,
wound healing, and transwell assays. Effects on moesin phosphorylation were examined
using western blotting. The RMP response to AGE-BSA was also examined when cells
expressed the non-phosphorylatable Thr558Ala mutant or phospho-mimicking
Thr558Asp mutant of moesin or were treated with ROCK inhibitor Y27632.
Colocalization and interaction between CD44, phospho-moesin, and F-actin were
observed. Experiments with cultured primary RMPs showed that AGE-BSA inhibited
the proliferation, enhanced the migration, and increased moesin phosphorylation in a
dose- and time-dependent manner. AGE-BSA also triggered the rearrangement of F-actin
and promoted the interaction of CD44 with phospho-moesin in RMPs. These effects were
abrogated in cells expressing the non-phosphorylatable moesin mutant and the
application of ROCK inhibitor Y27632 attenuated AGE-induced alteration in cultured
RMPs by abolishing the phosphorylation of moesin. However, those AGE-induced
pathological process occurred in RMPs expressed the phospho-mimicking moesin
without AGE-BSA treatment. It is concluded that AGEs could activate ROCK to
mediate moesin phosphorylation at Thr658, and resulting phospho-moesin interacts
with CD44 to form CD44 cluster, which might stimulate the migration of RMPs and
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subsequent RMP detachment in microvessel. This pathway may provide new drug targets
against immature neovessel formation in PDR.

Keywords: advanced glycation endproducts, rat retinal microvascular pericyte, moesin, CD44, migration,

immature neovascularization

INTRODUCTION

Diabetic retinopathy is one of the most common complications of
diabetes, affecting roughly one third of adults with diabetes and
causing a large proportion of cases of adult blindness (1-3).
Symptoms of diabetic retinopathy include blurred vision, the
appearance of dark spots, the perception of “floaters” in the field
of vision, eye pain, double vision, reduction in low-light perception,
sudden vision loss, and even complete blindness (4). The non-
proliferative form of diabetic retinopathy involves microaneurysm
formation and intraretinal hemorrhage but not abnormal retinal
neovascularization. This form can progress to proliferative diabetic
retinopathy (PDR), in which proliferation of endothelial cells leads
to uncontrolled neovascularization and sprouts in the retina. This
can lead to blood leakage from immature vessels into the vitreous,
greatly increasing the probability of vision loss (4, 5).

Pericytes help to ensheath the retinal microvasculature and
protect endothelial cells from hypoxic insults and angiogenic
stimuli (6). The early stage of PDR involves the loss of retinal
pericytes when pericytes undergo apoptosis or migrate into the
perivascular parenchyma. Pericytes are considered critical for
microvascular control (7). During normal angiogenesis, two
sprouts join and initiate blood flow in the newly formed loop,
and subsequent interactions between endothelial cells and
pericytes trigger the construction of new basement membrane,
leading to vessel maturation and stabilization (8, 9). Loss of
pericytes leads to capillary failure and chronic hypoxia, followed
by aberrant neovascularization (4, 10-12). The resulting
neovessels are malformed and show a markedly increased
permeability and propensity to rupture (13), which triggers an
even greater extent of aberrant angiogenesis in a vicious cycle.

Advanced glycation end products (AGEs), the biochemical end
products of non-enzymatic glycosylation (14), induce pericyte
loss, and up-regulate vascular endothelial growth factor (VEGF)
(15), allowing endothelial cells to proliferate and thereby
facilitating excessive angiogenesis. This may explain why AGEs
are implicated in PDR (16-18). Studies are needed to elucidate
how AGEs induce pericyte loss, which may partly involve
apoptosis (19). It is also necessary to further verify if AGEs play
a role in low pericyte coverage of immature neovessel during the
development of PDR (20, 21). Such studies might provide some
new clues for the management of PDR.

As an important members of ezrin/radixin/moesin protein
family (ERM), moesin helps to regulate cell shape and migration
by linking filamentous actin to membrane proteins, such as
CD44, on the cell surface (22-24). ERM is of great relevance in
the organization of the cytoskeleton, serving as cross linkers
between the cytoskeleton and plasma membrane through
binding sites for membrane molecules on the N-terminal
domain (4.1 protein and ERM [FERM]) and actin-binding

sites on the COOH terminus (25, 26). The COOH-terminal
domain may form an intramolecular band to the NH2-terminal
4.1 ERM homology domain or may bind to F-actin, depending
on the phosphorylation state of a conserved threonine residue
(Thr567 in ezrin, Thr564 in radixin, and Thr558 in moesin) (27).
Our previous studies have indicated the role of moesin Thr558
residue (T558) phosphorylation in AGE-induced angiogenesis
and neovessel immaturation in vivo and ex vivo mouse models
and the drop out of pericytes from retinal microvessel and the
detachment of pericytes in neovessel have also been observed in
AGE-treated mice and aortic rings (28). It is interesting to
elucidate whether moesin and its phosphorylation also occur in
pericytes and play a role in AGE-induced pericyte dysfunction.

It has been revealed that a specific receptor for AGEs (RAGE) is
critical in AGE-induced cellular responses. RhoA kinase (ROCK) is
a typical upstream activator of moesin phosphorylation. Our
previous studies have also shown that AGE-induced activation of
RAGE-RhoA/ROCK signaling pathway targets moesin and plays a
important role in AGE-induced moesin T558 phosphorylation and
subsequent angiogenesis in vascular endothelial cells (24, 29). We
speculated that this ROCK-related pathway is also involved in
AGE-induced moesin phosphorylation in retinal pericytes.

CD44 is the receptor molecule of extracellular matrix protein
and polysaccharide, as well as an important regulator in the
process of angiogenesis. CD44’s functional state of scatter or
cluster in the cells might play a critical role in the formation of
heterogeneous junction between endothelial cells and pericyte
during the maturation of neovessels (30, 31). We hypothesized
that the interaction between moesin and CD44 might be
perturbed by AGE stimulation and further affects the
attachment of pericyte with endothelial cell in neovessel.

MATERIALS AND METHODS

Chemicals
Fetal bovine serum (FBS), trypsin, penicillin, streptomycin, and
Dulbecco’s modified Eagle’s medium (DMEM) were from Gibco
BRL (Grand Island, NY, USA). Rabbit antibodies against moesin
phosphorylated on Thr558, desmin, and CD44 were from Abcam
(Cambridge, UK). Mouse antibody against total moesin and the
FLAG epitope were from Cell Signaling Technology (Beverly, MA,
USA). Antibody targeting NG2-Cy3 conjugate was purchased
from Millipore (St. Louis, MO, USA). The following antibodies
were from Santa Cruz (CA, USA): rabbit anti-PDGFR-3, mouse
anti-GFAP and mouse anti-von Willebrand factor (vWF).
Secondary antibodies for immunoblotting were manufactured
by Sigma (St. Louis, MO, USA). FITC-anti-rabbit I1gG second
antibody was from Molecular Probes (Life Technologies,
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Carlsbad, CA, USA) and mouse anti-o.-SMA was from Sigma.
ROCK inhibitor Y27632 was from TargetMol (USA). The Cell
Counting Kit (CCK)-8 was from Dojindo Laboratories
(Kumamoto, Kyushu, Japan). Other chemicals were from Sigma
unless otherwise indicated.

Preparation of Advanced Glycation
Endproduct-Bovine Serum Albumin

AGE:s in all experiments were administered in the form of AGE-
BSA, prepared in vitro as described (32) according to the
protocol (33). Briefly, bovine serum albumin (BSA; 1.75 mg/
ml, pH 7.4) was incubated in phosphate-buffered saline (PBS)
with p-glucose (100 mmol/L) at 37°C, while control albumin was
incubated without glucose. After 8 weeks of incubation, both
solutions were extensively dialyzed against PBS and purified.
Endotoxin content was less than 0.5 EU/ml in both solutions
based on a limulus amoebocyte lysate assay (Sigma). AGE
content of AGE-BSA was 72.032 U/mg protein measured by
spectrofluorometry, while AGE content of bovine serum albumin
was less than 0.9 U/mg protein.

Animals

Three-week-old male weanling rats were provided by the
Laboratory Animal Centre of Southern Medical University
(Guangzhou, China). All experimental procedures were
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, and were
approved by the Institutional Animal Care and Use Committee
of Southern Medical University.

Isolation and Identification of Retinal
Microvascular Pericytes

Primary retinal microvascular pericytes (RMPs) were obtained
from retinal microvessels of 3-week-old male weanling rats as
described (34). Briefly, fresh rat retinas were isolated and minced
into homogeneous fragments in precooled PBS buffer. The
homogenates were then suspended and incubated in 0.2% type
I collagenase at 37°C for 20 min. To stop digestion, DMEM
containing low glucose (5 mmol/L) and 20% FBS (L-DMEM-20)
was added, the suspension was mixed gently, then filtered
sequentially through 100-pm and 55-um filters. The final
filtrate was collected and centrifuged at 500 g for 5 min at 4°C.
The precipitated pellets were re-suspended in DMEM containing
20 mmol/L glucose and 20% FBS, then seeded in culture dishes.
After 72 h of incubation, the dishes were rinsed to remove loosely
adherent cellular contamination, and the medium was replaced
with L-DMEM-20 on day 3-5. When cells reached 80-90%
confluence, they were digested with trypsin, and digestion was
halted after 1-2 min when contaminating cells began to detach.
The detached cells were removed by gently swirling the dish,
discarding the medium, and adding new trypsin to cells for
passage. The identity and homogeneity of RMPs were assessed
based on positive staining for antibodies against o-SMA,
PDGFR-, NG2, and desmin. Endothelial and glial cells were

ruled out based on negativity of vVWF or GFAP, respectively.
RMPs can be successfully cryopreserved and recultured without
loss of typical features; they can be repeatedly passaged nine
times without obvious loss of characteristic phenotype.

Retinal Microvascular Pericyte Viability
Assay

Cell viability was assessed using the CCK-8 kit. RMPs in 96-well
plates were treated as described, then the medium was replaced
with 10% CCK-8 solution for 3 h at 37°C. The absorbance was
measured at 450 nm. RMP proliferation was evaluated directly
based on optical density (OD).

Retinal Microvascular Pericyte Migration
Assay

Cell migration was assessed using scratch wound healing and
transwell assays. In the scratch assay, 5 x 10° cells were cultured
in 24-well plates for 48 h in complete medium in order to form
monolayer. The monolayer was scratched using a 10-ul pipette
tip to leave a linear wound, then treated as described for 24 h at
37°C. Images were captured immediately and also at 24 h after
treatment as described. In three fields of view per slide, RMP
migration was calculated as (open image area at 24 h/initial open
image area) x 100%.

In the transwell assay, 100 ul cell suspension at 5 x 10°/ml was
plated in the upper chamber of a transwell plate (Corning, NY,
USA) containing a filter with 8-um pores. Then 500 ul of fresh
medium containing 100 pg/ml BSA or AGE-BSA (25, 50, 100 pg/
ml) were added to the upper chamber medium. Culture medium
was added to the lower chamber as chemoattractant, and cells
were incubated for 24 h at 37°C. Migrating cells passed through
the polycarbonate film, while non-migrating cells were wiped
away using swabs. The migrated cells were stained with crystal
violet and then photographed and counted with a microscope.

Western Blot Analysis

Total cellular extracts were lysed with lysis buffer on ice and
sonicated briefly. Protein sample concentrations were measured
by BCA protein assay kit. Samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% BSA in TBS containing 0.5%
Tween 100 (TBS-T) for 1 h at room temperature. Incubation with
relative primary antibody was performed overnight at 4°C on a
rocker, followed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature. Protein
bands were visualized by chemiluminescence. Densitometric
analysis was performed using a Kodak IS2000R Imaging Station.

Co-Immunoprecipitation of CD44 and
Phospho-Moesin

RMPs were washed three times in precooled PBS and resuspended
in lysis buffer on ice for 20 min. Lysates were centrifuged at
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12,000 g at 4°C for 15 min. Then the supernatant was incubated
with goat antibody against CD44 at 4°C overnight. Prewashed
protein A/G beads were added to the mixture and incubated for
3 h at 4°C on a rotator. After centrifugation, beads were washed
five times with lysis buffer. Isolated protein complexes were
denatured for 5 min at 95°C, subjected to SDS-PAGE and
transferred to western blotting, followed by immunoblotting
with anti-phospho-moesin or anti-CD44 antibody. The bands
were detected with HRP-based chemiluminescence.

Site-Specific Mutagenesis of Moesin and
Transfection of Plasmids Into Retinal
Microvascular Pericytes

Based on our previous analysis of moesin mutants (24, 32), we
engineered plasmids encoding a non-phosphorylatable Thr558Ala
mutant of moesin (pcDNA3/FLAG-moesinThr558Ala, T558A)
and a phospho-mimicking Thr558 Asp mutant (pcDNA3/FLAG-
moesinThr558Asp, T558D). The mutations were confirmed by
nucleotide sequencing. Plasmids were purified for transfection
using an EndoFree Plasmid Midiprep Kit (Omega Bio-tek,
Norcross, GA, USA). RMPs were plated at 2x10° cells per well
in a six-well plate on the night before transfection. DNA (2 ug)
was incubated with 8 ul lipofectamine LTX and 2 pul Plus Reagent
(Invitrogen, Carlsbad, CA, USA) in 500 pl Opti-MEM at room
temperature for 30 min. The cultured cells were washed once with
Opti-MEM, incubated with the DNA-lipid complexes for 48 h,
then stimulated with AGE-BSA (100 pg/L, 24 h).

Immunofluorescence Microscopy
Gelatin-coated glass-bottomed microwell plates (MatTek, MA,
USA) were used to culture RMPs as described above. Cells were
fixed for 10 min at room temperature in PBS containing 4% (w/v)
paraformaldehyde, then permeabilized in 0.5% (w/v) Triton X-
100. The cell layers were washed in PBS twice and blocked in 5%
BSA for 1 h. After overnight incubation with 100 pl of primary
antibody against phospho-moesin (diluted 1:200) or CD44
(diluted 1:100), the cells were washed three times with PBS
before incubation with 100 pul of a 1:200 dilution of FITC- or
rhodamine-conjugated secondary antibody in PBS containing 5%
(w/v) BSA for 1 h at room temperature. In the case of F-actin
staining, rhodamine-phalloidin was used at a concentration of 2
U/ml in PBS. After 2 h of incubation, the specimens were again
washed three times with PBS. Cells were further incubated with
diamidino-2-phenylindole (DAPI, 1:1,000) for 15 min and then
washed with PBS. The staining results were imaged using a Zeiss
LSM780 laser confocal scanning microscope (Zeiss, Germany).

Statistical Analysis

Data were normalized to control values and expressed as mean +
SD. The results were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test. The level of significance was
set at P < 0.05.

RESULTS

Identification of Retinal Microvascular
Pericytes in Primary Cultures

Cells were identified as RMPs under an optical microscope based
on typical pericyte morphology of irregular shape, long
processes, and large, flat cell bodies (Figure 1A). Their
identities were confirmed based on positive immunostaining of
pericyte markers NG2 (Figures 1B-D), 0-SMA, and PDGFR-f3
(Figures 1E-H) as well as desmin (Figures 1I-L). The
possibilities of contaminating endothelial cells and glial cells
were ruled out by negative staining of endothelial cell marker
VWE or glial marker GFAP (Figures 1M-P). Most cells stained
positive for desmin (listed in Figure S1), confirming the purity of
RMPs in culture.

Dose- and Time-Dependent Effects of
Advanced Glycation Endproduct-Bovine
Serum Albumin on Retinal Microvascular
Pericyte Viability and Migration

Cultured RMPs were incubated with gradient concentrations of
AGE-BSA (25, 50, 100, and 200 pg/ml) for 24 h, and then assayed
for proliferation ability using CCK-8 kit. AGE-BSA reduced
RMP viability in a dose-dependent manner relative to the
viability of untreated and BSA-treated cells (Figure 2A).
Viability was then measured in cultured RMPs treated with
100 pg/ml AGE-BSA for 6, 12, or 24 h, respectively. The
results showed that RMP viability was decreased in a time-
dependent manner (Figure 2B). On the contrary, AGE-BSA
significantly increased the migration of RMPs in a dose- and
time-dependent fashion (Figure 2C).

The Application of Advanced Glycation
Endproduct-Bovine Serum Albumin
Induces Moesin Phosphorylation in Retinal
Microvascular Pericytes

The expression of moesin in RMPs was clarified by positive
staining of immunofluorent moesin or ERM protein (listed in
Figure S2) and western blotting (Figures 2D, E). The application
of AGE-BSA in gradient concentration and different timing
induced dose- and time-dependent phosphorylation of moesin
in RMPs (Figures 2D, E). Based on these studies, 100 pug/ml
AGE-BSA was chosen to treat RMPs for 24 h in all subsequent
experiments on moesin phosphorylation.

Advanced Glycation Endproduct-Induced
Migration of Retinal Microvascular
Pericytes Involves Moesin Phosphorylation
at Thr558

Our previous studied has indicated that moesin phosphorylation
on Thr558 is required for AGE-induced human umbilical vein
endothelial cell migration and tube formation (24). To examine
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Desmin

positive staining for desmin in most cells.

whether AGE-induced pericyte migration involves the same
phosphorylation event, we transfected RMPs with expression
plasmids encoding a Thr558 Ala mutant of moesin that cannot be
phosphorylated, or a Thr558Asp mutant that mimics the
phosphorylated state of moesin, and then we examined how
AGE-BSA affected RMP migration in each case. To confirm that
this experimental system was working, we first verified the
successful transfection of plasmids with anti-flag band (Figure
3A) and then detected the expression and phosphorylation of
moesin after plasmid transfection (35). The results showed that,
although the basic expression of moesin was increased by wt
plasmid transfection, the level of p-moesin was not changed,
while only the application of AGE-BSA enhanced the level of p-
moesin along with the over expression of moesin (Figures 3A,
B). We further verified that cells overexpressing Thr558Ala
mutant showed lower moesin phosphorylation at Thr558
following AGE-BSA treatment, while cells overexpressing
Thr558Asp showed higher levels of moesin phosphorylation at

Merge
D —

FIGURE 1 | Identification of retinal microvascular pericytes (RMPs) in primary culture. (A) Sparsely spreading cells had large, flat, irregularly triangular bodies with
several long processes. (B-D) Positive immunostaining for NG2. (E-H) Positive double immunostaining for a-SMA and PDGFR-B. (I-L) Positive double
immunostaining for o-SMA and desmin. (M-P) Negative staining for VWF and GFAP. Scale bar, 30 um. Figure S1 revealed the purity of RMPs in culture with

Thr558 (Figures 3A, B). We further examined the effect of each
mutation on RMP migration. The Thr558 Asp mutation alone led
to similar migration area in wound healing assay and similar
proportion of migrated cells in transwell migration assay as
AGE-BSA treatment (Figures 3C, D). In contrast, the
Thr558Ala mutation attenuated AGE-induced RMP migration.
These results indicate that the Thr558 is the phosphorylation site
in AGE-induced moesin activation and Thr558 phosphorylation
results in subsequent RMP migration.

Rho-Associated Protein Kinase Is Involved
in Advanced Glycation Endproduct-
Induced Moesin Phosphorylation and
Retinal Microvascular Pericyte Migration

In human umbilical vein endothelial cells, the activation of
RhoA/ROCK pathway participated in the process of AGE-
induced moesin phosphorylation, endothelial hyperpermeability,
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FIGURE 2 | The dose- and time-dependent effects of advanced glycation-bovine serum aloumin (AGE-BSA) treatment on retinal microvascular pericyte (RMP)
viability, moesin phosphorylation. (A, B) The effects of AGE-BSA treatment on RMP viability. (C) The effects of AGE-BSA treatment on RMP migration. (D, E) The
effects of AGE-BSA treatment on moesin phosphorylation in RMPs. Data shown are representative of experimental and quantitative results. N = 3 independent
experiments. *p < 0.05 vs. control, *o < 0.05 vs. BSA. Figure $2 confirmed the expression of moesin and ERM proteins in RMPs by positive staining of

and angiogenesis (24, 29, 32, 36, 37). In present study, specific
ROCK inhibitor Y27632 was used to inhibit RhoA/ROCK activity
in RMPs. ROCK inhibition significantly attenuated AGE-induced
moesin phosphorylation (Figure 4A) and migration (Figures 4B,
C), without affecting cell viability in the presence or absence of
AGE-BSA (Figure 4D). These results suggest that activation of
RhoA/ROCK might play a critical role in AGE-induced moesin
phosphorylation and RMP migration.

Moesin Phosphorylation Triggers
Formation of Actin Stress Fibers That
Colocalize With the Phospho-Moesin

In untreated RMPs, F-actin localized mainly around the cellular
cortex and the staining of phospho-moesin was weak (Figure 5).
Stimulation with AGE-BSA led to reorganization of cortical
filaments, giving rise to elongated stress fibers and strong
staining of phospho-moesin that colocalized with the newly
formed F-actin. Similar results were obtained either by
expressing Thr558Asp mutant of moesin or by expressing the
wild-type or endogenous moesin and then stimulating with
AGE-BSA. Conversely, expression of Thr558Ala mutant of
moesin prevented these AGE-induced reorganization of F-
actin, and similar results were observed when RMPs were

treated with ROCK inhibitor Y27632. These results suggest
that activation of RhoA/ROCK pathway and moesin
phosphorylation at Thr558 are involved in AGE-induced
pericyte mobility and subsequent migration.

Advanced Glycation Endproducts
Up-Regulate Expression of CD44

and Its Binding to Phospho-Moesin

Activated ERM proteins bind to CD44, facilitating their cross-
linking with actin filaments and the formation of heterogeneous
junctions with other cell types (26). In our unstimulated RMP
cultures, CD44 showed weak, diffuse distribution throughout the
cytoplasm (Figure 6A). Stimulation with AGE-BSA increased
CD44 expression and led to the formation of intense dots at the
cell edge. Western blots confirmed that AGE-BSA increased
CD44 expression, and this up-regulation did not require
ROCK activity (Figure 6B). The CD44 at the cell edge
colocalized with phospho-moesin (Figure 6C), and the
interaction of these two proteins was confirmed by showing
that CD44 was precipitated by an antibody against phospho-
moesin but not by an IgG control (Figure 6D). These results
suggest that AGEs trigger binding of phospho-moesin to CD44
in RMPs.
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DISCUSSION

We have previously demonstrated (28), in vivo and ex vivo, that
AGEs promoted immature neovascularization in the mouse
retina and aortic ring, as well as induced RMP loss and
detachment from microvessels. Based on it, we have shown
here in further, that this RMP detachment involves
phosphorylation of moesin at Thr558. AGE initiates a series of
steps that lead to the interaction of phospho-moesin not only
with F-actin but also CD44, the formation of stress fiber and the
migration of RMP. This series of steps requires the activation
of ROCK.

Various stress inducers, such as ischemia, hypoxia, injury,
and AGE exposure, cause pericytes to detach and migrate from
vessels into the perivascular parenchyma (38, 39). In a rat

model of middle cerebral artery occlusion, pericytes were
found to detach from basal lamina within 1 h after stroke,
then migrate toward the hypoperfusion lesion (40). During
traumatic spinal cord injury in mice, pericytes detach from the
basal lamina of the cerebrovasculature and migrate through
the extracellular matrix to the area surrounding the site of
injury (41). In ischemic retinopathy, high PDGF-P level in
RMPs leads to NCK1/2-dependent pericyte migration, which
promotes abnormal angiogenesis and inhibits retinal
revascularization. Inhibition of PDGF-f or downstream
NCK1/2 signaling blocks pericyte migration and
pathological neovascular tufts, stabilizing retinal vessels (42).
AGE promotes not only pericyte migration but also their loss
through apoptosis (43-46). Both processes are implicated in
diabetic retinopathy. Pericyte loss is already detectable after 3
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months of diabetes in experimental models (47), while
pericyte apoptosis usually becomes detectable at later
stages (48).

The two processes of apoptosis and migration may involve
different subpopulations of RMPs, which have diverse origins
in the neural crest, hematopoietic cells, and endothelial cells
(49). The presence of different RMP subpopulations may
explain, for example, why hyperglycemia-induced pericyte
migration in a mouse model of diabetes is restricted to
straight capillaries of the retinal microvasculature (21). The
diversity of RMPs is the likely reason why no pan-pericyte
marker has been identified. We identified RMPs using a panel
of markers (0-SMA, desmin, NG2, PDGFR-f), since none of
the markers on its own is sufficient to recognize all pericytes (6,
50-52). For instance, NG2 proteoglycan can be expressed in
macrophages (53) and is not expressed by all pericytes (54),
while PDGFR-f3 is a known marker of fibroblasts (55). The

diversity of RMPs implies that they respond differently to
chronic hyperglycemia in different patients. Further
experiments are needed to address what proportions of
pericyte loss are due to migration or apoptosis, and to track
the fate of pericytes that migrate away.

Our finding that AGEs triggers pericyte detachment and
migration from microvasculature is consistent with previous
studies (20, 21) examining AGE-induced pericyte migration,
while the mechanism is not fully understood. The Ang-2/Tie-2
signaling pathway has been illustrated on RMP migration in the
diabetic retina in XLacZ mice (21), and the absence of Ang-2
restores vessel integrity and recruits pericytes to vessels (56, 57).
In another study, AGE-BSA appears to promote the migration of
bovine RMPs via the RAGE-Src-ERK1/2-FAK-1-paxillin
signaling pathway (20). It has been revealed that the
intracellular molecular complex FERM (protein 4.1, ezrin/
radixin/moesin) participates in the retina lamination, and
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particularly, in the formation of tight junction of retinal
pigmented epithelium in zebrafish, demonstrating the
involvement of ERM protein in retina structure and function
(58). Our results indicate that the T558 phosphorylation of
moesin and the subsequent clustering of membrane protein
CD44 are involved in AGE-induced RMP migration, resulting
in the detachment of pericyte from microvessel and the damage
of vessel integrity.

The signaling pathways for AGE-induced cellular responses
have been explored in our serious studies. Using RAGE
antibody (29), dominant mutant RAGE (59), and RAGE
knockout mice (28, 60), respectively, we have demonstrated
that AGEs exert the effects on inducing microvascular
hyperpermeability and immature angiogenesis by binding
with RAGE, which results in subsequent activation of RhoA-
ROCK pathway. Activated ROCK could interact with moesin
and enhance AGE-induced moesinT558 phosphorylation (32).
While the express of RAGE has been confirmed in RMPs (61),
this AGE/RAGE binding is postulated in pericytes too. It have

Y27632+AGE-BSA

/
7

em+AGE-BSA ——

unoe-4/uissow-d/|dva

T558A+AGE-BSA__

Y27632

FIGURE 5 | Moesin phosphorylation triggers formation of actin stress fibers that colocalizes with the phospho-moesin. Phospho-moesin was identified by
immunostaining with a primary antibody, followed by FITC-conjugated secondary antibody (green). Rhodamine-phalloidin and DAPI were used to stain F-actin (red)
and nuclear DNA (blue), respectively. Results shown are representative images in at least three experiments. Scale bar, 30 um.

been reported that ROCK regulates moesin function (62) and
actin cytoskeleton organization (63). Inhibition of ROCK
signaling inhibits actin remodeling and ERM phosphorylation
in human colonic epithelial cells (64). The results in present
study indicate that AGEs induce RMP migration by triggering
the interaction between phospho-moesin and CD44 in a
process that also requires ROCK activity for moesin Thr558
phosphorylation. Taken together, these findings suggest that
AGE-induced RMP migration is related to decreasing cell-
cell contacts and increasing cell motility, which requires
cytoskeletal reorganization.

Our results implicating the interaction between phospho-
moesin and CD44 in pericyte loss extend the list of processes in
which interactions between phosphorylated ERM proteins and
CD44 drive changes in cell-cell contacts. These interactions, for
example, lead to loss of cell-cell contacts in epithelial-
mesenchymal transition of retinal pigment epithelial cells (65)
and during the generation of myofibroblasts (66). Glioma
progression involves the interaction of phospho-moesin with
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FIGURE 7 | Proposed mechanism of advanced glycation endproduct (AGE)-induced pericyte detachment. AGE triggers moesin phosphorylation at Thr558 via a
ROCK-mediated pathway, which promotes interaction between the phospho-moesin and CD44, leading to reorganization of the actin cytoskeleton, ultimately
resulting in AGE-induced pericyte drop out. The resulting reduction in contact between endothelium and pericytes and reduced recruitment of pericytes may

contribute to aberrant angiogenesis in proliferative diabetic retinopathy (PDR).

Frontiers in Endocrinology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 603450


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Moesin Phosphorylation in Pericyte Detachment

CD44 and the Wnt-B-catenin pathway (67). Phospho-ERM
binds to CD44 in a single pseudopod in myeloid cells (68), and
the CD44 binds in turn to hyaluronan in the extracellular matrix
(69, 70). Interaction between hyaluronan and CD44 in cancer
decreases endothelial cell-cell contacts (71), leading to
endothelial cells barrier disruption, which is an initial event of
aberrant angiogenesis in tumor. Future studies should co-culture
pericytes and endothelial cells in order to examine the role of
phospho-moesin/CD44 complexes in the recruitment of
pericytes to endothelial cells. Another interesting result is the
enhancement of CD44 expression by AGE-BSA treatment,
which deserves to be further explored.

The present study was motivated in large part by our previous
observation that AGE-induced moesin phosphorylation
promotes proliferation, migration, and tube formation by
human umbilical vein endothelial cells, leading to excessive
angiogenesis (24). Recently, we also demonstrated AGE-
induced moesin phosphorylation induces immature
angiogenesis in vivo and ex vivo mouse models (28).
Our present results suggest a new mechanism of AGE-induced
pericyte migration through moesin phosphorylation (Figure 7),
resulting in less pericyte coverage and disruption of vessel
integrity. AGE triggers moesin phosphorylation at Thr558 via
a ROCK-mediated pathway, which promotes interaction
between the phospho-moesin and CD44, leading to
reorganization of the actin cytoskeleton. The resulting
reduction in contact between endothelia and pericytes and
reduced recruitment of pericytes may contribute to aberrant
angiogenesis in PDR. These insights might establish a new target
for the management of immature vessel formation during the
development of diabetic retinopathy.

DATA AVAILABILITY STATEMENT

The datasets generated from this study will be made available by
the authors.

REFERENCES

1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet (2010)
376:124-36. doi: 10.1016/S0140-6736(09)62124-3

2. Leasher JL, Bourne RR, Flaxman SR, Jonas JB, Keefte ], Naidoo K, et al. Global
Estimates on the Number of People Blind or Visually Impaired by Diabetic
Retinopathy: A Meta-analysis From 1990 to 2010. Diabetes Care (2016)
39:1643-49. doi: 10.2337/dc15-2171

3. Lee R, Wong TY, Sabanayagam C. Epidemiology of diabetic retinopathy,
diabetic macular edema and related vision loss. Eye Vis (Lond) (2015) 2:17.
doi: 10.1186/540662-015-0026-2

4. Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl ] Med
(2012) 366:1227-39. doi: 10.1056/NEJMral005073

5. Lechner J, O’Leary OE, Stitt AW. The pathology associated with diabetic
retinopathy. Vision Res (2017) 139:7-14. doi: 10.1016/j.visres.2017.04.003

6. Ferland-McCollough D, Slater S, Richard ], Reni C, Mangialardi G. Pericytes,
an overlooked player in vascular pathobiology. Pharmacol Ther (2017)
171:30-42. doi: 10.1016/j.pharmthera.2016.11.008

7. Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, Niaudet C, et al.
Pericytes regulate the blood-brain barrier. Nature (2010) 468:557-61.
doi: 10.1038/nature09522

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Southern Medical University.

AUTHOR CONTRIBUTIONS

S-SZ and Q-BH conceived and designed research. S-SZ, J-QH,
X-HL, and L-XC performed experiments. S-SZ analyzed data,
prepared figures and drafted manuscripts. S-SZ and Q-BH
interpreted results of experiments. HC, X-HG, and Q-BH
edited and revised manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by National Natural Science Foundation
of China Grants 81370226, 81870210, and Guangdong Basic and
Applied Basic Research Foundation, 2019A1515012022.

ACKNOWLEDGMENTS

We thank Mrs Biying Zhou for providing technical support in
animal experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2020.
603450/full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Positive Staining of Desmin. Scale bar, 100 um.

SUPPLEMENTARY FIGURE 2 | Positive Staining of ERM and moesin. Scale bar,
100 pm.

8. Caporali A, Martello A, Miscianinov V, Maselli D, Vono R, Spinetti G.
Contribution of pericyte paracrine regulation of the endothelium to angiogenesis.
Pharmacol Ther (2017) 171:56-64. doi: 10.1016/j.pharmthera.2016.10.001

9. Teichert M, Milde L, Holm A, Stanicek L, Gengenbacher N, Savant S, et al.

Pericyte-expressed Tie2 controls angiogenesis and vessel maturation. Nat

Commun (2017) 8:16106. doi: 10.1038/ncomms16106

Hammes HP, Lin J, Renner O, Shani M, Lundqvist A, Betsholtz C, et al.

Pericytes and the pathogenesis of diabetic retinopathy. Diabetes (2002)

51:3107-12. doi: 10.2337/diabetes.51.10.3107

Klaassen I, Van Noorden CJ, Schlingemann RO. Molecular basis of the inner

blood-retinal barrier and its breakdown in diabetic macular edema and other

pathological conditions. Prog Retin Eye Res (2013) 34:19-48. doi: 10.1016/

jpreteyeres.2013.02.001

Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins A, et al. The

progress in understanding and treatment of diabetic retinopathy. Prog Retin

Eye Res (2016) 51:156-86. doi: 10.1016/j.preteyeres.2015.08.001

Puro DG, Kohmoto R, Fujita Y, Gardner TW, Padovani-Claudio DA.

Bioelectric impact of pathological angiogenesis on vascular function. Proc

Natl Acad Sci U S A (2016) 113:9934-39. doi: 10.1073/pnas.1604757113

Cao W, Hou FF, Nie ]. AOPPs and the progression of kidney disease. Kidney

Int Suppl (2011) (2014) 4:102-06. doi: 10.1038/kisup.2014.19

10.

11.

12.

13.

14.

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 603450


https://www.frontiersin.org/articles/10.3389/fendo.2020.603450/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2020.603450/full#supplementary-material
https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.2337/dc15-2171
https://doi.org/10.1186/s40662-015-0026-2
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.1016/j.visres.2017.04.003
https://doi.org/10.1016/j.pharmthera.2016.11.008
https://doi.org/10.1038/nature09522
https://doi.org/10.1016/j.pharmthera.2016.10.001
https://doi.org/10.1038/ncomms16106
https://doi.org/10.2337/diabetes.51.10.3107
https://doi.org/10.1016/j.preteyeres.2013.02.001
https://doi.org/10.1016/j.preteyeres.2013.02.001
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.1073/pnas.1604757113
https://doi.org/10.1038/kisup.2014.19
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Moesin Phosphorylation in Pericyte Detachment

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Pusparajah P, Lee LH, Abdul Kadir K. Molecular Markers of Diabetic
Retinopathy: Potential Screening Tool of the Future? Front Physiol (2016)
7:200. doi: 10.3389/fphys.2016.00200

Choudhuri S, Dutta D, Sen A, Chowdhury IH, Mitra B, Mondal LK, et al. Role
of N-epsilon- carboxy methyl lysine, advanced glycation end products and
reactive oxygen species for the development of nonproliferative and
proliferative retinopathy in type 2 diabetes mellitus. Mol Vis (2013) 19:100-
13. doi: 10.1016/j.diabres.2013.03.031

Katagiri M, Shoji ], Inada N, Kato S, Kitano S, Uchigata Y. Evaluation of
vitreous levels of advanced glycation end products and angiogenic factors as
biomarkers for severity of diabetic retinopathy. Int Ophthalmol (2018)
38:607-15. doi: 10.1007/s10792-017-0499-1

Xu J, Chen L], Yu ], Wang HJ, Zhang F, Liu Q, et al. Involvement of Advanced
Glycation End Products in the Pathogenesis of Diabetic Retinopathy. Cell
Physiol Biochem (2018) 48:705-17. doi: 10.1159/000491897

Kim J, Kim KM, Kim CS, Sohn E, Lee YM, Jo K, et al. Puerarin inhibits the
retinal pericyte apoptosis induced by advanced glycation end products in vitro
and in vivo by inhibiting NADPH oxidase-related oxidative stress. Free Radic
Biol Med (2012) 53:357-65. doi: 10.1016/j.freeradbiomed.2012.04.030

Kim YS, Kim J, Kim KM, Jung DH, Choi S, Kim CS, et al. Myricetin inhibits
advanced glycation end product (AGE)-induced migration of retinal pericytes
through phosphorylation of ERK1/2, FAK-1, and paxillin in vitro and in vivo.
Biochem Pharmacol (2015) 93:496-505. doi: 10.1016/j.bcp.2014.09.022
Pfister F, Feng Y, Vom Hagen F, Hoffmann S, Molema G, Hillebrands JL, et al.
Pericyte migration: a novel mechanism of pericyte loss in experimental
diabetic retinopathy. Diabetes (2008) 57:2495-502. doi: 10.2337/db08-0325
Fehon RG, McClatchey Al Bretscher A. Organizing the cell cortex: the role of
ERM proteins. Nat Rev Mol Cell Biol (2010) 11:276-87. doi: 10.1038/nrm2866
Parameswaran N, Gupta N. Re-defining ERM function in lymphocyte
activation and migration. Immunol Rev (2013) 256:63-79. doi: 10.1111/
imr.12104

Wang Q, Fan A, Yuan Y, Chen L, Guo X, Huang X, et al. Role of Moesin in
Advanced Glycation End Products-Induced Angiogenesis of Human
Umbilical Vein Endothelial Cells. Sci Rep (2016) 6:22749. doi: 10.1038/
srep22749

Solinet S, Mahmud K, Stewman SF, Ben EKK, Decelle B, Talje L, et al. The
actin-binding ERM protein Moesin binds to and stabilizes microtubules at the
cell cortex. J Cell Biol (2013) 202:251-60. doi: 10.1083/jcb.201304052
Ponuwei GA. A glimpse of the ERM proteins. | Biomed Sci (2016) 23:35.
doi: 10.1186/512929-016-0246-3

Matsui T, Maeda M, Doi Y, Yonemura S, Amano M, Kaibuchi K, et al. Rho-
kinase phosphorylates COOH-terminal threonines of ezrin/radixin/moesin
(ERM) proteins and regulates their head-to-tail association. J Cell Biol (1998)
140:647-57. doi: 10.1083/jcb.140.3.647

Chen L, Cui Y, Li B, Weng J, Wang W, Zhang S, et al. Advanced glycation end
products induce immature angiogenesis in in vivo and ex vivo mouse models. Am J
Physiol Heart Circ Physiol (2020) 318:H519-33. doi: 10.1152/ajpheart.00473.2019
Guo X, Wang L, Chen B, Li Q, Wang J, Zhao M, et al. ERM protein moesin is
phosphorylated by advanced glycation end products and modulates
endothelial permeability. Am ] Physiol Heart Circ Physiol (2009) 297:H238-
46. doi: 10.1152/ajpheart.00196.2009

Duterme C, Mertens-Strijthagen J, Tammi M, Flamion B. Two novel functions
of hyaluronidase-2 (Hyal2) are formation of the glycocalyx and control of
CD44-ERM interactions. J Biol Chem (2009) 284:33495-508. doi: 10.1074/
jbc.M109.044362

Sakimoto S, Marchetti V, Aguilar E, Lee K, Usui Y, Murinello S. etal. CD44
expression in endothelial colony-forming cells regulates neurovascular trophic
effect. JCI Insight (2017) 2:e89906. doi: 10.1172/jci.insight.89906

Wang J, Liu H, Chen B, Li Q, Huang X, Wang L, et al. RhoA/ROCK-
dependent moesin phosphorylation regulates AGE-induced endothelial
cellular response. Cardiovasc Diabetol (2012) 11:7. doi: 10.1186/1475-2840-11-7
Hou FF, Miyata T, Boyce ], Yuan Q, Chertow GM, Kay J, et al. beta(2)-
Microglobulin modified with advanced glycation end products delays
monocyte apoptosis. Kidney Int (2001) 59:990-1002. doi: 10.1046/j.1523-
1755.2001.059003990.x

Liu G, Meng C, Pan M, Chen M, Deng R, Lin L, et al. Isolation, purification,
and cultivation of primary retinal microvascular pericytes: a novel model
using rats. Microcirculation (2014) 21:478-89. doi: 10.1111/micc.12121

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jeon S, Park JK, Bae CD, Park J. NGF-induced moesin phosphorylation is
mediated by the PI3K, Racl and Akt and required for neurite formation in
PC12 cells. Neurochem Int (2010) 56:810-18. doi: 10.1016/j.neuint.2010.03.005
LiQ, Liu H, DuJ, Chen B, Li Q, Guo X, et al. Advanced glycation end products
induce moesin phosphorylation in murine brain endothelium. Brain Res
(2011) 1373:1-10. doi: 10.1016/j.brainres.2010.12.032

Wang L, Li Q, Du J, Chen B, Li Q, Huang X, et al. Advanced glycation end
products induce moesin phosphorylation in murine retinal endothelium. Acta
Diabetol (2012) 49:47-55. doi: 10.1007/s00592-011-0267-z

Cai W, Liu H, Zhao J, Chen LY, Chen J, Lu Z, et al. Pericytes in Brain Injury
and Repair After Ischemic Stroke. Transl Stroke Res (2017) 8:107-21.
doi: 10.1007/s12975-016-0504-4

Takata F, Dohgu S, Matsumoto J, Takahashi H, Machida T, Wakigawa T, et al.
Brain pericytes among cells constituting the blood-brain barrier are highly
sensitive to tumor necrosis factor-alpha, releasing matrix metalloproteinase-9
and migrating in vitro. ] Neuroinflammation (2011) 8:106. doi: 10.1186/1742-
2094-8-106

Duz B, Oztas E, Erginay T, Erdogan E, Gonul E. The effect of moderate
hypothermia in acute ischemic stroke on pericyte migration: an ultrastructural
study. Cryobiology (2007) 55:279-84. doi: 10.1016/j.cryobiol.2007.08.009
Goritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O, Frisen J. A pericyte
origin of spinal cord scar tissue. Science (2011) 333:238-42. doi: 10.1126/
science.1203165

Dubrac A, Kunzel SE, Kunzel SH, Li J, Chandran RR, Martin K, et al. NCK-
dependent pericyte migration promotes pathological neovascularization in
ischemic retinopathy. Nat Commun (2018) 9:3463. doi: 10.1038/s41467-018-
05926-7

Kim J, Jo K, Lee IS, Kim CS, Kim JS. The Extract of Aster Koraiensis Prevents
Retinal Pericyte Apoptosis in Diabetic Rats and Its Active Compound,
Chlorogenic Acid Inhibits AGE Formation and AGE/RAGE Interaction.
Nutrients (2016) 8(9):585. doi: 10.3390/nu8090585

Park SW, Yun JH, Kim JH, Kim KW, Cho CH, Kim JH. Angiopoietin 2
induces pericyte apoptosis via alpha3betal integrin signaling in diabetic
retinopathy. Diabetes (2014) 63:3057-68. doi: 10.2337/db13-1942

Price TO, Sheibani N, Shah GN. Regulation of high glucose-induced apoptosis
of brain pericytes by mitochondrial CA VA: A specific target for prevention of
diabetic cerebrovascular pathology. Biochim Biophys Acta Mol Basis Dis
(2017) 1863:929-35. doi: 10.1016/j.bbadis.2017.01.025

Suarez S, McCollum GW, Jayagopal A, Penn JS. High Glucose-induced
Retinal Pericyte Apoptosis Depends on Association of GAPDH and Siahl.
J Biol Chem (2015) 290:28311-20. doi: 10.1074/jbc.M115.682385

Hammes HP, Lin J, Wagner P, Feng Y, Vom Hagen F, Krzizok T. etal.
Angiopoietin-2 causes pericyte dropout in the normal retina: evidence for
involvement in diabetic retinopathy. Diabetes (2004) 53:1104-10.
doi: 10.2337/diabetes.53.4.1104

Kowluru RA, Odenbach S. Effect of long-term administration of alpha-lipoic
acid on retinal capillary cell death and the development of retinopathy in
diabetic rats. Diabetes (2004) 53:3233-38. doi: 10.2337/diabetes.53.12.3233
Yamazaki T, Nalbandian A, Uchida Y, Li W, Arnold TD, Kubota Y. etal.
Tissue Myeloid Progenitors Differentiate into Pericytes through TGF-beta
Signaling in Developing Skin Vasculature. Cell Rep (2017) 18:2991-3004.
doi: 10.1016/j.celrep.2017.02.069

Dias Moura Prazeres PH, Sena IFG, Borges IDT, de Azevedo PO, Andreotti
JP, de Paiva AE, et al. Pericytes are heterogeneous in their origin within the
same tissue. Dev Biol (2017) 427:6-11. doi: 10.1016/j.ydbio.2017.05.001
Dore-Dufty P, Cleary K. Morphology and properties of pericytes. Methods
Mol Biol (2011) 686:49-68. doi: 10.1007/978-1-60761-938-3_2

Smith SW, Chand S, Savage CO. Biology of the renal pericyte. Nephrol Dial
Transplant (2012) 27:2149-55. doi: 10.1093/ndt/gfs134

Yotsumoto F, You WK, Cejudo-Martin P, Kucharova K, Sakimura K, Stallcup
WB. NG2 proteoglycan-dependent recruitment of tumor macrophages
promotes pericyte-endothelial cell interactions required for brain tumor
vascularization. Oncoimmunology (2015) 4:¢1001204. doi: 10.1080/
2162402X.2014.1001204

Stark K, Eckart A, Haidari S, Tirniceriu A, Lorenz M, von Bruhl ML, et al.
Capillary and arteriolar pericytes attract innate leukocytes exiting through
venules and ‘instruct’ them with pattern-recognition and motility programs.
Nat Immunol (2013) 14:41-51. doi: 10.1038/ni.2477

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 603450


https://doi.org/10.3389/fphys.2016.00200
https://doi.org/10.1016/j.diabres.2013.03.031
https://doi.org/10.1007/s10792-017-0499-1
https://doi.org/10.1159/000491897
https://doi.org/10.1016/j.freeradbiomed.2012.04.030
https://doi.org/10.1016/j.bcp.2014.09.022
https://doi.org/10.2337/db08-0325
https://doi.org/10.1038/nrm2866
https://doi.org/10.1111/imr.12104
https://doi.org/10.1111/imr.12104
https://doi.org/10.1038/srep22749
https://doi.org/10.1038/srep22749
https://doi.org/10.1083/jcb.201304052
https://doi.org/10.1186/s12929-016-0246-3
https://doi.org/10.1083/jcb.140.3.647
https://doi.org/10.1152/ajpheart.00473.2019
https://doi.org/10.1152/ajpheart.00196.2009
https://doi.org/10.1074/jbc.M109.044362
https://doi.org/10.1074/jbc.M109.044362
https://doi.org/10.1172/jci.insight.89906
https://doi.org/10.1186/1475-2840-11-7
https://doi.org/10.1046/j.1523-1755.2001.059003990.x
https://doi.org/10.1046/j.1523-1755.2001.059003990.x
https://doi.org/10.1111/micc.12121
https://doi.org/10.1016/j.neuint.2010.03.005
https://doi.org/10.1016/j.brainres.2010.12.032
https://doi.org/10.1007/s00592-011-0267-z
https://doi.org/10.1007/s12975-016-0504-4
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1016/j.cryobiol.2007.08.009
https://doi.org/10.1126/science.1203165
https://doi.org/10.1126/science.1203165
https://doi.org/10.1038/s41467-018-05926-7
https://doi.org/10.1038/s41467-018-05926-7
https://doi.org/10.3390/nu8090585
https://doi.org/10.2337/db13-1942
https://doi.org/10.1016/j.bbadis.2017.01.025
https://doi.org/10.1074/jbc.M115.682385
https://doi.org/10.2337/diabetes.53.4.1104
https://doi.org/10.2337/diabetes.53.12.3233
https://doi.org/10.1016/j.celrep.2017.02.069
https://doi.org/10.1016/j.ydbio.2017.05.001
https://doi.org/10.1007/978-1-60761-938-3_2
https://doi.org/10.1093/ndt/gfs134
https://doi.org/10.1080/2162402X.2014.1001204
https://doi.org/10.1080/2162402X.2014.1001204
https://doi.org/10.1038/ni.2477
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhang et al.

Moesin Phosphorylation in Pericyte Detachment

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Soderblom C, Luo X, Blumenthal E, Bray E, Lyapichev K, Ramos J. etal.
Perivascular fibroblasts form the fibrotic scar after contusive spinal cord injury. J
Neurosci (2013) 33:13882-87. doi: 10.1523/J]NEUROSCI.2524-13.2013

Cai J, Ruan Q, Chen ZJ, Han S. Connection of pericyte-angiopoietin-Tie-2
system in diabetic retinopathy: friend or foe? Future Med Chem (2012)
4:2163-76. doi: 10.4155/fmc.12.170

Falcon BL, Hashizume H, Koumoutsakos P, Chou J, Bready JV, Coxon A,
et al. Contrasting actions of selective inhibitors of angiopoietin-1 and
angiopoietin-2 on the normalization of tumor blood vessels. Am ] Pathol
(2009) 175:2159-70. doi: 10.2353/ajpath.2009.090391

Jensen AM, Westerfield M. Zebrafish mosaic eyes is a novel FERM protein
required for retinal lamination and retinal pigmented epithelial tight junction
formation. Curr Biol (2004) 14:711-17. doi: 10.1016/j.cub.2004.04.006

Zhou X, Weng J, Xu J, Xu Q, Wang W, Zhang W, et al. Mdial is Crucial for
Advanced Glycation End Product-Induced Endothelial Hyperpermeability.
Cell Physiol Biochem (2018) 45:1717-30. doi: 10.1159/000487780

Zhang W, Xu Q, Wu J, Zhou X, Weng J, Xu J, et al. Role of Src in Vascular
Hyperpermeability Induced by Advanced Glycation End Products. Sci Rep
(2015) 5:14090. doi: 10.1038/srep14090

Kim J, Kim CS, Sohn E, Kim JS. Cytoplasmic translocation of high-mobility
group box-1 protein is induced by diabetes and high glucose in retinal
pericytes. Mol Med Rep (2016) 14:3655-61. doi: 10.3892/mmr.2016.5702
Park JM, Han YM, Jeong M, Chung MH, Kwon CI, Ko KH, et al. Synthetic 8-
hydroxydeoxyguanosine inhibited metastasis of pancreatic cancer through
concerted inhibitions of ERM and Rho-GTPase. Free Radic Biol Med (2017)
110:151-61. doi: 10.1016/j.freeradbiomed.2017.06.003

Kalpachidou T, Spiecker L, Kress M, Quarta S. Rho GTPases in the Physiology
and Pathophysiology of Peripheral Sensory Neurons. Cells (2019) 8(6):591.
doi: 10.3390/cells8060591

Rebillard A, Jouan-Lanhouet S, Jouan E, Legembre P, Pizon M, Sergent O. etal.
Cisplatin-induced apoptosis involves a Fas-ROCK-ezrin-dependent actin
remodelling in human colon cancer cells. Eur ] Cancer (2010) 46:1445-55.
doi: 10.1016/j.ejca.2010.01.034

Takahashi E, Nagano O, Ishimoto T, Yae T, Suzuki Y, Shinoda T. etal. Tumor
necrosis factor-alpha regulates transforming growth factor-beta-dependent

66.

67.

68.

69.

70.

71.

epithelial-mesenchymal transition by promoting hyaluronan-CD44-moesin
interaction. J Biol Chem (2010) 285:4060-73. doi: 10.1074/jbc.M109.056523
Buckley ST, Medina C, Kasper M, Ehrhardt C, Interplay between RAGE.
CD44, and focal adhesion molecules in epithelial-mesenchymal transition of
alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol (2011) 300:L548—
59. doi: 10.1152/ajplung.00230.2010

Zhu X, Morales FC, Agarwal NK, Dogruluk T, Gagea M, Georgescu MM.
Moesin is a glioma progression marker that induces proliferation and Wnt/
beta-catenin pathway activation via interaction with CD44. Cancer Res (2013)
73:1142-55. doi: 10.1158/0008-5472.CAN-12-1040

Brown KL, Birkenhead D, Lai JC, Li L, Li R, Johnson P. Regulation of
hyaluronan binding by F-actin and colocalization of CD44 and
phosphorylated ezrin/radixin/moesin (ERM) proteins in myeloid cells. Exp
Cell Res (2005) 303:400-14. doi: 10.1016/j.yexcr.2004.10.002

Karousou E, Misra S, Ghatak S, Dobra K, Gotte M, Vigetti D. etal. Roles and
targeting of the HAS/hyaluronan/CD44 molecular system in cancer. Matrix
Biol (2017) 59:3-22. doi: 10.1016/j.matbi0.2016.10.001

Vigetti D, Karousou E, Viola M, Deleonibus S, De Luca G, Passi A.
Hyaluronan: biosynthesis and signaling. Biochim Biophys Acta (2014)
1840:2452-59. doi: 10.1016/j.bbagen.2014.02.001

Singleton PA. Hyaluronan regulation of endothelial barrier function in cancer.
Adv Cancer Res (2014) 123:191-209. doi: 10.1016/B978-0-12-800092-
2.00007-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang, Hu, Liu, Chen, Chen, Guo and Huang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 603450


https://doi.org/10.1523/JNEUROSCI.2524-13.2013
https://doi.org/10.4155/fmc.12.170
https://doi.org/10.2353/ajpath.2009.090391
https://doi.org/10.1016/j.cub.2004.04.006
https://doi.org/10.1159/000487780
https://doi.org/10.1038/srep14090
https://doi.org/10.3892/mmr.2016.5702
https://doi.org/10.1016/j.freeradbiomed.2017.06.003
https://doi.org/10.3390/cells8060591
https://doi.org/10.1016/j.ejca.2010.01.034
https://doi.org/10.1074/jbc.M109.056523
https://doi.org/10.1152/ajplung.00230.2010
https://doi.org/10.1158/0008-5472.CAN-12-1040
https://doi.org/10.1016/j.yexcr.2004.10.002
https://doi.org/10.1016/j.matbio.2016.10.001
https://doi.org/10.1016/j.bbagen.2014.02.001
https://doi.org/10.1016/B978-0-12-800092-2.00007-1
https://doi.org/10.1016/B978-0-12-800092-2.00007-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Role of Moesin Phosphorylation in Retinal Pericyte Migration and Detachment Induced by Advanced Glycation Endproducts
	Introduction
	Materials and Methods
	Chemicals
	Preparation of Advanced Glycation Endproduct-Bovine Serum Albumin
	Animals
	Isolation and Identification of Retinal Microvascular Pericytes
	Retinal Microvascular Pericyte Viability Assay
	Retinal Microvascular Pericyte Migration Assay
	Western Blot Analysis
	Co-Immunoprecipitation of CD44 and Phospho-Moesin
	Site-Specific Mutagenesis of Moesin and Transfection of Plasmids Into Retinal Microvascular Pericytes
	Immunofluorescence Microscopy
	Statistical Analysis

	Results
	Identification of Retinal Microvascular Pericytes in Primary Cultures
	Dose- and Time-Dependent Effects of Advanced Glycation Endproduct-Bovine Serum Albumin on Retinal Microvascular Pericyte Viability and Migration
	The Application of Advanced Glycation Endproduct-Bovine Serum Albumin Induces Moesin Phosphorylation in Retinal Microvascular Pericytes
	Advanced Glycation Endproduct-Induced Migration of Retinal Microvascular Pericytes Involves Moesin Phosphorylation at Thr558
	Rho-Associated Protein Kinase Is Involved in Advanced Glycation Endproduct-Induced Moesin Phosphorylation and Retinal Microvascular Pericyte Migration
	Moesin Phosphorylation Triggers Formation of Actin Stress Fibers That Colocalize With the Phospho-Moesin
	Advanced Glycation Endproducts Up-Regulate Expression of CD44 and Its Binding to Phospho-Moesin

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


