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Purpose: The calcium-binding protein S100A4 is implicated in cancer cell invasion and metastasis, the stimulation
of angiogenesis, the progression of fibrosis, and inflammatory disorders. We investigated the expression of S100A4
and correlated it with clinical disease activity as well as with the levels of osteopontin (OPN), soluble syndecan-1, and
vascular endothelial growth factor (VEGF) in proliferative diabetic retinopathy (PDR). To reinforce the findings at the
functional level, we examined the expressions of SI00A4 and OPN in the retinas of diabetic rats and in human retinal
microvascular endothelial cells (HRMECs) following exposure to VEGF and the proinflammatory cytokine tumor
necrosis factor-o (TNF-a).

Methods: Vitreous samples from 30 PDR and 30 nondiabetic patients, epiretinal membranes from 14 patients with PDR,
the retinas of rats, and HRMECs were studied by enzyme-linked immunosorbent assay (ELISA), immunohistochemistry,
western blot analysis, and co-immunoprecipitation.

Results: ELISA revealed a significant increase in the expressions of SI00A4, OPN, soluble syndecan-1, and VEGF in
vitreous samples from PDR patients compared to nondiabetic controls (p = 0.001; <0.001; <0.001; <0.001, respectively).
Significant positive correlations were found between the levels of SI00A4, OPN (r = 0.52, p = <0.001), soluble syndecan-1
(r=0.37, p = 0.012), and VEGF (r = 0.29, p = 0.044). In epiretinal membranes, SI00A4 was expressed in the vascular
endothelial cells and stromal CD45-expressing leukocytes. A significant positive correlation was detected between
the number of blood vessels expressing CD31 and the number of stromal cells expressing S100A4 (r = 0.77, p = 0.001).
Western blot analysis revealed a significant increase in the expressions of S100A4 and both intact and cleaved OPN in
vitreous samples from PDR patients compared to nondiabetic controls, as well as in the retinas of diabetic rats. Co-
immunoprecipitation studies revealed a positive interaction between S100A4 and the receptor for advanced glycation
end products (RAGE) in the retinas of diabetic rats. TNF-a—but not VEGF—induced the upregulations of SI00A4 and
both intact and cleaved OPN in HRMECs.

Conclusions: S100A4 represents a valuable vitreous marker molecule in the pathogenesis of PDR and might become a

new target for the treatment of PDR.

Ischemia-induced angiogenesis and the expansion of the
extracellular matrix (ECM) in association with the outgrowth
of fibrovascular epiretinal membranes at the vitreoretinal
interface are the pathological hallmarks of proliferative
diabetic retinopathy (PDR). The formation of fibrovascular
tissue often leads to severe visual loss due to a vitreous
hemorrhage or a tractional retinal detachment (RD). Chronic,
low-grade subclinical inflammation is responsible for many
of the vascular lesions associated with PDR [1,2]. Persistent
inflammation and neovascularization are critical for PDR
progression. Recently, it was demonstrated that the processes
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of inflammation and angiogenesis are closely interconnected
[3.4]. In several studies, the overexpressions of proinflam-
matory, proangiogenic, and profibrogenic growth factors and
cytokines has been demonstrated in PDR [5-8].

Angiogenesis, the sprouting of new blood vessels from
preexisting blood vessels, is a multistep process requiring
the degradation of the basement membranes and the ECM, as
well as of endothelial cell migration, proliferation, and tube
formation [9]. Vascular endothelial growth factor (VEGF) is
the main angiogenic factor in PDR that promotes neovascu-
larization and vascular leakage [10]. The angiogenic switch
involves, in part, the proteolytic degradation of basement
membranes and ECM components by matrix metalloprotein-
ases (MMPs). Recent reports demonstrated increased expres-
sions of MMP-1, MMP-7, and MMP-9 in the vitreous fluids
of patients with PDR [11]. Similar to other chronic forms of
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inflammation, it is likely that other factors also function as
regulators of inflammation, angiogenesis, and fibrosis in
PDR, and the identification and characterization of these
factors may result in the development of additional diagnostic
markers and therapeutic agents. Several proinflammatory,
proangiogenic, and profibrogenic factors may be linked to
the development and progression of PDR, including S100A4,
osteopontin (OPN), and soluble syndecan-1.

S100A4, also known as metastasis-associated protein mts
1, is a calcium-binding protein associated with the invasion
and metastasis of cancer cells, and it has been reported to be
frequently overexpressed in metastatic tumors and in several
types of cancers [12-14]. SI00A4 is a well-established marker
of tumor progression, invasion, and metastasis formation,
as well as of prognosis in various human cancers [14,15].
Recently, SI00A4 has been implicated in the progression
of fibrosis in various organs [16-21] and has been linked to
inflammatory disorders, such as rheumatoid arthritis [22-24].
The common feature of all these pathological conditions is
that both inflammation and fibrosis are involved. These
processes also depend on tissue remodeling and cell motility
[25]. S100A4 is localized in the nucleus, cytoplasm, and
extracellular space and it possesses a wide range of biologic
functions, such as the regulations of cell motility, migration,
proliferation, invasion, and survival, as well as the stimulation
of angiogenesis and the remodeling of the ECM [14,25,26].
In the extracellular space, SI00A4 has been reported to
interact with the receptor for advanced glycation end prod-
ucts (RAGE). Intracellularly, it activates transcription factors,
such as nuclear factor kappa B (NF-«xB) [13,14,25]. It has
been reported that the SI00A4 gene controls the invasive-
ness, growth, angiogenesis, and metastasis of several types
of cancers through the transcriptional activation of MMP-9
[12,13,27]. In addition, it was demonstrated that the SI00A4-
induced angiogenesis of cancer cells was, in part, through
the VEGF pathway [27], that the SI00A4-positive stromal
cells support metastatic colonization via production of VEGF,
and that S100A4-positive stromal cell-derived VEGF appears
important to the establishment of an angiogenic microenvi-
ronment at the site of metastasis [28].

OPN is a phosphorylated acidic arginine-glycine-
aspartate (RGD)-containing glycoprotein that exists both
as an immobilized ECM component and as a soluble multi-
functional proinflammatory cytokine, which play important
roles in promoting inflammation [29,30], tissue remodeling,
fibrosis [29,31-34], and angiogenesis [35-38]. Many of these
effects are mediated by the binding of OPN to CD44 recep-
tors and the surface integrin receptor avf3 [35,36,39]. Several
studies reported that the proinflammatory cytokine OPN is
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a hyperglycemia-induced cytokine and that OPN plays a
role in the development of diabetic vascular inflammatory
complications [29,40-42]. Recent reports demonstrated
that OPN increases VEGF expressions in several cell types
[35,43]. A recent study demonstrated that SI00A4 induces
NF-kB-dependent expressions and secretions of OPN in
osteosarcoma cell lines [44]. These findings suggest that OPN
may be a molecular mechanism related to SI00A4 signaling.

Syndecans are a small family of type 1 transmembrane
heparan sulfate-bearing proteoglycans. The four mamma-
lian members—syndecan-1 to syndecan-4—all comprise
an ectodomain, a single transmembrane domain, and a short
cytoplasmic domain [45]. The ectodomains of the syndecans
are constitutively shed to a small degree under physi-
ologic conditions, but this may be dramatically increased in
response to stimuli [45]. Such ectodomain shedding gener-
ates soluble ectodomains that can function as paracrine or
autocrine effectors. Evidence indicates that several MMPs,
including MMP-2, MMP-3, MMP-7, and MMP-9, cleave the
ectodomains of syndecan-1, thereby releasing it from the cell
surface as an intact extracellular ectodomain bearing heparan
sulfate chains [46]. Soluble (shed) syndecan-1 can actively
promote inflammation, angiogenesis, tumor cell growth, and
metastasis [46].

Given the key roles of S100A4, OPN, and soluble
syndecan-1 in inflammation, angiogenesis, and fibrosis, we
hypothesized that these molecules may be involved in the
pathogenesis of PDR. To test this hypothesis, we investigated
the expressions of SI00A4, OPN, and soluble syndecan-1 in
the vitreous fluids and epiretinal membranes of patients with
PDR, and their levels were correlated with the levels of the
angiogenic factor VEGF. In addition to corroborating a func-
tional link between these molecules in diabetes, we investi-
gated the expressions of SI00A4 and OPN in the retinas of
diabetic rats and in human retinal microvascular endothelial
cells (HRMEC:) following exposure to VEGF and the proin-
flammatory cytokine tumor necrosis factor-o (TNF-a).

METHODS

Vitreous samples and epiretinal membrane specimens:
Undiluted vitreous fluid samples (0.3—0.6 ml) were obtained
from 30 patients with PDR during pars plana vitrectomy.
The indications for vitrectomy were tractional RD or
a nonclearing vitreous hemorrhage. The control group
consisted of 30 patients who had undergone vitrectomy for
the treatment of rhegmatogenous RD with no proliferative
vitreoretinopathy. Controls were free from systemic disease.
Vitreous samples were collected undiluted by manual suction
into a syringe through the aspiration line of the vitrectomy
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unit before opening the infusion line. The samples were
centrifuged (700 xg for 10 min, 4 °C), and the supernatants
were aliquoted and frozen at —80 °C until assay. Epiretinal
fibrovascular membranes were obtained from 14 patients with
PDR during pars plana vitrectomy for the repair of tractional
RD. Membranes were fixed for 2 h in 10% formalin solution
and embedded in paraffin. The severity of retinal neovascular
activity was graded clinically at the time of vitrectomy using
previously published criteria [47]. Neovascularization was
considered active if there were visibly new perfused vessels
on the retina or optic disc, as well as if it was present within
the tractional epiretinal membranes. Neovascularization was
considered inactive (involuted) if only nonvascularized white
fibrotic epiretinal membranes were present.

The study was conducted according to the tenets of the
Declaration of Helsinki. All the patients were candidates for
vitrectomy as a surgical procedure. All patients provided
preoperative informed written consent and approved the
use of the excised epiretinal membranes and vitreous fluids
for further analysis and clinical research. The study design
and the protocol were approved by the Research Centre and
Institutional Review Board of the College of Medicine, King
Saud University.

Rat streptozotocin-induced diabetes model: All procedures
with animals were performed in accordance with the ARVO
statement on the use of animals in ophthalmic and vision
research and were approved by the Institutional Animal Care
and Use Committee of the College of Pharmacy, King Saud
University. Adult male Sprague-Dawley rats, at 8—9 weeks
of age and weighing in the range of 220-250 g, were over-
night fasted and injected with streptozotocin (STZ; 65 mg/
kg in 50 mM sodium citrate buffer, pH 4.5; Sigma, St. Louis,
MO) intraperitoneally. Equal volumes of citrate buffer were
injected into the control non-diabetic animals. Measurements
of blood glucose concentrations and body weight were taken
3 days after injection of STZ. Diabetes was confirmed by
assaying the glucose concentration in blood taken from
the tail vein. Rats with glucose levels greater than 250 mg/
dl were categorized as diabetic. After 4 weeks of diabetes,
animals were anesthetized by intraperitoneal injection of an
overdose of chloral hydrate and sacrificed by decapitation.
Retinas were dissected, flash frozen, and stored at =70 °C
until use. Similarly, retinas were obtained from age-matched
nondiabetic control rats.

Cell culture: Primary HRMECs were purchased from
Cell Systems Corporation (Kirkland, WA), maintained in
complete serum-free media (Cat. No. SF-4Z0-500, Cell
System Corporation), and supplemented with recombinant
RocketFuel (Cat No. SF-4Z0-500, Cell System Corporation),
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CultureBoost (Cat. No. 4CB-500, Cell System Corporation),
and antibiotics (Cat. No. 4Z0-643, Cell System Corporation)
at 37 °C in a humidified atmosphere with 5% CO,. We used
HRMEC:s up to passage 8 for all the experiments. When the
HRMECSs became about 80% confluent, cells were starved in
a medium without growth factors (RocketFuel and Culture-
Boost) overnight to eliminate any residual effects of the
growth factors. Following starvation, HRMECs were either
left untreated or treated with 30 ng/ml of TNF-a (Cat. No.
210-A-050, R&D Systems, Minneapolis, MN) or 10 ng/ml
of VEGF (Cat. No. 298-VS025, R&D Systems). The medium
was replaced along with the respective cytokines every 48
h. Cells were harvested after 6 days for an analysis of the
expression levels of the OPN and S100A4 proteins.

Enzyme-linked immunosorbent assay: An enzyme-linked
immunosorbent assay (ELISA) kit for human S100A4 (Human
CircuLex S100A4, Cat No: CY-8086) was purchased from
CycLex Co., Ltd., Ina, Japan. ELISA kits for human VEGF
(Cat No: SVE00), human syndecan-1 (Cat No: DY2780), and
human OPN (Cat No: DY1433) were purchased from R&D
Systems. The minimum detection limit for the S100A4 and
VEGF ELISA kits were 0.282 ng/mL and 9 pg/ml, respec-
tively. The ELISA plate readings were done using a Stat
Fax-4200 microplate reader from Awareness Technology,
Inc., Palm City, FL.

Measurements of S10044, OPN, soluble syndecan-1, and
VEGF: The quantification of human S100A4, OPN, soluble
syndecan-1, and VEGF in vitreous fluids was determined
using ELISA kits according to the manufacturer’s instruc-
tions. For each ELISA kit, the undiluted standard was served
as the highest standard and calibrator diluents were served as
the zero standard. Depending on the detection range for each
ELISA kit, vitreous fluid samples were adequately diluted
with calibrator diluents supplied with each ELISA kit.

For the measurements of S1I00A4 and OPN, respectively,
100 pl of 4-fold and 1,000-fold diluted vitreous samples were
analyzed with the respective ELISA assays. For the measure-
ment of soluble syndecan-1 and VEGF, 100 pl of undiluted
vitreous samples were used. As instructed in the kit manual,
samples were incubated into each well of the ELISA plates.
Antibodies against SI00A4, OPN, soluble syndecan-1, and
VEGF conjugated to horseradish peroxidase (HRP) were
added to each well of the ELISA plates. After incubation,
a substrate mix solution was added for color development.
The reaction was stopped by the addition of 2N sulfuric acid
(R&D Systems), and the optical density was read at 450 nm in
a microplate reader. Each assay was performed in duplicate.
Using the 4-parameter fit logistic (4-PL) curve equation, the
actual concentration of each sample was calculated. For the

1211


http://www.molvis.org/molvis/v20/1209

Molecular Vision 2014; 20:1209-1224 <http:/www.molvis.org/molvis/v20/1209>

diluted vitreous fluids, the correction read from the standard
curve obtained using 4-PL was multiplied by the dilution
factor to calculate the actual reading for each sample.

Western blot analysis: Retinas from diabetic and control
rats were homogenized in western blot lysis buffer (30 mM
Tris-HCI; pH 7.5, 5 mM EDTA, 1% Triton X-100, 250 mM
sucrose, | mM Sodium vanadate, and protease inhibitor
cocktail). The protease inhibitor used was “Complete without
EDTA” (Roche, Mannheim, Germany). The homogenates
were centrifuged at 14,000 xg for 15 min at 4 °C and the
supernatants were used for protein estimation and further
analysis. HRMECs—treated either with TNF-o or VEGF for
6 days or untreated—were harvested and lysed with RIPA
buffer (50 mM Tris/HCI [pH 7.5], 150 mM NacCl, 1% (v/v)
Nonidet P40 (NP-40), 0.5% Sodium deoxycholate, 0.1% SDS,
and protease inhibitor). Whole-cell extracts from different
groups were centrifuged at 14,000xg for 15 min at 4 °C. The
supernatants were collected and protein concentrations were
measured using a DC protein assay kit (Bio-Rad Laborato-
ries, Hercules, CA). For a determination of the expressions
of OPN and S100A4, equal amounts of protein (45-60 ug)
were subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) with 8-12% gel. To determine the expression
levels of SI00A4 and OPN in the vitreous samples, equal
volumes of vitreous samples were boiled in 2X Laemmli’s
sample buffer (1:1, v/v) under reducing conditions for 10
min. Equal volumes of lysis solution (15 pl) were loaded and
separated by 10—-12% SDS-PAGE. Separated proteins were
transferred onto nitrocellulose membranes. Nonspecific
binding sites were blocked for 1 h at room temperature in
a blocking buffer (5% non-fat dry milk in PBS and 0.02%
Tween-20). Blots were then incubated at 4 °C overnight using
the following primary antibodies: SI00A4 (1:500; sc-292281;
Santa Cruz Biotechnology Inc., Santa Cruz, CA) and an anti-
OPN antibody (1:1000; ab-8448; Abcam, Cambridge, UK).
Three PBS-T washings (5 min each) were performed before
respective secondary antibody treatment at room tempera-
ture for 1 h. Finally, immunodetection was performed with
the chemiluminescense western blotting luminol reagent
(sc-2048; Santa Cruz Biotechnology Inc.). Membranes were
stripped and reprobed with B-actin (1:2000; sc-47778; Santa
Cruz Biotechnology Inc.) to evaluate sample processing and
the lane-loading controls. Bands were visualized with the
use of a high-performance chemiluminescence machine (G:
Box Chemi-XX8 from Syngene, Synoptic Ltd. Cambridge,
UK), and the intensities were quantified using the GeneTools
software (Syngene by Synoptic Ltd.). To ascertain a similar
protein loading for a western blot analysis of vitreous fluid
samples, Coomassie brilliant blue staining for proteins was
used. Equal volumes of vitreous fluid samples (10 pl) were
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separated by SDS-PAGE in 10% gel, and all proteins in the
resultant gel were visualized after staining.

Co-immunoprecipitation: Retina tissue was homogenized
in 30 mM of Tris-HCI lysis buffer (pH 7.5) containing
10 mM EGTA, 5 mM EDTA, 1% Triton X-100, 250 mM
sucrose, | mM NaF, 1 mM phenylmethylsulfonyl fluoride,
1 mM Na,VO,, and protease inhibitor. Protein (150pg) was
incubated overnight at 4 °C with 2 pug of the anti-S100A4
antibody and the normal rabbit IgG control antibody (Cat.
No. AB-105-C, R&D Systems). Prewashed protein A/G plus
agarose beads (20 pl of bead slurry; Santa Cruz Biotech-
nology, Inc.) were then added to the mixture and rolled for
1 h at 4 °C. After centrifugation, immunoprecipitates were
washed 4X with lysis buffer. After the last wash, the resultant
pellets were resuspended in 20 pl of 2X Laemmli’s sample
buffer and then denatured for 5 min at 95 °C, separated by
gel electrophoresis, and transferred to polyvinyl difluoride
membranes. This was followed by immunoblotting with an
anti-RAGE antibody (1:500; sc-5563; Santa Cruz Biotech-
nology Inc.) and detection with chemiluminescence plus a
Luminol HRP substrate. To evaluate the lane-loading control,
the blots were stripped and the S100A4 protein was detected
with the anti-S100A4 antibody.

Immunohistochemical staining: For CD31, antigen retrieval
was performed by boiling the sections in a citrate-based
buffer (pH 5.9-6.1; BOND Epitope Retrieval Solution 1;
Leica) for 10 min. For SI00A4 and CD45 detection, antigen
retrieval was performed by boiling the sections in a Tris/
EDTA buffer (pH 9; BOND Epitope Retrieval Solution 2;
Leica) for 20 min. Subsequently, the sections were incubated
for 60 min with mouse monoclonal anti-CD31 (ready-to-use;
clone JC70A; Dako, Glostrup, Denmark), mouse monoclonal
anti-CD45 (ready-to-use; clones 2B11+PD7/26; Dako), and
rabbit polyclonal anti-S100A4 (1:50; ab-113527; Abcam).
Optimal working concentrations and incubation times for
the antibodies were determined earlier in pilot experiments
using sections from patients with glioblastoma and Crohn’s
disease. The sections were then incubated for 20 min with a
post primary IgG linker followed by an alkaline phosphatase
conjugated polymer. The reaction product was visualized by
incubation for 15 min with the Fast Red chromogen, resulting
in bright red immunoreactive sites. The slides were then
faintly counterstained with Mayer’s hematoxylin (BOND
Polymer Refine Red Detection Kit; Leica).

To identify the phenotypes of cells expressing S100A4,
sequential double immunohistochemistry was performed.
The sections were incubated with the first primary antibody
(anti-CD45) and subsequently treated with a peroxidase
conjugated secondary antibody. The sections were visualized
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with 3,3’-diaminobenzidine tetrahydrochloride. Incubation of
the second primary antibody (anti-S100A4) was followed by
treatment with an alkaline phosphatase conjugated secondary
antibody. The sections were visualized with the Fast Red
chromogen. No counterstain was applied.

Omission or substitution of the primary antibody with
an irrelevant antibody from the same species (rabbit mono-
clonal anti-human estrogen receptor a; ready-to-use; clone
EPI, Dako) and staining with a chromogen alone were used
as negative controls. Sections from patients with glioblastoma
and Crohn’s disease were used as positive controls for the
immunohistochemical staining methods.

Quantitation: Immunoreactive blood vessels and cells were
counted in five representative fields using an eyepiece-
calibrated grid in combination with a 40X objective. These
representative fields were selected based on the presence of
immunoreactive blood vessels and cells. With this magnifica-
tion and calibration, immunoreactive blood vessels and cells
present in an area of 0.33x0.22 mm? were counted.

Statistical analysis: Data are presented as the mean + stan-
dard deviation. The non-parametric Mann—Whitney test was
used to compare the means from two independent groups.
A chi-square test was used to compare proportions when
analyzing data for two categorical variables. Pearson corre-
lation coefficients were computed to investigate correlations
between variables and a p value less than 0.05 indicated
statistical significance. SPSS version 20.0 for Windows (IBM
Inc., Chicago, IL) was used for statistical analysis.

RESULTS

ELISA levels of SI0044, OPN, soluble syndecan-1, and VEGF
in vitreous samples: With the use of ELISA, we demonstrated
that S1I00A4, OPN, and soluble syndecan-1 were detected
in all vitreous samples from patients with PDR, as well as
from control patients without diabetes (Figure 1). The mean
levels of S100A4, OPN, and soluble syndecan-1 in vitreous
samples from PDR patients were significantly higher than the
levels in nondiabetic patients (p = 0.001; p<0.001; p<0.001,
respectively; Mann—Whitney test; Table 1). A comparison of
the mean levels of S1I00A4 between active and inactive PDR
patients indicated that the mean S100A4 level was signifi-
cantly higher in patients with active PDR (n = 16; 24.6 £ 30.7
ng/ml) than in patients with inactive PDR (n = 14; 11.5 £ 25.5
ng/ml; p = 0.045, Mann—Whitney test).

We used the analysis of VEGF levels as an internal
control. In line with previous findings [11], VEGF was
detected in 13 of 28 (46.4%) vitreous samples from nondia-
betic control patients, as well as in 23 of 27 (82.1%) samples
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from patients with PDR (p = 0.014; chi-square test; Figure 1).
The mean VEGEF level in vitreous samples from PDR patients
(845.3 £ 975.1 pg/ml) was significantly higher than the mean
level in nondiabetic control patients (54.2 + 117.5 pg/ml;
p<0.001; Mann—Whitney test; Table 1).

Correlations: Significant positive correlations were found
between the vitreous fluid levels of S100A4, as well as of
OPN (r = 0.52; p<0.001), soluble syndecan-1 (r = 0.37; p =
0.012), and VEGF (r = 0.29; p = 0.044). There were significant
correlations between the vitreous fluid levels of OPN, as well
as of soluble syndecan-1 (r = 0.41; p = 0.003) and VEGF (r =
0.31; p = 0.026; Figure 2). Although these correlations were
weak to moderate, they were statistically significant.

Western blot analysis of vitreous samples: Protein contents in
equal volumes of the vitreous fluid samples were confirmed
by Coomassie brilliant blue staining (Figure 3A). The most
abundant protein band in all the samples was albumin,
followed by collagen type II. The presence of albumin is most
likely the result of a breakdown of the blood retinal barrier.
The most abundant structural protein from the vitreous is type
II collagen, accounting for approximately 80% of vitreous
collagen [48-50]. We used collagen type II as a vitreous control
protein. To ascertain that similar vitreous protein amounts
were contained in equal vitreous volumes of the diabetes and
control samples, we compared the collagen type II contents.
A densitometric analysis of the protein bands demonstrated
that the amount of collagen type II did not differ significantly
among the vitreous samples in patients with PDR compared
to the control patients (Figure 3 A). A western blot analysis
was also used to quantify the expression levels of SI00A4 and
OPN in vitreous samples from patients with PDR (n = 16) and
control patients without diabetes (n = 15). A densitometric
analysis of the bands demonstrated a significant increase in
S100A4 (p = 0.012; Mann—Whitney test) in vitreous samples
from PDR patients compared to control patients (Figure 3B).
OPN protein migrated as two protein bands on SDS-PAGE
when immunoblotted and analyzed with a specific antibody.
The upper band corresponded to the intact protein, whereas
the lower protein band corresponded to cleaved OPN (around
45 kDa). A densitometric analysis of the bands demonstrated
a significant increase in the full-length protein (p = 0.043;
Mann—Whitney test) and the 45-kDa fragment (p = 0.032;
Mann—-Whitney test) expressions in vitreous samples from
PDR patients compared to control patients (Figure 3B).

Immunohistochemical analysis of epiretinal membranes.: To
identify the cell source of vitreous fluid S100A4, epiretinal
membranes from patients with PDR were studied by immuno-
histochemical analysis. No staining was observed in the nega-
tive control slides (Figure 4A). The level of vascularization
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and proliferative activity in epiretinal membranes were deter-
mined by immunodetection of the endothelial cell marker
CD31. All membranes showed blood vessels that were posi-
tive for the endothelial cell marker CD31 (Figure 4B), with a
mean of 43.4 + 45.4 (range, 12—125) per studied field. Strong
immunoreactivity for SI00A4 was present in all membranes
and was noted in stromal cells (Figure 4C) and vascular endo-
thelial cells (Figure 4D). The majority of S100A4-positive
stromal cells were monocytes or macrophages. In serial

sections, the distributions and morphologies of stromal cells
expressing S100A4 were similar to those of cells expressing
the leukocyte common antigen CD45 (Figure 4E). Double
staining confirmed that stromal cells expressing S100A4
co-expressed CD45 (Figure 4F). The number of blood vessels
that were immunoreactive for SI00A4 ranged from one to
30, with a mean of 9.9 & 9.3 per studied field. The number of
immunoreactive stromal cells ranged from 10 to 195, with a
mean of 74.9 + 63.7 per analyzed microscopic field.
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TABLE 1. COMPARISON OF MEAN LEVELS IN PROLIFERATIVE DIABETIC RETINOPATHY
(PDR) AND RHEGMATOGENOUS RETINAL DETACHMENT (RD) PATIENTS.

Disease group S100A4 (ng/ml) Osteopontin (ng/ml) Soluble VEGF (pg/ml)
Syndecan-1 (pg/
ml)
PDR 18.3+£28.6 709.7+504.4 522.8+272.9 845.3+£975.1
RD 2.1+2.1 227.1£180.5 254.2+134.7 54.2+117.5
P value (Mann—Whitney  0.001* <0.001* <0.001* <0.001*

test)

*Statistically significant at 5% level of significance. VEGF=vascular endothelial growth factor

The mean number of blood vessels expressing CD31 was
significantly higher in membranes from patients with active
PDR (n = 5; 98.4 & 25.6) than in membranes from patients
with inactive PDR (n = 9; 12.9 + 8.3; p = 0.001; Mann—
Whitney test). The difference between the mean number
of blood vessels expressing SI00A4 in membranes from
patients with active PDR (14 £ 7.2) and in membranes from
patients with inactive PDR (7.6 + 9.9) was not significant (p
= 0.112; Mann—Whitney test). The mean number of stromal
cells immunoreactive for SI00A4 was significantly higher
in membranes from patients with active PDR (139 + 42.6)
than in membranes from patients with inactive PDR (39.2 +
41.2; p = 0.004; Mann—Whitney test). A significant positive
correlation was detected between the number of blood vessels
expressing CD31 and the number of stromal cells expressing
S100A4 (r = 0.77, p = 0.001). On the other hand, the correla-
tion between the number of blood vessels expressing CD31
and the number of blood vessels expressing S1I00A4 was not
significant (r = 0.47, p = 0.093).

Severity of hyperglycemia and effect of diabetes on retinal
expressions of S10044 and OPN in experimental rats: To
validate our observations and to obtain a better view of the
studied molecules in the pathogenesis of diabetic retinopathy,
we used a rat animal model. After induction of diabetes with
a single high-dose of streptozotocin, the body weights of the
diabetic rats were significantly lower and their blood glucose
values were more than 4-fold higher when compared with age-
matched normal control rats (168 + 25 versus 293 + 22 g and
478 £ 29 versus 111 + 11 mg/dl, respectively). We quantified
the expressions of SI00A4 and OPN in rat retinas by western
blot analysis. A densitometric analysis of the bands revealed a
significant increase in S100A4 in diabetic retinas compared to
nondiabetic controls (p = 0.027; Mann—Whitney test; Figure
5). OPN protein migrated as two protein bands on SDS-PAGE
when immunodetected with a specific antibody. The upper
band corresponded to the intact protein, whereas the lower

protein band corresponded to cleaved rat OPN (32 kDa). A
densitometric analysis of the bands revealed a significant
increase in both intact OPN (p = 0.027; Mann—Whitney test)
and cleaved OPN (p = 0.001; Mann—Whitney test) in diabetic
retinas compared to nondiabetic controls (Figure 5).

Interaction between S10044 and RAGE: Co-immunoprecip-
itation studies were performed on retina extracts of nondia-
betic control and diabetic rats. In the diabetic retinas, there
was an increased interaction between S100A4 and RAGE (p
= 0.047; Mann—Whitney test; Figure 6).

TNF-a—but not VEGF—induced upregulation of S10044 and
OPN in HRMECs: In view of the described correlations and
the fact that we previously found an increase in the expres-
sion of TNF-a in epiretinal membranes from patients with
PDR [51], we also tried to validate at the endothelial cell
level our preclinical and clinical observations with the use
of cultured HRMECs. After 6 days of cell culture, western
blot analysis revealed significant upregulations of SI00A4
(p = 0.028; Mann—Whitney test) and both intact (p = 0.007;
Mann—Whitney test) and cleaved (32 kDa; p<0.001; Mann—
Whitney test) OPN in response to TNF-a treatment (Figure
7). In contrast, VEGF treatment did not affect the expressions
of S100A4 and OPN (data not shown).

DISCUSSION

In the present study, we showed for the first time that SI00A4
was significantly upregulated in vitreous fluids from patients
with PDR and in the retinas of diabetic rats, as well as that the
proinflammatory cytokine TNF-a—but not VEGF—induced
the upregulation of S100A4 in HRMECs. Our subgroup
analysis showed that the SI00A4 levels in vitreous samples
from active PDR cases were higher than in quiescent cases.
Using immunohistochemistry, we demonstrated that the
S100A4 protein was specifically localized in vascular endo-
thelial cells and leukocytes expressing the leukocyte common
antigen CD45 in the epiretinal membranes from patients with
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Figure 2. Significant positive corre-
lations between the vitreous fluid
levels of S1I00A4 and the levels of
OPN (panel A), soluble syndecan-1
(panel B), and VEGF (panel C), as
well as between the vitreous fluid
levels of OPN and the levels of
soluble syndecan-1 (panel D) and
VEGF (panel E).

PDR, and there was a significant positive correlation between
the level of vascularization in PDR epiretinal membranes and
the number of stromal cells expressing S100A4. Moreover,
the expression of SI00A4 in membranes from patients with
active neovascularization was significantly higher than
in membranes from patients with inactive PDR. Similarly,
previous studies demonstrated that vessel density and S100A4
were positively correlated in the primary tumors of patients
with breast cancer [15]. The immunoreactivity for SI00A4

in leukocytes and endothelial cells in the present study is
compatible with previously published data [15,21-23,52].
Together, these findings suggest that SI00A4 is a useful
marker of the progression of PDR.

Recently, SI00A4 has been identified as a potent stimu-
lator of angiogenesis. The extracellular SI00A4 protein is
capable of enhancing endothelial cell motility in vitro and
it stimulates corneal neovascularization in vivo [53]. It was
demonstrated that SI00A4 synergizes with VEGF via the
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Figure 3. Vitreous fluid samples obtained from PDR and control patients (C) were separated by 10% SDS-PAGE, and proteins in the
resultant gel were visualized by Coomassie brilliant blue staining (panel A). The top arrow represents collagen type II (molecular weight
approximately 72 kDa) and the lower arrow represents albumin (molecular weight approximately 66 kDa). The intensity of the protein
staining of collagen type II was quantitated by densitometry of eight PDR and eight control samples. The resultant data are presented in the
histograms as mean + standard deviation and they were comparable for both groups. The levels of SI00A4 and OPN in vitreous samples from
patients with PDR and from control patients without diabetes (C) were determined by western blot analysis (panel B). A representative set
of samples is shown. The expressions of SI00A4 and both intact and cleaved OPN are significantly increased in vitreous samples from PDR
patients compared to control patients without diabetes. *The difference between the two means was statistically significant at the 5% level.

RAGE in promoting endothelial cell migration [54]. An over-
expression of SI00A4 in thyroid cancer cells led to increased
tumor angiogenesis and increased the expressions and activi-
ties of VEGF and MMP-9 [27]. Ochiya et al. [S5] showed
the importance of the endothelial SI00A4 expression in
tumor angiogenesis. In addition, SI00A4-expressing stromal
cells supported metastatic colonization via the production
of VEGF [28]. A blockade of extracellular SI00A4 with a
specific monoclonal antibody reduces endothelial cell migra-
tion induced by a combination of SI00A4 and VEGF, and it
reduces tumor angiogenesis and growth in vivo, blocks the
production of active forms of MMP-9 induced by S100A4, and
blocks the interaction between SI00A4 and the RAGE [54]. In
the current study, we found a significant correlation between
the vitreous levels of SI00A4 and those of the angiogenic
biomarker VEGF. This finding is consistent with previous

studies that reported significant positive correlations between
S100A4 and VEGF expressions in patients with several types
of cancers [56,57].

Recent studies have linked S100A4 to several diseases
besides cancer, including inflammatory disorders and the
progression of fibrosis in various organs. These processes
greatly depend on tissue remodeling and cell motility [25].
S100A4-positive cells are increased in experimental models
of renal fibrosis [17,18], cardiac fibrosis [16,19,20], and liver
disease [21]. In rheumatoid arthritis, the SI00A4 expression is
upregulated in the synovial tissue accompanied by high syno-
vial fluid and the plasma concentrations of S100A4 [22,23].
In addition, the plasma levels of SI00A4 are significantly
correlated with disease activity [24]. In the present study,
the co-immunoprecipitation results showed that diabetes
increased the interaction between S100A4 and the RAGE in
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Figure 4. PDR epiretinal membrane
immunostainings. A negative
control slide that was treated with
an irrelevant antibody showing
no labeling (panel A; scale bar,
10 pm). Immunohistochemical
staining for CD31 showing blood
vessels positive for CD31 (panel
B; scale bar, 10 pm). Immunohis-
tochemical staining for S100A4

E F showing immunoreactivity in
B8 e Y v e T o 0. 3 & 2 stromal cells (panel C; scale bar,
53“ ™~ b}w’ o , ¢ '5 [3 = & ,‘;3- %) i " 10 um) and in the vascular endo-

¢ 'ﬂ:‘. v ’,7 2074 (‘\ ‘2 ¢ Y d* i ? Q;» < A & RS %' ? thelium (pz.mel D; sc:.ﬂe bar, 8. p@).

¢ & M O ; . X tg. @ ‘( Immunohistochemical staining

“ Y ‘0 Ji 27 ¢ d .,i '3" & P g for CD45 showing stromal cells

LT o X 4 &4@ W f ¢ g,m dge g "@ W e 4 ~  positive for CD45 (panel E; scale
: ok g D " A 3 “’.?_‘ g @ k'R ‘ ~ bar, 10 pm). Double immunohis-

%’ P .é 7 "\ { e, ?g P g ¢ 2 Piadl’ ws Q % tochemistry for CD45 (brown) and
.- e 4 P " ] .( N i kw ‘i} - n" b ;’ o« ¥ 0 S100A4 (red) showing stromal cells
f & o : *h . @ % e 'y U e cocxpressing CD45 and SI00A4
£ - e — S ™= (arrows; panel F; scale bar, 10 um).

the retina. These results suggest that in the diabetic retina,
S100A4 mediates the proinflammatory, proangiogenic, and
profibrogenic pathways through the RAGE. A recent study
demonstrated the RAGE-dependent increase in the migratory
and invasive capabilities of colorectal cancer cells via binding
to extracellular SI00A4 [58]. In previous studies, we demon-
strated a significant upregulation of RAGE in the retinas of
diabetic rats [59], as well as that RAGE was expressed in
PDR epiretinal membranes and was localized in vascular
endothelial and stromal cells [60].

In this study, we report that OPN levels were signifi-
cantly upregulated in the vitreous fluids of patients with PDR.
These results are consistent with our previous reports [6,60].
In addition, we demonstrated the upregulated expressions of

both intact and cleaved OPN in the retinas of diabetic rats.
Our western blot analysis demonstrated the presence of intact
and cleaved (molecular weight of around 45 kDa) OPNs in the
vitreous fluids of PDR patients. OPN has been recognized as
a substrate for proteolytic cleavage by members of the MMP
family. Of interest is the fact that rather than degrade OPN,
these proteases enhance the ability of OPN to promote cell
adhesion and migration [61], metastatic tumor invasion [62],
and macrophage infiltration [60]. Several studies reported
that recombinant human OPN is cleaved by MMP-3, MMP-7,
and MMP-9 to generate fragments at apparent molecular
weights of 40, 32, and 25 kDa [60,61,63]. In a previous study,
we demonstrated significant increases in the expression levels
of MMP-1, MMP-7, and MMP-9 in vitreous samples from
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diabetic rats (D) compared to those
of the nondiabetic control rats (C).
Each experiment was repeated 3X
with fresh samples (n = 8). *The
difference between the two means
was statistically significant at the

Diabetic 5% level.

PDR patients [11]. The 40-kDa fragment of OPN significantly
promoted more cell adhesion than the full-length protein in
several cell lines. Furthermore, this increased cell adhesion
was associated with increased cell spreading. In contrast, the
32- and 25-kDa OPN fragments did not promote significant
cell adhesion in any cell type tested [64]. These findings
suggest that the interaction between OPN and MMPs contrib-
utes to the progression of PDR.

In the current study, we found a significant correlation
between the vitreous levels of OPN and those of S100A4. This
finding is consistent with previous studies in which it was
reported that extracellular SI00A4 induces NF-xB-dependent
expressions and secretions of OPN in osteosarcoma cell
lines [45]. These findings suggest that OPN is a downstream
molecular mechanism of S100A4 signaling in PDR. Several
studies demonstrated that OPN could induce the expression of
VEGF in several cell types [35,43]. In agreement with these
studies, we demonstrated a significant correlation between
the levels of OPN and the levels of VEGF in vitreous fluid.
However, in an attempt to corroborate the findings at the
cellular level, stimulation with the proinflammatory cytokine
TNF-o0—but not VEGF—caused an upregulation of OPN in
HRMECs. Our findings, however, suggest that inflammatory

mediators contribute to the pathogenesis of diabetes-induced
retinal vasculopathy. In a previous report, we demonstrated
that OPN was expressed by vascular endothelial and stromal
cells in PDR fibrovascular epiretinal membranes [60].

In the present study, we showed that the soluble
syndecan-1 expression was upregulated in the vitreous fluids
of patients with PDR. Previous studies reported that several
MMPs, including MMP-2, MMP-3, MMP-7, and MMP-9,
induce the shedding of syndecan-1 ectodomains [47]. The
shed syndecan-1 accumulates in the sera of patients with
some cancer types, whereas high serum levels of syndecan-1
reflect a high tumor burden and predict poor prognosis [46].
High levels of shed syndecan-1 in the tumor microenviron-
ment are associated with elevated angiogenesis and poor
prognosis in several types of cancers [65,66]. Elevated
levels of shed syndecan-1 and VEGF form matrix-anchored
complexes, together, activate the VEGF receptors on adjacent
endothelial cells, thereby stimulating tumor angiogenesis
[65]. These findings suggest that the MMP/syndecan-1/VEGF
axis contributes to PDR progression.

In conclusion, our findings suggest a potential link
among S100A4, OPN, soluble syndecan-1, and VEGF in the
progression of PDR. A downregulation of S100A4 could be
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Figure 6. Co-immunoprecipitation
of the interaction between S100A4
and the receptor for advanced
glycation end products (RAGE) in
the retina. Retinal tissue homog-
enates were immunoprecipitated
using an antibody against S100A4
and normal rabbit IgG as a control
antibody. The relative abundance
of RAGE in the S100A4 immu-
noprecipitates was determined
by western blotting. The level of
S100A4 in the immunoprecipitated
samples was used as an indicator
of loading. Each experiment was
repeated 3X with fresh samples (n =
4). *The difference between the two
means was statistically significant
at the 5% level. IP = immunopre-
cipitation, IB = immunoblotting,
C = control, D = diabetic, IgG =
normal rabbit IgG control antibody,
Lysate = retinal tissue lysate.
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