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ABSTRACT

Retinal neovascularization (RNV) is a sight threatening complication of 
ischemic retinopathies with limited therapeutic options. The transcription factor 
signal transducer and activator of transcription 3 (STAT3) has been shown to play 
a crucial role in promoting RNV. However, manipulating of STAT3 activity can cause 
significant adverse side effects due to its neurotrophic properties. In this study, we 
identified microRNA-21 (miR-21) as a downstream effector of STAT3 activity in the 
ischemic retinas and determined its role in promoting RNV through inhibition of its 
molecular target, the tissue inhibitor of matrix metalloproteinases 3 (TIMP3). Using 
human retinal endothelial cells (HREC) exposed to hypoxia and a mouse model of 
oxygen-induced retinopathy (OIR), we found that TIMP3 expression was significantly 
decreased at both mRNA and protein levels and this paralleled the activation of STAT3 
and up-regulation of miR-21. Moreover, TIMP3 expression was restored by knockdown 
of STAT3 or blocking of miR-21 in HREC, thus, confirming TIMP3 as a downstream 
target of STAT3/miR-21 pathway. Finally, in a mouse model of OIR, blockade of 
miR-21 by a specific antisense (a.miR-21), halted RNV and this effect was associated 
with rescuing of TIMP3 expression. Our data show that miR-21 mediates STAT3 pro-
angiogenic effects in the ischemic retina, thus suggesting its blockade as a potential 
therapy to prevent/halt RNV.

INTRODUCTION

Retinal neovascularization (RNV) is characterized 
by the inappropriate growth of retinal capillaries which 
may progress to retinal scarring, detachment and 
vision loss [1]. This potentially blinding condition is 
a severe complication of ischemic retinopathies, such 
as proliferative diabetic retinopathy, retinopathy of 
prematurity, and retinal vessel occlusion [2, 3].

To date, treatments for RNV involve pan-retinal 
laser photocoagulation and intravitreal injections of anti-

vascular endothelial growth factor (VEGF), however 
these procedures are not effective in all patients and have 
potential side-effects [4, 5]. A better understanding of 
the molecular mechanisms involved in the induction and 
progression of RNV may provide new clues and allow the 
identification of more effective therapeutic and diagnostic 
tools.

Although, RNV occurs in ocular pathologies 
with different etiologies, some recurrent, common 
pathogenic features have been identified. These include 
enhanced production of VEGF [6–9], activation of matrix 
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metalloproteinases (MMPs) [10–12], and up-regulation of 
pro-inflammatory mediators [9, 13–16]. Several studies 
have established that the transcription factor signal 
transducer and activator of transcription 3 (STAT3) is 
activated in the ischemic retina where it functions as a key 
modulator of both pro-angiogenic and pro-inflammatory 
processes [17–20]. Our laboratory and others have 
demonstrated that STAT3 is a critical mediator of VEGF 
expression and activity in microvascular endothelial 
cells [18, 20]. In addition, we have shown that blockade 
of STAT3 limits RNV [8, 21], thus suggesting that 
activation of STAT3 represents an important pathogenic 
hub for RNV. However, the pleiotropic activity of this 
transcription factor [22], renders its blockade potentially 
harmful to the neuroretina and moves the attention towards 
downstream effectors more exclusively mediating its pro-
angiogenic and pro-inflammatory activity.

Recent studies have shown that STAT3 is a 
transcriptional regulator of microRNAs (miRNAs) 
[23–25]. These short noncoding RNAs have emerged as 
important regulators of post-transcriptional gene silencing 
by interfering with RNA translation [26, 27]. Increasing 
body of evidence demonstrates that miRNAs are key 
modulators of different cellular processes and have been 
implicated in human pathologies including ischemic 
retinopathies [27–34].

MiR-21 is one the miRNAs transcriptionally 
regulated by STAT3 [23, 35, 36]. Dysregulated miR-21 
expression has been implicated in a number of human 
pathologies where inflammation and cell proliferation 
play a pathogenic role (reviewed in [37]). Moreover, miR-
21 is expressed in retinal microvascular cells [37, 38] and 
found in human vitreous [39]. Altered miR-21 expression 
and function have been recently shown to contribute to the 
pathogenesis of diabetic retinopathy [40].

MiR-21 has been involved in angiogenesis and tissue 
neovascularization [40–43]. Of interest, one miR-21 gene 
target is the tissue inhibitor of matrix metalloproteinase 
3 (TIMP3) whose angiostatic functions are well-
characterized also in retina [44–46].

Based on the above information, we have used loss- 
and gain-of-function approaches to perform experiments 
in vitro in human retinal endothelial cells (HREC) exposed 
to hypoxic conditions and in vivo, in a murine model of 
oxygen-induced retinopathy (OIR) to investigate miR-
21 regulation and function in the ischemic retina and its 
correlation to the STAT3 and TIMP3 pathways.

RESULTS

STAT3-dependent miR-21 up-regulation in 
HREC in response to hypoxia

In the current study, we first confirmed that hypoxia 
promotes rapid activation of STAT3 in human retinal 
endothelial cells. As shown in Figure 1A, phosphorylation 

of STAT3 at tyrosine 705, required for STAT3 activation, 
was increased more than 3-fold as early as 30 minutes 
after initiation of hypoxia (pO2=2%; p<0.05) and 
remained elevated for at least 90 minutes (p<0.05). Next, 
we evaluated the expression levels of miR-21 in HREC 
exposed to hypoxia by qPCR. These results revealed that 
miR-21 expression closely followed the pattern of STAT3 
phosphorylation/activation with significant increase 
observed one hour after the onset of hypoxia (Figure 
1B; p<0.001) and progressive increase with maximal 
expression at 12 hours (p<0.001). At 24 hours of hypoxia 
miR-21 levels decreased compared to 12 hours (Figure 
1B).

To determine the specific role of STAT3 in 
transcriptional regulation of miR-21 in hypoxic retinal 
endothelial cells, HREC were transfected with STAT3-
specific siRNAs (Figure 1C-1D). Western blotting analysis 
demonstrated that in HREC transfected with STAT3-
specific siRNAs STAT3 protein levels were reduced by 
~70%, whereas the non-targeted (NC) siRNAs had no 
effect (Figure 1C). In addition, transfection of HREC with 
STAT3-specific siRNAs significantly downregulated the 
expression of miR-21 induced by hypoxia (pO2=2%; 6 
hours), whereas transfection of the cells with NC siRNAs 
had no effects (Figure 1D). These data show that miR-
21 expression in HREC exposed to hypoxia is STAT3-
dependent.

MiR-21 promotes HREC in vitro tube formation

Despite the overwhelming evidence suggesting its 
pro-angiogenic activity, miR-21 has shown to have also 
anti-angiogenic effects [47]. Therefore, here we explored 
the effects of altering miR-21 expression in HREC in a 
matrigel tube formation assay. The extent of network 
formation was quantified by determining the number of 
branching points. Figure 2A shows that transfection of 
HREC with an antisense inhibitor of miR-21 (a.miR-21) 
significantly decreased hypoxia-induced formation of 
network-like structures in the matrigel assay compared 
to cells transfected with the scrambled inhibitor negative 
control (s.amiR). Furthermore, overexpression of miR-21 
mimic in HREC (Figure 2B) promoted tube formation as 
demonstrated by increase in the branching point number 
(2.5-fold) as compared to non-transfected control HREC 
or cells transfected with mimic negative control (NC) 
(Figure 2B). Thus, these data indicate that miR-21 exerts 
pro-angiogenic activity in HREC.

STAT3/miR-21 axis is involved in TIMP3 
regulation in hypoxia

To determine whether STAT3/miR-21 pathway 
is implicated in the regulation of TIMP3 in retinal 
endothelial cells in hypoxic conditions, TIMP3 expression 
was first assessed in HREC exposed to hypoxic conditions 
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with or without transfection of STAT3-specific siRNAs. 
As shown in Figure 3, TIMP3 mRNA (Figure 3A) and 
protein (Figure 3B) levels were suppressed in HREC 
challenged with 12 hours of hypoxia (pO2=2%; p<0.001 
vs control untreated cells). Knockdown of STAT3 with 
specific siRNAs as demonstrated in Figure 3A-3B rescued 
TIMP3 mRNA and TIMP3 protein levels in hypoxic 
HREC as compared to non-transfected hypoxic cells. 
On the contrary, in HREC transfected with NC siRNAs 
and exposed to hypoxia the levels of TIMP3 mRNA and 
protein remained unchanged compared to non-transfected 
hypoxic cells (Figure 3A-3B).

TIMP3 has previously been validated as miR-21 
target in different cells and experimental settings [23, 42, 
48]. To confirm the role of miR-21 in STAT3-dependent 
TIMP3 suppression in hypoxia, TIMP3 mRNA and protein 
levels were measured in HREC transfected with miR-
21 inhibitor, a.miR-21, or a scrambled control, s.amiR, 
after 12 hours of hypoxia. Transfection of the cells with 
a.miR-21 rescued hypoxia-mediated decrease in TIMP3 

mRNA (Figure 3C) and protein (Figure 3D) as compared 
to untreated cells. No changes in TIMP3 mRNA or protein 
levels were observed in hypoxic HREC transfected with 
s.amiR as compared to non-transfected hypoxic cells 
(Figure 3C-3D).

Finally, we determined whether overexpression 
of miR-21 would be sufficient to reduce TIMP3 levels 
in retinal endothelial cells. MiR-21 overexpression was 
achieved by transfection of HREC with miR-21 mimic 
for 24 and 48 hours. As demonstrated in Figure 4, TIMP3 
mRNA (Figure 4A; p<0.05 and p<0.001 for 24 and 48 
hours respectively) and protein levels (Figure 4B; p<0.05 
and p<0.01 for 24 and 48 hours respectively), were 
reduced in miR-21 mimic transfected cells compared to 
control untreated cells whereas transfection of the cells 
with mimic NC had no effect. Overall, these data strongly 
indicate that STAT3/miR-21 axis is involved in TIMP3 
downregulation in the hypoxic milieu.

Figure 1: miR-21 is a down-stream target of STAT3 in HREC in hypoxia.  (A) STAT3 is activated by hypoxia in HREC. Western 
blotting analysis showing phosphorylation of STAT3 at tyrosine 705 in HREC exposed to hypoxia (pO2=2%) for 30-90 min. Blots were 
subjected to densitometry analysis and the obtained data were analyzed for statistical significance. (B) MiR-21 is up-regulated in HREC 
in hypoxia. QPCR analysis demonstrating miR-21 expression in HREC exposed to hypoxia (pO2=2%) for 1-12 hours. (C) STAT3 protein 
expression by Western blot showing that STAT3 siRNA (50 nM final concentration), but not NC siRNA, decreased total STAT3 protein 
in HREC by ~70% assessed 48 hours after transfection. (D) Blocking of STAT3 down-regulates miR-21 expression in hypoxia. QPCR 
showing miR-21 expression in HREC transfected with siRNA constructs for STAT3 and NC siRNA and exposed to hypoxia (pO2=2%) for 
6 hours. Values are mean ± SD of four separate experiments.



Oncotarget103571www.impactjournals.com/oncotarget

STAT3/miR-21 axis is up-regulated and TIMP3 
is suppressed in retinas of OIR mice

To validate the effects of miR-21 in vivo, we 
employed a well-characterized model of pathological 
angiogenesis, the mouse model of OIR. We assessed 
STAT3 activation and miR-21 expression in OIR mice 
focusing on postnatal days 14 and 17 (P14 and P17), time 
points corresponding to progressive vascular regrowth and 
neovessel formation. Western blot analysis confirmed that 
phosphorylation of STAT3 was increased in retinas of OIR 
mice at P14 and P17 when compared with normal age-
matched control mice (Figure 5A). To determine the status 
of miR-21 in the ischemic retina, we measured, by qPCR, 
miR-21 expression in retinas of control age-matched 
mice and mice subjected to OIR. As shown in Figure 5B, 
retinal levels of miR-21 in OIR mice at P14 and P17 was 
significantly elevated compared to age-matched control 
mice (~1.7 and 2.4 fold at P14 and P17, respectively). 
Consistent with the qPCR analysis, in situ hybridization 
(ISH), using an anti-miR-21 probe, confirmed the up-
regulation of miR-21 transcripts in retinas of mice 
subjected to OIR at both P14 and P17 (Figure 5C; lower 
panels) compared to age-matched control mice (Figure 5C; 
upper panels). ISH further revealed that miR-21 expression 
is localized in the inner nuclear (INL), outer plexiform 
(OPL), and retinal pigment epithelium (RPE) cell layers 
(Figure 5C; arrows) with the maximum signal observed in 
OIR retinas at P14.

Next, we assessed the expression of TIMP3 in 
retinas of control mice and mice following OIR by qPCR 
and immunoblotting analyses. Figure 6A shows that 
retinal TIMP3 mRNA expression was significantly down-
regulated in OIR mice at postnatal days P14 and P17 
compared to control mice of the same age (~2.5 and 3.1 
fold at P14 and P17, respectively). The decrease in TIMP3 
mRNA expression was followed by reduction in TIMP3 
protein as shown in Figure 6B (p<0.01 vs respective 
control mice).

Intraorbital delivery of miR-21 inhibitor rescues 
TIMP3 expression and decreases retinal vascular 
regrowth and pathological neovascularization

We blocked retinal endogenous miR-21 in mice 
subjected to OIR by intraorbital injection of seed-
targeting miRCURY miR-21 LNA inhibitor (a.miR-21) at 
postnatal day 11. To confirm that LNA inhibitor down-
regulated retinal miR-21, we measured miR-21 expression 
in retinas of treated and un-treated OIR mice at P14. As 
demonstrated in Figure 7A, a.miR-21 decreased levels 
of miR-21 in retinas of OIR mice compared to untreated 
OIR mice. In parallel, upon miR-21 inhibition, TIMP3 
mRNA and TIMP3 protein (Figure 7B-7C, respectively) 
were induced in OIR mice at P14 compared to untreated 
OIR mice and OIR mice injected with NC. Noticeably, 
blocking of miR-21 in OIR mice down-regulated the 

Figure 2: Matrigel tube formation assay in HREC. (A) Representative images of tube formation and quantification of branching 
points in HREC transfected with a.miR-21 (50 nM final concentration) and s.amiR and exposed to hypoxia (pO2=2%) for 12 hours. (B) 
Representative images of tube formation and quantification of branching points in HREC transfected with miR-21 mimic (50 nM) or mimic 
NC for 48 hours (B). Tube formation was observed under an inverted microscope and the images were captured with a digital camera. 
Representative images and analysis of three independent experiments. Original magnification, x10.
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Figure 3: STAT3/miR-21 axis is involved in TIMP3 expression in hypoxic HREC. (A) QPCR of TIMP3 mRNA expression 
in control untreated HREC and cells transfected with STAT3-specific siRNA (50 nM final concentration) or negative control siRNA (NC) 
and exposed to hypoxia (pO2=2%) for 12 hours. (B) Western blot showing expression of TIMP3 in HREC transfected with STAT3-specific 
siRNA or NC siRNA. Blots were subjected to densitometry analysis and the obtained data were analyzed for statistical significance. (C) 
QPCR of TIMP3 mRNA expression in HREC transfected with a.miR-21 (50 nM final concentration) and s.amiR and exposed to 2%O2 
hypoxia for 12 hours. (D) Western blot showing expression of TIMP3 in HREC transfected with a.miR-21 and s.amiR. Blots were subjected 
to densitometry analysis and the obtained data were analyzed for statistical significance. Values are mean ± SD of four separate experiments.

Figure 4: Overexpression of miR-21 up-regulates TIMP3 expression in HREC. (A) QPCR of TIMP3 mRNA expression in 
control HREC and HREC transfected with miR-21 mimic (50 nM) for 24 and 48 hours or mimic NC. (B) Western blot showing expression 
of TIMP3 in HREC transfected with miR-21 mimic or mimic NC. Values are mean ± SD of four separate experiments.
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levels of miR-21 to levels below than those observed in 
control mice and up-regulated TIMP3 expression to levels 
higher than those observed in control P14 mice. This data 
validates the efficacy of the treatment and suggest that 
basal miR-21 expression is involved in TIMP3 regulation 
also in normal retina.

Finally, to determine whether blocking of miR-21 
affects RNV, we assessed vascular density and distribution 
in the retinas of OIR mice at P17 by conducting 
morphometric analysis of retinal flatmounts stained with 
Texas Red–isolectin B4 (Figure 8). Quantification of 
the observed changes revealed that blocking of miR-21 
significantly decreased the number of neovascular tufts 

in a.miR-21 treated OIR mice compared to untreated OIR 
mice (Figure 8B). Some increase in the area of neovascular 
tufts was observed in OIR mice injected with NC LNA 
as compared to untreated and a.miR-21 treated OIR mice 
(Figure 8B). Blocking of miR-21 resulted in a larger 
avascular area in a.miR-21 treated OIR mice compared to 
untreated or NC LNA-treated OIR mice (Figure 8C).

DISCUSSION

We have identified miR-21 as a down-stream effector 
of STAT3 in promoting pathological neovascularization 
in the ischemic retina. Using loss- and gain-of-function 

Figure 5: STAT3 and miR-21 are activated in retinas of OIR mice. (A) Western blotting analysis showing phosphorylation of 
STAT3 at tyrosine 705 in retinas of control and OIR mice at P14 and P17. Blots were subjected to densitometry analysis and the obtained 
data were analyzed for statistical significance. (B) QPCR analysis demonstrating miR-21 expression in retinas of control and OIR mice at 
P14 and P17. Values are mean ± SD (n=5 retinas per group). (C) Representative images of miR-21 ISH in retinas from OIR (lower images) 
and control (upper images) mice at P14 and P17 (n=4 retinas per group). Arrows indicate expression of miR-21 in the INL, OPL, and RPE 
cell layers. Original magnification, x20.



Oncotarget103574www.impactjournals.com/oncotarget

approaches, we provide the evidence that in HREC 
exposed to hypoxic condition the activation of STAT3 
results in miR-21 gene transcription and consequent 
suppression of its target gene TIMP3. Moreover, blockade 
of miR-21, reduces the angiogenic potential of endothelial 
cells in vitro and diminishes neovascular tufts formation in 
the ischemic retina. The obtained data, therefore, indicate 
that STAT3/miR-21 axis contributes to RNV.

STAT3 has shown to play a critical role in induction 
and progression of RNV affecting the expression and 
activity of VEGF and inflammatory cytokines [17–21]. In 
agreement with previous findings, STAT3 was found to be 
rapidly activated in HREC challenged with hypoxia and 
in retinas of OIR mice during the neovascular stages (P14 
and P17).

Figure 6: TIMP3 is downregulated in retinas of OIR mice. (A) QPCR of TIMP3 mRNA expression in retinas of control and OIR 
mice at P14 and P17. (B) Western blot showing expression of TIMP3 in retinas of OIR and age-matched control mice. Blots were subjected 
to densitometry analysis and the obtained data were analyzed for statistical significance. Values are mean ± SD (n=5 retinas per group).

Figure 7: Intraorbital delivery of miR-21 inhibitor recovers TIMP3 expression in retinas of OIR mice. (A) MiR-21 
expression in retinas of control mice and OIR mice at P14 injected with miR-21 inhibitor (a.miR-21) or NC LNA. (B) QPCR of TIMP3 
mRNA expression in retinas of control mice and OIR mice at P14 injected with a.miR-21 or NC LNA. (C) Western blot showing expression 
of TIMP3 in retinas of control mice and OIR mice at P14 injected with a.miR-21 or NC LNA. Blots were subjected to densitometry analysis 
and the obtained data were analyzed for statistical significance. Values are mean ± SD (n=5 retinas per group).
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MiR-21, which is located on chromosome 17q23.2 
within the protein-coding region of the transmembrane 
protein 49 [49], is among several miRNAs that have been 
shown to be transcriptionally activated by STAT3 [25, 
35]. Profiling studies showed that miR-21 is one of 28 
highly expressed miRNAs in endothelial cells, suggesting 
a contributing role of this miRNA to vascular homeostasis 
[reviewed in [30, 50]]. Consistent with these reports, we 
detected significant baseline levels of miR-21 expression 
in HREC and in retinas of control mice at postnatal days 
14 and 17. A potential homeostatic function of miR-21 is 
supported also by the presence of this miRNA in normal 
human vitreous [39]. In addition, we have observed a 
modest, but statistical significant difference in miR-21 
expression in normal mice between postnatal age 14 and 
17, suggesting that the retinal expression of miR-21 is 
developmentally regulated.

TIMP3 biological function is primarily attributed 
to its ability to control the activity of MMPs [42, 51–54] 
and sheddases such as the TNFα-convertase [55] and to 
inhibit VEGF-VEGFR2 interaction [45]. TIMP3 has 
been shown to be a negative modulator of choroidal 
neovascularization [54, 56, 57] and RNV [44, 46]. TIMP3 
has shown to be a miR-21 gene target [23, 48, 58]. In the 

current study, we showed that inhibition of STAT3 and 
miR-21 rescued TIMP3 expression in hypoxic HREC and 
in a.miR-21-treated OIR mice, therefore, confirming the 
importance of the STAT3/miR-21 axis in suppression of 
TIMP3 during RNV. It is important to note that inhibition 
of miR-21 in retinas of OIR mice resulted in an elevation 
of its expression above the levels observed in control 
mice, thus, underscoring miR-21 regulatory activity also 
on retinal TIMP3 basal levels. In parallel to up-regulation 
of TIMP3, inhibition of miR-21 in OIR, at P17, resulted 
in a significant reduction of the neovascular tuft areas and 
augmentation of the capillary-free zone.

These results are in agreement with other reports 
demonstrating pro-angiogenic activities of miR-21 in 
vivo [40, 43, 59, 60] and in vitro systems [42, 43, 60–
62]. Interestingly, miR-21 acted as a negative modulator 
of angiogenesis in choroidal neovascularization [47]. 
The discrepancy between this study and ours could be 
attributed to different properties of choroidal and retinal 
endothelial cells.

In summary, our current findings provide the 
evidence that STAT3/miR-21 axis represents a central 
epigenetic switch implicated in RNV.

Figure 8: Intraorbital delivery of miR-21 inhibitor reduces pathological neovascularization in retinas of OIR mice. 
(A) Representative flatmounted retinas of OIR mice at P17 injected with a.miR-21 or NC LNA stained with isolectin B4 to identify areas 
of neovascularization (arrows) and avascular zones (green). (B-C) Histograms representing the results of morphometric analysis of retinal 
flatmounts measuring neovascular tufts (B) and the capillary-free areas (C). Values are mean ± SD (n=4 retinas per group).
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MATERIALS AND METHODS

Animal model of retinal neovascularization and 
treatment protocols

All the animal procedures were performed in 
accordance with the statement of the Association for 
Research in Vision and Ophthalmology (ARVO) for 
the humane use of animals in vision science and with 
protocols approved by Augusta University (AU). C57Bl/6J 
mice were purchased from Jackson laboratories (Bar 
Harbour, ME) at 2 months of age and kept in AU animal 
facility with a light cycle of 12 hours and fed ad libitum. 
RNV was induced in a mouse model of OIR according 
to the protocol of Smith et al. [63]. In this model, on 
postnatal day 7 (P7), newborn mice are placed, along with 
their dam, into a custom-built chamber in which the partial 
pressure of oxygen is maintained at 75%. After 5 days, 
the mice are brought to room air and kept until P17. In 
this model, neo-vascularization forms from P13 through 
P17 in response to hypoxic conditions in the retina and 
is quantified at P17, when pathological response is at a 
maximum. Age-matched C57Bl/6J mice kept at room air 
are used as controls. To block miR-21, OIR mice received 
at P11, while still in the oxygen chamber, intraorbital 
injections of 1 μl of seed-targeting miRCURY Locked 
Nucleic Acid (LNA) inhibitor (a.miR-21; mmu-miR-
21a-5p; Exiqon, Woburn, MA) or LNA inhibitor control 
(NC; Exiqon) in the left eye (3 μg each). The mice were 
sacrificed by an overdose of anesthetic at P14 and P17. 
The eyeballs and retinas were excised and processed for 
imaging or molecular analysis. 2-3 sets of six pups each 
were used for each treatment group.

Morphometric analysis

Retinal vessel growth and distribution were 
assessed in flatmounted retinal preparations labeled 
with biotinylated isolectin B4 (Griffonia simplicifolia) 
and Texas Red–conjugated avidin D [21]. Images were 
captured with a fluorescent microscope (Zeiss Axioplan 
2; Carl Zeiss, Thornwood, NY) equipped with AxioVision 
4.6.3.0 software. Areas of vaso-obliteration and capillary 
tufts formation were analyzed using Adobe PhotoShop 
CS6 according to Connor et al. [64]. The ratio of the 
non-perfused area and tufts to the entire retinal area was 
determined. The morphometric analysis was performed in 
a masked fashion.

In situ hybridization (ISH)

ISH was performed on frozen retinal sections 
fixed in 4% paraformaldehyde. miRNAs were un-masked 
by incubation with proteinase K for 30 minutes. Slides 
were incubated overnight at 58˚C with a double 5’- and 
3’-digoxigenin (DIG)-labeled miRCURY LNA™ probe 

for miR-21 (Exiqon). Slides were washed in 2x, 1x and 
1x concentrations of sodium citrate buffer at 58˚C, 53˚C, 
and 37˚C, respectively, followed by one hour incubation 
with anti-DIG (Roche Diagnostics, Indianapolis, IN) and 
mounting with Fluoromount (Fisher Scientific, Pittsburg, 
PA). Images were captured by fluorescent microscopy. 
Control sections probed with scrambled mRNA control 
(5`- and 3`-DIG-labeled) were used as a negative control 
(NC).

Cell culture and hypoxia treatment

HREC were purchased from Cell Systems 
Corporation (Kirkland, WA) and cultured in a growth 
medium at 37˚C in a humidified atmosphere of 5% CO2 
in air as suggested by the manufacturer. HREC were used 
between passages 3-7. Prior to all experiments, HREC 
monolayers were serum starved for 10-12 hours. Hypoxia 
was achieved by exposing HREC for 0.5-12 hours to a 
gas mixture (5% CO2-balanced N2) to obtain 2% O2 in  
a PRO-OX 110-sealed hypoxia chamber provided with 
oxygen sensor (BioSperix Limited, Lacona, NY).

Cell transfection

HREC were plated at a density 4.0-5.0 × 105 into 
60 mm plates. Transfection of cells with STAT3 silencer 
pre-designed small interfering RNA (siRNA; 50 nM; 
Ambion Waltham, MA) or negative control siRNA (NC; 
Ambion) constructs, the miR-21 mimic (miScript hsa-
miR-21-5p mirVanaTM mimic; 50 nM; Ambion) or the 
miRNA mimic negative control (NC; Ambion), hsa-miR-
21-5p mirVanaTM inhibitor (a.miR-21; 50 nM; Ambion) or 
scrambled anti-miR™miRNA inhibitor negative control (s.
amiR; Ambion) was performed using Lipofectamine 2000 
(Invitrogen) and Lipofectamine RNAiMax Transfection 
Reagent (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s instruction. Cells were harvested 24-48 
hours after transfection for analyses by qPCR and Western 
blotting.

Reverse transcription real-time PCR and miRNA 
assay

Total RNA was isolated from retinas and HREC 
using TRI Reagent (Sigma-Aldrich, St. Louis, MO) 
according to the manufacturer’s protocol. cDNA was 
prepared using iScript™cDNA Synthesis Kit (Bio-
Rad, Hercules, CA). Amplification of TIMP3 Forward 
5`- ACTGCAAGATCAAGTCCTGCT-3`, Reverse 
5`-AGGCGTAGTGTTTGGACTGG-3` mRNA was 
performed using Power SYBR green PCR master mix 
(Applied Biosystems, Foster City, CA). The conditions 
used for the PCR were as follows: 95˚C for 3 min (1 
cycle) and 94˚C for 20 sec, 55˚C for 30 sec, and 72˚C 
for 40 sec (40cycles). The relative mRNA abundance 
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was determined by normalizing to 18s ribosomal RNA 
(rRNA) using the 2Ct method (Ct refers to the threshold 
value). MiRNAs were isolated using a miRCURY LNA™ 
Universal RT Kit (Exiqon, Woburn, MA) and cDNA 
was prepared using a Universal cDNA Synthesis Kit 
(Exiqon) according to the manufacturer’s instructions. 
QPCR was performed using specific miR-21 primer, 
5' UAGCUUAUCAGACUGAUGUUGA 3 (Qiagen, 
Germantown, MD), and the ExiLENT SYBR® Green 
PCR Master Mix (Exiqon). The conditions used for qPCR 
were as follows: 95˚C for 10 min (1 cycle), 95˚C for 
10 sec, 60˚C for 1 min (40 cycles). The thermal cycler 
StepOne™ Real-Time PCR System (Applied Biosystems; 
Foster City, CA) was used for qPCR, and the data were 
analyzed using iCycler Thermal Cycler software (Applied 
Biosystems). Relative miRNA abundance was determined 
by normalizing to 5s rRNA using the 2Ct method.

Protein analysis

Proteins were extracted from retinas and HREC 
as previously described [8]. The extracted proteins 
were quantified by using BioRad Protein DC Assay 
(Bio-Rad). Western blotting analysis was carried out as 
described [8] using specific antibodies for STAT3 phospho 
tyrosine 705 (pSTAT3; 1:2000; Cell Signaling, Danvers, 
MA) and TIMP3 (1:1000; Cell Signaling Technology, 
Beverly, MA), and corresponding secondary horseradish-
conjugated antibodies (GE Healthcare, Pittsburg, PA). 
Phospho-STAT3 levels were normalized to total STAT3 
(1:1000; Cell Signaling). Actin antibody was used as an 
internal control for TIMP3 expression (1:1000; Santa-Cruz 
Biotech). Chemiluminescence-based assay was used for 
protein detection (ThermoFisher, Rockford, IL).

In vitro angiogenesis assay

Twenty-four-well plates were coated with Growth 
Factor Reduced Corning Matrigel Matrix (Corning Life 
Sciences, Tewksbury, MA) according the manufacture’s 
protocol. Twenty-four hours after transfection with 
a.miR-21 or s.amiR-21 cells were trypsinized, and 300 μl 
of the cell suspension containing 1.0 x 105 cells was added 
to each well. The angiogenesis assay plate was incubated 
in hypoxic chamber (2% O2 at 37˚C, 5% CO2) for 12 
hours. In some experiments, cells were transfected with 
miR-21 mimic or mimic NC and plated for angiogenesis 
assay for 12 hours at 37˚C, 5% CO2 atmosphere. 
Captured digital images were analyzed for the extent of 
network formation by quantification of the number of 
interconnecting branching points.

Statistical analysis

All data are presented as mean ± standard deviation 
(SD). The data were analyzed by Student t test or Mann-
Whitney rank sum test using a computer-based software 

package (GraphPad Prism 6.0). P values less than 0.05 
were considered significant.
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