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Myopia is the most common refractive disorder in Eastern Asia.  The development of myopia is associated 
with the cooperation of various ocular tissues.  Exosomes in the aqueous humor (AH) have been implicated 
to modulate intracellular communications by transferring exosomal miRNAs and proteins between cells.  
These exosomal miRNAs and proteins are likely involved in the pathogenesis of various eye diseases.  In 
this study, we aimed to explore human exosomal miRNA profiles and their roles in myopia development.  
AH samples were collected from 16 patients (8 myopia and 8 control) undergoing routine cataract 
surgeries.  Exosomes were isolated from AH of each individual using the ExoQuick solution.  The numbers 
and sizes of exosomes were not significantly different between the myopia and control groups.  The 
individual exosomes of the same group were pooled to purify RNA.  Unexpectedly, the myopia group 
contained 2.78-fold total RNA amount than that in the control group.  Thereafter, miRNA profiles were 
analyzed using the OpenArray system.  We thus found 15 myopia-specific miRNAs and four myopia-absent 
miRNAs.  By using bioinformatics analysis, we identified six well-known myopia-associated genes that are 
potential targets of five myopia-specific miRNAs (has-miR-582-3p, has-miR-17-5p, has-miR-885-3p, 
has-miR-19b-3p, and has-miR-450b-5p).  These genes are cholinergic receptor muscarinic 2 (CHRM2), 
cyclic nucleotide-gated channel beta 3 (CNGB3), vascular endothelial growth factor A (VEGFA), adenosine 
A2a receptor (ADORA2A), insulin-like growth factor 1 (IGF1), and lumican (LUM).  Moreover, CHRM2 may 
be a target of myopia-absent miRNA (has-miR-378a-5p).  In conclusion, we show the expression profiles of 
AH-derived exosomal miRNAs and their potential roles in myopia development.
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Introduction
Myopia is one of the most common eye diseases, 

which causes the refractive image formed by the cornea and 
lens to fall in front of the photoreceptors of the retina (Carr 
and Stell 1995).  Myopia can be classified into refractive, 
such as corneal diopter, or axial, which is caused by growth 
of the axial axis (Meng et al. 2011).  Several risk factors 
that lead to myopia, such as familial inheritance, long-term 

near work, and less time spent in outdoor activities, have 
been reported (Wong et al. 2000, 2001; Morgan et al. 2006; 
Pan et al. 2012).  However, its molecular mechanism of 
pathogenesis remains unclear.  Myopia is considered a mild 
eye disease since the optical errors can be corrected by 
wearing glasses/contact lenses and undergoing refractive 
surgery (Morgan et al. 2012).  Additionally, several treat-
ment modalities can slow the progression of myopia, such 
as the use of orthokeratology contact lenses, soft bifocal 
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contact lenses, and pharmaceutical agents, such as atropine 
and pirenzepine (Holden et al. 2014; Smith and Walline 
2015).  Recently, the prevalence rate of myopia has sharply 
increased worldwide, especially in Eastern Asian countries 
(Morgan and Rose 2005; Wu et al. 2016).  For example, in 
Taiwan, the prevalence rate in elderly individuals aged > 65 
years is only 19.4% (Cheng et al. 2003), whereas the rela-
tive prevalence rate in younger individuals aged 16-18 
years is as high as 84% (Lin et al. 2004).  Highly near-
sighted individuals have increased risk for several vision-
threatening problems, such as retinal detachment, choroidal 
neovascularization, cataract, and glaucoma (Russo et al. 
2014).  Myopia has become a global public health problem, 
leading to visual impairment and blindness.

The aqueous humor (AH) is a clear fluid that is contin-
ually secreted by the non-pigmented epithelial cells of the 
ciliary body and comes in contact with the anterior surface 
of the lens, iris, and corneal endothelial cells, before drain-
ing out of the eye via the trabecular meshwork (Goel et al. 
2010).  The main role of the AH is to provide nutrition, 
remove excretory products from metabolism, transport neu-
rotransmitters, and contribute to the regulation of homeo-
stasis for these ocular tissues (Goel et al. 2010).  Recent 
studies have suggested that there are some potential modu-
lators in AH, such as hormones and growth factors, which 
may be involved in cellular communication between ocular 
tissues (Coca-Prados and Escribano 2007; Zhang et al. 
2009; Lee et al. 2011).  These modulators are associated 
with the pathogenesis of various eye diseases (Duan et al. 
2008; Liu et al. 2016; Ji et al. 2018).  For example, high 
levels of matrix metalloproteinase, inhibitors of metallopro-
teinases, and transforming growth factor-β2 in AH are sig-
nificantly associated with the axial length of the eyes in 
patients with myopia (Jia et al. 2014; Zhang et al. 2016).

Exosomes, small vesicles with a diameter of approxi-
mately 30-150 nm, are surrounded by a double-layered lipid 
membrane (Raposo and Stoorvogel 2013).  They carry pro-
teins, mRNAs, or miRNAs and transport them to adjacent 
or distant cells (Henderson and Azorsa 2012).  Exosomes 
are released by several cell types and detected in a number 
of body fluids, such as blood plasma, urine, and AH 
(Michael et al. 2010; Vlassov et al. 2012; Dismuke et al. 
2015).  The major function of exosomes is intercellular 
communication by transferring exosomal RNA and protein 
between cells.  Thus, exosomes have been emerging as 
important biomarkers for several human diseases (Vlassov 
et al. 2012; Schneider and Simons 2013; Liu et al. 2016).  
This study aimed to characterize the size, concentration, 
and miRNA profile of exosomes between subjects with and 
without axial myopia.  To further explore the role of exo-
somal miRNA in myopia, we predicted their potential target 
genes and functions in myopia using bioinformatics analy-
sis.

Material and Methods
AH sample collection

The study protocol was approved by the Research Ethics 
Committee of Taipei City Hospital (TCHIRB-10505111) and con-
ducted according to the tenets of the Declaration of Helsinki.  All 
study participants provided written informed consent before enroll-
ment.  Human AH samples were collected from 16 patients undergo-
ing cataract surgery at the Zhongxing Branch of Taipei City Hospital.  
The diagnostic criterion for myopia was axial length > 26 mm.  The 
control eyes were collected from patients with senile cataract who 
had no myopia and other ocular or systemic diseases.  We collected 
100 µl of AH from each patient by anterior chamber paracentesis, 
using a needle inserted through the peripheral cornea at the beginning 
of the procedure.  Undiluted AH samples were stored at −80°C until 
further studies.

Isolation of exosomes
Exosomes were isolated from AH using the ExoQuick precipi-

tation solution (System Biosciences, Inc., Mountain View, CA, USA) 
according to its recommended procedure.  AH was centrifuged at 
3,000 × g for 15 min to remove cellular debris, after which the super-
natants were collected.  Phosphate-buffered saline (PBS) was added 
to the supernatants to a final volume of 250 µl.  Then, 63 µl of precip-
itation solution for each 100 µl of AH were added to the supernatants 
and incubated overnight.  The exosome pellets were obtained by cen-
trifugation at 12,000 × g for 90 min and then suspended in 100 µl 
PBS.  The numbers and sizes of exosomes were measured using 
NanoSight NS10 (Malvern Instruments, Rancho Cucamonga, CA, 
USA).

Total RNA isolation and miRNA analysis by OpenArray
The total RNA was extracted from the pooled human AH exo-

some samples in two groups (8 myopia patients and 8 control sub-
jects) using the TRIsure RNA isolation kit (Bioline, London, UK) 
according to the recommended procedure.  The RNA sample was 
quantified using NanoDrop Spectrophotometer ND-1000 (Wilmington, 
DE, USA).

MicroRNA profiling studies were analysed by TaqMan® 
OpenArray® MicroRNA Panels (Thermo Fisher, Waltham, MA, 
USA).  This technology uses a microscope slide-sized plate with 
3,072 through-holes to perform real-time PCR.  The technical ser-
vices provided by the Genomics Center for Clinical and 
Biotechnological Applications (National Yang-Ming University) 
according to the recommended procedure.  Briefly, cDNA was syn-
thesized with Megaplex Primer Pools A and B and MicroRNA 
Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA) 
according to the manufacturer’s protocol.  Then, cDNA was amplified 
using the primer pools Megaplex PreAmp Pools A and B and TaqMan 
PreAmp Master Mix Solution (Thermo Fisher, Waltham, MA, USA).  
Amplified cDNA was added to the TaqMan OpenArray Real‐Time 
PCR Master Mix (Thermo Fisher, Waltham, MA, USA) and distrib-
uted on the 384‐well sample loading plate.  TaqMan® OpenArray® 
Human MicroRNA Panels are automatically loaded using the 
AccuFill™ System.  Real-time PCR was conducted on the 
QuantStudio 12K Flex Real‐Time PCR System (Thermo Fisher, 
Waltham, MA, USA).  The OpenArray output was analyzed using the 
Thermo Fisher Cloud software according to their recommended pro-
cedures (Pereira et al. 2018).  MiRNA species with cycle threshold 
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(Crt) value ≥ 35 were considered below the detection threshold.  
Because of the lack of a universally applicable endogenous control 
for miRNAs isolated from exosomes, we defined the miRNAs as 
myopia-specific or myopia-absent depending on the Crt values that 
could be detected only in myopia or control samples.

Prediction of miRNA target genes
All bioinformatics analyses for miRNA targeting gene predic-

tion were performed by Ingenuity Pathway Analysis (IPA) knowledge 
base (Qiagen, Hilden, Germany).  The IPA knowledge base contains a 
large amount of miRNA-mRNA interaction information from either 
particular algorithm prediction or experiments from previous pub-
lished literature.  By screening the IPA knowledge base, we decided 
to focus on 28 myopia-associated genes.  Pairing the core sequences 
of miRNA and mRNA sequences of myopia-associated genes by the 
IPA knowledge base, we obtained the potential interaction of myopia-
specific or myopia-absent miRNAs with myopia-associated genes.

Statistical analyses
Data were expressed as mean ± standard error of the mean.  The 

measurements of axial lengths and exosome concentration were ana-
lyzed using a paired sample t-test.  All data analyses were performed 
using SPSS version 24 (SPSS Inc., Chicago, IL, USA).  A P value  
< 0.05 indicated a statistically significant difference.

Results
Collection of AH samples and exosome isolation

The AH samples were collected from patients under-
going cataract surgery at Taipei City Hospital.  Myopia 
patients was defined as having an axial length > 26 mm.  
Between the myopia and control groups (8 myopia and 8 

control), there were no differences in sex and age, except 
for axial length (P = 2.5136 × 10−6) (Table 1 and Fig. 1).

Exosomes were isolated from AH individually by 

 Group Number Gender Age Axial length (mm) 
 Myopia M1 F 60 26.04 

M2 F 59 27.59 
M3 M 61 29.37 
M4 F 59 26.29 
M5 M 57 27.46 
M6 M 60 28.26 
M7 F 71 27.25 
M8 M 66 26.99 

61.63 ± 4.6 27.41 ± 1.06 

 Control N1 M 57 22.88 
N2 F 63 24.28 
N3 F 67 23.74 
N4 F 62 24.44 
N5 M 75 23.81 
N6 F 79 22.69 
N7 F 69 25.12 
N8 M 87 22.97 

69.88 ± 9.91 23.74 ± 0.86 

Table 1.  Information of patients with and without myopia.

Fig. 1.  Axial lengths of the myopia and control groups.
	 The box-and-whisker plots showing distribution axial 

length in the myopia and control groups.
	 ***P < 0.0001.
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using the ExoQuick precipitation solution.  The numbers 
and sizes of exosomes were determined by nanoparticle 
tracking analysis system (Fig. 2).  By calculating the exo-
somes for each sample, there was no significant difference 
in the numbers of exosomes obtained from the myopia and 
control groups (P = 0.773283) (Table 2).

Total RNA isolation and miRNA analysis by OpenArray
For the miRNA from each individual was insufficient 

for miRNA analysis (data not shown), we decided to mix 
equal amounts of individual exosomes of the same group (8 
patients for myopia and 8 subjects for control) for total 
RNA isolation by TRIsure RNA isolation kit.  Unexpectedly, 
we obtained 2.78-fold total RNA amount from the myopia 
group (4,007 ng) compared with that from control group 
(1,440 ng), although its implication remains to be eluci-
dated.  Then an equal amount of total RNA from each group 
was applied for high-throughput screening of 754 known 
human miRNAs by using TaqMan OpenArray Human 
MicroRNA Panel.  Since the absence of internal control that 
could be used for miRNA QPCR quantitative in exosome, 
we selected the miRNAs that were only detected or not 
detected in the myopia group as myopia-specific or myopia-
absent miRNAs.  Finally, we obtained 15 myopia-specific 
miRNAs and four myopia-absent miRNAs (Table 3).

105 particles/µl 
Myopia M1 2.00 

M2 8.79 
M3 0.65 
M4 0.42 
M5 0.24 
M6 0.28 
M7 1.22 
M8 1.99 

AVE. 1.95 ± 2.86 

Control N1 0.67 
N2 5.84 
N3 1.34 
N4 4.70 
N5 3.09 
N6 0.80 
N7 1.09 
N8 0.96 

AVE. 2.31 ± 2.0 

Fig. 2.  Size of AH exosomes.
	 Representative nanoparticle tracking analysis of exosomes isolated from AH sample of patients with myopia (M) and 

control subjects (N).

Table 2.  Concentration of exosomes in AH.
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Bioinformatics analysis of miRNA potential target genes 
associated with myopia development

To explore the potential role of these miRNAs in myo-
pia development, we attempted to search for their potential 
target genes.  In most case, mature miRNAs interact with 
3′-UTR (untranslated region) of target mRNAs by using 
6~8 nucleotides (seed sequence) at their 5′end (O’Brien et 
al. 2018).  Then the binding of miRNA on the 3′-UTR of 
mRNA will induce mRNA degradation or translation 
repression (O’Brien et al. 2018).  In addition, the binding 
sites of miRNA on their target mRNA are usually evolu-
tionarily conserved in mammals (Zhang and Wang 2017).  
Therefore, many sequence-based prediction software were 
used to predict target genes for miRNA. For the short length 
of miRNA binding site, prediction software usually product 
a huge number of target mRNAs, which makes it difficult to 
identify the exact disease associated miRNA-mRNA inter-
action.  To minimize our miRNA target numbers, we 
decided to focus on 28 well-known myopia-associated 
genes.  By using the miRNA-mRNA matchmaking tool of 
Ingenuity Pathway Analysis (IPA), we identified six genes 
(cholinergic receptor muscarinic 2 [CHRM2], cyclic nucle-
otide-gated channel beta 3 [CNGB3], vascular endothelial 
growth factor A [VEGFA], adenosine A2a receptor 
[ADORA2A], insulin-like growth factor 1 [IGF1], and 

lumican [LUM]) that may be regulated by 5 myopia-spe-
cific miRNAs (has-miR-582-3p, has-miR-17-5p, has-miR-
885-3p, has-miR-19b-3p, and has-miR450b-5p).  On the 
other hand, CHRM2 could be the target of a myopia-absent 
miRNA, has-miR-378a-5p (Fig. 3A, B).  Four miRNA-
mRNA binding site sequences were highly conserved in 
mammals (Fig. 3).  In addition, has-miR-17-5p regulated 
the expression of VEGFA was indicated in previous studies 
(Ye et al. 2008).  These results suggested that exosomal 
miRNAs might involve in myopia development.

Discussion
In this study, we demonstrate that exosomes are com-

mon in AH of patients with myopia.  The sizes and numbers 
of exosomes in patients with myopia and control subjects 
showed no significant differences.  However, exosomes col-
lected from the myopia group contained more total RNA 
amounts than those in the control group.  Using bioinfor-
matics tools for miRNA targets prediction, we identified six 
myopia-specific miRNAs and one myopia-absent miRNA 
and their potential target genes associated with myopia.  
Further studies would be required in understanding their 
molecular mechanism and pathogenesis of myopia.  To our 
knowledge, this is the first study to analyze the miRNA pro-
files in exosomes that were isolated from the AH of patients 
with myopia.

AH is not only a nutrient supplier and waste trans-
porter but also a mediator for cell-cell communication (Ji et 
al. 2018).  Proteomic and transcriptomic analyses have 
demonstrated that numbers of proteins and miRNAs present 
in AH (Kim et al. 2012; Dunmire et al. 2013; Tanaka et al. 
2014; Soria et al. 2015).  Moreover, alterations in protein or 
miRNA profiles have been associated with various eye dis-
eases, such cataract, glaucoma, and corneal diseases 
(Dunmire et al. 2013; Tanaka et al. 2014; Drewry et al. 
2018; Suzuki et al. 2019).  Therefore, protein or miRNA 
profiles in AH may reflect specific functions in the eyes and 
are the best candidates of diagnostic biomarkers for ocular 
diseases.  Recent studies suggest that these “cargoes” are 
packaged into small vesicles, i.e., exosomes, and delivered 
to specific target tissues (van der Merwe and Steketee 
2017).  However, since the limitation of only up to 100 μl 
of AH per eye can be safely collected through surgery 
(Wecker et al. 2016).  Few AH samples make it more diffi-
cult to isolate and analyze miRNA or protein profiles in 
exosomes for individual patients.

The origin and target of these exosomes in AH is still 
unclear.  Previous studies have shown that exosomes are 
secreted by trabecular meshwork cells containing a unique 
glaucoma-causing protein, myocilin (Hoffman et al. 2009).  
Dismuke et al. (2015) suggested that the primary source of 
exosomes is the non-pigmented ciliary epithelium, where 
AH is actively secreted.  Theoretically, any cell in contact 
with AH may contribute to the release or uptake exosomes 
for cellular communication.  To explore their origin and tar-
gets of AH exosomes will be helpful to understand the 

 Name Sequence 

A. Myopia-specific miRNAs

hsa-miR-125b-3p ACGGGUUAGGCUCUUGGGAGCU 

hsa-miR-1274a GUCCCUGUUCAGGCGCCA 

hsa-miR-1274b UCCCUGUUCGGGCGCCA 

hsa-miR-133a-3p UUUGGUCCCCUUCAACCAGCUG 

hsa-miR-152-3p UCAGUGCAUGACAGAACUUGG 

hsa-miR-17-5p CAAAGUGCUUACAGUGCAGGUAG 

hsa-miR-19b-3p UGUGCAAAUCCAUGCAAAACUGA 

hsa-miR-203a-3p GUGAAAUGUUUAGGACCACUAG 

hsa-miR-24-3p UGGCUCAGUUCAGCAGGAACAG 

hsa-miR-450b-5p UUUUGCAAUAUGUUCCUGAAUA 

hsa-miR-518d-3p CAAAGCGCUUCCCUUUGGAGC 

hsa-miR-521 AACGCACUUCCCUUUAGAGUGU 

hsa-miR-570-3p CGAAAACAGCAAUUACCUUUGC 

hsa-miR-582-3p UAACUGGUUGAACAACUGAACC 

hsa-miR-885-3p AGGCAGCGGGGUGUAGUGGAUA 

B. Myopia-absent miRNAs

hsa-miR-586 UAUGCAUUGUAUUUUUAGGUCC 

hsa-miR-378a-5p CUCCUGACUCCAGGUCCUGUGU 

hsa-miR-367-3p AAUUGCACUUUAGCAAUGGUGA 

hsa-miR-338-5p AACAAUAUCCUGGUGCUGAGUG 

Table 3.  Mature miRNAs in exosomes.



C.F. Chen et al.218

Fig. 3.  Target sites of myopia-associated genes for AH-derived miRNAs.
	 miRNA data were subjected to Ingenuity Pathway Analysis (IPA) for target site prediction.  Binding sites were plotted 

with 3′-UTR (untranslated region) of myopia-associated genes with myopia-specific (A) and myopia-absent miRNAs 
(B).  The miRNA sites that were conserved or poorly conserved across most mammals were marked in black or gray,  
respectively.

	 CDS, coding sequence.
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development of eye diseases.
Even though there is no significant difference in the 

number of exosomes, exosomes from the myopia group 
contained more RNA amounts than those from the control 
group.  By OpenArray analysis, we identified 15 myopia-
specific and 4 myopia-absent miRNAs (Table 3).  Two 
myopia-specific miRNAs, has-miR-518d-3p and has-miR-
518d-3p, have been shown to express in the retinal tissue in 
previous studies.  Ayaz and Dinc (2018) suggested that has-
miR-518d-3p was upregulated in human retinal pigment 
epithelial cell line against oxidative stress.  Desjarlais et al. 
(2019) found has-miR-152-3p in the choroid was overex-
pressed in an oxygen-induced retinopathy mouse model.  
Since evidence suggested oxidative stress may help explain 
the altered regulatory pathways in myopia (Francisco et al.  
2015), further studies are required to explore the function of 
has-miR-518d-3p and has-miR-152-3p in myopia develop-
ment.

To explore the role of myopia-specific and myopia-
absent miRNAs, miRNA-mRNA matchmaking tools of IPA 
was applied to predict their targets.  We obtained six poten-
tial downstream genes, which have been shown to be asso-
ciated with myopia (Fig. 3).  ADORA2A is a type of ade-
nosine receptor and expressed in the retina, choroid, and 
sclera.  Its expression is increased in the deprivation myopia 
animal model and may play a role in the regulation of eye 
growth (Cui et al. 2010).  Muscarinic antagonists, such as 
atropine and pirenzepine, have been therapeutically used to 
slow the progression of myopia in children (Ganesan and 
Wildsoet 2010).  CHRM2 is one of the muscarinic receptor 
subtypes.  Its mutant mice are resistant to lens-induced 
myopia (Barathi et al. 2013).  Injection of IGF1 into the 
eyes of chicks increases the axial length (Feldkaemper et al. 
2009).  A genetic study also indicated the association of 
IGF1 polymorphisms and high-grade myopia in humans 
(Metlapally et al. 2010).  VEGF is a dimeric glycoprotein 
that is responsible for neovascularization and fenestrations 
of the choriocapillaris (Kwak et al. 2000).  Bevacizumab, 
an antibody against human VEGF, has been shown to 
inhibit choroidal thickening and suppress deprivation myo-
pia in chicken (Mathis et al. 2014).  CNGB3 is found to 
affect photoreceptors and cause eye diseases, especially 
achromatopsia (Kohl et al. 2005).  Recent genome-wide 
scan of families with myopia reveal significant linkage to 
CNGB3 (Musolf et al. 2019).  LUM, a keratan sulfate pro-
teoglycan, is one of the major extracellular matrix compo-
nents of the sclera.  LUM mutation may induce the increase 
in axial lengths and abnormal structures and distribution of 
collagen fibrils in mouse sclera (Song et al. 2016).  Genetic 
polymorphism of LUM has been suggested as a risk factor 
for the pathogenesis of high myopia (Wang et al. 2017).  
Gene knockout animal studies suggested that LUM was 
potential pathological myopia gene (Chakravarti et al. 2003; 
Yeh et al. 2010).  Therefore, increasing the expression of 
has-miR-450b-5p (as observed in our studies) to inhibit the 
expression of LUM would be a reasonable explanation for 

the development of myopia.  Further studies are required to 
confirm this hypothesis.

Our results are the pioneering findings to understand 
the potential role of exosomal miRNA in myopia develop-
ment.  Further analysis to identify the target tissues of these 
exosomes and understand the function of miRNAs may 
provide significant information for the diagnosis, clinical 
treatment, and potential prognosis of myopia.
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