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Purpose: Diabetic retinopathy (DR), a neurovascular disease, is one of the leading causes
of blindness in working-age adults. Long noncoding RNAs (lncRNAs) have attracted
attention as indicators for DR. This study aimed to characterize the role of lncRNA human
testis development–related gene 1 (TDRG1) and its modulation of vascular endothelial
growth factor (VEGF) in deteriorating DR.

Methods: Tissue samples were obtained from patients with epiretinal membranes (EMs)
or proliferative DR, and human retinal microvascular endothelial cells (HRECs) were
cultured with high-glucose medium to mimic DR as the in vitro model. The expression
of lncRNA TDRG1 and VEGF was determined by immunofluorescence staining, Western
blotting, and RT-qPCR. Transfection of small-interfering RNA was conducted to knock
down target gene expression. HREC functions were evaluated by cell viability, fluorescein
isothiocyanate (FITC)-dextran extravasation, migration, and tube formation assays under
different conditions.
Results: LncRNA TDRG1 and VEGF were found to be co-expressed and significantly
upregulated in fibrovascular membranes (FVMs) from DR patients compared to those
from EM patients. In the in vitro model, hyperglycemic treatment markedly increased the
expression of lncRNA TDRG1 and VEGF at the mRNA and protein levels, which promoted
cell proliferation and migration, enhanced permeability, and disrupted tube formation of
HRECs. However, knockdown of lncRNA TDRG1 or VEGF notably decreased the
expression of VEGF and reversed the impaired functions of high-glucose-treated HRECs.
in.org January 2020 | Volume 10 | Article 17031

https://www.frontiersin.org/article/10.3389/fphar.2019.01703/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01703/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01703/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01703/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01703/full
https://loop.frontiersin.org/people/783203
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:qtw6180@126.com
mailto:zjypwz@163.com
https://doi.org/10.3389/fphar.2019.01703
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.01703
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.01703&domain=pdf&date_stamp=2020-01-31


Abbreviations: DR, diabetic retinopa
fibrovascular membrane; BRB, blood-re
VEGF, vascular endothelial growth facto
TDRG1, testis-specific gene testis develop
retinal microvascular endothelial cells; PD
NG, normal glucose; HG, high glucose;
epiretinal membranes; NV, neovasculariza

Gong et al. LncRNA-TDRG1 Upregulated VEGF in DR

Frontiers in Pharmacology | www.frontiers
Conclusions: LncRNA TDRG1 promoted microvascular cell dysfunction via upregulating
VEGF in the progression of DR and may serve as a potential therapeutic target in
DR treatment.
Keywords: LncRNA TDRG1, vascular endothelial growth factor, hyperglycemia, human retinal microvascular
endothelial cells, diabetic retinopathy
INTRODUCTION

Diabetic retinopathy (DR) is one of the leading causes of
blindness in working-age adults worldwide (Cheung et al.,
2010). This type of retinopathy is a severe complication of
diabetes mellitus (DM), and its prevalence is increasing
dramatically due to the high incidence of DM (Antonetti et al.,
2012).In 2010, the prevalence of DM in China was estimated to
be 11.6% in the adult population (Xu et al., 2013). Based on a
random-effects meta-analysis model in which data on the overall
prevalence of DR in China in 2010 were pooled, the pooled
prevalence rate of any DR in people with DM was 18.45% (Song
et al., 2018). Then, according to a multi-hospital-based DR
screening program of patients with diabetes in China from
2014 to 2016, the prevalence of any DR in DM patients was
27.9% (Zhang et al., 2017). The increasing rate of DR in DM
patients requires an urgent and effective strategy to target DR as
early as possible. Diabetic retinopathy is a chronic microvascular
dysfunction that primarily results from long-term detrimental
high-glucose exposure (Antonetti et al., 2006). The clinical stages
of DR begin with microaneurysm, hemorrhage, cotton wool spot,
and lipid exudates, which are non-proliferative characteristics.
With the development of poorly controlled DR, proliferative
manifestations, including neovascularization, vitreous
hemorrhage, fibrovascular membrane (FVM) formation and
even tractional retinal detachment, occur (Antonetti et al.,
2012; Shin et al., 2014). The pathology of the clinical changes
in DR is characterized by retinal microvascular dysfunction that
leads to increased vascular permeability, destroyed vascular
tubes, and breakdown of the blood-retinal barrier (BRB)
(Antonetti et al., 2006). Endothelial cells (ECs) harboring tight
junctions are essential for maintaining the inner BRB, and their
impairment results in vascular hyperpermeability (Ciulla et al.,
2003). Therefore, novel pharmacological therapies targeting
biochemical mechanisms that promote EC function may
effectively ameliorate DR.

Various vasoactive factors are involved in the microvascular
dysfunction and angiogenesis of DR. Notably, vascular
endothelial growth factor (VEGF), which mediates the
structural and functional changes in the retina and in ECs in
diabetic conditions (Kaur et al., 2009; Mima et al., 2012), has
thy; DM, diabetes mellitus; FVM,
tinal barrier; ECs, endothelial cells;
r; lncRNAs, long noncoding RNAs;
mental related gene; HRECs, human
R, proliferative diabetic retinopathy;
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attracted considerable attention due to its predominant role in
deteriorating the progression of DR. Aberrant expression of
VEGF aggravated pathological angiogenesis (Woolard et al.,
2004) and then promoted the development of DR (Behl and
Kotwani, 2015). Enhanced VEGF induced cellular and retina
hyperpermeability, increased cell apoptosis, and promoted cell
mobility through multiple signaling mechanisms in DR (Behl
and Kotwani, 2015; Gong and Su, 2017). In the past decade, anti-
VEGF therapy has been applied to treat DR and other
neovascular ocular diseases. However, not all patients are
responsive to anti-VEGF therapy, and some show side effects.
Thus, other novel therapeutic strategies regulating VEGF are
needed for DR treatment.

The role of transcriptional or post-transcriptional regulation
is an emerging area of research that is expected to be involved in
the pathogenesis of DR. Recent data have revealed that
numerous noncoding RNAs (ncRNAs), which have little or no
protein-coding potential, are expressed and function in both
normal physiology and diseases such as cancers, genetic
disorders, and neovascular diseases (Bartel, 2009; Wilusz et al.,
2009; Conte et al., 2013). In particular, long ncRNAs (lncRNAs)
have been shown to participate in different biological processes,
including transcription, post-transcription, translation,
epigenetic regulation, splicing, and intracellular/extracellular
trafficking (Mercer et al., 2009; Wilusz et al., 2009). LncRNA
transcripts are located in the nucleus and cytoplasm, and the
transcription of lncRNAs can be modified post-transcriptionally,
promoting temporal and cell-type-specific expression (Kapranov
et al., 2007; Guttman et al., 2009; van Heesch et al., 2014).
LncRNAs may guide transcription factors to, or sequester them
from, a specific region of action, or they can interact with various
components, thereby suppressing or activating gene expression
(Wang and Chang, 2011). Human testis-specific gene testis
developmental related gene 1 (TDRG1) is a newly identified
lncRNA and encodes a 100 amino acid protein that does not
possess any known protein domains (Wang et al., 2016). A
previous report showed that lncRNA TDRG1 may enhance the
proliferation of bone marrow mesenchymal stem cells via
fibroblast growth factor 1 (FGF1) (Jiang et al., 2015).
Additionally, lncRNA TDRG1 may promote endometrial
carcinoma cell proliferation and invasion by positively
targeting VEGF-a (Chen et al., 2018). Regarding the
potentially important role of lncRNA TDRG1 in angiogenesis,
we predicted that it may interact with VEGF and modulate EC
functions to affect DR progression. Thus, this study aimed to
explore the regulatory effects of lncRNA TDRG1 on VEGF
actions in ameliorating DR. LncRNA TDRG1 may be a novel
and effective target to inhibit the development of DR.
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MATERIALS AND METHODS

Tissue Samples
Tissue samples in this study included the epiretinal membranes
(EM) of 12 healthy patients and FVMs of 12 proliferative DR
(PDR) patients. All patients were 47–69 years old and received
pars plana vitrectomy with membrane peeling. The six
membrane specimens surgically obtained from the two groups
of patients were fixed in 4% paraformaldehyde, embedded in
paraffin and sectioned at 6 mm for H&E staining and
immunofluorescence staining. The remaining membranes in
each group were extracted and processed with RT-qPCR for
RNA detection. All procedures performed in this study involving
human participants were in accordance with the 1964 Helsinki
Declaration and its later amendments or comparable ethical
standards and were approved by the ethics committee of
Shanghai General Hospital. Informed consent was obtained
from all individual participants included in the study.

Cell Culture and Treatment
Human retinal microvascular ECs (HRECs) were obtained from
ANGIO-PRO TEOMIE (Boston, MA, USA) which were grown
on polylysine-coated flask and cultured in EC medium
containing 5% fetal bovine serum (FBS), 1% EC growth
supplement, and 1% penicillin-streptomycin (ScienCell,
Carlsbad, CA, USA) at 37°C in a humidified atmosphere
containing 5% CO2. HRECs were plated at 1 × 104 cells in 6-
well plates (Corning; Acton, MA, USA) and treated with normal
glucose (NG; 5.5 mmol/L) as a control or with high glucose (HG;
25 mmol/L) under normoxic conditions for 72 h to mimic the
early stage of DR. For maintenance of uniform conditions, the
medium was changed daily to eliminate metabolic byproducts
and provide the nutrients necessary for the cells, and all of the in
vitro experiments were carried out using HRECs at passages 3~8.

Small-Interfering RNA (siRNA)
Transfection
Human retinal microvascular endothelial cells in the logarithmic
growth phase were seeded in 6‐well plates and exposed to normal
or high-glucose medium. After reaching 70%–80% confluence,
the cells were transfected with 50 nM siRNA (lncTDRG1 siRNA,
VEGF siRNA, or NC siRNA) using Lipofectamine 3000
transfection reagent (Invitrogen, Carlsbad, CA, USA). After
transfection for 6 h, fresh high‐glucose medium or normal
medium was replaced. The cells were harvested for further
mRNA analysis after 48 h, and collected for protein analysis
after 72 h. siRNAs were chemically synthesized by GenePharma
(Shanghai, China).

Total RNA Isolation and Quantitative
Analysis of mRNAs
Total RNA was extracted from HRECs cultured under different
conditions and tissues using a TaKaRa Mini BEST Universal RNA
Extraction Kit (TaKaRa Bio, Dalian, China) following the
manufacturer’s protocol. The A260/A280 value and concentration
were measured by a NanoDrop 2000c Spectrophotometer
Frontiers in Pharmacology | www.frontiersin.org 3
(Thermo, Waltham, MA, USA). An A260/A280 of approximately
2.0 was generally accepted for further analysis. Then, 500~1,000 ng
of total RNA was reverse transcribed into cDNA using a Perfect
Real Time RT reagent kit (TaKaRa Bio, Dalian, China) in a 20‐mL
reaction volume.

To explore the expression and modulatory mechanism of
lncRNA TDRG1 and VEGF in DR, real-time quantitative PCR
(RT-qPCR) was performed to measure the levels of lncRNA
TDRG1 and VEGF in human membrane samples and HRECs.
The qPCR mixture contained 2 mL cDNA, 10 mmol gene‐specific
primers (forward and reverse mixed together), and 10 mL of 2 ×
Fast SYBR Green Master Mix (TaKaRa Bio, Dalian, China).
Three replicates for each biological mixture were analyzed on a
LightCycler 480 system (Roche Diagnostics). The data were
normalized to the expression of the housekeeping gene
GAPDH. Primer sequences are listed in Table 1. The relative
expression levels were calculated using the 2−DDCt method, which
was based on the ratio of gene expression between the
experimental group and the control group.

Western Blotting
To confirm the protein expression and modulatory mechanism of
lncRNA TDRG1 on VEGF in DR, total protein was collected from
HRECs cultured under hyperglycemic conditions. The cells were
lysed for 10 min on ice in radioimmunoprecipitation assay (RIPA)
buffer complementedwith protease inhibitor phenylmethylsulfonyl
fluoride (PMSF, 1 mM, Beyotime, Jiangsu, China) according to the
manufacturer’s protocol and then sonicated. The lysates were
collected at 12,000 rpm for 10 min at 4°C. Protein concentrations
were evaluated using a Bicinchoninic Acid Protein Assay Kit
(Thermo, IL, USA). Protein lysates were electrophoresed on 10%
SDSpolyacrylamide gels, transferredontopolyvinylidenedifluoride
(PVDF)membranes (Millipore,USA), and thenblocked in 5%skim
milk for 1 h. Primary antibodies against VEGF (1:1,000, Abcam
#ab1316, USA) and GAPDH (1:1,000, CST Signaling #2118, USA)
were applied separately at 4°C overnight. Blots were then treated
with secondary antibodies (1:5,000;Millipore, USA) for 1 h. Finally,
an Enhanced Chemiluminescence (ECL) Plus Kit (Thermo, IL,
USA) was applied for visualization. The gray bands were calculated
using ImageJ software.

Immunofluorescence and LncRNA
TDRG1 FISH
To investigate the potential roles of lncRNA TDRG1 and VEGF
in angiogenesis in the progression of DR, immunofluorescence
staining of VEGF and lncRNA TDRG1 was performed using
TABLE 1 | Primer sequences of target genes.

Gene subtype Oligonucleotide primers (5′–3′)

Human VEGF F: TTGCTGCTCTACCTCCACCA R:
GCTGCGCTGATAGACATCCA

Human lncRNA
TDRG1

F: TCTTCCCTGGCTTGGC R: TGGGCTCTTTCGTGGC

GAPDH F: TGCACCACCAACTGCTTAGC R:
GGCATGGACTGTGGTCATGAG
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paraffin‐embedded sections or cultured HRECs on poly-lysine‐
coated glass coverslips under hyperglycemic conditions. The
slides were rinsed, and the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X‐100 in
PBS for 15 min at room temperature, and blocked (1% bovine
serum albumin in PBS) for 1 h at 37°C. Subsequently, the
sections were treated with primary rabbit polyclonal anti‐
VEGF antibody (1:100, Abcam #ab1316, USA), and RNA
fluorescence in situ hybridization of lncRNA TDRG1-FISH
(1:100, Servicebio, China) was performed at 4°C overnight.
Slides were then incubated with Cy3‐conjugated goat anti‐rabbit
or goat anti‐mouse IgG DyLight 488‐conjugated secondary
antibodies (1:500, CST Signaling, USA) for 1 h at 37°C. Nuclei
were stainedwithDAPI (1:5,000diluted inPBS;Thermo, IL,USA).
The slides were observed under a confocal laser scanning
microscope (Leica, Germany). The primer sequence of lncRNA
TDRG1-FISH was: 5′-CCTTGCCAGGTAAGTGAAAGTG
CGCTCCG-3’. The mean fluorescence intensities were
calculated by ImageJ software. Five images for each group in the
three independent experiments were evaluated. Specifically, the
cell number was included in the calculation process.

Cell Viability Assessment
Human retinal microvascular endothelial cell viability was
assessed by a Cell Counting Kit-8 (CCK-8, Dojindo, Japan)
according to the manufacturer’s protocol. HRECs were cultured
under hyperglycemic conditions with transfections as described
above and then seeded at a density of 2 × 103 cells/well in 96‐well
plates. Before detection, 90 mL of fresh medium was replaced, and
10 mL of CCK-8 was added to the cells. After incubation for 1.5 h
at 37°C under normal oxygen, the absorbance was measured at
490 nm using a Varioskan Flash system (Thermo, USA). At each
time point, the absorbance value was obtained, and then,
calculations for each group were performed by comparing the
value of each group to that of the responsive negative control
(Ctr) group; the value of the control group was set to 1.

Monolayer Permeability Assay
For evaluating cell permeability, human retinal microvascular
endothelial cells treated with different conditions were seeded at 1
× 105 cells/well in the upper chamber (6.5‐mm diameter transwell
with 0.4‐mm pore polycarbonate membrane inserts; Corning;
USA) and cultured for 48 h to reach confluence. The upper
chamber was washed three times with PBS and treated with
FITC‐dextran (1 mg/mL; Sigma; USA). The fluorescence
intensity, equivalent to the relative amount of FITC‐dextran in
the lower chambers of the transwells, was measured over a 3-h
incubation at 37°C and determined in triplicate using a Varioskan
Flash system (excitation wavelength, 490 nm; emission
wavelength, 520 nm; Thermo). The values were collected and
calculated via comparisons to the responsive ctr group.

Cell Migration Assay
The migratory ability of HRECs under high glucose was
determined using the transwell system. A total of 5 × 104 cells
from each group were seeded in the top chambers of 6.5‐mm
diameter transwells with 8.0‐mm pore polycarbonate membrane
Frontiers in Pharmacology | www.frontiersin.org 4
inserts (Corning; USA) and cultured in 100 mL medium with 5%
FBS. The bottom chambers were filled with 500 mL medium with
20% FBS. After incubation for 24 h, the cells on the top chamber
were removed, and the migrated cells were fixed with 4%
paraformaldehyde for 30 min and stained in 0.1% crystal violet
solution. Images were captured by microscopy. Cells were
counted in five fields for each group and quantification was
performed using ImageJ software.

Tube Formation Assay
The angiogenic formation of HRECs was measured using a tube
formation assay. Firstly, 96-well plates were coated with 50 mL of
Matrigel Basement Membrane Matrix (BD Biosciences, USA)
per well and polymerized for 1 h at 37°C. Then, human retinal
microvascular endothelial cells were seeded in the Matrigel-
coated plates at 7 × 103 cells per well in 100 mL medium and
incubated at 37°C for 6~8 h. The network of tubes was captured
by microscopy. Quantification of tube formation was performed
using ImageJ software.

Statistical Analysis
Data are presented as the mean ± SEM from at least three
independent experiments. One‐way analysis of variance (one-
way ANOVA) was used for multiple comparisons to assess the
significant differences between groups. Comparisons between
two groups were performed using Student’s t-tests (GraphPad
Prism 6.0; GraphPad Prism, USA). Two‐sided p values < 0.05
were considered statistically significant.
RESULTS

Enhanced Coexpression of LncRNA
TDRG1 and VEGF in FVMs
The coexpression of lncRNA TDRG1 and VEGF in FVMs from
PDR patients and EMs from patients without DM was
determined. HE staining showed the pathogenic structure of
the EMs and FVMs. EMs had fibrous connective tissue, while
FVMs showed both fibers and vascularity (Figure 1A).
Immunofluorescence staining showed the lncRNA TDRG1 and
VEGF were expressed in these two kinds of tissue samples, and
high fluorescence was observed in the FVMs, especially in the
vessel walls (Figure 1B). Moreover, expression of lncRNA
TDRG1 and VEGF was increased in FVMs compared to EMs
(Figures 1C, D), as shown by RT-qPCR and analyzed by
Student’s t-tests. These results revealed that lncRNA TDRG1
and VEGF were highly coexpressed around the vessels in FVMs
at the stage of proliferative DR. Therefore, lncRNA TDRG1 and
VEGF might cooperate to deteriorate the progression of DR.

Upregulated LncRNA TDRG1 and VEGF in
HRECs Exposed to High Glucose
Consistent with the in vivo results, the mRNA levels of lncRNA
TDRG1 and VEGF were enhanced by hyperglycemia in HRECs
(Figures 2A, B), with observed increases of 2.0-fold in lncRNA
TDRG1 and 2.5-fold in VEGF. At the post-transcriptional level,
VEGF protein expression was upregulated concomitantly by
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high glucose (Figures 2C, D). Accordingly, lncRNA TDRG1 and
VEGF were increased in HRECs in diabetic conditions.

Furthermore, double immunofluorescence staining was
performed to determine the orientation and expression of
lncRNA TDRG1 and VEGF in HRECs. LncRNA TDRG1 was
Frontiers in Pharmacology | www.frontiersin.org 5
mainly expressed in the nucleus, while VEGF was detected in the
nucleus and cytoplasm in HRECs (Figure 2E). The fluorescence
of both lncRNA TDRG1 and VEGF under diabetic conditions
was notably increased compared to that of the normal group.
The quantitative analysis of the fluorescence showed a more than
FIGURE 1 | Increased coexpression of lncRNA TDRG1 and VEGF in EMs and FVMs from patients. (A) HE staining demonstrated the fibrous connective tissue
structure of EMs extracted from patients without DM and FVMs with vascularity from PDR patients with DM. (B) Double immunofluorescence staining of lncRNA
TDRG1 (green) and VEGF (red) showed that coexpression of lncRNA TDRG1 and VEGF enhanced in the blood vessels of FVMs compared to EMs. (C, D) The
expression level of lncRNA TDRG1 in FVMs was nearly 3.0-fold higher than that in EMs, while the VEGF mRNA level in FVMs was more than 3.0-fold higher than that
in EMs. Bars, mean ± SEM. ***p < 0.001 versus the EM group (n = 6).
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FIGURE 2 | Elevated expression levels of lncRNA TDRG1 and VEGF in HRECs exposed to hyperglycemia. (A) RT-qPCR showed that high glucose (HG) induced
a 2.0-fold increase in lncRNA TDRG1 in HRECs at the transcriptional level. (B) HG significantly upregulated the expression of VEGF at the mRNA level (n = 6).
(C, D) Western blot analysis demonstrated the protein level of VEGF in HRECs under hyperglycemic conditions. Similar to the transcript variation, VEGF protein
was significantly increased after HG treatment (n = 3). (E) Dual immunostaining of lncRNA TDRG1 (red) and VEGF (green), merged with DAPI (blue) in HRECs under
NG and HG. LncRNA TDRG1 was mainly located in the nucleus, while VEGF was expressed in the nucleus and cytoplasm. The fluorescence was enhanced by
hyperglycemia. (F, G) Quantitative analysis of fluorescence in lncRNA TDRG1 and VEGF demonstrated a nearly 2.0-fold increase when HRECs were exposed to
the HG condition (n = 6). Bars, mean ± SEM. *p < 0.05, ***p < 0.001 versus the negative control group.
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https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Gong et al. LncRNA-TDRG1 Upregulated VEGF in DR
2.0-fold increase in both lncRNA TDRG1 and VEGF in HRECs
under the HG condition (Figures 2F, G). These results revealed
that the coexpression of lncRNA TDRG1 and VEGF in HRECs
could be induced by hyperglycemia. The comparisons between
NG and HG were performed using Student’s t-tests.

Positive Regulation of VEGF by LncRNA
TDRG1 in Hyperglycemic HRECs
The modulatory relationship between lncRNA TDRG1 and
VEGF in DR progression was verified by siRNAs to silence the
target genes. The lncTDRG1 siRNA sequences were as follows:
sense: 5′-CCUUCCCAGGUCUAGGUUCdTdT-3′; antisense:
5′-GAACCUAGACCUGGGAAGGdTdT-3′. The VEGF siRNA
sequences were as follows: sense: 5′-GAAGUUCAUGGAUG
UCUAUdTdT-3′; antisense: 5′-AUAGACAUCCAUGAACU
UCdTdT-3′.

Notably, hyperglycemia upregulated the mRNA levels of
lncRNA TDRG1 and VEGF, with an increase of more than 1.5-
fold in HRECs, but there was no distinct difference between the
high-glucose group and the negative transfection group (Figures
3A, B). However, these changes were strongly suppressed by
specific siRNAs, and the mRNA levels of lncRNA TDRG1 and
VEGF decreased to the level of normal conditions. Moreover,
VEGF was repressed following the downregulation of lncRNA
TDRG1 in hyperglycemia-induced HRECs. Nevertheless, VEGF
knockdown did not affect the expression of lncRNA TDRG1.
Correspondingly, the enhanced protein level of VEGF induced by
hyperglycemia was inhibited by separate transfection of lncRNA
TDRG1 and VEGF siRNAs, while the negative control
transfection resulted in no changes (Figures 3C, D). Thus,
lncRNA TDRG1 positively modulated the expression of VEGF,
while VEGF exerted no effects on the lncRNA TDRG1 level.

The changes in the fluorescence intensity of lncRNA TDRG1
and VEGF confirmed the consistent tendency with themRNA and
protein alterations (Figure 3E). The fluorescence intensities of
lncRNA TDRG1 and VEGF were significantly decreased after
transfection of siRNAs targeting lncRNA TDRG1 and VEGF in
HRECs under hyperglycemic conditions. The quantitative analysis
confirmed that knockdown of lncRNA TDRG1 repressed VEGF
expression (Figures 3F, G). These data indicated that lncRNA
TDRG1 could positively regulate VEGF expression in the
progression of DR. One-way ANOVA was used for multiple
comparisons to assess the significant differences between groups.

Effects of LncRNA TDRG1 or VEGF
Knockdown on Hyperglycemia-Induced
HREC Dysfunction
The pathological changes of diabetic microvascular
complications are commonly characterized by abnormally
functioning vascular ECs. The effects of lncRNA TDRG1 and
VEGF on HRECs in DR conditions were then evaluated. CCK-8
assays showed that knockdown of lncRNA TDRGVEGF could
inhibit the accelerated cell proliferation induced by high glucose
in ECs compared with that of the negative siRNA-transfected
group (Figure 4A). A cell permeability assay demonstrated that
hyperglycemia enhanced HREC leakage of FITC‐dextran
compared with that in the normal group. The monolayer
Frontiers in Pharmacology | www.frontiersin.org 7
permeability of HRECs was rescued by lncRNA TDRG1 or
VEGF downregulation compared with that of negative
transfection (Figure 4B). The cell migration change under the
DR condition was evaluated by transwell assays. The result
revealed that diabetic conditions significantly promoted cell
migration compared with the control conditions. However,
exposure to high glucose, lncRNA TDRG1 intervention or
VEGF siRNA could protect against high-glucose‐stimulated
HREC migration. The negative control cel ls under
hyperglycemia did not show any significant difference in
migration (Figure 4C). Both the lncRNA TDRG1 and VEGF
interventions resulted in 2.0-fold decreases in migrated cells
(Figure 4E). Matrigel tube formation was assessed in HRECs
cultured under the same conditions as previously described. As
demonstrated in Figure 4D, diabetic conditions caused a
morphological change in HRECs and destroyed the tube
network formation compared to the control conditions. In
addition, lncRNA TDRG1 intervention distinctly improved the
angiogenic ability of HRECs by increasing tube formation and
tubule length relative to that of the negative transfection cells in
hyperglycemic conditions as well as the effect of VEGF
knockdown (Figures 4F, G). These results suggested that both
lncRNA TDRG1 and VEGF depletion could prevent the
breakdown of angiogenesis in HRECs induced by high-glucose
conditions. One-way ANOVA was used for multiple
comparisons to assess the significant differences between groups.

These findings indicated that modulation of VEGF by
lncRNA TDRG1 knockdown had a protective role in HREC
viability, cell permeability, motility, and tube integrity under DR
conditions. Accordingly, inhibition of VEGF by lncRNA
regulation improved HREC morphology in the progression of
DR and might be a strategy in clinical therapy.
DISCUSSION

Diabetic retinopathy is one of the most serious microvascular
complications of patients with long-term DM (Cheung et al.,
2010; Antonetti et al., 2012), which is pathologically
characterized by retinal inflammation, increased permeability,
neovascularization, macular edema, and proliferative changes
(Bandello et al., 2013). Hyperglycemia is the original and most
important factor for diabetes and exerts adverse effects on
vascular ECs during the development of microvascular
complications (Antonetti et al., 2006). In addition to
inflammatory mediators, neural dysfunction, and vascular
growth factors, endothelial cells suffer from apoptosis,
destroyed tight junctions, increased migration and enhanced
permeability, which aggravate the progression of DR (Ciulla
et al., 2003; Bandello et al., 2013). Therefore, protecting or
reversing EC dysfunction is crucial for ameliorating DR and
may be an effective therapeutic strategy.

The pivotal element in the development of DR from the
non-proliferative to the proliferative stage is the occurrence
and aggravation of neovascularization (NV). Angiogenic and
antiangiogenic factors such as VEGF (Behl and Kotwani, 2015),
pigment epithelium derived factor (PEDF) (Ibrahim et al., 2015),
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and angiopoietin (Bento et al., 2010) released by the retina under
hyperglycemia act on NV. Most importantly, VEGF is a key
stimulator in NV and closely correlates with the development of
DR by causing retinal structural and functional dysfunction
(Mima et al., 2012; Behl and Kotwani, 2015). Anti-VEGF
therapy has been widely used to inhibit NV in retinal diseases
that are not limited to DR. Due to the limitations of tolerance,
side effects, and undesirable responsiveness of anti-VEGF
Frontiers in Pharmacology | www.frontiersin.org 8
therapy, development of novel therapeutic targets to modulate
VEGF to ameliorate DR and other neovascular retinal diseases is
urgently needed.

With advancements in genome-wide analyses of the
mammalian transcriptome, the functional significance of
lncRNAs has been recognized (Carninci et al., 2005). An
increasing number of studies have identified lncRNAs as a new
class of modulatory molecules that affect various human diseases
FIGURE 3 | Knockdown of lncRNA TDRG1 reversed the increased expression of VEGF in HRECs under high glucose. (A) The mRNA level of VEGF was inhibited by
transfection with either VEGF siRNA or lncRNA TDRG1 siRNA. No significant change was observed between the negative transfection and HG groups. (B) Expression of
lncRNA TDRG1 was suppressed by specific siRNAs in HRECs under HG but was not responsive to VEGF siRNA (n = 6). (C, D) The protein level of VEGF was consistent
with the mRNA level. b-actin was used as a loading control (n = 4). (E) Immunofluorescence and (F, G) quantitative analysis revealed that high fluorescence of VEGF in
HRECs induced by hyperglycemia could be repressed by knockdown of VEGF and lncRNA TDRG1, while HG-induced fluorescence of lncRNA TDRG1 was suppressed by
lncRNA TDRG1 siRNA (n = 5–10). Bars, mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus the negative control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the
negative control siRNA transfection.
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by regulating gene expression at the transcriptional, post-
transcriptional, or epigenetic level (Wapinski and Chang, 2011;
Mercer and Mattick, 2013). Especially in retinal diseases, the
change in the abundance of lncRNAs has been assessed and
detected by Yan et al. (2014). Altered expression of lncRNAs
was identified in the retinas of streptozotocin-induced diabetic
mice. Specifically, lncRNA MALAT1 (Liu et al., 2014; Liu et al.,
2019), MIAT (Yan et al., 2015), MEG3 (Qiu et al., 2016), and
ANRIL (Thomas et al., 2017) were studied in vivo in the retinas of
diabetic models and in vitro in retinal ECs under DR conditions.
Frontiers in Pharmacology | www.frontiersin.org 9
LncRNATDRG1was studied in vascularity in cancers and shown
to modulate VEGF-a to aggravate the dysfunction of cancer cells
(Wang et al., 2016), which is also a key step in the angiogenesis of
DR, indicating the possible involvement of lncRNA TDRG1 in
DR. Thus, we paid attention to the important roles of lncRNA
TDRG1 in pathological angiogenesis by interacting with VEGF in
microvascular diseases, such as DR.

In the present study, we found that lncRNA TDRG1 was
strongly expressed in FVMs collected from PDR patients
compared to EMs. Simultaneously, VEGF was found to be
FIGURE 4 | Protective effects of VEGF depletion by lncRNA TDRG1 regulation on HREC dysfunction induced by hyperglycemia. (A) Increased proliferation of
HRECs caused by HG was reduced by transfection of siRNAs targeting lncRNA TDRG1 and VEGF (n = 5–7). (B) Leakage of FITC-dextran demonstrated that
hyperglycemia enhanced cell monolayer permeability, whereas this effect was reversed by VEGF or lncRNA TDRG1 knockdown (n = 6). (C, E) Increased mitigation of
HRECs was observed under DR conditions, and VEGF or lncRNA TDRG1 inhibition exerted the opposite effects (n = 8). (D, F, G) Angiogenic ability of HRECs under
different conditions. HG destroyed the tube network formation of HRECs compared to the negative control, while VEGF or lncRNA TDRG1 intervention improved the
angiogenic ability of HRECs by enhancing tube formation and increasing tubule length. Negative siRNA transfection did not induce any distinct changes in HREC
dysfunction. Relative tube formation and tube length were quantified by ImageJ software (n = 6). Bars, mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.01 versus the
negative control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the negative control siRNA transfection.
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coexpressed with lncRNA TDRG1 and enhanced in FVMs.
Additionally, in vitro experiments in hyperglycemic HRECs
confirmed the upregulated levels of lncRNA TDRG1 and
VEGF. Immunofluorescence showed the coexpression and
increase of lncRNA TDRG1 and VEGF in the nucleus of
HRECs under DR conditions. Consistent with previous studies
(Zhang et al., 2018; Gong et al., 2019), the increased expression of
VEGF contributed to the progression of DR. However, to the best
of our knowledge, this study shows that high levels of lncRNA
TDRG1, which is coexpressed with VEGF, are tightly related to
the development of DR. The expression of VEGF was positively
regulated by lncRNA TDRG1 in hyperglycemic HRECs.
Knockdown of lncRNA TDRG1 significantly suppressed the
increased expression of lncRNA TDRG1 and VEGF induced
by hyperglycemia, resulting in a level close to the normal level. In
a previous study, RIP assays were conducted to confirm that
lncRNA TDRG1 binds and targets the VEGF-a protein (Chen
et al., 2018). Thus, in DR progression, lncRNA TDRG1 positively
activated VEGF. Furthermore, genetic ablation of lncRNA
TDRG1 in vitro rescued the EC dysfunction resulting from
high glucose, including improving cell proliferation, decreasing
cell permeability, inhibiting cell migration, and maintaining the
integrity of tube formation of HRECs. Therefore, lncRNA
TDRG1 could protect EC functions by modulating VEGF and
thus ameliorating DR.

However, the limitation of this study is its lack of mechanistic
experiments in animal models to confirm the modulatory effects
of lncRNA TDRG1 on DR. Because lncRNA TDRG1 is not
expressed in mice or rats, an animal model would be established
with rabbits. Further in vivo studies will be conducted in a
diabetic rabbit model, and the modulatory roles of lncRNA
TDRG1 in DR will be confirmed in the future.

In conclusion, to the best of our knowledge, we showed that
lncRNA TDRG1 and VEGF were coexpressed and enhanced in
the FVMs of patients with PDR and hyperglycemic HRECs.
Downregulation of lncRNA TDRG1 decreased VEGF expression
directly and protected against microvascular cell dysfunction to
alleviate the progression of DR. LncRNA TDRG1 may be an
effective and novel therapeutic target for the treatment of DR via
targeting VEGF.
Frontiers in Pharmacology | www.frontiersin.org 10
DATA AVAILABILITY STATEMENT

The datasets used and/or analyzed during the current study are
available from the authors on reasonable request.
ETHICS STATEMENT

All procedures performed in studies involving human
participants were in accordance with the ethical standards of the
Shanghai Jiaotong University and National Research Committee
and with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. Informed consent was obtained
from all individual participants included in the study.
AUTHOR CONTRIBUTIONS

QG, PY, TQ,XB, andXX conceived and designed the experiments.
WD and PY contributed to the acquisition of data. QG and PY
analyzed and interpreted the data. YF and FC obtained tissue
samples.QGandTQcontributed todrafting the article.All authors
have revised the manuscript critically for important intellectual
content and approved the final version to be published.
FUNDING

This work was supported by the National Science Foundation of
China (No. 81800878), the Interdisciplinary Program of Shanghai
Jiao Tong University (No. YG2017QN24), the Key Technological
Research Projects of Songjiang District (No. 18sjkjgg24), and the
Bethune Langmu Ophthalmological Research Fund for Young
and Middle-aged People (No. BJ-LM2018002J).
ACKNOWLEDGMENTS

This study was supported by members of the Department of
Ophthalmology in Shanghai General Hospital.
REFERENCES

Antonetti, D. A., Barber, A. J., Bronson, S. K., Freeman, W. M., Gardner, T. W.,
Jefferson, L. S., et al. (2006). Diabetic retinopathy: seeing beyond glucose-induced
microvascular disease. Diabetes 55, 2401–2411. doi: 10.2337/db05-1635

Antonetti, D. A., Klein, R., and Gardner, T. W. (2012). Diabetic retinopathy. N.
Engl. J. Med. 366, 1227–1239. doi: 10.1056/NEJMra1005073

Bandello, F., Lattanzio, R., Zucchiatti, I., and Turco, C. D. (2013). Pathophysiology
and treatment of diabetic retinopathy. Acta Diabetol. 50, 1–20. doi: 10.1007/
s00592-012-0449-3

Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell
136, 215–233. doi: 10.1016/j.cell.2009.01.002

Behl, T., and Kotwani, A. (2015). Exploring the various aspects of the pathological
role of vascular endothelial growth factor (VEGF) in diabetic retinopathy.
Pharmacol. Res. 99, 137–148. doi: 10.1016/j.phrs.2015.05.013

Bento, C. F., Fernandes, R., Matafome, P., Sena, C., Seica, R., and Pereira, P. (2010).
Methylglyoxal-induced imbalance in the ratio of vascular endothelial growth factor
to angiopoietin 2 secreted by retinal pigment epithelial cells leads to endothelial
dysfunction. Exp. Physiol. 95, 955–970. doi: 10.1113/expphysiol.2010.053561

Carninci, P., Kasukawa, T., Katayama, S., Gough, J., Frith, M. C., Maeda, N., et al.
(2005). The transcriptional landscape of the mammalian genome. Science 309,
1559–1563. doi: 10.1126/science.1112014

Chen, S., Wang, L. L., Sun, K. X., Liu, Y., Guan, X., Zong, Z. H., et al. (2018).
LncRNA TDRG1 enhances tumorigenicity in endometrial carcinoma by
binding and targeting VEGF-A protein. Biochim. Biophys. Acta Mol. Basis
Dis. 1864, 3013–3021. doi: 10.1016/j.bbadis.2018.06.013

Cheung, N., Mitchell, P., and Wong, T. Y. (2010). Diabetic retinopathy. Lancet
376, 124–136. doi: 10.1016/S0140-6736(09)62124-3

Ciulla, T. A., Amador, A. G., and Zinman, B. (2003). Diabetic retinopathy and
diabetic macular edema: pathophysiology, screening, and novel therapies.
Diabetes Care 26, 2653–2664. doi: 10.2337/diacare.26.9.2653

Conte, I., Banfi, S., and Bovolenta, P. (2013). Non-coding RNAs in the
development of sensory organs and related diseases. Cell. Mol. Life Sci. 70,
4141–4155. doi: 10.1007/s00018-013-1335-z
January 2020 | Volume 10 | Article 1703

https://doi.org/10.2337/db05-1635
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.1007/s00592-012-0449-3
https://doi.org/10.1007/s00592-012-0449-3
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.phrs.2015.05.013
https://doi.org/10.1113/expphysiol.2010.053561
https://doi.org/10.1126/science.1112014
https://doi.org/10.1016/j.bbadis.2018.06.013
https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.2337/diacare.26.9.2653
https://doi.org/10.1007/s00018-013-1335-z
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Gong et al. LncRNA-TDRG1 Upregulated VEGF in DR
Gong, Q., and Su, G. (2017). Roles of miRNAs and long noncoding RNAs in the
progression of diabetic retinopathy. Biosci. Rep. 37, BSR20171157. doi:
10.1042/BSR20171157

Gong, Q., Li, F., Xie, J., and Su, G. (2019). Upregulated VEGF and Robo4 correlate
with the reduction of miR-15a in the development of diabetic retinopathy.
Endocrine 65, 35–45. doi: 10.1007/s12020-019-01921-0

Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009).
Chromatin signature reveals over a thousand highly conserved large non-
coding RNAs in mammals. Nature 458, 223–227. doi: 10.1038/nature07672

Ibrahim, A. S., Tawfik, A. M., Hussein, K. A., Elshafey, S., Markand, S., Rizk, N.,
et al. (2015). Pigment epithelium-derived factor inhibits retinal microvascular
dysfunction induced by 12/15-lipoxygenase-derived eicosanoids. Biochim.
Biophys. Acta 1851, 290–298. doi: 10.1016/j.bbalip.2014.12.017

Jiang, S., Xia, M., Yang, J., Shao, J., Liao, X., Zhu, J., et al. (2015). Novel insights
into a treatment for aplastic anemia based on the advanced proliferation of
bone marrowderived mesenchymal stem cells induced by fibroblast growth
factor 1. Mol. Med. Rep. 12, 7877–7882. doi: 10.3892/mmr.2015.4421

Kapranov, P., Cheng, J., Dike, S., Nix, D. A., Duttagupta, R., Willingham, A. T.,
et al. (2007). RNA maps reveal new RNA classes and a possible function for
pervasive transcription. Science 316, 1484–1488. doi: 10.1126/science.1138341

Kaur, C., Sivakumar, V., Foulds, W. S., Luu, C. D., and Ling, E. A. (2009). Cellular
and vascular changes in the retina of neonatal rats after an acute exposure to
hypoxia. Invest. Ophthalmol. Vis. Sci. 50, 5364–5374. doi: 10.1167/iovs.09-3552

Liu, J. Y., Yao, J., Li, X. M., Song, Y. C., Wang, X. Q., Li, Y. J., et al. (2014).
Pathogenic role of lncRNA-MALAT1 in endothelial cell dysfunction in
diabetes mellitus. Cell Death Dis. 5, e1506. doi: 10.1038/cddis.2014.466

Liu, P., Jia, S. B., Shi, J. M., Li, W. J., Tang, L. S., Zhu, X. H., et al. (2019). LncRNA-
MALAT1 promotes neovascularization in diabetic retinopathy through regulating
miR-125b/VE-cadherin axis. Biosci. Rep. 39. doi: 10.1042/BSR20181469

Mercer, T. R., and Mattick, J. S. (2013). Structure and function of long noncoding
RNAs in epigenetic regulation. Nat. Struct. Mol. Biol. 20, 300–307. doi:
10.1038/nsmb.2480

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long non-coding RNAs:
insights into functions. Nat. Rev. Genet. 10, 155–159. doi: 10.1038/nrg2521

Mima, A., Qi, W., Hiraoka-Yamomoto, J., Park, K., Matsumoto, M., Kitada, M.,
et al. (2012). Retinal not systemic oxidative and inflammatory stress correlated
with VEGF expression in rodent models of insulin resistance and diabetes.
Invest. Ophthalmol. Vis. Sci. 53, 8424–8432. doi: 10.1167/iovs.12-10207

Qiu, G. Z., Tian, W., Fu, H. T., Li, C. P., and Liu, B. (2016). Long noncoding RNA-
MEG3 is involved in diabetes mellitus-related microvascular dysfunction.
Biochem. Biophys. Res. Commun. 471, 135–141. doi: 10.1016/j.bbrc.2016.01.164

Shin, E. S., Sorenson, C. M., and Sheibani, N. (2014). Diabetes and retinal vascular
dysfunction. J. Ophthalmic. Vis. Res. 9, 362–373. doi: 10.4103/2008-322x.143378

Song, P., Yu, J., Chan, K. Y., Theodoratou, E., and Rudan, I. (2018). Prevalence,
risk factors and burden of diabetic retinopathy in China: a systematic review
and meta-analysis. J. Glob. Health 8, 010803. doi: 10.7189/jogh.08.010803

Thomas, A. A., Feng, B., and Chakrabarti, S. (2017). ANRIL: a regulator of VEGF
in diabetic retinopathy. Invest. Ophthalmol. Vis. Sci. 58, 470–480. doi: 10.1167/
iovs.16-20569
Frontiers in Pharmacology | www.frontiersin.org 11
van Heesch, S., van Iterson, M., Jacobi, J., Boymans, S., Essers, P. B., de Bruijn, E.,
et al. (2014). Extensive localization of long noncoding RNAs to the cytosol and
mono- and polyribosomal complexes. Genome. Biol. 15, R6. doi: 10.1186/gb-
2014-15-1-r6

Wang, K. C., and Chang, H. Y. (2011). Molecular mechanisms of long noncoding
RNAs. Mol. Cell 43, 904–914. doi: 10.1016/j.molcel.2011.08.018

Wang, Y., Gan, Y., Tan, Z., Zhou, J., Kitazawa, R., Jiang, X., et al. (2016). TDRG1
functions in testicular seminoma are dependent on the PI3K/Akt/mTOR
signaling pathway. Onco. Targets Ther. 9, 409–420. doi: 10.2147/OTT.S97294

Wapinski, O., and Chang, H. Y. (2011). Long noncoding RNAs and human
disease. Trends Cell Biol. 21, 354–361. doi: 10.1016/j.tcb.2011.04.001

Wilusz, J. E., Sunwoo, H., and Spector, D. L. (2009). Long noncoding RNAs:
functional surprises from the RNA world. Genes Dev. 23, 1494–1504. doi:
10.1101/gad.1800909

Woolard, J., Wang, W. Y., Bevan, H. S., Qiu, Y., Morbidelli, L., Pritchard-Jones, R.
O., et al. (2004). VEGF165b, an inhibitory vascular endothelial growth factor
splice variant: mechanism of action, in vivo effect on angiogenesis and
endogenous protein expression. Cancer Res. 64, 7822–7835. doi: 10.1158/
0008-5472.CAN-04-0934

Xu, Y., Wang, L., He, J., Bi, Y., Li, M., Wang, T., et al. (2013). Prevalence and
control of diabetes in Chinese adults. JAMA 310, 948–959. doi: 10.1001/
jama.2013.168118

Yan, B., Tao, Z. F., Li, X. M., Zhang, H., Yao, J., and Jiang, Q. (2014). Aberrant
expression of long noncoding RNAs in early diabetic retinopathy. Invest.
Ophthalmol. Vis. Sci. 55, 941–951. doi: 10.1167/iovs.13-13221

Yan, B., Yao, J., Liu, J. Y., Li, X. M., Wang, X. Q., Li, Y. J., et al. (2015). lncRNA-
MIAT regulates microvascular dysfunction by functioning as a competing
endogenous RNA. Circ. Res. 116, 1143–1156. doi: 10.1161/CIRCRESAHA.
116.305510

Zhang, G., Chen, H., Chen, W., and Zhang, M. (2017). Prevalence and risk
factors for diabetic retinopathy in China: a multi-hospital-based cross-
sectional study. Br. J. Ophthalmol. 101, 1591–1595. doi: 10.1136/
bjophthalmol-2017-310316

Zhang, D., Qin, H., Leng, Y., Li, X., Zhang, L., Bai, D., et al. (2018). LncRNAMEG3
overexpression inhibits the development of diabetic retinopathy by regulating
TGF-beta1 and VEGF. Exp. Ther. Med. 16, 2337–2342. doi: 10.3892/
etm.2018.6451

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

Copyright © 2020 Gong, Dong, Fan, Chen, Bian, Xu, Qian and Yu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
January 2020 | Volume 10 | Article 1703

https://doi.org/10.1042/BSR20171157
https://doi.org/10.1007/s12020-019-01921-0
https://doi.org/10.1038/nature07672
https://doi.org/10.1016/j.bbalip.2014.12.017
https://doi.org/10.3892/mmr.2015.4421
https://doi.org/10.1126/science.1138341
https://doi.org/10.1167/iovs.09-3552
https://doi.org/10.1038/cddis.2014.466
https://doi.org/10.1042/BSR20181469
https://doi.org/10.1038/nsmb.2480
https://doi.org/10.1038/nrg2521
https://doi.org/10.1167/iovs.12-10207
https://doi.org/10.1016/j.bbrc.2016.01.164
https://doi.org/10.4103/2008-322x.143378
https://doi.org/10.7189/jogh.08.010803
https://doi.org/10.1167/iovs.16-20569
https://doi.org/10.1167/iovs.16-20569
https://doi.org/10.1186/gb-2014-15-1-r6
https://doi.org/10.1186/gb-2014-15-1-r6
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.2147/OTT.S97294
https://doi.org/10.1016/j.tcb.2011.04.001
https://doi.org/10.1101/gad.1800909
https://doi.org/10.1158/0008-5472.CAN-04-0934
https://doi.org/10.1158/0008-5472.CAN-04-0934
https://doi.org/10.1001/jama.2013.168118
https://doi.org/10.1001/jama.2013.168118
https://doi.org/10.1167/iovs.13-13221
https://doi.org/10.1161/CIRCRESAHA.116.305510
https://doi.org/10.1161/CIRCRESAHA.116.305510
https://doi.org/10.1136/bjophthalmol-2017-310316
https://doi.org/10.1136/bjophthalmol-2017-310316
https://doi.org/10.3892/etm.2018.6451
https://doi.org/10.3892/etm.2018.6451
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	LncRNA TDRG1-Mediated Overexpression of VEGF Aggravated Retinal Microvascular Endothelial Cell Dysfunction in Diabetic Retinopathy
	Introduction
	Materials and Methods
	Tissue Samples
	Cell Culture and Treatment
	Small-Interfering RNA (siRNA) Transfection
	Total RNA Isolation and Quantitative Analysis of mRNAs
	Western Blotting
	Immunofluorescence and LncRNA TDRG1 FISH
	Cell Viability Assessment
	Monolayer Permeability Assay
	Cell Migration Assay
	Tube Formation Assay
	Statistical Analysis

	Results
	Enhanced Coexpression of LncRNA TDRG1 and VEGF in FVMs
	Upregulated LncRNA TDRG1 and VEGF in HRECs Exposed to High Glucose
	Positive Regulation of VEGF by LncRNA TDRG1 in Hyperglycemic HRECs
	Effects of LncRNA TDRG1 or VEGF Knockdown on Hyperglycemia-Induced HREC Dysfunction

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



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

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


