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Abstract

Glycation of extracellular matrix proteins has been demonstrated to contribute to
the pathogenesis of vascular complications. However, no previous report has shown
the role of glycated fibronectin (FN) in vascular endothelial growth factor (VEGF)-
induced angiogenesis. Thus, this study aimed to investigate the effects of glycated
FN on VEGF signalling and to clarify the molecular mechanisms involved. FN was
incubated with methylglyoxal (MGO) in vitro to synthesize glycated FN, and human
umbilical vein endothelial cells (HUVECs) were seeded onto unmodified and MGO-
glycated FN. Then, VEGF-induced angiogenesis and VEGF-induced VEGF receptor-2
(VEGFR-2) signalling activation were measured. The results demonstrated that normal
FN-positive bands (260 kD) vanished and advanced glycation end products (AGEs)
appeared in MGO-glycated FN and glycated FN clearly changed to a higher molecu-
lar mass. The glycation of FN inhibited VEGF-induced VEGF receptor-2 (VEGFR-2),
Akt and ERK1/2 activation and VEGF-induced cell migration, proliferation and tube
formation. The glycation of FN also inhibited the recruitment of c-Src to VEGFR-2 by
sequestering c-Src through receptor for AGEs (RAGE) and the anti-RAGE antibody
restored VEGF-induced VEGFR-2, Akt and ERK1/2 phosphorylation, endothelial cell
migration, proliferation and tube formation. Furthermore, the glycation of FN sig-
nificantly inhibited VEGF-induced neovascularization in the Matrigel plugs implanted
into subcutaneous tissue of mice. Taken together, these data suggest that the glyca-
tion of FN may inhibit VEGF signalling and VEGF-induced angiogenesis by uncoupling
VEGFR-2-c-Src interaction. This may provide a novel mechanism for the impaired

angiogenesis in diabetic ischaemic diseases.
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1 | INTRODUCTION

Diabetes mellitus, a progressive, chronic disease, is characterized by
hyperglycaemia and can cause both microvascular and macrovascu-
lar complications.»? Incompetent angiogenesis generally exists in di-
abetic vascular complications, and a lot of abnormalities associated
with both excessive and defective angiogenesis have been observed
in people with diabetes.®* Angiogenesis is driven by a multiplicity
of molecular mechanisms, and vascular endothelial growth factor
(VEGF) is well known to be one of the most important angiogenic
mediators under both physiological and pathophysiological condi-
tions.>¢ In the haemangioblast, VEGF receptor-2 (VEGFR-2) is the
firstly expressed endothelial tyrosine kinase receptor and targeted
blockade of the VEGFR-2 in mice inhibits endothelial differentiation
and blood-island formation.”® However, diabetes mellitus is associ-
ated with impaired activation of VEGF/VEGFR-2-induced signalling
pathway, which we now call VEGF resistance.”'® VEGF resistance
has been demonstrated to be one of the molecular bases for the
abnormal angiogenesis in diabetes mellitus.!* However, no previ-
ous study has fully illuminated the mechanisms involved in VEGF
resistance.

Advanced glycation end products (AGEs), which are formed on
macromolecules, in particular, proteins, by non-enzymatic glycoxi-
dation in hyperglycaemia environment, are well known to contrib-
ute to the pathogenesis of vascular complications in diabetes.!>1®
The extracellular matrix (ECM) proteins can be directly modified by
AGEs, and the accumulation of glycated ECM proteins in the ves-
sel wall may promote the vasculature stiffness and impair vascular
cell structure and function.**'® Furthermore, the important arginine
residues, such as arg-gly-asp (RGD) motifs, in ECM proteins may be
directly modified by AGEs, causing loss of charge and structural
distortion, which is associated with decreased binding affinity of
integrins and cell detachment.® Additionally, AGE-modified ECM
can directly bind to receptor for AGEs (RAGE) and activate intra-
cellular pathways.?'® The ECM proteins have been demonstrated
to play important roles in regulating VEGF signalling by interaction
with integrins. Fibronectin (FN) is one of the components of the ECM
proteins and is almost localized into all tissues. In the developing em-
bryo, both FN and its major receptor, integrin «5p1, play a crucial
role in vasculogenesis and angiogenesis.'?2* FN also contributes to
the regulation of VEGF signalling and VEGF-induced angiogenesis.
VEGF can directly bind specifically to FN, and the extracellular in-
teraction between FN and VEGF is of crucial importance in VEGF
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signalling activation. It has been shown that glycation may alter

the functions of ECM protein, including vitronectin,?* laminin,1®?°

2627 and FN.'%1728 However, no previous studies have in-

collagen
vestigated the effects of the glycated FN on VEGF signalling and
VEGF-induced angiogenesis.

It has been demonstrated that c-Src also plays a crucial role in
regulating VEGF signalling. With VEGF stimulation, Src, but not Yes
or Fyn, directly interacts with VEGFR-2, indicating that c-Src is the
main Src family member in the regulation of endothelial cell func-

tions.?? VEGF-induced recruitment of c-Src to VEGFR-2 is critical
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for VEGF angiogenic signalling pathway activation.*® On the other
hand, the binding of AGEs to RAGE induces a cooperative binding
interaction between c-Src and RAGE.?! Therefore, in this study we
hypothesized that MGO-glycated FN may directly bind to RAGE and
impair VEGF angiogenic signalling pathway by sequestering c-Src.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Primary human umbilical vein endothelial cells (HUVECs) were
purchased from Cascade Biologics. FN, MGO and sué656 were
obtained from Sigma. Recombinant VEGF-A, recombinant RAGE,
recombinant human integrin a5p1 protein, RAGE function-blocking
antibody, biotinylated anti-RAGE antibody, biotinylated anti-integrin
f1 antibody, streptavidin-HRP conjugate and HRP substrate were
from R&D Systems. Growth-factor-reduced Matrigel Matrix was
from BD Biosciences. Antibodies to phosphorylated VEGFR-2, total
VEGFR-2, phosphorylated Akt, total Akt, phosphorylated extracel-
lular regulated protein kinases 1/2 (ERK1/2), total ERK1/2, phos-
phorylated nuclear factor-kB (NF-xB), total NF-kB and CD31 were
from Cell Signaling Technology. Antibodies to FN and AGEs were
from Abcam. Antibodies to RAGE and c-Src were from Santa Cruz
Biotechnology. Pierce classic IP kit was from Thermo Scientific.

2.2 | Cell culture

HUVECs were cultured in Medium 200 (Cascade Biologics) with low-
serum growth supplement, and cells used were passaged 3-7 times.

2.3 | Glycation of FN in vitro

As previously described,'**® FN was glycated by incubating the pro-
tein (1 mg/mL) with MGO (0.1, 1, 10 and 50 mM) in 100 mM sodium
phosphate buffer, at 37°C for 7 days. Unmodified FN was subjected
to the same conditions without MGO. To identify the characteriza-
tion of glycation of FN by MGO, AGE formation was detected by
Western blotting and FN was also immunoblotted in the same blots
after stripping. Furthermore, AGE-specific fluorescence at emission
of 440 nm and excitation of 370 nm was measured using a fluores-
cence spectrophotometer.

2.4 | Cell migration assay

Transwell migration chambers with an 8.0-um-size porous mem-
brane were used to perform HUVEC migration. HUVECs (2 x 10%
were added to the upper chambers, which were pre-coated with FN
or MGO-FN overnight at 4°C. Then, the cells were stimulated with
VEGF (50 ng/mL) or vehicle control for 24 hours. If there is a need,
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cells would be pre-treated with RAGE function-blocking antibody
(10 pg/mL) or Src inhibitor, su6656 (5 uM) for 30 minutes before
VEGF (50 ng/mL) stimulation. Then, cells remaining in the upper
chamber were removed and cells that had migrated to the lower

chamber were stained with crystal violet (0.5%) and counted.

2.5 | Tube formation assay

HUVECs (1 x 10°) were seeded onto growth-factor-reduced Matrigel
(250 pL) with FN or MGO-glycated FN in a 24-well plate and stimulated
by VEGF (50 ng/mL) or vehicle control for 24 hours. In some experi-
ments, cells were pre-treated with RAGE function-blocking antibody
(10 pg/mL) or Src inhibitor, su6656 (5 pM) for 30 minutes, followed by
seeding onto Matrigel. Then, tube formation was photographed by an
EVOS microscope (Electron Microscopy Sciences) and the total length

of the tube was quantified using Image-Pro Plus software.

2.6 | Cell proliferation assay

HUVECs (1 x 105) were cultured on 96-well plates, which were pre-
coated with FN or MGO-FN overnight at 4°C, and grown to 50%
confluence. Then, the cells were stimulated with VEGF or vehicle
control for 24 hours. In some experiments, cells were pre-treated
with RAGE function-blocking antibody (10 pg/mL) for 30 minutes
before VEGF (50 ng/mL) stimulation. Then, a 10-pL aliquot of Cell
Counting Kit 8 (CCKS8) solution was added to each well for 4 hours.
The absorbance was measured at 450 nm using a Spectra Max M5
microplate reader (Molecular Devices). HUVEC proliferation was
evaluated based on optical density (OD) values.

2.7 | Western blotting

HUVECs were cultured on FN or MGO-glycated FN and grown to con-
fluence, followed by stimulation with VEGF (50 ng/mL) for 10 minutes.
Then, the cells were lysed in RIPA lysis buffer supplemented with 1%

(v/v) protease and phosphatase inhibitor cocktail (Thermo Scientific).
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Equal amounts of proteins were subjected to SDS-PAGE and trans-
ferred to polyvinylidene fluoride membranes (Bio-Rad Laboratories).
Blots were blocked with non-fat milk solution (5%) for 60 minutes at
room temperature and incubated with primary antibodies for phospho-
rylated VEGFR-2 (1:1000), phosphorylated Akt (1:1000) and phospho-
rylated ERK1/2 (1:2000) overnight at 4°C. After stripping, the same
membranes were probed with antibodies against VEGFR-2 (1:1000),
Akt (1:1000) and ERK1/2 (1:2000) to detect VEGFR-2, Akt and ERK1/2
signalling. Then, the blots were detected using HRP-conjugated
species-specific respective goat IgG (Santa Cruz Biotechnology) for
60 minutes at room temperature. The protein bands were visualized
with chemiluminescence, and ImageJ software was used to measure
the density of the bands.

2.8 | Immunoprecipitation

HUVECs cultured on FN or MGO-FN were exposed to VEGF (50 ng/
mL) for 10 minutes. Classic IP kit was used to perform protein im-
munoprecipitation. The samples were incubated with protein A/G
plus agarose beads and primary antibodies against c-Src, VEGFR-2
or RAGE overnight at 4°C, with gentle rotation. According to the IP
kit instruction, the immune complexes were captured and solubilized
by 50 pL SDS sample buffer. Then, the immune complexes were im-
munoblotted with primary antibodies against VEGFR-2 (1:500), c-Src
(1:250) and RAGE (1:250).

2.9 | Solid-phase binding assay

Solid-phase binding assay was used to investigate the potential bind-
ing of unmodified FN and glycated FN to recombinant RAGE or re-
combinant integrin a5p1 in vitro. Microliter plate wells were coated
with unmodified or glycated FN at 4°C overnight. After washing
and blocking, recombinant RAGE or recombinant integrin a581 was
added and incubated at room temperature for 1 hour, after which
biotinylated anti-RAGE antibody or biotinylated anti-f1 antibody,
streptavidin-HRP conjugate and HRP substrate were sequentially
added and OD450 was measured.
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FIGURE 1 Characterization of glycation of FN by MGO. FN (1 mg/mL) was incubated with MGO (0, 0.1, 1, 10 and 50 mM) at 37°C for
7 days. A, The samples were separated by SDS-PAGE, and FN was detected with immunoblotting. B, AGEs were also immunoblotted on the
same blots after stripping. C, The fluorescence intensity of MGO-FN (50 mM MGO) was measured at 370/440 nm in the fractions. Results

represent the mean + SD for triplicate determinations. **P < .01
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2.10 | Invivo angiogenesis assay

Matrigel plug experiments were used to investigate the angiogen-
esis in vivo. All animal care and experimental procedures were
approved by the Animal Care and Use Committee of Southwest
Medical University. Growth-factor-reduced Matrigel (500 pL) was
pre-mixed with 30 units of heparin and one of the following: (a)
FN (10 pg/mL), (b) FN and VEGF (250 ng/mL), and (c) MGO-FN
(10 pg/mL) or MGO-FN and VEGF. Then, the mixed Matrigel was
injected into subcutaneous tissue of 8-week-old C57BL/6J mice.
After 14 days, Matrigel plugs were harvested, fixed, embedded
in paraffin and sectioned. Then, 4-pm paraffin sections were in-
cubated with antibody directed against CD31 at 4°C overnight,
following by incubation with secondary antibody for 60 minutes
at 37°C. Then, the samples were performed with DAB substrate
working solution and CD31-positive infiltrating microvessels

were calculated in five microscopic fields using Image-Pro Plus

software.
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2.11 | Statistical analysis

All of the data are shown as mean * standard deviation (SD).
Results were analysed by one-way ANOVA followed by post hoc
comparison. A P value of <.05 was considered as statistically

significant.

3 | RESULTS

3.1 | Glycation of FN by MGO

To model diabetes-induced alteration of FN in vitro, FN was incu-
bated with MGO (0, 0.1, 1.0, 10 and 50 mM), which is formed during
anaerobic glycolysis and mediates extracellular matrix glycation, for
7 days at 37°C. To explore the characterization of MGO-glycated
FN, the incubates were analysed by Western blotting using anti-FN
antibody and anti-AGEs antibody in the same membrane. The results
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FIGURE 2 Glycation of FN inhibits VEGF signalling and VEGF-induced angiogenesis. A, MGO-FN inhibits VEGF-induced activation
of VEGFR-2. HUVECs were cultured on FN or MGO-FN and stimulated with VEGF (50 ng/mL) or vehicle control for 10 minutes.
Phosphorylation (p) of VEGFR-2, Akt and ERK1/2, and total VEGFR-2, Akt and ERK1/2 were analysed by Western blotting in total cell

lysates. Representative images of three independent experiments and densitometric analysis of phosphorylated VEGFR-2, Akt and ERK1/2
normalized to total VEGFR-2, Akt and ERK1/2 are shown. All data shown are mean * SD for triplicate experiments and are expressed as fold
changes. **P < .01. B, MGO-FN inhibits VEGF-induced cell migration. HUVECs were added to the upper chambers containing FN or MGO-
FN-coated porous filters and then exposed to VEGF (50 ng/mL) or vehicle control. After 24 hours, the cells were fixed, stained with crystal
violet and the cells that had migrated to the lower chambers were counted. Representative images of cell migration are shown. Scale bar is
200 pm. Quantitative assessment of triplicate cell migration experiments was performed. All data shown are mean + SD and are expressed
as % of control. **P < .01. C, MGO-FN inhibits VEGF-induced tube formation. HUVECs were seeded onto Matrigel with FN or MGO-FN in
the presence of VEGF (50 ng/mL) or vehicle control for 16 hours. Representative images of tube formation are shown. Scale bar is 500 pm.
Quantitative assessment of triplicate tube formation experiments was performed. All data shown are mean + SD and are expressed as %

of control. **P < .01. D, MGO-FN inhibits VEGF-induced endothelial cell proliferation. HUVECs were cultured on FN- or MGO-FN-coated
96-well plates and grown to 50% confluence, followed by stimulation with VEGF or vehicle control for 24 hours. Then, cell proliferation was
measured using the CCK8 assay. All data shown are mean * SD for triplicate experiments and are expressed as % of control. **P < .01
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FIGURE 3 Glycation of FN inhibits VEGF-induced VEGFR-2-
c-Src interaction. HUVECs were cultured on FN or MGO-FN and
stimulated with VEGF (50 ng/mL) or vehicle control for 10 minutes.
A, Cell lysates were prepared and immunoprecipitated with
anti-VEGFR-2 antibody and protein A/G plus agarose beads. B,
Cell lysates were immunoprecipitated with anti-c-Src antibody
and protein A/G plus agarose beads. Then, captured proteins
were analysed by Western blotting with anti-c-Src and anti-
VEGFR-2 antibodies as indicated. Representative images of three
independent experiments and densitometric analysis are shown.
All data shown are mean * SD for triplicate experiments and are
expressed as fold changes. **P < .01

demonstrated that 1.0 and 10 mM MGO induced the formation of
higher molecular mass FN molecules (Figure 1A), indicating the
changes in glycosylation and the existence of covalently cross-linked
products. Though the normal FN-positive band completely vanished
in FN in the presence of 50 mM MGO, the AGE bands clearly ap-
peared in FN incubated with 10 and 50 mM MGO (Figure 1B), which
suggested that high concentration of MGO may change the confor-
mation of FN and induce glycated FN formation. To further identify
the production of glycated FN, AGE-specific fluorescence at an exci-
tation of 370 nm and an emission of 440 nm was measured. In agree-
ment with the Western blotting results, the fluorescence of 50 mM
MGO modified FN was significantly increased (Figure 1C), which
indicated that glycated FN had been successfully formed in vitro.

3.2 | Glycated FN inhibits VEGF signalling and
VEGF-induced cell migration, proliferation and
tube formation

FN significantly amplifies VEGF signalling and VEGF-mediated
endothelial cell activation.???% To detect the roles of glycated FN
in activation of VEGF signalling, HUVECs grown on control FN
or MGO-glycated FN were stimulated with VEGF for 10 minutes.
The results showed that the phosphorylation of VEGFR-2 signifi-
cantly increased with VEGF stimulation in HUVECs cultured on
FN. However, VEGF-induced VEGFR-2 activation was inhibited,
when the cells were cultured on MGO-glycated FN (Figure 2A).
The downstream angiogenic signalling of VEGF/VEGFR-2, such
as Akt and ERK1/2, was further measured, and glycated FN also
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FIGURE 4 Glycated FN directly binds to RAGE. A, 96-well plates were coated with FN or MGO-FN at 4°C overnight. After washing and
blocking, recombinant RAGE (5 pg/mL) was added and incubated at 37°C for 1 hour. Bound RAGE was detected by sequential addition of
biotinylated anti-RAGE antibody, streptavidin-HRP conjugate and HRP substrate and measurement of OD450. Data shown are mean + SD
for triplicate experiments. B, HUVECs were seeded onto FN or MGO-FN for 0, 15, 30, 60 and 120 minutes. Phosphorylation (p) of NF-

B and total NF-kB were analysed by Western blotting in total cell lysates. Representative images of three independent experiments

and densitometric analysis of phosphorylated NF-kB normalized to total NF-kB are shown. All data shown are mean + SD for triplicate

experiments and are expressed as fold changes. **P < .01



CHEN ET AL.

WILEY--2

significantly inhibited VEGF-evoked Akt and ERK1/2 phosphoryla-
tion (Figure 2A). We also investigated the effects of glycated FN
on the expression of VEGFR-2 and VEGF-induced activation of
VEGFR-2 signalling pathway in a longer time manner. The results
showed glycation of FN did not significantly change total VEGFR-2
expression when HUVECs were cultured on MGO-FN for 24 and
48 hours (Figure S1). Furthermore, with VEGF (50 ng/mL) stimula-
tion for 24 and 48 hours, the phosphorylation of VEGFR-2, Akt and
ERK1/2 has not been activated and showed no significant differ-
ence among the six groups (Figure S2). This most probably because
VEGF rapidly induced activation of VEGFR-2 and the phosphoryla-
tion of VEGFR-2 decreased to the normal level under longer time
stimulation.

We further identified the effects of glycated FN on VEGF-
activated endothelial cell physiological responses. HUVECs were
plated onto the upper transwell migration chambers pre-coated
with control FN or MGO-glycated FN, followed by VEGF stimula-
tion for 24 hours. The results demonstrated that VEGF significantly
promoted migration of HUVECs cultured on control FN. However,
when the cells were cultured on MGO-glycated FN, VEGF-induced
increase of HUVEC migration was significantly inhibited (Figure 2B).
In endothelial cells, VEGF also induces formation of cordlike struc-
tures that mimic blood vessels. To investigate the effects of glycated
FN on tube formation, HUVECs were added to 24-well plates pre-
coated with Matrigel in the presence of control FN or glycated FN
and were exposed to VEGF. The results showed the glycation of FN
also significantly inhibited the augmentation of tube formation in-
duced by VEGF (Figure 2C). Furthermore, VEGF-induced endothe-
lial cell proliferation was also significantly inhibited by glycation of
FN (Figure 2D). Taken together, these data suggested that MGO-
glycated FN impairs activation of VEGF pro-angiogenic signalling in
endothelial cells.

3.3 | Glycated FN inhibits VEGF-induced VEGFR-2-
c-Src interaction

VEGFR-2-c-Src interaction plays an important role in VEGF sig-
nalling activation and VEGF-induced pro-angiogenic responses
in endothelia cells.??3° Therefore, the effects of MGO-glycated
FN on VEGF-induced VEGFR-2-c-Src interaction were deter-
mined. VEGFR-2-c-Src complexes were captured by an immobi-
lized anti-VEGFR-2 antibody (Figure 3A) or an anti-c-Src antibody
(Figure 3B), respectively, and detected by immunoblotting. Both of
the results demonstrated the VEGFR-2-c-Src coimmunoprecipita-
tion was significantly enhanced in HUVECs cultured on unmodified
FN, but there was no increase in cells cultured on MGO-glycated
FN (Figure 3). These data indicated that VEGF leads to the VEGFR-
2-c-Src complex formation and that the glycation of FN inhibits
this process.

The effects of blockade of c-Src on VEGF-evoked pro-an-
giogenic responses in endothelial cells were further examined.
HUVECs plated onto unmodified FN were pre-treated with the
Src inhibitor su6656 for 30 minutes before VEGF treatment. The
results showed that su6656 significantly inhibited VEGF-induced
endothelial cell migration and tube formation (Figure S3). Taken
together, these results and the immunoprecipitation experiments
indicated that glycation of FN-induced VEGF resistance may be
associated with the inhibition of VEGFR-2-c-Src interaction stim-
ulated by VEGF.

3.4 | Glycated FN directly binds to RAGE

To further investigate how glycation of FN prevents the binding
of ¢-Src to VEGFR-2, we hypothesized that glycated FN directly

FIGURE 5 A pool of c-Srcis sequestered by RAGE upon glycated FN stimulation. A and B, Glycation of FN induces RAGE-c-Src complex
formation. MGO-FN induces RAGE-c-Src interaction. HUVECs were cultured on FN or MGO-FN and stimulated with VEGF (50 ng/mL) or
vehicle control for 10 minutes. Cell lysates were prepared and immunoprecipitated with anti-RAGE or anti-c-Src antibodies and protein

A/G plus agarose beads. Then, captured proteins were analysed by Western blotting with anti-c-Src and anti-RAGE antibodies as indicated.
Representative images of three independent experiments and densitometric analysis are shown. All data shown are mean + SD for triplicate
experiments and are expressed as fold changes. **P < .01. C, The blockade of RAGE restores activation of VEGF signalling. HUVECs were
pre-treated with anti-RAGE antibody (10 pg/mL) or control IgG for 30 minutes. Then, cells were seeded onto MGO-FN-coated 6-well
plates, followed by stimulation with VEGF (50 ng/mL) or vehicle control for 10 minutes. Phosphorylation (p) of VEGFR-2, Akt and ERK1/2,
and total VEGFR-2, Akt and ERK1/2 were analysed by Western blotting in total cell lysates. Representative images of three independent
experiments and densitometric analysis of phosphorylated VEGFR-2, Akt and ERK1/2 normalized to total VEGFR-2, Akt and ERK1/2 are
shown. All data shown are mean * SD for triplicate experiments and are expressed as fold changes. **P < .01. D, The blockade of RAGE
restores VEGF-induced cell migration. HUVECs were pre-treated with anti-RAGE antibody (10 pg/mL) or control IgG for 30 minutes. Then,
cells were added to the upper chambers containing MGO-FN-coated porous filters, followed by stimulation with VEGF (50 ng/mL) or vehicle
control. After 24 hours, the cells were fixed, stained with crystal violet and the cells that had migrated to the lower chambers were counted.
Representative images of cell migration are shown. Scale bar is 200 pm. Quantitative assessment of triplicate cell migration experiments was
performed. All data shown are mean £ SD and are expressed as % of control. **P < .01. E, The blockade of RAGE restores VEGF-induced
tube formation. HUVECs, pre-treated with anti-RAGE antibody (10 pg/mL) or control IgG for 30 minutes, were seeded onto Matrigel with
MGO-FN in the presence of VEGF (50 ng/mL) or vehicle control for 24 hours. Representative images of tube formation are shown. Scale
bar is 500 pm. Quantitative assessment of triplicate tube formation experiments was performed. All data shown are mean + SD and are
expressed as % of control. **P < .01. F, The blockade of RAGE restores VEGF-induced cell proliferation. HUVECs, pre-treated with anti-
RAGE antibody (10 pg/mL) or control IgG for 30 minutes, were seeded onto MGO-FN-coated 96-well plates and grown to 50% confluence,
followed by stimulation with VEGF or vehicle control for 24 hours. Then, cell proliferation was measured using the CCK8 assay. All data
shown are mean * SD for triplicate experiments and are expressed as % of control. ***P < .001



9160 CHEN ET AL.
WILEY
A E% = B dok
%k ok
_4 ok _ 4 wk
L oo k3
. 523 , s 23
IP: RAGE g S IP: c-Src 68
£ES52 : weo 2
c-rc | — —lcokD £ RAGE [ = vt i weml-46kD O o
621 1
RAGE |-!-|‘45 kD < . I-'-I c-Src |__|- 60 kD e " rl
VEGF - + -+ - o+ -+ = T - o+ =1 Gl
FN MGO-FN FN MGO-FN FN MGO-FN FN MGO-FN
Cc
p-VEGFR-2 :
(Y1175) “ Bl = 230 kD
230 kD
veorr- [ wm g S| 22010 e 5 - .
p-Akt[ —— o ok ek N
Akt [uuw e sl coxp L § 2] SEZ ws 2]
- 28 = s <
P-ERK12 [ i == F 441D £ 2 1 iz, <3 |
pojetiy 1 = s
ERK1/2 | S . = =
| 42kD A& ¢ 8 5
VEGF - + + + - + + - + + + - + +
Anti-RAGE - - - = = - - - = = = -
ControllgG - - - + R - - - # —r = e 0
MGO-FN MGO-FN MGO-FN MGO-FN
D
150 - L I
c=
S
E £ 100 1
293
£:
3™
0
VEGF - + +
= AntiRAGE - - -
Anti-RAGE  Control IgG ControllgG _ _ _ &
E F
200 150 - *kk
dk c
£ 150 - 23
o = S S 100 A
cc “q_) g
2 8 100 =38
D =
e il 'g o D.C: 50
w5 P 501 3%
s SRS (3]
» i< 22 ﬁé} &3 0 0
i W] A P VEGF - + + VEGF - + + +
Con VEGF VEGF Anti-RAGE - - - Ant-RAGE - - + -
Anti-RAGE Control IgG ControllgG - - - * ControllgG - - - +

binds to receptor for AGEs (RAGE), as AGEs can induce formation
of RAGE-c-Src complexes.®! Solid-phase binding assay was used
to detect the potential binding of glycated FN to recombinant
RAGE in vitro. The results showed that unmodified FN did not
bind to RAGE, but glycated FN bound to RAGE in a concentration-
dependent manner (Figure 4A). However in the meanwhile, the

normal binding between FN and integrin a5p1 was significantly

inhibited by the glycation (Figure S4). To further confirm the di-
rectly binding of glycated FN to RAGE, the downstream signalling
pathway of RAGE, such as NF-xB, was determined in endothelial
cells. The results demonstrated that the NF-kB phosphorylation
was significantly increased in HUVECs plated onto glycated FN
(Figure 4B). All of these results suggested glycation of FN may di-
rectly bind to RAGE in endothelial cells.
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FIGURE 6 Glycation of FN inhibits VEGF-induced angiogenesis in Matrigel plug assay. Matrigel supplemented with FN, FN and VEGF,
MGO-FN or MGO-FN and VEGF was injected subcutaneously in mice for 14 days. Then, the Matrigel plugs were harvested, fixed and
sectioned. A, The plugs were stained with haematoxylin and eosin, and the representative images are shown. B, The endothelial cells were
labelled by immunochemical staining of CD31, and the representative images of CD31-positive microvessels (arrows) in Matrigel plugs are
shown. Scale bar is 100 pm. Quantitative assessment of microvessel formation was performed, and all data shown are mean + SD. ***P < .001

3.5 | A pool of c-Src is sequestered by RAGE upon
glycated FN stimulation

To investigate the effects of binding of glycated FN to RAGE on c-Src,
the interaction between RAGE and c-Src was measured. RAGE-c-Src
complexes were captured by an immobilized anti-RAGE antibody
(Figure 5A) or an anti-c-Src antibody (Figure 5B), respectively, and de-
tected by immunoblotting. The results demonstrated that no matter
with or without VEGF stimulation, the formation of RAGE-c-Src com-
plexes was significantly increased in HUVECs grown on glycated FN
(Figure 5A,B). Concomitant with this increase, the accumulation of
VEGFR-2-c-Src complexes upon VEGF stimulation was significantly
decreased in cells grown on glycated FN (Figure 3). This suggests that
glycated FN-induced RAGE-c-Src interaction can compete for bind-
ing to c-Src with VEGF-stimulated VEGFR-2 and therefore that RAGE
may limit the pool of Src available for interaction with VEGFR-2.
Remarkably, the effects of blockade of RAGE on VEGF signalling
activation were further determined. HUVECs plated onto glycated
FN were exposed to the anti-RAGE blocking antibody for 60 minutes,
followed by VEGF stimulation. The results showed that the pre-treat-
ment with anti-RAGE antibody restored phosphorylation of VEGFR-2,
Akt and ERK1/2 (Figure 5C) and VEGF-induced angiogenesis in vitro
(Figure 5D-F), indicating that the blockade of RAGE eliminates the
inhibitory effects of MGO-glycated FN on VEGF angiogenic signal-
ling. As a whole, these data indicate that glycation of FN can directly
bind to RAGE and result in the interaction of RAGE to c-Src, thereby
preventing the recruitment of c-Src to VEGFR-2 and the consequent
activation of VEGF-VEGFR-2 signalling pathway that involves Akt and

ERK1/2 that induces endothelial cell migration and tube formation.
3.6 | Glycated FN inhibits VEGF-induced
angiogenesis in vivo

To investigate the effects of glycated FN on VEGF-induced an-

giogenesis under physiological conditions, growth-factor-reduced

Matrigel impregnated with VEGF and FN or MGO-FN was injected
into subcutaneous of mice. After 2 weeks, the solidified gels were
harvested and blood vessel invasion into them was evaluated by
CD31 staining. VEGF significantly increased endothelial cell invasion
into Matrigels mixed with FN. However, when the Matrigels were
mixed with MGO-FN, VEGF-induced neovascularization was signifi-
cantly inhibited (Figure 6). These data clarify the significance of anti-
angiogenesis effects of MGO-glycated FN in vivo.

4 | DISCUSSION

During diabetes mellitus, AGEs, which are well known to contribute
to vascular complications, accumulate in the vessel wall and increase
ECM protein glycation and cross-linking. Modification of proteins by
AGEs constitutes one of the key pathogenic events in diabetes and
accumulation of these adducts with FN can be about as much as four
times as other ECM proteins.®? Previous studies indicate that the
glycation of FN has been proposed to contribute to diabetic micro-
angiopathy evolution.?® Although it is well known diabetes-induced
modification of FN leads to impaired endothelial function and dif-

ferentiation, %34

it is not fully clarified what results in glycated FN
accumulation and how glycated FN exerts its antiangiogenic effects.

MGO is significantly increased in diabetic serum and as a pre-
cursor for AGE formation, can lead to rapid modification of protein
amino acid residues.®>3¢ Previous studies have demonstrated that
MGO-derived AGEs develop rapidly on the diabetic mice vessels.”
In the present report, we synthesized MGO-glycated FN and eval-
uated the conformational and structural properties of MGO modi-
fied FN. Consistent with our findings, a previous report also showed
the conformational changes in MGO-glycated FN which existed as
high-molecular-weight products.®® Using tandem mass spectrome-
try, previous studies have also demonstrated that after treatment
with MGO, three lysine and eleven arginine residues in the Ill,_,
sequence of FN were glycated by AGE modification, indicating the

domains which bind to integrin and heparin were AGE modification
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FIGURE 7 Schematic diagrams
representing the molecular mechanism
underlying the glycation of FN-regulated
VEGEF signalling and VEGF-induced
angiogenesis. A, Under the physiology
condition, the binding of FN to VEGF
enhances VEGEF signalling and VEGF-
induced angiogenesis and the recruitment
of ¢-Src to VEGFR-2 is critical for VEGFR-2
phosphorylation and the downstream
angiogenic signalling activation. B,
Glycation of FN directly binds to RAGE
and results in the interaction of RAGE

to c-Src, thereby preventing the binding
of ¢-Src to VEGFR-2 and the consequent
activation of VEGF-VEGFR-2 signalling
pathway that leads to angiogenesis
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targets.18 Our data and the published studies suggest that character-
ized changed structure of glycation on FN leads to the loss of inter-
action between RGD-binding integrins and their ligands.
Extracellular interaction between FN and VEGF potentiates
VEGEF signalling and VEGF-induced angiogenesis. Using a solid-phase
assay, previous reports showed that FN, but not collagen specifically
bound to VEGF, and this interaction could localize VEGF, which
enhanced VEGF signalling activation and endothelial cell migra-
tion.?22% The data in this study demonstrated significant impairment
in VEGFR-2, Akt and ERK1/2 phosphorylation, cell migration, prolif-
eration and tube formation in HUVECs cultured on MGO-glycated
FN, indicating a serious inhibitory effects of glycated FN on VEGF
signalling. Our findings suggest that the pro-angiogenic effects of
FN were lost by conformational changes in FN-VEGF binding under
glycosylation. Alternatively, FN can also interact with other ECM
proteins, such as collagens, and these interactions contribute to FN-
regulated cell adhesion and migration. Previous studies showed that
the modification by AGE decreased the cooperative interactions
between FN, heparin and collagens.”'39 Therefore, the presence of
glycosylation on FN residues in binding sites decreases its binding
activity for those proteins thus resulting in a serious impairment in
cell adhesion and migration, indicating that the physical binding be-
tween VEGF and FN is required for VEGF pro-angiogenic effects.
Consistent with previous reports which showed that MGO treat-

ment of FN strongly increased glycation,¢28:40

our experiments in-
volving immunoblotting and AGE-specific fluorescence analysis of
MGO/FN incubates also demonstrated significantly formation of
AGEs. MGO-glycated FN has been shown to interact with RAGE in

vascular smooth muscle cells and NIH 3T3 cells.?”*8 Similar to these

n N
. &
*\% oggoy

reports, we observed directly binding between MGO-glycated FN
and RAGE using a solid-phase assay and significantly phosphoryla-
tion of NF-xB in HUVECs. The AGEs-RAGE binding has been shown
to activate many intracellular signalling, including inducing a co-
operative binding interaction between c-Src and RAGE®! which is
in agreement with the immunoprecipitation results in the present
study. However, previous studies®® and our experiments involving
the blockade of c-Src showed that c-Src-VEGFR-2 crosstalk is crit-
ical for phosphorylation of VEGFR-2 and activation of the down-
stream angiogenic signalling pathways. The results in this study
demonstrated that MGO-glycated FN significantly inhibited VEGF-
stimulated recruitment of c-Src to VEGFR-2, which is an obligatory
process of the pathway by which VEGF provokes angiogenesis, sug-
gesting that the glycation of FN directly uncouples VEGFR-2-c-Src
crosstalk and down-regulates VEGFR-2 activation. Remarkably, the
blockade of RAGE eliminates the inhibitory effects of glycation of
FN on VEGF signalling activation and VEGF-induced angiogenesis.
Although few previous studies have focused the role of RAGE in
VEGF angiogenic function, a lot of reports have shown that knock-
out of RAGE or using soluble RAGE significantly increased hindlimb
ischaemia-induced angiogenesis in diabetes animal model,***® which
were at least partly consistent with the findings in this study. As a
whole, the present results indicate that a pool of c-Src is sequestered
by RAGE upon MGO-glycated FN stimulation, consequently uncou-
pling VEGFR-2-c-Src interaction and inhibiting VEGF signalling.
Consistent with the cell culture results, the Matrigel plug exper-
iments also showed significant anti-angiogenesis effects of glycated
FN in vivo. However, a limitation of our Matrigel plug assay is that we
cannot definitively proved the inhibitory effects of glycated FN on
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activation of VEGF-VEGFR-2 signalling pathway. Nevertheless, our
Matrigel plug assay data complement and support the significance
of our in vitro experiments, which demonstrated that glycation of FN
inhibits VEGF-induced angiogenesis. Further in vivo studies will be
needed to better clarify the significance of our newly reported reg-
ulation mechanism on VEGF-induced angiogenic signalling in other
diseases models.

In summary, the present study showed that MGO-glycated FN
impairs VEGF angiogenic effects with mechanisms involving the in-
activation of the VEGF/VEGFR-2 angiogenic signalling pathway and
disruption of the VEGFR-2-c-Src crosstalk (Figure 7). The findings
suggest that the formation of glycated FN may be involved in the
underlying molecular mechanism of diabetic microangiopathy.
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