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Abstract: Diabetic retinopathy (DR) accounts for ~80% of legal blindness in persons aged 20–74 years 
and is associated with enormous social and health burdens. Current therapies are invasive, non-curative, 
and in-effective in 15–25% of DR patients. This review outlines the potential utility of microRNAs 
(miRNAs) as biomarkers and potential therapy for diabetic retinopathy. miRNAs are small noncoding 
forms of RNA that may play a role in the pathogenesis of DR by altering the level of expression of genes via 
single nucleotide polymorphism and regulatory loops. A majority of miRNAs are intracellular and specific 
intracellular microRNAs have been associated with cellular changes associated with DR. Some microRNAs 
are extracellular and called circulatory microRNAs. Circulatory miRNAs have been found to be differentially 
expressed in serum and bodily fluid in patients with diabetes mellitus (DM) with and without retinopathy. 
Some miRNAs have been associated with the severity of DR, and future studies may reveal whether 
circulatory miRNAs could serve as novel reliable biomarkers to detect or predict retinopathy progression. 
Therapeutic strategies can be developed utilizing the natural miRNA/long noncoding RNA (lncRNA) 
regulatory loops. miRNAs and lncRNAs are two major families of the non-protein-coding transcripts. 
They are regulatory molecules for fundamental cellular processes via a variety of mechanisms, and their 
expression and function are tightly regulated. The recent evidence indicates a cross-talk between miRNAs 
and lncRNAs. Therefore, dysregulation of miRNAs and lncRNAs is critical to human disease pathogenesis, 
such as diabetic retinopathy. miRNAs are long-distance communicators and reprogramming agents, and 
they embody an entirely novel paradigm in cellular and tissue signaling and interaction. By targeting specific 
miRNAs, whole pathways implicated in the pathogenesis of DR may potentially be altered. Understanding 
the endogenous roles of miRNAs in the pathogenesis of diabetic retinopathy could lead to novel diagnostic 
and therapeutic approaches to managing this frequently blinding retinal condition.
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Introduction

Diabetic retinopathy (DR) accounts for ~80% of legal 
blindness in persons aged 20–74 years and causes enormous 
social and health burdens (1). In 2010, ~7.7 million persons 
in the US had DR (2,3), which is expected to rise to  
~16 million by 2050 (2). The pathogenesis of DR is 
complex but mainly results from adverse metabolic effects 
of chronic hyperglycemia, which cause retinal microvascular 
damage and lead to retinal damage and ischemia. This 
ischemic environment stimulates the retina to produce 
growth factors, such as vascular endothelial growth factor 
(VEGF), which promote angiogenesis, vascular leakage, 
and inflammation, ultimately contributing to vision  
loss (4). Current therapies for DR include laser therapy, 
intravitreal injections of anti-VEGF agents, anti-
inflammatory and corticosteroid therapy, and intraocular 
surgery. However, they are invasive, non-curative and 
alleviate vision impairment only temporarily. Thus, 
repeated treatments are often required. 

The clinical challenge of treating DR 

DR and associated ocular complications, such as macular 
edema and retinal neovascularization, are leading causes of 
vision impairment and blindness in the US and worldwide. 
Intravitreal injection of anti-VEGF agents can treat both 
diabetic macular edema and retinal neovascularization. 
The problems with current intravitreal anti-VEGF therapy 
include: (I) need for repeated treatments; (II) potential off-
target effects on other, non-endothelial, cells; and (III) 
involvement of factors other than VEGF in pathogenesis 
of DR, which may limit or attenuate patient response to 
anti-VEGF agents. About 15–25% of DR patients do not 
respond to anti-VEGF therapy (5-7). Therefore, there is a 
great unmet need to improve treatments for DR. 

A new approach to treating DR that can be developed is 
via precision medicine that targets novel epigenetic changes 
associated with DR. It contrasts with a one-size-fits-all 
approach currently used, in which disease treatment and 
prevention strategies are developed for the average person, 
with less consideration for the genetic differences among 
individuals. The need for such new therapeutic approaches 
is clear and compelling. Targeting specific microRNAs 
(miRNAs) is one such approach to manage diabetic 
retinopathy.

The unique potential of targeting specific 
miRNAs in DR 

This review explores the potential utility of miRNAs, 
small non-coding forms of RNA implicated in human 
diseases, in diagnosis and management of DR (8,9). 
MiRNAs post-transcriptionally regulate gene expression 
by degrading or blocking the translation of messenger 
RNA (mRNA) targets. MiRNAs generally silence the 
expression of target genes by binding to specific sites on 
the genes 3’ untranslated region (UTR) and recruiting a 
silencing complex that blocks translation (10). Besides their 
presence in tissues, miRNAs circulate in the bloodstream 
in a highly stable, extracellular form and can serve as 
easily accessible blood-based biomarkers (11). We will 
discuss the roles of individual specific miRNAs and their 
target molecular pathways in DR and assess their potential 
applications for treating DR. A novel therapeutic approach 
that can be explored is modulating pathways critical to 
pathogenesis DR using miRNAs or anti-miRNAs (anti-
miRs), chemically-engineered to block miRNA molecules 
from binding to their specific target sites on mRNA. 
Alternatively, endogenous miRNA actions may be silenced 
by targeting binding sites on mRNAs, as well as long non-
coding RNAs (lncRNAs) and circular RNAs (circRNAs), 
which are natural regulators of the regulators.

MiRNAs are long-distance communicators and 
reprogramming agents 

Several miRNA species act as master regulators of 
development, inflammation, and aging (12-15). Such 
miRNAs secreted extracellularly into bodily fluids, 
migrate in small membranous extracellular vesicles (EVs) 
or exosomes, and are then endocytosed to act as long-
distance communicators and reprogramming agents 
on distant cells. MiRNAs represent a completely novel 
paradigm in cellular and tissue signaling and interaction, 
and understanding their endogenous roles and potential 
applications concerning DR may lead to novel approaches 
to diagnosis and treatment. 

Altered intracellular expression levels of miRNAs 
play a role in DR 

There are many excellent reviews about miRNAs (16-18) 
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Table 1 Intracellular miRNA DR biomarkers

Disorder miRNA Tissue Targets Action Reference

DR miR-21 Endothelial cells Endothelial cells dysfunction; Pathogenic, inflammation (19)

DR miR-216a Rat retina, HRMECs Suppression of NOS2/JAK/STAT Protections of HRMECs (20)

DR miR-29b-3p HRMEC Blocking SIRT1 Pathogenic, HRMEC apoptosis (21)

PDR miR-203a-3p Rat retina, OIR VEGFA, HIF-1α Inhibits angiogenesis (22)

DR miR-183 Rat retina PI3K/Akt/VEGF, upregulating BTG1 Silencing inhibits cells growth (22)

DR miR-200b Diabetic mouse retina, RMECs VEGF Inhibits VEGF (23,24)

DR, diabetic retinopathy; PDR, proliferative diabetic retinopathy; miR, microRNA; HRMEC, Human Retinal Microvascular Endothelial 
Cells; RMECs, Retinal Microvascular Endothelial Cells; OIR, oxygen-induced retinopathy; NOS2/JAK/STAT, Nitric Oxide Synthase 2/Janus  
Kinase/Signal Transducer and Activator of Transcription; SIRT1, sirtuin 1; VEGF, vascular endothelial growth factor; HIF-1α,  
Hypoxia-inducible factor 1-α; PI3K/Akt, Phosphatidylinositol 3-kinase/Akt, Protein Kinase B; BTG1, B-Cell Translocation Gene 1  
Protein.

describing their biogenesis, processing, and regulation of 
gene expression, so we will not go into those details. The 
majority of the miRNAs are present intracellularly, while 
a special class of miRNAs have been identified in bodily 
fluids and named circulatory miRNAs or extracellular 
miRNA. They were initially identified in blood and then 
subsequently in all bodily fluids, including ocular aqueous 
and vitreous humor. Their dysregulation is present in many 
diseases and disorders, and they have been identified as early 
biomarkers. Several examples of identified intracellular DR 
biomarker miRNAs are presented in Table 1. Overexpression 
of miR-21 has been seen to play a pivotal role in the 
pathogenesis of DR by contributing to diabetes mellitus 
(DM)-induced endothelial dysfunction as well as low-grade 
inflammation (19). In a DR rat retina, overexpression of 
miR-216a protects against human retinal microvascular 
endothelial cell (HRMEC) injury in DR by suppressing the 
NOS2/JAK/STAT axis (20). At the same time, miRNA-
29b-3p promotes HRMEC apoptosis via blocking SIRT1 in 
DR (21). The upregulation of miR-203a-3p might inhibit 
retinal neovascularization in oxygen-induced retinopathy 
(OIR) rat model via targeting VEGFA and HIF-1α (22). 
MiR-183 silencing inhibits cell growth and tube formation 
in vascular endothelial cells of DR rats via the PI3K/Akt/
VEGF signaling pathway by upregulating BTG1 (25). 
The relationship between miR-200b-3p and MALAT1 or 
vascular endothelial growth factor A (VEGFA) was validated 
in a DR mouse model that was induced by streptozotocin 
injection and a high-glucose/high-fat diet and in retinal 
microvascular endothelial cells (RMECs) (24).

Single nucleotide polymorphism of miRNA and 
target genes

Genetic variations, mostly single-nucleotide polymorphisms 
(SNPs), are changes in a single nucleotide in a sequence 
of miRNA (26). Variations in miRNA transcripts can 
cause structural mismatches in hairpin loops, essential 
and conserved structural features for miRNAs, resulting 
in miRNA expression changes, abnormal function, and 
dysregulation of target genes. SNPs in the miRNAs 
seed recognition region can cause changes in stability of 
miRNA:mRNA binding sites or generate new binding sites, 
which can change the target specificity of miRNA (27) 
(Figure 1). That kind of change in gene regulation can have 
far-reaching consequences for cellular physiology, and there 
are a few miRNA SNPs identified that show association 
with DR (Table 2). 

SNP in the MIR146a gene (rs2910164) is significantly 
associated with microvascular protection in DR patients 
with type 2 diabetes mellitus (T2DM) (28). Common 
SNP polymorphisms in miR-146a and miR-155 variations 
provide a protective effect for patients with type 1 diabetes 
mellitus (T1DM) by negatively regulating inflammation. In 
miR-126, the A allele of rs4636297, known to be the non-
functional allele for post-translational regulation of the 
miRNA, is associated with severe non-proliferative diabetic 
retinopathy (NPDR) or proliferative diabetic retinopathy 
(PDR) (29). 

A common polymorphism in MIR449b is significantly 
associated with a decreased risk of PDR and sight-
threatening DR in Caucasian patients with T1DM (30). 
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Figure 1 Regulation of gene expression with miRNAs. MiRNA regulates gene expression at the level of translation (protein synthesis) by 
binding to messenger RNA (mRNA). Genetic variations, mostly single-nucleotide polymorphisms (SNPs), can cause imperfect pairing 
with target mRNA as well as structural mismatches in hairpin loops, resulting in dysregulation of miRNA/mRNA binding. Long non-
coding RNAs (lncRNAs) are long RNA transcripts that do not encode proteins. In case when lncRNAs may regulate target gene expression 
via sequestering miRNA, they are known as competing endogenous RNA (ceRNA). Circular RNAs (circRNAs) are new endogenous non-
coding RNA family members that arise during pre-mRNA splicing. CircRNA acts as a kind of ceRNA to play a role in regulating miRNA. 

Table 2 miRNA SNPs in DR

Disorder miRNA SNP Species Targets Action Reference

DR, DME miR-146a rs2910164 Human attenuates the activity of NF-kappa B Protection T2DM, T1DM (28)

DR miR-126 rs4636297 Human suppresses the inhibitors of the VEGF pathway 
PI3K2, and the Sprouty-related protein SPRED1

Risk factor (29)

DR miR449b rs10061133 Human, 
mice retina,

G>A predicted to alter a Dicer cleavage site; 
regulates EF2 angiogenesis pathway

Allele “G” confers protection 
from DR in T1DM 

(30)

DR miR-155 rs767649 human Inflammation, plasma, retina, controls both the 
innate and adaptive immune systems

Protection T1DM (31)

DR, diabetic retinopathy; DME, diabetic macula edema; miR, microRNA; SNP, single nucleotide polymorphism; rs, reference SNP  
cluster ID; NF-kappa B, nuclear factor kappa B; VEGF, vascular endothelial growth factor; PI3K2, Phosphatidylinositol 3-kinase 2; 
SPRED1, Sprouty-related EVH1 Domain Containing 1; Dicer, endoribonuclease Dicer or helicase with RNase motif; EF2, eukaryotic  
elongation factor 2; T2DM, type 2 diabetes mellitus; T1DM, type 1 diabetes mellitus.

MiRNA-449b is part of a family of miRNAs involved in 
cell proliferation, inflammation, and angiogenesis and are 
important hypoxia-regulated miRNAs. MiRNA-449a and 
449b have been studied in retinal tissues of mice (32,33). In 
an oxygen-induced mouse model of retinal ischemia, miRNA 

449a was significantly downregulated, which is consistent 
with a potential protective role against retinal ischemia (33). 

Circulating miRNA-155 (miR-155) is associated with 
T2DM, and the rs767649 polymorphism in the pre-
MIR155 gene is associated with DR. MiR-155 is a regulator 
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of immune system cell proliferation, cell differentiation, 
and effector responses, such as cytokine and antibody 
production. MiR-155 was shown to be a positive regulator 
of insulin sensitivity and required for normal blood glucose 
homeostasis. MiR-155 is also expressed in normal murine 
retina and retinal endothelial cells (31). 

Circulatory miRNAs potential as early diagnostic 
tools for DR 

Circulatory miRNAs have been shown to be differentially 
expressed in people with DM in serum and plasma studies, 
urine, and many other bodily fluids (34), suggesting that 
miRNAs could also serve as novel biomarkers in detecting 
or predicting the overall progress of DM and perhaps the 
progress of retinopathy from mild to sight-threatening (35-37).  
Although, in order to identify robust biomarkers, it is 
essential to establish miRNA profiles of ocular fluids and 
plasma and correlations of dysregulations of miRNAs in 
aqueous, vitreous, and plasma. 

Analysis of circulating miRNAs from serum or plasma 
samples of DM patients, both with and without DR, showed 
altered expression levels of many miRNAs throughout 
different patient populations (38) (Table 3). The serum 
expression of miR-210 was upregulated in DR patients 
compared with DM patients with no retinopathy and 
healthy controls. Furthermore, proliferative DR (PDR) 
patients had higher levels than non-proliferative DR 
(NPDR) patients. The differential upregulation suggests 
that increased serum miR-210 could be used to identify 
patients with higher risk for PDR from NPDR patients (39).  
Two miRNAs mostly associated with the risk of DR in 
patients with T1DM are miR-27b and miR-320a (40). An 
anti-angiogenic miRNA, miR-221, has been identified in 
serum as a biomarker for DR in patients with T2DM and 
PDR, and it was involved in the DM physiopathology and 
macrovascular complications associated with T2DM (46-49).  
It was increased in serum, together with Ang II and  
VEGF (46). Potential biomarkers let-7a and miR-151 in 
serum have been confirmed by RNA seq for late-stage and 
early-stage DR in patients with T2DM (50). Besides, other 
circulating miRNAs, including miR-126, miR-150, miR-
155, and miR-200b, were also found dysregulated in DR 
patients, as well as in preclinical animal models of DR [(50), 
and references therein]. These findings indicate the complex 
regulation of miRNAs in DR and the great potential of 
miRNAs as biomarkers of DR.

The studies of miRNAs in vitreous of human DR patients 

found biomarkers such as let-7c, miR-16, miR-92a, and miR-
320a, b [(41), and refs therein]. Some of the miRNA candidates 
identified in other studies are from the same families (let-7, 
miR-320), although not exactly the same member. Several 
miRNAs (including miR-27a, miR-93, and miR-150) were 
identified in vitreous as diagnostic and prognostic miRNAs for 
severe complications in patients with PDR (44).

Eight miRNAs, including miR-184, miR-150, miR-16, 
and miR-93, were identified in the aqueous of the patients 
as the most differentially expressed between PDR and 
controls (P>0.85), using next-generation sequencing (NGS). 
This differential expression of miRNA was predicted to 
regulate Rho protein signal transduction, neurotransmitter 
uptake, and histone lysine methylation (52).

Our comparison of circulatory miRNAs revealed that 
among 847 human miRNA probes on the Affymetrix 
miRNA microarrays, common miRNAs were present both 
in the aqueous and vitreous humor, as were a large number 
of unique miRNA, dependent upon DM type and DR 
severity. We identified several miRNAs that showed altered 
levels in the vitreous humor of human DR patients vs. that 
of healthy controls (52-54). In contrast, altered miRNA 
levels in aqueous humor did not appear to be a useful 
marker of miRNA abundance in vitreous humor or plasma. 
Still, a few potential candidates for common biomarkers 
stood out (45). We found a strong upregulation of let-
7b in ocular fluids in T1DM-PDR and T2DM-PDR vs. 
controls. Other let-7 family members (let-7c, let-7d) were 
also upregulated in PDR, but more modestly. The let-7  
family members also showed apparent dysregulation in more 
than one category of DR. Our second candidate miR-320b, 
was upregulated in vitreous of both T1DM-PDR 9-fold and 
in T2DM-PDR 8-fold. Other miR-320 family members, 
miR-320a, and miR-320c showed the same trend (45). 

It is very encouraging to see that putative miRNA 
biomarker findings (45) have been confirmed by different 
groups using different techniques. However, some studies 
identify entirely different sets of biomarkers, as it happened 
with RNA-seq study of non-proliferative DR biomarkers for 
T2DM-DR patients in Chinese Han ancestry in serum (55).  
This result poses questions of the ethnic group variability 
and redundancy of the miRNA family member function. 
Therefore, more research is needed, and perhaps a variety of 
ethnic groups should be studied to address those questions. 

Roles of lncRNAs in DR

LncRNAs are RNA transcripts  of  more than 200 
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Table 3 Circulatory miRNA biomarkers for DR

miRNA Tissue Targets Action Reference

miR-210 Serum Vascular endothelial cell proliferation Upregulation Biomarker for PDR 
vs. NPDR

(39)

miR-320, miR-320a,  
miR-320b

Hu Aqueous, Vitreous,  
plasma

Silencing neuropilin 1, VEGF  
co-receptor; insulin–PI3K signaling 
pathways, T1DM, thrombospondin-1

Regulates angiogenesis (40-43)

miR-27b, miR-27a Serum, vitreous T1DM, thrombospondin-1 Regulates angiogenesis (40,42,44,45)

miR-221 Plasma Macrovascular complications  
associated with T2DM

Biomarker for PDR (45-49)

Let-7a, Let-7b,  
Let-7c

Serum, Aqueous, vitreous Late-stage and early-stage T2DM-DR, 
regulates metabolism of glucose

Regulates angiogenesis (41,45,50,51)

miR-151 Serum Late-stage and early-stage T2DM-DR Biomarker (50)

miR-16 Hu vitreous, aqueous, 
HRECs

Rho protein signal transduction, TNFα, 
neurotransmitter uptake, and histone 
lysine methylation

miR-16 decreased TNFα and 
HRECs and thus prevented  
hyperglycemia-induced apoptosis 

(41,45,52)

miR-92 Hu vitreous Modulating core circadian genes  
involved in CD34+ progenitor  
differentiation, Per2 gene

Maintains CD34+ cells, reduction 
of miR-92a in DR

(41)

miR-423-5p Hu vitreous C20orf27, FKBP4, GDF11, HNRNPUL1, 
MYBL2, NACC1, PA2G4, PLCB1, SRM

gene silencing by miRNA (42)

miR-93 Hu aqueous, vitreous Rho protein signal transduction,  
TNFAIP1, PLEKHG6

Reduction in OIR, PDR (44,52)

miR-184 Hu aqueous, PDR, retina  
with ischemia-induced  
neovascularization

canonical Wnt signaling through the  
regulation of frizzled-7 expression

Biomarker, abundant  
expression in PDR, cataract

(52)

miR-150-5p Hu aqueous, vitreous,  
PDR, plasma

CXCR4, DLL4, and FZD4 Suppressing the expression of 
angiogenic regulators

(44,52)

DR, diabetic retinopathy; PDR, proliferative diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; miR, microRNA; 
let, lethal; Hu, human; HREC, human retinal endothelial cells; VEGF, vascular endothelial growth factor; PI3K, Phosphatidylinositol 
3-kinase; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; Rho protein, RNA-binding termination factor; 
TNF alpha, Tumor Necrosis Factor alpha; CD34+, marker of haemopoietic stem cells; Per2, Period Circadian Regulator 2; 
C20orf27, Hypothetical Protein LOC54976; FKBP4, a member of the immunophilin protein family; GDF11, growth differentiation  
factor 11; HNRNPUL1, heterogeneous nuclear ribonucleoprotein 1; MYBL2, MYB Proto-Oncogene Like 2; NACC1, Nucleus Accumbens  
Associated 1; PA2G4, proliferation-associated protein 2G4, also known as ErbB3-binding protein 1 (EBP1); PLCB1, Phospholipase C 
Beta 1; SRM, Rho, protein signal transduction; TNFAIP1, TNFα induced protein 1; PLEKHG6, Pleckstrin Homology And RhoGEF Domain  
Containing G6; Wnt, Wingless-related integration site; Frizzled-7; CXCR4, C-X-C chemokine receptor type 4; DLL4, Delta Like Canonical 
Notch Ligand 4; FZD4, Frizzled-4; OIR, oxygen-induced retinopathy.

nucleotides that do not encode proteins. LncRNA and 
miRNAs are subclasses of non-protein coding RNA 
transcripts. LncRNAs are key molecules in regulating 
several biological processes and complex diseases such 
as cancer and neurological disorders (56,57). LncRNAs 
function in several modes of action—in cis by regulating 
nearby genes, or in trans by modulating distantly located 
genes (58). Additionally, a mechanism that lncRNAs may 
regulate target gene expression via miRNA response 
element (MRE), known as competing endogenous RNA 

(ceRNA) has been described (59,60). They are also called 
“sponge” RNAs if they contain several complementary 
binding sites to a miRNA of interest, and, as with most 
miRNA target genes, a sponge’s binding sites are specific 
to the miRNA seed region, which allows them to block a 
whole family of related miRNAs (61) (Figure 1).

The dysregulation of lncRNAs in early DR was first 
characterized in 2014. Pathway analysis indicated activation 
of the axon guidance signaling pathway (62). Studies of 
individual lncRNAs playing a role in DR pathogenesis 
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and progression followed, including Maternally Expressed  
3 (MEG3) (63), Myocardial Infarction Associated Transcript 
(MIAT) (64,65), HOXA Distal Transcript Antisense RNA 
(HOTTIP) (66), Metastasis Associated Lung Adenocarcinoma 
Transcript 1 (MALAT1) (67,68), SOX2 Overlapping 
Transcript (Sox2-OT) (69), antisense non-coding RNA 
in the INK4 locus (ANRIL), a regulator of VEGF (70), 
and BDNF Antisense RNA (BDNF-AS) (71). There is 
also recently identified a regulatory network of 3 novel 
lncRNAs (MSTRG.15047.3, FRMD6-AS2, and AC008403.3) 
transthyretin attenuating HREC dysfunction in DR. In 
DR patients, MSTRG.15047.3 and AC008403.3 showed 
significantly relative higher expression in both aqueous 
humor and serum samples, compared with healthy controls, 
and FRMD6-AS2 was significantly down-regulated (72).

miRNA/lncRNA regulatory loops and target 
pathways in DR

The regulatory loops of miRNA/lncRNAs—therapeutic 
strategies can be borrowed from natural regulatory loops to 
plan targeted therapy. Here are several examples of this type 
of regulatory network identified in diabetes and relevant to 
DR (Table 4, Figure 2). 

H19 and miR-200b 

The pathophysiology of DR is linked to high glucose levels 

and its effect on retinal microvascular tissues. The resulting 
endothelial injury changes the endothelial cell phenotype 
to acquire mesenchymal properties [i.e., endothelial-
mesenchymal transition (EndMT)]. LncRNA H19 prevents 
EndMT in DR. LncRNA H19 is downregulated under 
high glucose conditions and regulates the expression of 
miR-200b. H19 and miR-200b regulate TGF-β1 signaling. 
Overexpression of H19 decreases TGF-β1 levels and 
affects the TGF-β1–MAPK–ERK1/2 signaling pathway [a 
Smad-independent pathway (SHC-transforming protein, 
GRB2, SOS)] by preventing pERK1/2 protein expression. 
In turn, this leads to an increase in endothelial markers 
and a reduction in mesenchymal markers, leading to the 
prevention of EndMT (73). 

MIAT and miR-150 

MIAT knockdown enhanced diabetes-induced retinal 
microvascular dysfunction and inhibited endothelial cell 
proliferation, migration, and tube formation in vitro. 
Further studies revealed that MIAT functioned as a 
competing endogenous (ce)RNA and formed a feedback 
loop with VEGF mRNA and miR-150-5p to regulate 
endothelial cell function (65).

MIAT and miR-29b 

The high glucose promoted the binding activity between 

Table 4 miRNA and lncRNA regulatory loops relevant to DR

lncRNA Tissue miRNA Target Action Reference

H19 HRECs, mouse 
DR model,  
vitreous human 

miR-200b TGF-β1/MAPK-ERK1/2 
signaling pathway

Prevention of endothelial/mesenchymal  
transition (EndMT)

(73)

MIAT Rat retina miR-150, miR-29b VEGF mRNA Promotes endothelial cell proliferation and  
migration Acts as ceRNA; NF-κB activation

(64,65,74)

MALAT1 Retina of DM 
mice, OIR,  
serum

miR-203a-3p, miR-320, 
miR-20b, miR-125b/
VE-cadherin axis 

VEGF mRNA Pathogenic, Regulator of inflammation via  
TNF-α and IL-6; Promotes endothelial cell  
proliferation and migration and tube formation  
via p38 MAPK signaling pathway

(67)

HOTAIR Human serum let-7, miR-320,  
miR-20b, miR-17-3p, 

VEGFA, HIF1A Regulates angiogenesis (75)

H19, H19 Imprinted Maternally Expressed Transcript; MIAT, Myocardial Infarction Associated Transcript; MALAT1, Metastasis  
Associated Lung Adenocarcinoma Transcript 1; HOTAIR, HOX Transcript Antisense RNA; HRECs, Human retinal endothelial cells; DR, diabetic  
retinopathy; DM, diabetes mellitus; miR, microRNA; let-7, lethal-7; TGF-β1/MAPK/ERK1/2, transforming growth factor β1/mitogen- 
activated protein kinase/extracellular signal-regulated kinase1/2; VEGF, vascular endothelial growth factor; HIF1A, Hypoxia-inducible factor 
1α; ceRNA, competing endogenous RNA; NF-κB, nuclear factor κB; TNF-α, Transforming growth factor α; IL-6, interleukin 6; p38 MAPK, p38 
mitogen-activated protein kinases.



Smit-McBride and Morse. MicroRNA and diabetic retinopathy

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(15):1280 | https://dx.doi.org/10.21037/atm-20-5189

Page 8 of 16

Axonal Guidance
 Signaling

Neuroinflammation
Signaling Pathway

p53 Signaling

TGF-β Signaling

Aryl Hydrocarbon
Receptor Signaling

VEGF SignalingCP:

CP:

CP:

CP:

CP:

CP:

Proliferative Diabetic retinopathy

Figure 2 miRNA/lncRNA regulatory loops in DR. Ingenuity Pathway Analysis of the pathways affected by dysregulated miRNA in DR. The therapeutic strategies can 
be borrowed from natural regulatory loops to plan targeted therapy. Here are several examples of this type of regulatory network identified in diabetes and relevant to 
DR. AGO2, argonaute RISC catalytic component 2; AGO2-MIRLET7, Argonaut2/MIRLET7; Akt, AKT1/2/3; AR, androgen receptor; ATG3, autophagy related 3; 
ATG7, autophagy related 7; ATXN1, ataxin 1; BPA, 4'-bisphenol A; BRD4, bromodomain containing 4; CD44, CD44 molecule (Indian blood group); CDH1, cadherin 1; 
CDKN1A, cyclin dependent kinase inhibitor 1A; collagen type 1, Collagen I; CTNNB1, catenin beta 1; DES, DES disodium salt, 4,4'-(1,2-diethyl-1,2-ethenediyl)bis-
, (E)-; DNMT3B, DNA methyltransferase 3 beta; DZIP3, DAZ interacting zinc finger protein 3; ELAV1, ELAV like RNA binding protein 1; ER, estrogen receptor; 
ERBB2, epidermal growth factor receptor 2; Estradiol, 17-beta-estradiol; FOXA1, forkhead box A1; FOXM1, forkhead box M1; GRB2, growth factor receptor bound 
protein 2; HIF1A, hypoxia inducible factor 1 subunit alpha; Histone H3, Histone H3B; HOTAIR, HOX transcript antisense RNA; HOXD10, homeobox D10; HSF1, 
heat shock transcription factor 1; ICAM1, intercellular adhesion molecule 1; IL6, interleukin 6; IRF1, interferon regulatory factor 1; JAM2, junctional adhesion molecule 
2; KDM1A, lysine demethylase 1A; KMT2A, lysine methyltransferase 2A; KMT2C, lysine methyltransferase 2C; LAMTOR5, late endosomal/lysosomal adaptor, 
MAPK and MTOR activator 5; let-7, microRNA let-7i; LPS, lipopolysaccharides ; MALAT1, metastasis associated lung adenocarcinoma transcript 1; MDM2, MDM2 
proto-oncogene; MET, MET proto-oncogene, receptor tyrosine kinase; MEX3B, mex-3 RNA binding family member B; mir-183, microRNA 183; miR-203a-3p, 
hsa-miR-203a-3p; miR-216a-5p, hsa-miR-216a-5p; mir-320, microRNA 320a; MIR130A, microRNA 130a; MIR141, microRNA 141; MIR148A, microRNA 148a; 
MIR29B, microRNA 29a; MIR320, microRNA 320; MIR331, hsa-miR-331; MIR7, microRNA 7-1; MIR9, microRNA 9-1MIRLET7, microRNA LET7; Mmp, 
Matrix Metalloproteinase; MRTFA, myocardin related transcription factor A; MYC, MYC proto-oncogene, bHLH transcription factor; NFκB, transcription factor 
nuclear factor κ-b; NFKBIA, NFKB inhibitor alpha; P300/CBP, p300/CBP; PCDH10, protocadherin 10; PCDHB5, protocadherin beta 5; PI3K, Phosphatidylinositol 
3 kinase; PRC2, Polycomb Repressive Complex 2; PTEN, phosphatase and tensin homolog; RBM38, RNA binding motif protein 38; RHOC, ras homolog family 
member C; Rock, Rho Kinase, ROKs; SASP, senescence-associated secretory phenotype; SETDB1, SET domain bifurcated histone lysine methyltransferase 1; SHC, 
SHC adaptor protein 1; SIRT1, sirtuin 1; SNAI2, snail family transcriptional repressor 2; SNUPN, snurportin 1; SOS, son of sevenless; SPP1, secreted phosphoprotein 
1; SRF, serum response factor; STAT3, signal transducer and activator of transcription 3; TCF/LEF, LEF/TCF; TGFβ1, transforming growth factor beta 1; TLR4, toll 
like receptor 4; TP53, tumor protein p53; VEGFA, vascular endothelial growth factor A; VEGFR, vascular endothelial growth factor receptor; VIM, vimentin; WIF1, 
WNT inhibitory factor 1; Wnt, wingless-related integration site; XIAP, X-linked inhibitor of apoptosis; CP, Canonical Pathways.
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NF-κB and MIAT, while miR-29b controlled MIAT to 
regulate its expression. MIAT overexpression suppressed 
miR-29b, but promoted Sp1. The mechanism of cell 
apoptosis in DR might be associated with the regulation of 
MIAT; however, miR-29b acted as a biomarker regulated by 
MIAT and further regulated cell apoptosis in DR (64).

MALAT1 and miR-203a-3p 

LncRNA MALAT1 acts as a transcriptional regulator for 
numerous genes, including some genes involved in cancer 
metastasis, cell migration, and in cell cycle regulation 
(provided by RefSeq, Mar 2015, IPA). LncRNA MALAT1 
participates in DR pathological angiogenesis in OIR mouse 
model by sponging miR-203a-3p (76). LncRNA MALAT1 
accelerates wound healing of diabetic mice transfused 
with modified autologous blood via the HIF-1α signaling 
pathway (77,78). MALAT1 regulates VEGFA, and it is 
regulated by several miRNAs, such as miR-133a, miR-133, 
miR-126a-5p (and other miRNAs w/seed AUUAUUA).

MALAT1 and miR-320 

Basal endothelial sprouting is an indicator of angiogenesis 
and proliferation. It has been reported that MALAT1 
regulates angiogenesis through modulating genes associated 
with the cell cycle in endothelial cells. Moreover, in human 
umbilical vein endothelial cells (HUVECs), MALAT1 has 
been shown to competitively bind to miR-320a, partly block 
the direct interaction between miR-320a and FOXM1, 
and lead to endothelial cell proliferation and angiogenesis, 
suggesting that lncRNA MALAT1 may function as 
a competing endogenous RNA (ceRNA) to promote 
angiogenesis (78).

HOTAIR and let-7 

LncRNA HOTAIR promotes tumor growth, invasion 
and migration and epithelial to mesenchymal transition. 
MALAT1 and HOTAIR are key epigenetic regulators in DR 
(67,75,79). HOTAIR interacts with let-7, miR-320,VEGF 
signaling, and many other key pathways (Axonal Guidance 
Signaling, Aryl Hydrocarbon Receptor Signaling). 

miRNAs therapeutic can target whole pathways 
involved in DR

Circulating miRNAs that are ubiquitously present in 

aqueous and vitreous ocular chambers target primarily 
genes regulated by VEGF, p53, and TGF-β (45). Some of 
the putative pathway-targeting miRNA identified in our 
studies are let-7 and miR-320.

Let-7 

The analysis revealed that a partial interactome of the let-
7 family of miRNAs and some of the target genes and 
biological pathways that they regulate are TGF-β, Insulin 
Receptor, Ap, and VEGF Receptor Signaling. These genes 
are critical regulators of oxidative stress, angiogenesis, 
inflammation, and apoptosis, highly relevant to DR (45).

miR-320 

The miR-320 family is part of the cellular response to 
glucose stimulus and plays a role in apoptosis, migration, 
cell death, proliferation, and signaling in several diseases, 
including non-insulin-dependent diabetes mellitus (IPA and 
refs therein). According to the IPA summary, the miR-320 
family regulates multitude of genes, including IGF1 and 
TGF-β, and it is regulated by p53 and Smad2/3, which is 
downstream from TGF-β. Further IPA analysis of pathways 
targeted by both let-7 and miR-320 family have identified 
pathways connecting VEGF and TGF-β (Figure 2).

Pathway analysis

Our emerging results from the IPA pathway analysis of 
the most dysregulated miRNAs in the vitreous suggested 
that their regulatory targets are VEGF and TGF-β 
pathways (Figure 2). Current DR therapies have targeted 
VEGF for inhibition using antibodies, but the concept 
of targeting pathways, especially the regulatory TGF-β 
pathway, is novel and advantageous. TGF-β and its 
signaling pathway play important roles in angiogenesis, 
endothelial cell proliferation, adhesion, and extracellular 
matrix deposition (80,81), and are implicated in DR 
pathogenesis by disrupting angiogenesis and the blood-
retinal barrier (82). 

MiRNA as novel therapeutics 

MiRNAs represent a novel and attractive target and possible 
therapeutic agent which could manipulate pathological 
pathways in the eye. MiRNAs targeting whole pathways 
of human disease provide a new and potentially powerful 
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approach for therapeutic intervention against DR. There 
is a need to exploit the potential utility and promise of 
miRNAs, small non-coding forms of RNA implicated in 
human diseases (8,9). The expression of miRNAs is altered 
in various diseases, and it is now feasible to manipulate 
miRNA expression by delivering miRNAs similar to the 
use of antisense mRNAs and RNAi (widely used techniques 
for investigating gene function and in gene therapy (83). 
As the activation of oncogenes could cause cancer, artificial 
antisense miRNAs could be synthesized and employed to 
block their targeted oncomirs to prevent the formation of 
cancer. However, various critical prerequisite data must 
be available, for example, identification of tissue signature 
miRNAs, their mechanism of action, applicability by RNAi, 
delivery of miRNAs, and their active form in vivo. Once this 
information is available, miRNA will have a bright future 
and become a popular therapeutic tool. The process of 
building miRNA therapeutics is similar to drug discovery 
and development, and its detailed steps are covered in great 
detail in other reviews (84,85). 

There are two main strategies to manipulate miRNAs, which 
are dependent on whether the targeted miRNA expression 
needs to be downregulated or to re-introduce to restore loss of 
function. Here we will highlight two approaches that we find 
very promising for delivering miRNA therapeutics. 

Nuclease-protected miRs and anti-miRs 

Naturally-occurring DNA or RNA are limited as exogenous 
agents owing to properties such as poor binding affinity 
and degradation by nucleases. Chemically-modified nucleic 
acids can overcome some such limitations. Among these, 
locked nucleic acid (LNA) modification has proven uniquely 
useful. Oligos that contain LNAs show enhanced stability 
and nuclease resistance, very high binding affinities, and 
excellent specificity toward complementary RNA or DNA 
oligonucleotides. These have been used in multiple nucleic 
acid-based therapeutic strategies both in vitro and in vivo 
(86,87). In vivo, LNA anti-miR can inhibit target molecules 
up to 15 weeks in live animals (88-91). They tested the 
potency and duration of RNA silencing by LNA GapmeRs 
in different tissues by systemically administering Antisense 
LNA GapmeRs targeting the highly and ubiquitously 
expressed Malat1 lncRNA in mice. Samples of 12 different 
tissues up to 15 weeks after the last dose revealed efficient 
and durable Malat1 knockdown (>5 wk after the last dose) 
in a broad range of tissues (89), suggesting suitability for use 
targeting our novel DR marker candidates.

Delivery of miRNAs to the target tissue

The high relative stability of miRNA in common clinical 
tissues and biofluids (e.g., plasma, serum, vitreous, etc.) 
results from their release from cells in the protective 
encapsulated form within microvesicles or exosomes and 
bound to proteins such as argonaute 2 or packaged within 
lipid particles (92). Such exosomes represent a promising 
delivery vehicle for novel drugs and gene therapy (93) 
(Figure 3). These lipid vesicles are secreted by all cells and 
can deliver proteins and RNA (94). The field of research 
what represents true microvesicles, EVs or exosomes is 
very active area of study. EVs are cell-derived membrane 
particles ranging from 30 to 5,000 nm in size, including 
exosomes, microvesicles, and apoptotic bodies (95,96). In 
this review, we are referring to the smallest of these EVs, 
microvesicles/exosomes, and we will call them exosomes, for 
the brevity’s sake. There is a strong interest for exosomes 
to be engineered for effective miRNA delivery, based on 
recent findings that exosomes derived from dendritic cells 
transmitted target-specific siRNA to the brain, a paradigm-
shifting advance for prospective use of nanosized exosomes 
as a delivery system (97). In vivo targeting methods via 
other nanovesicles such as liposomes exist, but this novel 
exosome-based delivery approach is safer, as it doesn’t 
involve cells, and exosomes carry very low immunogenicity. 
Exosome-based delivery of therapeutics has the potential 
to conquer major hurdles, including cargos delivery across 
impermeable biological barriers (e.g., the blood-brain, 
blood-retinal, and blood-ocular barriers), biocompatibility, 
metabolic stability, target specific delivery, and has enhanced 
the efficacy of loaded therapeutic agents (97). 

Other delivering methods for miRNAs

Several other methods for miRNA delivery are used 
in practice, such as AAV vectors, plasmid, piggybacks 
expression vectors, nanoparticles such as CC9 with a tumor-
targeting and penetrating bifunctional peptide, peptide 
nucleic acid- artificial peptide polymer that binds to target 
nucleotide sequence are best covered in review articles (84). 
Different therapeutic miRNA strategies, delivery vehicles, 
and one of the therapeutic strategies for targeted therapy 
are summarized in Figure 4. 

Challenges

However, although a plethora of miRNA-based compounds 
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Cells expressing exosomes can be
genetically modified to express
different surface receptors

Exosomes can be loaded with
drugs and protein moleculesExosomes can be loaded
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expression vectors

Exosomes are Hemocompatible

Exosomes can be easily
taken up by a wide variety of
cells

Exosomes can
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blood/retinal
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Exosomes are
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Figure 3 Exosomes as therapeutic vehicles for miRNA delivery. The high relative stability of miRNA in common clinical tissues and 
biofluids (e.g., plasma, serum, vitreous, etc.) results from their release from cells in the protective encapsulated form within microvesicles 
or exosomes, and bound to proteins such as argonaute 2 or packaged within lipid particles, exosomes. Such exosomes represent a promising 
delivery vehicle for novel drugs and gene therapy. Exosomes can be loaded with miRNA, they are easily taken up by cells, they are non-
immunogenic, and they can cross blood/brain and blood/retinal barriers. There is a strong interest for exosomes to be engineered for 
effective miRNA delivery as a nanosized delivery system.
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Figure 4 MiRNA as Targeted Therapy. MiRNAs as therapeutic molecules come in many different flavors, and can be custom designed: 
miRNA mimics, antagomiRs or anti-miRs, miR-mask that mask miR binding sequence on mRNA, and miRNA sponges. Several miRNA 
delivery methods are used in practice, such as viral vectors, plasmid, piggybacks expression vectors, nanoparticles, liposomes and exosomes. 
Different therapeutic miRNA strategies, delivery vehicles, and therapeutic strategies for targeted therapy are presented. 
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has been investigated in preclinical studies, only a minority 
of these have moved to clinical development. Challenges 
concerning a proper target selection, stability in body 
fluids, and specificity of target binding, as well as off-target 
effects, remain to be addressed in the future to optimize the  
in vivo delivery and efficiency of miRNA-based therapeutics. 
As miRNAs are implicated in virtually all physiological 
and pathological processes, a huge therapeutic potential is 
expected from miRNA-based constructs.

miRNAs as potential applications to yield novel 
therapies for DR—main points

	 Novel therapeutic option for DR non-responders to 
VEGF therapy. About 15–25% of DR patients have 
a suboptimal response to anti-VEGF treatment. This 
approach would offer therapeutic alternatives to this 
significant group of patients who are resistant to anti-
VEGF therapy. 

	 Lowering the cost of therapeutics. Small nucleic acids, 
miRNAs, and anti-miRNAs, are easy to synthesize. 
This ease of synthesis is an advantage over antibody 
therapy, which is the base of current anti-VEGF 
treatment. This synthesis advantage could result in a 
significantly lowered price of therapeutic production.

	 Targeting multiple genes with one miRNA—pathway 
targeting. One miRNA or anti-miRNA targets 
multiple genes, frequently in the same pathway, and 
the signal amplifies immensely. Therefore, with one 
small nucleic acid molecule, it might become possible 
to modulate the whole signaling pathway.

	 Combination therapy of multiple miRNAs and anti-
miRNAs—a novel approach via combination therapy, 
targeting multiple pathways with multiple drugs, 
may achieve synergistic angiostatic activity that can 
circumvent DR pathologic angiogenesis problems.

	 Exosome-assisted miRNA therapy would impart all 
the benefits of stem cell therapy, without the risks 
of transferring live cells into the eye. Ultimately, it 
is expected that new approaches mentioned in this 
review may create a stepping stone towards non-
invasively delivering therapeutics, as exosome-
encapsulated miRNAs by intravenous injections or via 
eyedrops.
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