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Abstract

Diabetic retinopathy (DR) is one of the common microvascular complications of diabetes mellitus, which is the main cause
of blindness in diabetic patients. Angiogenesis plays an important role in retinal detachment and retinal microvascular inflam-
mation throughout the whole development of DR. This study aimed to investigate the regulatory effect and the potential
mechanism of miR-377 on high glucose and hypoxia-induced angiogenesis and inflammation in human retinal endothelial
cells, and found that the miR-377 level was significantly increased after high glucose and hypoxia-mimetic agent to simulate
the DR milieu. Moreover, miR-377 was confirmed to directly decrease target SIRT1 gene, further aggravated proliferation,
cell cycle transition, migration and angiogenesis, pro-inflammatory molecules release induced by high glucose and hypoxia
in vitro. Conversely, down-regulation of miR-377 enhanced expression of SIRT1 and in turn alleviated high glucose and
hypoxia-induced angiogenesis and inflammation in vitro. Additionally, Western blot results showed that down-regulation of
miR-377 restrained high glucose and hypoxia-induced protein expressions of p-IkBa, nuclear P65 and p-P65. Conversely,
up-regulation of miR-377 presented opposite results. Conclusively, down-regulation of miR-377 could partially suppress
high glucose and hypoxia-induced angiogenic functions, restrain pro-inflammatory cytokines release, and its mechanism
may though inhibition of NF-kB pathway by direct up-regulation of target gene SIRT1 expression. Our study suggests that
miR-377 may be used as a potential novel target for prevention strategy for DR.
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Introduction

Diabetes mellitus (DM) is the most common but seriously
endangering human health chronic metabolic disease caused
by multiple factors. As reported, the incidence of DM in
China is about 10.9% at present, however, the incidence is on
the rise due to changes of diet [1]. And diabetic retinopathy
(DR) is one of the common microvascular complications of
DM patients, which is the main cause of blindness in DM
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patients [2]. In recent years, due to the increasing number of
DM patients, the incidence of DR has also increased rapidly
[3]. Although the research on prevention and treatment of
DR has made some achievements in recent years, however,
the treatment of DR still fails to achieve satisfactory results.
Although the commonly used drugs such as hypertension,
lipid-lowering and glucose-lowering can control the progress
of DR to some extent, it is undeniable that these drugs can-
not completely reverse the occurrence and development of
DR [4, 5]. Although retinal photocoagulation and intravitreal
injection have achieved certain therapeutic effects, the visual
function of DR patients cannot be completely repaired, and
the problem of high wound infection and recurrence rate has
not been solved [6]. The pathological changes and patho-
genesis of DR involve the co-action of multiple gene and
multiple signaling pathways. Currently, the pathogenesis of
DR involves angiogenesis, oxidative stress, chronic inflam-
mation, and etc [7]. Neovascularization on the surface of the
retina, is a key stage of proliferative DR, and it is also one of
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the important factors of retinal detachment [8]. In addition,
long-term chronic hyperglycemia and hypoxia microenviron-
ment induced retinal microvascular inflammation throughout
the whole development of DR [9]. Therefore, it is of great
significance to study the mechanism of angiogenesis and
inflammation of human retinal endothelial cells induced by
high glucose and hypoxia for the prevention and treatment
of DR.

MicroRNAs (miRNAs) are a type of highly conserved,
non-coding and single-stranded RNAs with 18-25 nucle-
otides lengths, which can regulate the expression of tar-
get genes at post-transcriptional level [10]. MiRNAs are
involved in almost all pathological and physiological pro-
cesses of the body, including cell proliferation [11], differen-
tiation [12], immune inflammation [13], migration [14] and
apoptosis [15]. Moreover, increasing studies demonstrated
that miRNAs have been gradually emerged as important
regulators of angiogenesis and involved in various aspects
of DR [16]. Many valuable miRNAs such as miR-181a [17],
miR-21 [18] and miR-15a [19] have been found to be play
important roles in DR. However, many miRNAs involved
in the regulation of the development of DR have not been
explored. MiR-377 is derived from DLK1-DIO3 gene clus-
ter, and previous studies about its function are focused on
tumor-related diseases [20]. Recent studies have demon-
strated that the expression of miR-377 was significantly
higher in diabetic nephropathy [21]. However, the functional
role of miR-377 in HRECs after high glucose and hypoxia-
mimetic agent to simulate the diabetic retinopathy milieu
remains unknown.

In this study, we first found that the miR-377 level was
significantly increased after high glucose and hypoxia-
mimetic agent to simulate the diabetic retinopathy milieu.
Indeed, miR-377 was confirmed to directly decrease target
SIRT1 gene, further aggravated proliferation, cell cycle tran-
sition, migration and angiogenesis, inflammatory molecules
release induced by high glucose and hypoxia in vitro. Con-
versely, down-regulation of miR-377 enhanced expression
of SIRT1 and in turn alleviated high glucose and hypoxia-
induced angiogenesis and inflammation in vitro. In short,
miR-377 may be used as a potential novel target for preven-
tion strategy for DR.

Materials and methods
Cell culture

HRECs were purchased from ScienCell Research Labo-
ratories (San Diego, CA, USA). And the cells were main-
tained in Endothelial Cell (EC) Medium (ScienCell, San
Diego, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, South Logan, UT, USA), 100 U/

mL penicillin—streptomycin (Invitrogen, Carlsbad, CA,
USA) and 5 ng/mL endothelial cell growth factor (f-ECGF)
(R&D Systems, Minneapolis, MN, USA) and incubated in a
humidified atmosphere containing 5% CO, at 37 °C on 0.1%
gelatin-coated culture flasks (Corning, NY, USA).

Transient transfection

The oligonucleotides miR-377 mimics (377-m), negative
control miR mimic (NC-m), miR-377 inhibitor (377-1),
negative control miR inhibitor (NC-i), siRNA for SIRT1
(si-SIRT1), siRNA-negative control (si-NC) were pur-
chased from GenePharma (Pudong, Shanghai, China). The
SIRT1-overexpression plasmid was synthesized by insert-
ing full-length SIRT1 cDNA sequences into a pcDNA3.1-
vector and sequenced confirmed by RiboBio (Guangzhou,
Guangdong, China). HRECs were transfected with 377-m,
377-1, si-SIRT1 and pcDNA3.1-SIRT1 according to the
manufacturer’s instructions. Briefly, HRECs confluence
reached about 60%, the cells were changed to the FBS-free
and antibiotic-free medium and synchronised for 12 h. Then,
Lipofectamine™2000 reagent (Invitrogen, Carlsbad, CA,
USA) was applied to assist the transfection of 377-m, 377-i,
si-SIRT1 and pcDNA3.1-SIRT1 at a final dose of 50 nM in
the static state. After incubation for 8 h at 37 °C, the cells
were changed back to fresh EC medium supplemented with
10% FBS, 100 U/mL penicillin—streptomycin and 5 ng/mL
B-ECGF. Followed, the cells were re-cultured for 48 h. After
confirmed the transfection efficiency by qRT-PCR analysis
or Western blot analysis, the cells were used for the follow-
ing study.

Cell proliferation assay

Cell proliferation was measured using Cell Counting Kit-8
(CCK-8) (Dojindo, Kumamoto, Japan) assay and 5-bromo-
2-deoxyuridine (Brdu) colorimetric assay kit (Roche, Basel,
Switzerland) according to the manufacturer’s instructions.
Briefly, HRECs in logarithmic growth phase were seeded in
96-well plate at a final cell density of 5.0 10* cells/mL. For
CCK-8 assay, after indicated treatment for 24, 48 or 72 h, the
cells were incubated with 10 uL CCK-8 reagent solution at
37 °C for 2 h, then measured the optical density (OD) value
at wavelength of 450 nm with a microplate reader(Bio-Tek
Elx800, Winooski, VT, USA). For Brdu assay, after indi-
cated treatment for 24, 48 or 72 h, the cells were incubated
with 10 pL Brdu labeling reagent solution at 37 °C for 2 h.
Then, the labeling medium was removed and incubated with
100 pL FixDenat reagent solution at room temperature for
30 min. Followed, FixDenat solution was removed and incu-
bated with 100 pL anti-Brdu-POD solution at room tem-
perature for 90 min. Followed, the anti-Brdu-POD solution
was removed and rinsed the well with phosphate-buffered
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saline (PBS) for three times. Substrate solution was added
and incubated at room temperature for 15 min. Finally, the
termination buffer was added to stop the reaction. The OD
value of Brdu incorporation was measured at wavelength
of 450 nm with a microplate reader (Bio-Tek Elx800, Win-
ooski, VT, USA). Four complex holes were set for each
group; meanwhile, single holes without cells were set as
the blank control group. The mean OD value was obtained
from three independent experiments. The relative growth
rate (RGR) of HRECs was calculated as: RGR (%) = (OD
value of treatment group — OD value of blank control)/(OD
value of control group — OD value of blank control) X 100%.

To simulate the diabetic retinopathy milieu model
in vitro, HRECs were seeded in 96-well plate at a final cell
density of 5.0 x 10* cells/mL and stimulated with various
does (5.5, 11.0, 16.5, 22.0, 27.5, 33.0, 38.5 or 44.0 mmol/L)
of p-glucose (Sigma, St. Louis, MO, USA), various does
(9.5, 18.5, 37.5, 75.0, 150.0, 200.0 or 300.0 umol/L) of
hypoxia-mimetic agent (CoCl,) (Sigma, St. Louis, MO,
USA), or 30 mmol/L mannitol(Sigma, St. Louis, MO, USA)
for different times(24, 48 or 72 h), respectively. As shown in
Supplemental Fig. 1A—C, p-glucose at does of 27.5 mmol/L
and CoCl, at does of 150.0 umol/L for 48 h was the best
method of the experimental condition, however, mannitol
did not affect the growth rate of HRECs. We further exam-
ined the effect of high glucose (HG, 27.5 mmol/L p-glu-
cose), hypoxia-mimetic agent (HY, 150 umol/L CoCl,), high
mannitol (HM, 30 mmol/L mannitol), HG+HM, HY + HM
or HG+HY on the growth rate of HRECs, respectively. As
shown in Supplemental Fig. 1D, after treatment with HG,
HM or HY for 48 h, HG or HY enhanced the growth rate of
HRECs, and HG+HY further enhanced the growth rate of
HRECs. The data suggested that HY and HG had a syner-
gistic effect on cell growth in HRECs. Therefore, b-glucose
at does of 27.5 mmol/L and CoCl, at does of 150.0 umol/L
for 48 h was selected as the best experimental condition for
following experiments.

Cell cycle analysis

Cell cycle distribution was evaluated by propidium iodide
(PD) (KeyGen, Nanjing, Jiangsu, China) staining according
to the manufacturer’s instructions. Briefly, HRECs were
seeded in 6-well plate at a final cell density of 5.0 x 10* cells/
mL. After indicated treatments for 48 h, HRECs were trypsi-
nized, and then collected by centrifuged. The cells were re-
suspended with ice-cold PBS for twice and then fixed with
ice-cold 75% (v/v) ethanol for 24 h at 4 °C. Then cells were
re-suspended with ice-cold PBS for twice. Finally, the cells
were incubated PI reagent solution at room temperature for
30 min in the dark. The DNA content of each sample was
determined using a CytoFLEX flow cytometry (Beckman,
Miami, FL, USA). The percentages of cell count in different
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phases were quantified using a ModFit LT software (Verity
Software House, USA).

Transwell assay

Cell migration was assayed using 24-well Transwell cham-
bers with 6.5 mm diameter polycarbonate membrane (Corn-
ing, NY, USA) according to the manufacturer’s instructions.
Briefly, HRECs were seeded in the upper side of the cham-
ber at a final cell density of 5.0x 10* cells/mL with 100 uL
FBS-free EC Medium supplemented with 0.2% BSA. The
bottom side of the chamber was added 600 pL. EC Medium
supplemented with 10% FBS. After indicated treatments for
48 h, non-migrated cells of the upper side of polycarbon-
ate membrane surface were removed. Migrated cells of the
bottom side of polycarbonate membrane surface were fixed
with 4% paraformaldehyde and stained with 0.5% crystal
violet reagent solution. Migrated cells were quantified by
counting cells using a ECLIPSE Ts2 inverted phase contrast
microscopy (Nikon, Tokyo, Japan).

Wound healing assay

Wound healing assay was applied as described previously
[22]. Briefly, HRECs were seeded in 24-well plate at a final
cell density of 5.0 10* cells/mL. After indicated treatments
for 48 h, when HRECSs confluence reached about 100%,
the confluent cell monolayer was scraped with a sterile
100 pL tip to make a scratch across the center of the cir-
cle. The wound areas of each sample were observed using a
ECLIPSE Ts, inverted phase contrast microscopy (Nikon,
Tokyo, Japan) and evaluated using a Image-Pro Plus 6.0
software (Media Cybernetics, Silver Springs, MD, USA) at
0 h and 48 h.

Tube formation assay

Tube formation assay was performed as described previously
[23]. Briefly, the upper surfaces of the wells of 96-well plate
were covered with matrigel (BD Biosciences, San Jose, CA,
USA). HRECs were seeded in 96-well plate at a final cell
density of 5.0x 10* cells/mL in 100 uL EC medium supple-
mented with 10% FBS. After indicated treatments for 48 h,
tube-like structures of each sample were observed using a
ECLIPSE Ts2 inverted phase contrast microscopy (Nikon,
Tokyo, Japan). Moreover, the percentages of total tubes for-
mations were quantified using a Image-Pro Plus 6.0 software
(Media Cybernetics, Silver Springs, MD, USA).

ELISA assay

The levels of TNF-a, IL-8, IL-6 and MCP-1 were evalu-
ated using TNF-a, IL-8, IL-6 and MCP-1 ELISA kits
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(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions, respectively. Briefly, HRECs
were seeded in 96-well plate at a final cell density of
5.0x 10* cells/mL in 100 uL EC medium supplemented with
10% FBS. After indicated treatments for 48 h, the condi-
tioned medium of each sample was collected. TNF-a, IL-8,
IL-6 and MCP-1 standards and the conditioned medium
were added into wells overlayed with the appropriate anti-
bodies. Then the HRP labeled streptomycin antibody was
added into the wells and incubated at 37 °C for 90 min. Fol-
lowed, the solution was removed and rinsed the well with
PBS for 3 times. Moreover, substrate solution was added
and incubated at 37 °C for 10 min. Finally, the termina-
tion buffer was added to stop the reaction. The OD values
of TNF-a, IL-8, IL-6 and MCP-1 were measured at wave-
length of 450 nm with a microplate reader (Bio-Tek E1x800,
Winooski, VT, USA). The levels of TNF-a, IL-8, IL-6 and
MCP-1 were calculated with the standard curve.

Quantitative reverse transcription PCR (qRT-PCR)
assay

Total RNA of HRECs was isolated using a TRIzol™ reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. For miRNA assay, a
TagMan™ MicroRNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, MA, USA) and a TagMan™
MicroRNA Kit (Qiagen, Duesseldorf, Germany) were car-
ried out with a ABI7300 real-time PCR system (Applied
Biosystems, Waltham, MA, USA) according to the manu-
facturer’s instructions. The level of miR-377 of each sample
was normalized to U6 small nuclear RNA and quantified
using the 2724€T method. For mRNA assay, cDNA was
synthesized using a Super Script III Reverse Transcriptase
Kit (Invitrogen, Carlsbad, CA, USA) and the expressions
of mRNAs were conducted using a SYBR Green PCR Kit
(TaKaRa, Tokyo, Japan) according to the manufacturer’s
instructions. The levels of PCNA, Ki-67, cyclinD1, cyclinB,
MMP-2, MMP-9, VEGF and SIRT1 of each sample were
normalized to GAPDH and quantified using the 2 — AACT
method. The used primers were listed in Supplemental
Table 1.

Dual-luciferase reporter assay

The pGL3-SIRTI1-3'UTR wild-type vector plasmid and
pGL3-SIRT1-3'UTR mutant vector plasmid were synthe-
sized by inserting 3'UTR wild-type or 3'UTR mutant of
SIRT1 into the luciferase reporter pGL3-control vector and
sequenced confirmed by GenePharma (Pudong, Shanghai,
China). Briefly, HRECs were seeded in 24-well plate at a
final cell density of 5.0 x 10* cells/mL. When the cell con-
fluence reached about 60%, the cells were changed to the

FBS-free and antibiotic-free medium and synchronised for
12 h. Then the pGL3-SIRT1-3'UTR wild-type vector plas-
mid or mutant vector plasmid, 377-m, 377-1, NC-i, NC-m or
pRL-TK Renilla luciferase reporter (Promega, Madison, W1,
USA) were co-transfected into the cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). After co-incubated
for 48 h, the luciferase and renilla activities were determined
with a Dual-Luciferase Reporter Kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.

Whole-cell, nuclear and cytoplasmic proteins
isolation

Whole-cell proteins were isolated with a Total Protein
Extraction Kit (Beyotime, Ningbo, Jiangsu, China) accord-
ing to the manufacturer’s instructions. Briefly, after indi-
cated treatment, HRECs were harvested and incubated with
100 pL ice-cold RIPA solution at 4 °C for 30 min. Then the
cells were centrifuged at 12,000 g for 10 min and the super-
natant (whole-cell proteins) were collected for the following
Western blot analysis.

Nuclear and cytoplasmic proteins were isolated with a
Nuclear and Cytoplasmic Protein Extraction Kit (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Briefly, after indicated treatment, HRECs were
harvested and incubated with 100 pL ice-cold CERI solu-
tion at 4 °C for 10 min. Then, the cells were incubated with
10 pL ice-cold CERII solution at 4 °C for 5 min and then
centrifuged at 12,000xg for 5 min. The sediment was incu-
bated with 50 pL ice-cold NER solution at 4 °C for 10 min
and then centrifuged at 12,000xg for 12 min. At last, the
supernatant (nuclear proteins) and the sediment (cytoplas-
mic proteins) were collected for the following Western blot
analysis.

Western blot analysis

The proteins were extracted from whole-cell, nucleus and
cytoplasm were performed to Western blot analysis as
described previously [24]. Briefly, the protein concentra-
tion was quantified with a BCA Quantitative Detection Kit
(Beyotime, Ningbo, Jiangsu, China), and equal amounts of
protein (80 pg protein per sample) were size-fractionated
electrophoretically using SDS-PAGE on 10% separation
gels. And then the proteins were transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). After block-
ing with 5% non-fat milk, the membranes were loaded with
primary antibodies including PCNA antibody, Ki-67 anti-
body, cyclinD1 antibody, cyclinB antibody, MMP-2 anti-
body, MMP-9 antibody, VEGF antibody, SIRT1 antibody,
P65 antibody, p-IkBa antibody, IkBa antibody and p-actin
antibody (1:1000 dilution; Santa Cruz, CA, USA) at 4 °C
overnight. Then, the antibody solution was removed and
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incubated with the secondary antibodies carrying HRP solu-
tion (1:1000 dilution; Beyotime, Ningbo, Jiangsu, China)
at room temperature for 45 min. The proteins were visual-
ized with a ECL Detection Kit (Beyotime, Ningbo, Jiangsu,
China). p-actin was performed as an internal control. The
density of the protein bands was quantified using a Image-
Pro Plus 6.0 software (Media Cybernetics, Silver Springs,
MD, USA).

Statistical analysis

All data of the study from three independent experiments
were expressed as mean + standard deviation (SD). Statisti-
cal analysis was performed by one-way analysis of variance
(ANOVA) followed by Bonferroni multiple comparison post
hoc test using a SPSS 19.0 software(SPSS Inc., Chicago, IL,
USA). P values <0.05 were considered to be statistically
significant.

Results

Effect of miR-377 on high glucose
and hypoxia-induced proliferation and cell cycle
progression in HRECs

Cell proliferation plays an important role in the angio-
genesis of DR [25]. To investigate the regulatory effect of
miR-377 on high glucose and hypoxia-induced prolifera-
tion in HRECs, we first examined whether high glucose and
hypoxia-induced proliferation in HRECs was correlated with
the miR-377 expression. High glucose and hypoxia-induced
proliferation in HRECs was evaluated by CCK-8 assay
and Brdu assay, the endogenous miR-377 level was exam-
ined by qRT-PCR. As shown in Supplemental Fig. 2A-C,
after stimulated the cells with 27.5 mmol/L p-glucose and
150.0 umol/L CoCl, for 48 h, the cell viability and Brdu
incorporation were significantly increased and parallel to
a significant increased the miR-377 expression. The results
suggested that miR-377 expression may be involved in high
glucose and hypoxia-induced proliferation in HRECs. To
explore the potential interaction between miR-377 expres-
sion and cell proliferation, we further investigated the regu-
latory effects of miR-377 knockdown by transfected with
miR-377 inhibitor or miR-377 over-expression by trans-
fected with miR-377 mimic on cell proliferation in HRECs.
The miRNA transfection efficiency was evaluated by qRT-
PCR assay. As shown in Supplemental Fig. 3, compared
with control group, the level of miR-377 was significantly
increased in the miR-377 mimic group, and decreased in
miR-377 inhibitor group after transfection for 48 h. As
shown in Fig. la, b, miR-377 knockdown significantly
reduced the high glucose and hypoxia-induced cell viability
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and Brdu incorporation, whereas miR-377 over-expression
further significantly increased the cell viability and Brdu
incorporation. PCNA and Ki-67 were two important mark-
ers of proliferation. Therefore, we also investigated the
mRNA and protein levels of PCNA and Ki-67 in this study.
As shown in Fig. lc—f, miR-377 knockdown significantly
reduced the high glucose and hypoxia-induced the mRNA
and protein levels of PCNA and Ki-67, whereas miR-377
over-expression further significantly increased the mRNA
and protein levels of PCNA and Ki-67.

Cell proliferation was accomplished by the cell cycle
progression and transition [26]. Cell cycle distribution was
evaluated by PI staining to assess the effect of miR-377 on
cell cycle progression and transition. As shown in Fig. 2a,
b, miR-377 knockdown significantly suppressed the high
glucose and hypoxia-induced proportion of cells in S phase
and G2/M phase, enhanced the high glucose and hypoxia-
induced proportion of cells in GO/G1 phase; on the contrary,
miR-377 over-expression further significantly enhanced
the high glucose and hypoxia-induced proportion of cells
in S phase and G2/M phase, suppressed the high glucose
and hypoxia-induced proportion of cells in GO/G1 phase.
We further investigated the mRNA and protein levels of
cyclinD1 and cyclinB in this study. As shown in Fig. 2c—f,
miR-377 knockdown significantly reduced the high glu-
cose and hypoxia-induced the mRNA and protein levels of
cyclinD1 and cyclinB, whereas miR-377 over-expression
further significantly increased the mRNA and protein levels
of cyclinD1 and cyclinB.

These data suggested that down-regulation of miR-377
could suppress high glucose and hypoxia-induced prolifera-
tion and cell cycle progression in HRECs.

Effect of miR-377 on high glucose
and hypoxia-induced migration and angiogenesis
in HRECs

Cell migration is a key step in angiogenesis of DR [27]. High
glucose and hypoxia could increase the migration of HRECs
(Fig. 3a—d). To investigate whether miR-377 was capable of
affecting the ability of migration under the high glucose and
hypoxia condition in HRECs, miR-377 knockdown or miR-
377 over-expression was employed in this study. The ability
of cell migration was detected by wound healing assay and
transwell assay. As shown in Fig. 3a—d, miR-377 knock-
down significantly suppressed the ability of cell migration
induced by high glucose and hypoxia, however, miR-377
over-expression further significantly promoted the abil-
ity of cell migration induced by high glucose and hypoxia.
We further investigated the mRNA and protein levels of
MMP-2 and MMP-9 in this study. As shown in Fig. 3e-h,
miR-377 knockdown significantly reduced the high glu-
cose and hypoxia-induced the mRNA and protein levels
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Fig.1 Effect of miR-377 on proliferation induced by high glucose
and hypoxia in HRECs. HRECs were treated with high glucose and
hypoxia (27.5 mmol/L p-glucose+150.0 umol/L CoCl,) for 48 h
after transfection with miR-377 inhibitor or miR-377 mimic. a The
cell viability was measured by CCK-8 assay. b The Brdu incorpora-
tion was measured by Brdu colorimetric assay. ¢, d The mRNA and
protein levels of PCNA were detected by qRT-PCR and Western
blot, respectively; ¢ the mRNA level of PCNA, d the protein level of

of MMP-2 and MMP-9, whereas miR-377 over-expression
further significantly increased the mRNA and protein lev-
els of MMP-2 and MMP-9. We also investigated the MMP
inhibitors (Batimastat and [lomastat) on the high glucose
and hypoxia-induced migration in HRECs. As shown in
Supplemental Fig. 4, cell migration was inhibited after Bati-
mastat or [lomastat pre-treatment prior to high glucose and
hypoxia stimulation.

HRECs were plated on Matrigel form tubular structures
to simulate the angiogenesis procedure. As shown in Fig. 4a,
b, miR-377 knockdown significantly reduced the formation
of capillary-like structures on the Matrigel induced by high
glucose and hypoxia, however, miR-377 over-expression
further significantly increased the formation of capillary-
like structures on the Matrigel induced by high glucose and
hypoxia. VEGF was a key molecule of angiogenesis. We
further investigated the mRNA and protein levels of VEGF

PCNA. e, f The mRNA and protein levels of Ki-67 were detected by
qRT-PCR and Western blot, respectively; e the mRNA level of Ki-67,
f the protein level of Ki-67. Vehicle: DMSO; HG + HY high glucose
and hypoxia, NC-i negative control miR inhibitor, NC-m negative
control miR mimic, 377-m miR-377 mimic, 377-i miR-377 inhibitor.
All data are presented as mean+SD, n=3 in each group. *P <0.05
vs. vehicle group; *P <0.05 vs. vehicle + HG + HY group

in this study. As shown in Fig. 4c, d, miR-377 knockdown
significantly reduced the high glucose and hypoxia-induced
the mRNA and protein levels of VEGF, whereas miR-377
over-expression further significantly increased the mRNA
and protein levels of VEGF. These data suggested that
down-regulation of miR-377 could suppress high glucose
and hypoxia-induced angiogenesis in HRECs.

Effect of miR-377 on high glucose and hypoxia
induced the secretion of pro-inflammatory
cytokines in HRECs

Inflammatory response throughout the development of DR
[28]. The release of TNF-a, IL-8, IL-6 and MCP-1 was
evaluated by ELISA assay. As shown in Fig. 5a-d, miR-
377 knockdown significantly reduced the pro-inflammatory
cytokines release induced by high glucose and hypoxia,
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Fig.2 Effect of miR-377 on cell cycle transition induced by high
glucose and hypoxia in HRECs. HRECs were treated with high glu-
cose and hypoxia (27.5 mmol/L p-glucose + 150.0 pmol/L CoCl,) for
48 h after transfection with miR-377 inhibitor or miR-377 mimic. a,
b Cell cycle distribution was evaluated by PI staining using a flow
cytometry; a representative images of PI staining, b quantification
results of cell cycle distribution. ¢, d The mRNA and protein levels of
cyclinD1 were detected by qRT-PCR and Western blot, respectively;

however, miR-377 over-expression further significantly
increased the pro-inflammatory cytokines release induced
by high glucose and hypoxia.

Effect of miR-377 on high glucose
and hypoxia-induced the activation of NF-kB
signaling pathway in HRECs

NF-xB pathway has been widely reported to be a responsible
for transduction of signaling to trigger cell proliferation [29],
cell cycle transition [30], cell migration [31], angiogenesis
[32] and the pro-inflammatory cytokines release [33]. In
the study, we found that miR-377 knockdown significantly
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¢ the mRNA level of cyclinD1, d the protein level of cyclinD1. e, f
The mRNA and protein levels of cyclinB were detected by qRT-PCR
and Western blot, respectively; e the mRNA level of cyclinB, d the
protein level of cyclinB. Vehicle: DMSO; HG + HY high glucose and
hypoxia, NC-i negative control miR inhibitor, NC-m negative control
miR mimic, 377-m miR-377 mimic, 377-i miR-377 inhibitor. All data
are presented as mean =+ SD, n=3 in each group. *P <0.05 vs. vehicle
group; *P <0.05 vs. vehicle+ HG+ HY group

inhibited high glucose and hypoxia-induced the protein
expressions of p-IkBa (Fig. 6a), p-P65 (Fig. 6b) and nuclear
P65 (Fig. 6¢, d), however, miR-377 over-expression further
significantly promoted high glucose and hypoxia-induced
the protein expressions of p-IkBa (Fig. 6a), p-P65 (Fig. 6b)
and nuclear P65(Fig. 6c, d).

SIRT1 is a direct target gene of miR-377

Using online databases including TargetScanHuman 7.2
and miRanda, we found that SIRT1 was a binding target
gene of miR-377(Fig. 7c). Then, we employed qRT-PCR
and Western blot to explore the mRNA and protein levels
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Fig. 3 Effect of miR-377 on cell migration induced by high glucose
and hypoxia in HRECs. HRECs were treated with high glucose and
hypoxia (27.5 mmol/L p-glucose+150.0 umol/L CoCl,) for 48 h
after transfection with miR-377 inhibitor or miR-377 mimic. a, b
Cell migration was evaluated by wound healing assay; a representa-
tive images of wound healing assay, b quantification results of closed
wound area. ¢, d Cell migration was evaluated by transwell assay;
¢ representative images of transwell assay, d quantification results
of number of migrated cells. e, f The mRNA and protein levels of
MMP-2 were detected by qRT-PCR and Western blot, respectively;

induced by high glucose and hypoxia. We found that both the
mRNA and protein expressions of SIRT1 were significantly
decreased (Supplemental Fig. 2D-F, Fig. 7a, b). Next, we
investigated whether miR-377 knockdown or over-expres-
sion was capable of affecting the mRNA and protein levels
of SIRT1 under the high glucose and hypoxia condition in
HRECs. As shown in Fig. 7a, b, miR-377 knockdown fur-
ther significantly promoted the mRNA and protein levels
of SIRT1 induced by high glucose and hypoxia, however,
miR-377 over-expression significantly inhibited the mRNA
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e the mRNA level of MMP-2, f the protein level of MMP-2. g, h The
mRNA and protein levels of MMP-9 were detected by qRT-PCR and
Western blot, respectively; g the mRNA level of MMP-9, h the pro-
tein level of MMP-9. Vehicle: DMSO; HG + HY high glucose and
hypoxia, NC-i negative control miR inhibitor, NC-m negative control
miR mimic, 377-m miR-377 mimic, 377-i miR-377 inhibitor. Scale
bar=100 um. All data are presented as mean+SD, n=3 in each
group. *P <0.05 vs. vehicle group; #P<0.05 vs. vehicle+HG +HY

group

and protein levels of SIRT1 induced by high glucose and
hypoxia. To further confirm whether miR-377 directly target
SIRT1, we cloned the SIRT1-3"'UTR or mutated the putative
miR-377 binding site of SIRT1-3'UTR into the luciferase
reporter pGL3-control vector (Fig. 7c) and co-transfected
with miR-377 mimic or inhibitor into HRECs. As shown in
Fig. 7d, e, after co-transfection for 48 h, miR-377 inhibitor
or mimic significantly promoted or suppressed the luciferase
activity after transfection with SIRT1-3'UTR, respectively;
however, the SIRT1 mutate 3'-UTR reversed the functional
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Fig.4 Effect of miR-377 on angiogenesis induced by high glucose
and hypoxia in HRECs. HRECs were treated with high glucose and
hypoxia (27.5 mmol/L p-glucose+150.0 umol/L CoCl,) for 48 h
after transfection with miR-377 inhibitor or miR-377 mimic. a, b
Angiogenesis was evaluated by tubular formation assay; a Represent-
ative images of tube-like structures, b quantification results of tubular
formation. ¢, d The mRNA and protein levels of VEGF were detected

roles of miR-377. The data suggested that miR-377 could
negatively regulate SIRT1.

Altered SIRT1 expression to simulate the functional
roles of miR-377

To investigate the effect of SIRT1 on high glucose and
hypoxia-induced cell proliferation, cell migration, angiogen-
esis, the pro-inflammatory cytokines release and the activa-
tion of NF-«B signaling pathway in HRECs, we transfected
the cells with si-SIRT1 or pcDNA3.1-SIRT1. As shown
in Fig. 8, SIRT1 knockdown by transfected with si-SIRT1
(Fig. 8a) increased the cell viability (Fig. 8b), Brdu incor-
poration (Fig. 8c), cell migration (Fig. 8d), angiogenesis
(Fig. 8e), TNF-a release (Fig. 8f), IL-8 release (Fig. 8g),
IL-6 release (Fig. 8h), and the protein level of p-P65 (Fig. 8j)
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by gqRT-PCR and Western blot, respectively; ¢ the mRNA level of
VEGF, d the protein level of VEGF. Vehicle: DMSO; HG + HY high
glucose and hypoxia, NC-i negative control miR inhibitor, NC-m
negative control miR mimic, 377-m miR-377 mimic, 377-i miR-377
inhibitor. Scale bar=100 um. All data are presented as mean+SD,
n=3 in each group. *P <0.05 vs. vehicle group; *P <0.05 vs. vehi-
cle+HG+HY group

induced by high glucose and hypoxia; However, SIRT1 over-
expression by transfected with pcDNA3.1-SIRT1 (Fig. 8a)
decreased the cell viability (Fig. 8b), Brdu incorporation
(Fig. 8c), cell migration (Fig. 8d), angiogenesis (Fig. 8e),
TNF-a release (Fig. 8f), IL-8 release (Fig. 8g), IL-6 release
(Fig. 8h), and the protein level of p-P65 (Fig. 8j) induced by
high glucose and hypoxia. SIRT1 knockdown promoted the
protein levels of VEGF, PCNA, Ki-67, MMP-2 and MMP-9
under the high glucose and hypoxia condition in HRECs,
However, SIRT1 over-expression inhibited the protein lev-
els of VEGF, PCNA, Ki-67, MMP-2 and MMP-9 under the
high glucose and hypoxia condition in HRECs (Fig. 8i).
Furthermore, over-expression of SIRT1 by transfected
with pcDNA3.1-SIRT1 significantly reversed the inhibi-
tory effects of miR-377 inhibitor on HG + HY-induced cell
viability, Brdu incorporation, cell migration, angiogenesis,
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secretions of pro-inflammatory cytokine and the protein
level of p-P65 (Supplemental Fig. 5A); Contrary, SIRT1
knockdown by transfected with si-SIRT1 reversed the pro-
motive effects of miR-377 mimic on HG + HY-induced cell
viability, Brdu incorporation, cell migration, angiogenesis,
secretions of pro-inflammatory cytokine and the protein
level of p-P65 (Supplemental Fig. 5B). These data confirmed
that SIRT1 had a opposite function to miR-377 under the
high glucose and hypoxia condition in HRECs.

Discussion

Diabetic retinopathy (DR), one of the most common micro-
vascular complications of diabetes, is a chronic progressive
eye disease with complex pathogenesis [2]. Although many
researchers have made a lot of experimental results on DR,
the exact pathogenesis is still unclear. Neovascularization
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on the surface of the retina is an essential process of prolif-
erative DR [8]. Moreover, in recent years, more and more
interest in the functional role of miRNAs in regulation of
angiogenesis [34, 35]. Moreover, in this study, we used high
glucose and hypoxia-mimetic agent to simulate the diabetic
retinopathy milieu in HRECs and further to explore the
role of miR-377 in regulation of angiogenesis in DR. The
results showed that high glucose and hypoxia stimulation
can significantly promote angiogenic functions including
cell viability, cell proliferation, cell cycle transition, cell
migration and angiogenesis and at the same time, the higher
expression of miR-377 can be detected in this process. We
further altered the miR-377 expression by transfected with
miR-377 inhibitor or miR-377 mimic in HRECs, and inves-
tigated the regulatory effects of miR-377 on the perspec-
tive of the angiogenic functions. MiR-377 knockdown sig-
nificantly suppressed the angiogenic functions, however,
miR-377 over-expression further significantly promoted the
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angiogenic functions under high glucose and hypoxia condi-
tion. The results confirmed that miR-377 could be involved
in the regulation of the angiogenic functions of HRECs
under high glucose and hypoxia condition.

Long-term chronic hyperglycemic and hypoxic microen-
vironment induced retinal endothelial cell inflammation also
play a crucial role in the development of DR [36, 37]. As
reported, the presence of inflammatory cells was found in
the early stage of DR [36]. Moreover, with the development
of DR, continuous hyperglycemic and hypoxic microenvi-
ronment induced excessive persistent inflammatory media-
tors accelerated DR progress [37]. In the study, we also
investigated the regulatory effect of miR-377 on high glu-
cose and hypoxia-induced the secretion of pro-inflammatory
cytokines in HRECs. We have found that down-regulation of
miR-377 was sufficient to inhibit high glucose and hypoxia-
stimulated pro-inflammatory cytokines release in HRECs,
suggesting that it was a main regulator in inflammatory
response of DR. On the contrary, up-regulation of miR-377
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could significantly increase pro-inflammatory cytokine
release under HRECs by high glucose and hypoxia stimula-
tion. Our data suggested that miR-377 is involved in regula-
tion of the inflammatory response in DR progression.

As a transcription factor, NF-xB is a hub in many signal
pathways and has various biological activities [29-33]. A
large number of studies have suggested that the NF-«xB sign-
aling pathway is a key regulatory point for the expression of
various immune-inflammatory related genes, cell prolifera-
tion, cell cycle transition, cell migration and angiogenesis
in HRECs, and is involved in the occurrence and develop-
ment of DR [38]. Therefore, the activity of NF-«xB signaling
pathway in HRECs was further examined under high glucose
and hypoxia condition. The results showed that the phos-
phorylation of kB and the nuclear translocation of NF-xB
p65 subunits were significantly increased in HRECs under
high glucose and hypoxia condition, suggesting the activa-
tion of NF-kB. We further investigated the regulatory effect
of miR-377 on the high glucose and hypoxia-induced the
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Fig.7 SIRT1 is a direct target
of miR-377. a, b HRECs were
treated with high glucose and
hypoxia (27.5 mmol/L p-glu-
cose+150.0 umol/L CoCl,)

for 48 h after transfection with
miR-377 inhibitor or miR-377
mimic. The mRNA and protein
levels of SIRT1 were detected
by qRT-PCR and Western blot,
respectively; a the mRNA level
of SIRT1, b the protein level of
SIRT1. All data are presented as
mean + SD, n=3 in each group.
*P <0.05 vs. vehicle group;
#P<0.05 vs. vehicle + HG+HY NC-i
group. ¢ The predicted binding
site of miR-377 in the 3'-UTR
of SIRT1. d, e The relative
luciferase activities of the bind-
ing site of SIRT1 were detected c
by dual-luciferase reporter
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activation of NF-kB. We found that the activity of NF-kB
in HRECs was inhibited after transfection with miR-377
inhibitor, on the contrary, the activity of NF-kB in HRECs
was further activated after transfection with miR-377 mimic.
The results confirmed the correlation between the NF-kB
signaling pathway and the pathological changes of HRECs
induced by high glucose and hypoxia. Meanwhile, miR-377
could affect the activity of NF-kB pathway, which may be
one of the signaling pathways that miR-377 was involved
in regulating the inflammatory response and angiogenesis
of HRECs.

MiRNA exerts biological effects through target genes
[10]. We also demonstrated that specifically targeted
SIRT1 could attenuate high glucose and hypoxia-induced
angiogenic functions and pro-inflammatory cytokine
release in HRECs. SIRT1 depends on deacetylase to

transfer the acetyl from the protein, and is closely related
to DR [39, 40]. As reported, hyperglycemia reduces inter-
cellular NAD™" and decreases SIRT1 expression, and
SIRT1 can inhibit the transcription of NF-kB gene by
directly acetylating Rela/P65 protein lysine site 310 [39].
In addition, SIRT1 regulates the retinal microangiogenesis
and the secretion of inflammatory factors induced by high
glucose or hypoxia [40]. Consistent with previous studies
[39, 40], our data suggested that SIRT1 was considered
as an important target for treatment of DR. Moreover, we
further proved that the effects of SIRT1 on angiogenic
functions can be attributed to its regulation of impor-
tant downstream factors such as PCNA, Ki-67, MMP-2,
MMP-9 and VEGF, thus linking NF-kB pathway that even-
tually contribute to these alterations. In this study, our data
confirmed that SIRT1 had a opposite function to miR-377
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Fig.8 Effect of SIRTI on the angiogenic functions, the pro-inflam-
matory cytokine release and the activation of NF-xB signaling
pathway induced by high glucose and hypoxia in HRECs. HRECs
were treated with high glucose and hypoxia (27.5 mmol/L D-glu-
cose + 150.0 umol/L CoCl,) for 48 h after transfection with si-SIRT1
or pcDNA3.1-SIRT1. a The transfection efficiency was evaluated
by Western blot assay. b The cell viability was measured by CCK-8
assay. ¢ The Brdu incorporation was measured by Brdu colorimetric
assay. d Cell migration was evaluated by transwell assay. e Angiogen-

under the high glucose and hypoxia condition in HRECs
and confirmed that miR-377 directly targeted SIRT1 to
affect high glucose and hypoxia-stimulated the NF-kB
pathway transmission and to modulate angiogenic func-
tions and pro-inflammatory cytokines release in HRECs
cells. Collectively, our results confirmed an inverse regula-
tory relationship between SIRT1 and miR-377 in HREC:s.

In conclusion, our data proved that down-regulation of
miR-377 preventing high glucose and hypoxia-induced angi-
ogenesis and inflammation by direct up-regulation of target
gene SIRT1 expression in HRECs.
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esis was evaluated by tubular formation assay. f-h The levels of pro-
inflammatory cytokines were evaluated by ELISA assay; f the level of
TNF-a, g the level of IL-8, h the level of IL-6. i The protein levels of
VEGF, PCNA, Ki-67, MMP-2 and MMP-9 were detected by West-
ern blot assay. j The protein levels of p-P65 was detected by Western
blot assay. Vehicle: DMSO; HG + HY high glucose and hypoxia. All
data are presented as mean=+SD, n=3 in each group. *P<0.05 vs.
HG+HY alone group
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