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Since their discovery and the advent of epigenetic biology, microRNAs (miRNAs) have drawn 
enormous attention because of their ubiquitous involvement in cellular pathways, from life to death. 
From metabolism to communication, they are fundamental regulators linking all the body’s biological 
functions. Using multiple techniques, researchers have already begun amassing information about 
miRNAs as biomarkers for different diseases, modulators of drug resistance, and as actual drugs to 
develop new personalized treatments for serious health conditions. Structurally, miRNAs are short 
non-coding RNAs involved in the control of protein and RNA production. They do this by altering gene 
expression levels and how the genetic information gets converted into proteins. The nature of this class 
of RNAs might make them particularly attractive drug targets for diseases with multifactorial origins, 
like age-related macular degeneration (AMD). It has been proposed that the reduction in the efficacy 
of the autophagic clearance in cells due to aging might be important in the pathogenesis of AMD. 
Autophagy is how a cell cleans up its waste products and recycles their materials. Several miRNAs have 
recently been detected to be dysregulated in AMD patients, and many of them regulate autophagy as 
well. The manipulation of miRNAs to strengthen autophagy might be a viable strategy to design new 
therapeutic approaches for AMD.
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Causes of age-related 
macular degeneration

The cellular pathology in 
AMD is strongly associated 
with oxidative stress, energy 
metabolism disturbances, protein 
aggregation, inflammation, 
and, in certain cases, 
neovascularization.1-4 Particularly, 
oxidative stress-induced damage 
to the retinal pigment epithelium 

(RPE) is considered a key factor 
in AMD pathogenesis. There 
is increasing evidence that 
proteostasis is disturbed in the 
RPE, which, combined with 
oxidative stress, may lead to the 
accumulation of damaged cellular 
proteins, lipids, nucleic acids, 
and cellular organelles. This is 
evidenced by the accumulation 
of lysosomal lipofuscin and 

extracellular drusen, which are 
clinical hallmarks of AMD 
(Figure 1).1

Autophagy
Macroautophagy, or 

simply autophagy, is a cellular 
mechanism for clearing 
away damaged or unneeded 
components. It supports the 
degradation and recycling of 
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Figure 1. Lipofuscin and drusen accumulation as an indicator of disturbed proteolysis in AMD. Color fundus photograph, optical coherent 
tomography, and fundus autofluorescence (FAF) images of a dry AMD patient’s retina. White arrows indicate drusen and the yellow arrow shows 
autofluorescent lipofuscin. 
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materials such as misfolded 
or too-long-lived proteins, 
lipids, protein aggregates, non-
functional cellular organelles, 
and pathogens. In addition, 
autophagy is connected to 
the regulation of cell death. 
Autophagy is an important 
cellular mechanism which is 
involved in various cardiovascular 
and neurodegenerative diseases 
and cancers, as well as viral and 
bacterial infections. It is also 
vital in starvation situations, 
where cells need to literally eat 
themselves for sustenance.

The stages of autophagy 

(Figure 2) include engulfing 
the material to be decomposed 
by the phagophore membrane 
(induction/initiation and 
nucleation), the formation of the 
autophagosome (membrane 
elongation), its maturation, and 
transfer. The autophagosome 
fuses with the lysosome, which 
releases enzymes into the 
autophagosome, which degrade 
its contents.5

The weakening of autophagic 
clearance manifests as 
problems in cargo recognition, 
faults in autophagosome 
formation, disturbances in 

microtubule-assisted transport of 
autophagosomes, and failings of 
autophagosome-lysosome fusion 
and lysosome acidification.6-7 

This might be linked with the 
ageing of the cell and the 
regulation of cell death.6 Some 
signs of autophagic malfunction 
include the downregulation of the 
expression of autophagy-related 
proteins.8-9 

The lessened autophagic 
clearance in the RPE has been 
suggested to be related to the 
development and progression 
of AMD. This is supported 
by the detection of impaired 

Figure 2. Stages of autophagy, simplified. The stages can be divided into 1) Induction/initiation and nucleation (waste engulfment and 
phagophore formation), 2) Membrane elongation (autophagosome formation), and 3) Fusion and degradation (autolysosome formation and 
proteolysis). Created with BioRender.com, with modifications.

MINI-REVIEW

cargo transport, disturbed 
waste clearance, and increased 
accumulation of lipofuscin, 
all of which are processes 
that increase oxidative stress 
in the RPE.10-15 In the early 
phase of AMD, autophagy can 
counterbalance cellular stress-
caused disturbances in the RPE, 
but in the later stage, reduced 
lysosomal activity leads to 
disease progression.16-18

MicroRNAs and their 
biogenesis

Epigenetic inheritance 
is currently described as 
phenotypic changes passed 
on to the next generation that 
cannot be detected via changes 
in the DNA base sequence of 
the genome.19 Many types of 
non-coding RNA molecules are 
involved in controlling these 
changes. Possibly the best-
known group of these, miRNAs, 
are especially important. 
Generally, miRNAs are described 

as short (about 17-25 nucleotides) 
single-stranded non-coding RNA 
segments.20 They are critical in 
growth and development and 
are involved in a variety of other 
cellular processes.

The discovery of the first 
microRNA, lin-4, in 1993 by the 
Ambros group, led to a revolution 
in the field of molecular biology.21 

Since then, miRNAs have been 
detected in all kinds of animal 
model systems, and some 
have been shown to be highly 
conserved across species.22 New 
miRNAs are still being discovered 
and their roles in gene regulation 
are still not fully understood. 
Abnormal expression of miRNAs 
is associated with many human 
diseases.23

MicroRNAs evolved to 
regulate the expression of 
messenger RNA (mRNA) 
transcripts, which are the 
intermediaries between 
genes and proteins. In that 
capacity, miRNAs are also 

involved in many diseases, 
including cardiovascular and 
neurodegenerative diseases and 
cancers. Currently, miRNAs are 
recognized as useful disease 
biomarkers and novel therapeutic 
targets.24-26 It has been estimated 
that up to 60% of human mRNAs 
could be regulated by miRNAs.27 
Each miRNA can target many 
mRNAs (up to several hundred) 
and thus they have the capacity 
to regulate a wide range of 
biological targets.28

The biogenesis of miRNAs is 
a complicated, multi-step process 
(Figure 3). In short, it begins from 
the transcription of large primary 
miRNAs (pri-miRNAs) that get 
processed into considerably 
shorter precursor miRNAs, which 
eventually become mature, 
single-stranded miRNAs.29 These 
bind in a sequence-specific 
manner to their target mRNAs. 
Once associated, miRNAs act 
either as a transcription or 
translation blocker/repressor, 
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Figure 3. A schematic illustration of microRNA biogenesis, extracellular vesicle miRNA transfer, and miRNA binding method. The biogenesis 
of miRNA begins in the nucleus (red) with primary miRNA transcription. Afterwards, the primary miRNA is processed into a precursor miRNA by 
Drosha and DiGeorge syndrome critical region 8 (DGCR8) protein and is exported to the cytoplasm by Exportin 5. After enzymatic processing 
by Dicer, double-stranded, mature miRNAs are formed. By combining with Argonaute 2 (AGO2) and RNA-induced silencing complex (RISC), 
miRNAs can target mRNA transcripts, leading to mRNA degradation or repression. Active miRNAs can also be directly transferred to the recipient 
cells by microvesicles, which are shed from the cell’s plasma membrane. On the other hand, mature miRNAs and some pre-miRNAs might be 
engulfed into multivesicular bodies (MVBs), which are generated via early-endosomal membrane invagination. These MVBs then dock onto the 
cell membrane and release positive exosomes into the extracellular space (including serum and other biological fluids). To exhibit their regulatory 
function, miRNAs bind to the target sites present in the 3’ untranslated region (UTR) of their target mRNAs. The seed sequence of a miRNA 
is defined as the first two to eight nucleotides at the beginning of their 5’ UTR. ER = endoplasmic reticulum, TRBP = transactivation response 
element RNA-binding protein.
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or as a mediator of mRNA 
degradation.30-34 

The specificity of miRNAs is 
regulated by a short, 2-8 base 
pairs-long seed sequence within 
each miRNA. As miRNAs do 
not completely match the base 
sequences of their target mRNAs, 
a perfectly matching seed 
sequence is a necessity to ensure 
the most stringent attachment 
to the target mRNA and the 
most effective suppression of 
the gene expression. As the 
effect of miRNAs comes out after 
matching complementally (base-
specifically) with mRNAs, the 

base-pairing can be affected by 
the presence of single-nucleotide 
polymorphisms.35 Polymorphism, 
in this case, refers to the natural 
population-level variation in 
how small parts of a gene, and 
therefore the resultant mRNA, 
may be coded.

MicroRNAs – the connection 
between AMD and autophagy

In total, hundreds of miRNAs 
have been found to be expressed 
in the retina.36 For the readers 
of Oftalmolog, we have listed 
the effects and targets of key 
miRNAs, which have both been 

found to (1) be significantly up- or 
downregulated in AMD patients, 
and (2) have an effect on the 
autophagy machinery (Figure 4). 

In the past decade, more 
and more data of miRNAs 
dysregulated in AMD has 
become available.37-43 The 
numerous miRNAs affecting 
autophagy regulation have been 
discussed by Zhang and his co-
authors.44 The comprehensive 
compilation of the dysregulated 
miRNAs capable of regulating 
autophagy in AMD has been 
published this year by Hyttinen 
and others.45

Figure 4. List of various autophagy-affecting miRNAs that have 
been detected from AMD patients. The study of microRNAs is a 
rapidly growing field of science as researchers discover new ones 
and uncover the importance of these small regulatory elements 
linked to AMD. Such interactions appear to provide fine-tuning 
effects on various cellular functions and contribute qualitatively 
to autophagy control. The ten miRNAs presented here are just a 
fraction of the miRNAs that are dysregulated in AMD. Targets of 
the molecular machinery governing autophagy are presented in the 
table. ATF = activating transcription factor, ATG = autophagy-related, 
FASN = fatty acid synthase, HMGB = high mobility group box, IGFR 
= insulin-like growth factor receptor, mTOR = mechanistic target of 
rapamycin, PTEN = phosphatase and tensin homolog, Rab = Ras-
related protein. 

The expression changes of the miRNAs shown in 
the previous chapter could be modulated in the 
following manner:

 • Upregulation of the targets of pro-autophagic miR-
126, -335, and -342-3p, the levels of which are reported 
to decrease in AMD subjects, could be achieved 
by the agomirs of these miRNAs. In addition, the 
agomir of miR-126 could be useful against choroidal 
neovascularisation in wAMD due to its activity in 
maintaining vascular integrity.57 

 • A substantially larger number of upregulated anti-
autophagic miRNAs have been detected in AMD 
subjects (e.g., miR-20a, -22, -24-3p, -150, -204, -206, 
and the members of the let-7 group). These could be 
targeted by their antagomirs to promote autophagy and 
counter AMD.
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Agomirs and antagomirs in therapy
Agomirs, or miRNA mimics, are synthetic miRNAs 

that can regulate mRNA function. They are designed 
based on the sequence of the mature miRNAs 
whose actions they are intended to mimic. The seed 
sequence must be identical to the natural miRNA’s, 
but the rest of the agomir molecule may differ from the 
original. Typically, agomirs are modified to be more 
robust than natural miRNAs. They can also be tagged 
for cellular level monitoring. 

On the other hand, antagomirs, or anti-
miRNAs, have a complementary sequence to their 
corresponding miRNAs. Thus, they bind to and inhibit 
the expression and function of their target miRNAs, 
rather than mRNAs. These antagomirs can block the 
expression of the pri-miRNA of their target miRNA, 
inhibit the necessary processing steps to create the 
mature miRNA, or hinder the pairing of the mature 
miRNA with its target mRNA.56

According to the changes in the expression 
of autophagy-related miRNAs in AMD, or more 
specifically, when a pro-autophagic miRNA is 
downregulated or an anti-autophagic miRNA is 
upregulated, agomir or antagomir approaches 
could be considered in the therapy for the disease. 
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Figure 5. A schematic illustration of microRNA biogenesis and extracellular vesicle microRNA transfer. Modified from Hyttinen et al., Ageing 
Res Rev. 2021;67:101260.
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Extracellular vesicles and 
their ability as miRNA 
carriers

The chosen miRNAs could 
be carried to the retina by 
using extracellular vesicle 
(EV) -driven administration. In 
normal cellular operation, EVs 
are secreted from cells and can 
carry bioactive molecules, such 
as genetic material, within them. 
These can then be delivered to 
neighboring cells or more distant 
targets. They effectively enable 
intercellular communication.58-59

In drug manufacturing, the 
chosen therapeutic material, 
like miRNAs, can be directly 
incorporated into EVs in vitro. 
Alternatively, they can be 
transfected into suitable cells, 
such as mesenchymal stem 
cells, where they can become 

encapsulated within EVs before 
they are released outside the 
cell, then extracted, and used as 
carriers of their contents (Figure 
5). In addition, miRNAs are found 
to be stable when packed in 
EVs.60

In the case of the eye, and 
especially the retina, the most 
effective means of therapy could 
be injecting EVs into the vitreous 
humour. From there, miRNAs 
can reach the bottom of the eye 
and target the RPE layer there.61 
This is further aided by the 
excellent capacity of the RPE to 
efficiently phagocytize external 
particles, as they naturally 
phagocytize the outer segments 
of photoreceptors as part of 
photoreceptor maintenance.62

Extracellular vesicle miRNA-
therapy models have recently 

been reported against other 
diseases. As an example, the 
intravitreal administration of 
miR-126-containing extracellular 
vesicles in rats reduced 
hyperglycaemia-induced retinal 
inflammation by targeting high 
mobility group box 1 mRNA.63

Conclusions & perspectives
As the weakening of 

autophagy is thought to be a 
cause of AMD progression, the 
strengthening of it might help 
relieve the effects of this harmful 
disease. This could be achieved 
through miRNAs (Figure 6). The 
progress in epigenomics, i.e. 
the study of inheritable changes 
in gene expression that do not 
involve changes in the DNA 
sequence, as well as the evolving 
understanding of the structure, 

microRNAs in AMD
Strengthening of autophagy might help relieve the effects of AMD.

Many microRNAs play important roles in fine regulation of autophagy.

Advancing our knowledge about the 
(1) miRNA target identification,
(2) miRNA delivery, and 
(3) their specificity in AMD is central to harnessing 
their potential as therapeutic agents to counteract 
effects of AMD and visual impairment. 

AMD &microRNAs

Figure 6. Take-home message on microRNAs in AMD. Modified from Hyttinen et al., Ageing Res Rev. 2021;67:101260.
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function, and mutual interactions 
between different miRNAs may 
lead to them becoming more 
easily utilizable as therapeutic 
targets for AMD and other 
diseases.

Treatment using miRNAs 
might provide the possibility 
of targeted personal therapy 
in the future. As a simplified 
example, the expressions of 
AMD-connected miRNAs could 
be measured in a patient and, if 
dysregulated miRNAs are found, 
the applicable miRNA therapy 
profile could be chosen, followed 
by administering specific miRNAs 
to the eye.64

Before these kinds of 
therapies can succeed, several 
issues must be resolved. These 

can be grouped into: 
(1) target identification, 
(2) specificity, and 
(3) delivery. 

As miRNAs tend to target 
many mRNAs, discovering as 
many of these interactions as 
possible is of great importance. 
Once the targets are known, 
selecting or creating sufficiently 
specifically binding miRNAs 
becomes the next crucial step. 
In the case of multi-factorial 
diseases such as AMD, delivery 
of insufficiently researched 
miRNAs could potentially 
disturb the expressions of 
other essential mRNAs. In the 
worst case, this might even 
accelerate the progression of 
AMD. Delivery is an obstacle to 

which EV-derived administration 
could be a good solution. The 
natural delivery system of EVs 
offers enormous potential as a 
delivery mechanism, particularly 
in conjunction with suitable 
targeting ligands on their surface. 
This might allow for the creation 
of a bio-compatible, personalized 
delivery system with added 
specificity to damaged RPE cells.

Translational and clinical 
research aimed at efficiently 
delivering miRNAs into the RPE 
might enhance the effectiveness 
of future therapeutic 
interventions for AMD. With 
increasingly well-characterized 
expressions and functions within 
RPE cells, miRNAs are some of 
the most promising therapeutic 
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treatments. However, further 
deep research is still needed in 
this field. As AMD will become 
an ever more pervasive disease 
with the aging of the human 
population, every possible means 
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should be investigated on the 
chance that they eventually 
would provide an effective cure 
against this highly detrimental 
disease.45 
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