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Age related macular degeneration (AMD) is the leading cause of blindness among people

aged 50 and over. Retinal deposition of amyloid-β (Aβ) aggregates in AMD patients

has suggested a potential link between AMD and Alzheimer’s disease (AD). We have

evaluated the differential retinal expression profile of miRNAs in a rat model of AMD

elicited by Aβ. A serum profile of miRNAs in AMD patients has been also assessed using

single TaqMan assay. Analysis of retina from rats intravitreally injected with Aβ revealed

that miR-27a, miR-146a, and miR-155 were up-regulated in comparison to control rats.

Seven miRNA (miR-9, miR-23a, miR-27a, miR-34a, miR-126, miR-146a, and miR-155)

have been found to be dysregulated in serum of AMD patients in comparison to control

group. Analysis of pathways has revealed that dysregulated miRNAs, both in the AMD

animal model and in AMD patients, can target genes regulating pathways linked to

neurodegeneration and inflammation, reinforcing the hypothesis that AMD is a protein

misfolding disease similar to AD. In fact, miR-9, miR-23a, miR-27a, miR-34a, miR-146a,

miR-155 have been found to be dysregulated both in AMD and AD. In conclusion,

we suggest that miR-9, miR-23a, miR-27a, miR-34a, miR-146a, miR-155 represent

potential biomarkers and new pharmacological targets for AMD.
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INTRODUCTION

Age related macular degeneration (AMD) is a common eye disease and the leading cause of
blindness among people aged 50 years and older. AMD exists in dry and wet forms, the first is
much more common than wet. Dry AMD is characterized by cellular debris, identified as drusen
bodies, that accumulate between choroid and retina. Drusen are hallmarks of dry AMD and contain
a variety of constituents, among of others, amyloid-β (Aβ) deposit. The wet form bears abnormal
growth of choroidal blood vessels leading to detachment of retina along with vascular leakage
and related retinal edema. AMD is listed by the World Health Organization (WHO) among the
“priority eye diseases.” Besides a series of phase II/III clinical trials, up to now there is no approved
treatment for dry AMD, and treatment for wet AMD is not definitive. In general, wet AMD patients
experience rapid visual aberration with progression of the disease, due to vascular leakage, whereas
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dry AMD is often asymptomatic (Yorston, 2006; Pascolini
and Mariotti, 2012). Therefore, validated microinvasive
biomarkers of AMD are desirable in order to diagnose and
prevent irreversible macular damage. Several single nucleotide
polymorphisms (SNPs) and their association to AMD have
been investigated and validated: such SNPs involve complement
proteins (Gemenetzi and Lotery, 2016). Furthermore, ocular
inflammatory processes have been recognized as a hallmark
of AMD (Stanton and Wright, 2014; Romano et al., 2015);
inflammation being a response to molecules coming from
dysfunctional retinal pigment epithelium (RPE), such as
lipofuscin, Aβ, carboxyethyl pyrrole. Along to these molecules
found in drusen of AMD patients, C-reactive protein was
found in serum of patients with severe AMD (Seddon et al.,
2004, 2010; Vine et al., 2005); however, other studies have not
confirmed significant increased levels of C-reactive protein in
serum of AMD patients in comparison to healthy control (Dasch
et al., 2005; McGwin et al., 2005). Therefore, identification and
validation of serum, minimally-invasive, biomarkers of AMD
are still challenging. In this perspective, differential expression
of miRNAs in serum or plasma represents a potential approach
to identify novel biomarkers and pharmacological targets of
AMD as suggested by Berber et al. in their compelling review
(Berber et al., 2017). MiRNAs are short, approximately 22-mer,
non-coding RNA molecules bearing important regulatory
functions, such as post-transcriptional regulation of gene
expression (Bartel, 2004). Cells can secrete miRNAs that can
be found stably in serum, plasma and many other biological
fluids (Mitchell et al., 2008; Weber et al., 2010). Extracellular
miRNAs are stable due to association to cell-derived nanovesicles
(e.g., exosomes), RNA-binding proteins (e.g., Argonaute 2)
or high density lipoproteins HDL (Creemers et al., 2012).
Recently, miRNAs were analyzed in vitreous and plasma of
exudative AMD patients, by means of non-biased miRNA
arrays and validation with qPCR; miRNA-146a was found to be
significantly up-regulated both in vitreous and plasma of AMD
patients (Ménard et al., 2016; Berber et al., 2017). Interestingly,
miRNA-146a is found also down-regulated in cerebrospinal
fluid (CSF) of AD patients (Kiko et al., 2014; Müller et al., 2014;
Denk et al., 2015). AMD is a complex multifactorial disease; a
pathogenic mechanism common to Alzheimer’s disease (AD)
was postulated on the basis of Aβ deposition in drusen of AMD
patients (Johnson et al., 2001; Dentchev et al., 2003; Isas et al.,
2010; Romano et al., 2015; Fisichella et al., 2016). Based on this
ground, several experimental models of retinal degeneration
attempted to induce retinal damage and mimic AMD by using
Aβ. In vitro, stimulation of retinal pigmented epithelium with
Aβ induces expression of VEGFA (Matsui et al., 2015) and
inflammatory cytokines (Liu et al., 2012, 2013; Cao et al., 2013).
In vivo, injection of Aβ in the posterior chamber of animal eye
induces inflammation (Howlett et al., 2011; Liu et al., 2013),
apoptosis (Fisichella et al., 2016), and blood-retinal barrier
(BRB) breakdown (Anderson et al., 2008). Because these data
suggest that some common mechanism may link AMD and AD,
we tested the hypothesis that the profile of miRNA expression
in an animal model of Aβ-induced retinal damage and in
patients affected by AMD might show some similarities. In the

perspective of a translational approach, analysis of miRNAs may
provide not only new insights in the pathogenic mechanisms
of AMD co-shared with AD, but also novel biomarkers and
pharmacological targets.

METHODS

Literature Search and Selection of miRNAs
to Be Analyzed
Extensive literature search has been carried out in order to
select miRNAs (Table 1) similarly dysregulated in AMD and AD.
Dysregulation of miRNAs in AMD and AD has been evaluated
by accessing to miR2Disease and Human microRNA Disease
Database (HMDD) and through literature search (Romano et al.,
2015).

AMD Animal Model
All experiments followed the guidelines set by the Association for
Research in Vision and Ophthalmology Resolution on Treatment
of Animals in Research; the experimental protocol was approved
by the Institutional Animal Care and Use Committee (IACUC)
at University of Catania.

Human amyloid-β1−42 (Aβ) oligomers were freshly prepared
accordingly to the following protocol:

• Reconstitution of lyophilized Aβ trifluoroacetic salt
(Invitrogen, Carlsbad, CA, USA) at a concentration 1mM in
100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP);

• Incubation of solution at room temperature for 1 h and then
sonication for 10min in water bath sonicator;

• Removing of HIFP under gentle stream of Argon;

• Storage: vials, containing peptide Parafilm©-sealed at−20◦C;
• Solubilization of the peptide in anhydrous dimethyl-sulfoxide

(DMSO) at 5mM final Aβ concentration;
• Dilution with sterile PBS pH 7.4, at 100µM final Aβ

concentration, and incubation for 24 h at 4◦C.

This protocol is in accordance with the protocol used by several
groups (Lambert et al., 2001; Dahlgren et al., 2002; Barghorn
et al., 2005; Guo et al., 2007) and to the original protocol
developed by Klein and co-authors (Klein et al., 2001).

Male Sprague-Dawley rats (250–300 g) were purchased from
Harlan (Udine, Italy). The animals were fed with standard
laboratory chow and allowed free access to water in an air
controlled room with a 12-h light/12-h dark cycle. The animals
were randomly divided in two experimental groups (n = 10):
(1) control group, received intravitreal injection of 2µl of
sterile PBS pH 7.2, DMSO 2%; (2) treated group, received
intravitreal injection of 0.2 nmol of Aβ (2µl of Aβ oligomer
solution). Animals were anesthetized by intravenous injection
of 5mg/kg Zoletil (2.5mg/kg tiletamine•HCl, and 2.5mg/kg
zolazepam•HCl; Zoletil, Virbac,Milano, Italy) and 1 drop of local
anesthetic (oxybuprocaine 0.4%; Novesina, Novartis, Origgio,
Italy) has been administered to the eye, prior intravitreal injection
(Fisichella et al., 2016). After 72 h the animals were killed and
blood and retina samples collected; time slot was chosen on the
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TABLE 1 | Selection of miRNAs potentially involved in AD and AMD.

miRNA Reference AMD Reference AD

miR-9 Kutty et al., 2010; Lukiw et al., 2012 databases

miR-21 Ertekin et al., 2014 databases

miR-23a Kutty et al., 2010; Lin et al., 2011 Lau et al., 2013; Galimberti et al., 2014

miR-24 Ertekin et al., 2014 Lugli et al., 2015

miR-27a Wang et al., 2012 Maes et al., 2009; Sala Frigerio et al., 2013

miR-30b Haque et al., 2012 Schonrock et al., 2010

miR-34a Hou et al., 2013; Smit-McBride et al., 2014 databases

miR-125b Arora et al., 2010; Lukiw et al., 2012 databases

miR-126 Bai et al., 2011 Sonntag et al., 2012

miR-146a Lukiw et al., 2012; Kutty et al., 2013; Ménard et al., 2016; Berber et al., 2017 databases

miR-146b Kutty et al., 2013 databases

miR-155 Saxena et al., 2015; Yan et al., 2015; Zhuang et al., 2015; Berber et al., 2017 Guedes et al., 2014

miR-210 Devlin et al., 2011; Wang et al., 2012; Szemraj et al., 2015 databases

Databases: miR2Disease and Human microRNA Disease Database (HMDD).

basis of previously findings reporting early retinal damage 72 h
after intravitreal administration of Aβ (Guo et al., 2007).

Clinical Study
The study adhered to the tenets of the Declaration of Helsinki
and was approved by the Local Ethics Research Committee
(Comitato Etico Catania1). Before starting the study, written
informed consent was obtained from all patients. Eleven patients
(average age 70 ± 6) were enrolled between May and July 2014
at the Retina Division of the Eye Institute of the University
of Catania (Italy); active choroidal neovascularization (CNV)
secondary to neovascular AMD was confirmed by fluorescein
angiography. The following exclusion criteria were applied: active
uveitis or ocular infection, presence of any retinopathy other
than AMD, any ocular surgery within the 60 days prior to
enrollment. Patients with cardiovascular disease, including a
history of stroke or myocardial infarction <3 months prior to
screening, uncontrolled blood pressure (defined as systolic value
of >160mmHg or diastolic value of >100mmHg at screening
at screening), diabetes mellitus, history of cancer were also
excluded. For each patient with neovascular AMD, a healthy
subject was enrolled as control; the control healthy subject
matched the AMD patient in terms of age and sex, fulfilling the
inclusion and exclusion criteria.

All enrolled subjects underwent fasting venous blood
sampling. Blood samples were obtained by vein puncture using
sterile and dry vacutainer tubes. Samples were centrifuged for
serum isolation within 2 h from withdrawal. Whole blood was
incubated for 30min at 20◦C before being centrifuged at 3,000
rpm for 15min at 4◦C. Serum was divided into aliquots and
stored at−80◦C until analysis.

RNA Isolation from Serum and Retina
Human and rat serum samples were centrifuged at 2,000 rpm
for 10min to pellet circulating cells and/or debris. MiRNAs
were extracted from 400µl serum samples by using Qiagen
miRNeasy mini kit (Qiagen, Hilden, Germany), according to
Qiagen supplementary protocol for purification of small RNAs

from serum and plasma, and finally eluted in 40µl of elution
buffer. Total RNA, from rat retina samples, was purified by using
TRIzol R© reagent (ThermoFisher Scientific, Boston, MA, USA),
according to the manufacturer’s instructions. Quantification of
RNAs was carried out by fluorometry and spectrophotometry.

miRNA Profiling by Taqman Assay
We carried out RNA retro-transcription by TaqMan R©

MicroRNA Reverse Transcription Kit (ThermoFisher
Scientific); amplification was performed by Real Time PCR
with TaqMan probes (ThermoFisher Scientific), according to
the manufacturer’s instructions. We used miR-320a as reference
gene for normalization of human serum samples (Ragusa et al.,
2015), U6 and miR-16 for rat serum and retina samples (Tea
et al., 2013). Real Time PCRs was carried out on a 7,900 HT
Fast Real Time PCR System (Applied Biosystems, Monza, Italy).
Expression fold changes were calculated by the 2−11Ct method
(Livak and Schmittgen, 2001).

Bioinformatic Analysis of Biochemical
Pathways
The probability of association between miRNAs and KEGG
pathways was calculated through the web server DIANA-
miRPath 3.0 (Romano et al., 2015), by using the miRtarbase v7
algorithm. The following groups of miRNAs were analyzed:

(a) miR-27a, miR-146a, miR-155
(b) miR-9, miR-23a, miR-27a, miR-34a, miR-126,miR-146a,

miR-155
(c) miR-155

Statistical Analysis
GraphPad Prism (version 4.0; GraphPad Software, San Diego,
CA, USA) was used for statistical analysis and graphical
representation of miRNA differential expression data. Data sets
were examined by one-way analysis of variance (ANOVA).
Student’s T-test was used for comparison between two groups;
p < 0.05 were considered statistically significant.
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RESULTS

Dysregulation of miRNAs in AMD Rat
Model
We analyzed the expression of 13 miRNAs (Table 1), in retina
extracts from Sprague Dawley rats subjected to intravitreal
injection of Aβ oligomers. This in vivo model of AMD has been
used on the basis of previous reports showing the presence of
Aβ deposition in drusen bodies of AMD patients (Seddon et al.,
2004, 2010; Vine et al., 2005; Fisichella et al., 2016). Intravitreal
injection of Aβ induced the up-regulation of three miRNAs in rat
retina: miR-27a, miR-146a, and miR-155 (Table 2 and Figure 1).
Furthermore, miR-155 was down-regulated in serum of Aβ-
injected rats in comparison to controls (fold change −4.76; p =

0.029).

Dysregulation of miRNAs in Patients with
AMD
We analyzed the same 13 miRNA species also in serum of AMD
patients (Table 3). Dysregulation of 7 miRNAs (Table 3 and
Figure 2), out of 13 tested, was found in serum of AMD patients
in comparison to serum of control group. In particular, up-
regulation of miR-9, miR-23a, miR-27a, miR-34a, miR-126, and
miR-146a was found in serum of AMD patients. On the contrary,
miR-155 was down-regulated, similarly to what found in serum
of rats subjected to intravitreal injection of Aβ. Table 3 shows
the expression profile of miRNAs in serum of AMD patients.
Figure 2 reports box-plots of six miRNAs associated to both
AMD and AD.

Bioinformatics Analysis of Biochemical
Pathways Associated to miRNAs
Biochemical pathways potentially regulated by miRNAs
differentially expressed in retina of Aβ-injected rats (Figure 3
and Table 4A) and in serum of AMD patients (Figure 4 and
Table 4B) have been identified through the web server DIANA-
miRPath v.3. MiR-27a, miR-146a, and miR-155 (Figure 3 and
Table 4A), which were up-regulated in retina of Aβ-injected
rats, top scored as associated to TGF-β (p = 1 E-10) and prion
diseases (p = 2 E-11) pathways. MiR-27a, miR-146a, and miR-
155 have been reported to be associated to the inflammatory
pathways mTOR, TNFα, HIF signaling, and NF-κB (Romano
et al., 2015). Interestingly, apoptosis (p = 4 E-3), PI3K-AKT (p
= 1 E-2), and p53 pathways (p = 2 E-2) resulted as potentially
associated to the miRNAs differentially expressed in the retina
of AMD animal model. These results are also consistent with
our previous data (Fisichella et al., 2016) showing a deficit of
TGF-β signaling in the retina of Aβ injected rats, counteracted
by TGF-β1 co-administration. Furthermore, regulation of prion
diseases pathway by miR-27a, miR-146a, and miR-155, reinforces
the hypothesis that AMD can be a protein misfolding disease,
such as AD, due to deposition of Aβ oligomers in drusen bodies.
The potential link between AMD and AD is also in line with the
deregulation of insulin receptor signaling by miR-27a, miR-146a,
and miR-155 (Giuffrida et al., 2012; Gontier et al., 2015; Takach
et al., 2015; Han et al., 2016; Sajan et al., 2016; Table 4A). The set
of miRNAs differentially expressed in AMD patients can regulate

TABLE 2 | Differential expression of miRNAs, reported as fold change (FC),

in retina obtained from rats injected with Aβ vs. control group.

miRNA P-value

miR-16

p-value

snU6

FC miR-16 FC snU6

miR-9 0.059 0.051

miR-21 0.29 0.081

miR-23a 0.041 0.067

miR-24 0.199 0.161

miR-27a 0.046 0.012 2.47 2.75

miR-30b 0.94 0.957

miR-34a 0.257 0.126

miR-125b 0.45 0.604

miR-126 0.597 0.657

miR-146a 0.008 0.006 2.59 2.81

miR-146b 0.096 0.154

miR-155 0.003 0.002 3.09 3.95

miR-210 0.364 0.917

the same pathways of miRNAs dysregulated in the animal model
of AMD (Figure 4 and Table 4B). In fact, in AMD patients the
TGF-β (p = 4 E-7) and prion diseases (p = 1 E-6) pathways
were top scored, along with lipid metabolism, neurodegenerative
and inflammatory pathways. Interestingly, the VEGF pathway
(p = 3 E-2) was found to be targeted only by the set of miRNAs
dysregulated in serum of AMD patients (Table 4B).

Analysis of serum of Aβ-injected rats revealed that one
miRNA out of 13, miR-155 was down-regulated in comparison
to control rats, similarly to what was found in serum of AMD
patients. We have looked at pathways that can be associated to
miR-155 (Table 4C). The miR-155 can regulate genes involved
in the TGF-β signaling pathway (p = 4 E-4), in the apoptosis
pathway (p = 1 E-3) and several inflammatory pathways, that
are also regulated by the set of miRNAs differentially expressed
in Aβ-injected rats and in AMD patients.

DISCUSSION

Thirteen miRNAs (Table 1) have been selected on the basis of
previous reports on their role in AD and AMD. Analysis of these
13 miRNAs revealed that 7 miRNAs showed a significant up-
regulation in serum of AMD patients in comparison to control
group (miR-9, miR-23a, miR-27a, miR-34a, miR-146a, miR-155,
and miR-126). Three miRNAs were found to be dysregulated
both in AMD patients and in retina of Aβ-injected rats (miR-
27a, miR-146a, miR-155). Incidentally, we showed that changes
in circulating levels of some miRNAs (miR-9, miR-23a, miR-
27a, miR-34a, miR-126, miR-146a, miR-155) as found in AMD
patients are associated to Alzheimer’s disease andmodulate genes
involved in neurodegenerative and inflammatory pathways.

In accordance to the finding of Ménard et al. (2016), we
found that miR-146a is up-regulated in plasma of AMD patients
and in the retina of Aβ-injected rats; furthermore this miRNA
is dysregulated also in AD patients (Kiko et al., 2014; Müller
et al., 2014; Denk et al., 2015; Ménard et al., 2016). To our

Frontiers in Pharmacology | www.frontiersin.org 4 March 2017 | Volume 8 | Article 168

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Romano et al. miRNAs in Age-Related Macular Degeneration

FIGURE 1 | Box Plots of miRNAs in rat retina. Values on the y-axis are

reported as –1Ct. *p < 0.05, **p < 0.01 vs. control.

TABLE 3 | Fold-changes (FC) of miRNA expression in AMD patients vs.

control group (healthy subjects).

miRNA P-value FC

miR-9 0.006 6.47

miR-21 0.065

miR-23a 0.006 2.11

miR-24 0.06

miR-27a 0.004 4.13

miR-30b 0.274

miR-34a 0.007 3.28

miR-125b 0.626

miR-126 0.019 2.97

miR-146a 0.001 1.46

miR-146b 0.124

miR-155 0.021 −5.09

miR-210 0.070

knowledge, dysregulation of miR-27a has not been reported by
other authors before, neither in experimental animal models nor
in in vitro models of AMD. Wang et al. (2012) suggested for the

FIGURE 2 | Box Plots of miRNAs commonly dysregulated in AD and

AMD patients. Values on the y-axis are reported as −1Ct. *p < 0.05, **p <

0.01 vs. control.

first time the potential role of miR-27a in AMD. Furthermore,
involvement of miR-27 in AD was well documented by other
authors (Maes et al., 2009; Sala Frigerio et al., 2013). We found
down-regulation of miR-155 in serum of AMD patients and Aβ

injected rats; whereas we found up-regulation of miR-155 in the
retina of Aβ injected rats, along with miR-27a and miR-146a.
Our results are in accordance to the report by Guedes et al.
(2014), showing the up-regulation of miR-155 in hippocampal
and cortical brain regions of 3-Tg AD animals as well as in
cultured microglia and astrocytes treated with Aβ oligomers.
Because miR-155 is associated to blood brain barrier dysfunction
(Lopez-Ramirez et al., 2014), the up-regulation of miR-155 in
retina of rats injected with Aβ oligomers might also influence
the integrity of blood retinal barrier (BRB). MiR-155 and its
angiogenic target gene CCN1 were found to alter vascular and
neovascular growth in mice retina (Berber et al., 2017). Increased
expression of miR-155 induced formation of neovascular tufts
that growth abnormally in vitreous with concomitant retinal
microglial activation (Yan et al., 2015); thus, up-regulation of
miR-155 in retina of Aβ injected rats might be the triggering
factor of retinal inflammation and pro-angiogenic events. We
found an increased expression of miR-155 in rat retina 72 h after
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FIGURE 3 | Scatter distribution of pathways regulated by miR-27a,

miR-146a, and miR-155. Solid spheres correspond to predicted pathways.

Blue (dark gray in the print version) points are the projections of # of genes, red

(gray in the print version) points are the projections # of microRNA, and green

(light gray in the print version) points are the projections of p-value associated

to each pathway. (NT, neurotrophin signaling pathway; TNF, TNF signaling

pathway; HIF, hypoxia inducible factor pathway).

intravitreal injection of Aβ oligomers; this result is in agreement
with a previous work by Saxena et al. (2015), who found increased
levels of miR-155 in retina of rats 72 h after light-induced retinal
damage.

With exception of miRNA-155, down-regulated in serum
of AMD patients and in serum of Aβ injected rats, six
miRNAs (miR-9, miR-23a, miR-27a, miR-34a, miR-146a, miR-
126) showed an up-regulation in serum of AMD patients. Lack
of differentially expressed circulating miRNAs in serum of Aβ-
injected rats, other than down-regulated miR-155, could be
related to variables that characterize miRNA secretion such as
aging, duration and type of pathology (Creemers et al., 2012;
Weilner et al., 2013).

Overall, results obtained by our translational approach
reinforce the hypothesis of a link between AMD and AD
and further validate the retinal degenerative model induced by
intravitreal injection of Aβ oligomers (Fisichella et al., 2016).

In order to study the biological role of the miRNAs
dysregulated in retina of Aβ-injected rats and in serum of
AMD patients, we have predicted the combinatorial effects of
miRNAs in regulation of biological relevant pathways by means
of DIANA-miRPath v.3. GivenmiRNAs as input, Diana-miRPath
gives as output the KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways potentially regulated by genes targeted by
input miRNAs. We found that miRNAs, dysregulated both in
serum of AMD patients and retina of Aβ-injected rats, can
target genes of pathways associated to neurodegenerative diseases
(e.g., apoptosis, ubiquitin proteolysis, neurotrophin signaling)
along with inflammatory signaling pathways (e.g., mTOR, HIF,

TABLE 4 | KEGG pathways target of miRNAs potentially deregulated in

AMD.

A. miR-27a, miR-146a, miR-155 p-value #genes

TGF-beta signaling pathway 1.31E-11 44

Prion diseases 2.90E-11 14

Hippo signaling pathway 2.53E-7 60

AMPK signaling pathway 1.16E-6 62

Fatty acid biosynthesis 1.50E-6 3

Fatty acid elongation 7.45E-6 9

Lysine degradation 7.73E-6 22

Neurotrophin signaling pathway 8.25E-6 58

mTOR signaling pathway 2.61E-5 35

Protein processing in endoplasmic reticulum 2.65E-5 73

TNF signaling pathway 3.20E-5 51

Fatty acid metabolism 5.17E-5 16

Signaling pathways regulating pluripotency of stem cells 5.17E-5 62

FoxO signaling pathway 5.78E-5 60

Thyroid hormone signaling pathway 6.42E-5 48

Adherens junction 1.61E-4 36

Ubiquitin mediated proteolysis 3.12E-4 62

Central carbon metabolism in cancer 3.12E-4 30

HIF-1 signaling pathway 9.92E-4 51

ErbB signaling pathway 2.38E-3 39

Sphingolipid signaling pathway 2.67E-3 48

Focal adhesion 3.26E-3 81

Insulin signaling pathway 4.31E-3 58

NF-kappa B signaling pathway 4.31E-3 32

Apoptosis 4.68E-3 38

Cell cycle 9.58E-3 50

PI3K-Akt signaling pathway 1.18E-2 121

ECM-receptor interaction 1.68E-2 26

p53signaling pathway 2.16E-2 30

Toll-like receptor signaling pathway 2.33E-2 39

Axon guidance 3.13E-2 43

RNA transport 3.38E-2 62

Endocytosis 4.53E-2 72

B. miR-9, miR-23a, miR-27a, miR-34a,

miR-126,miR-146a, miR-155

p-value #genes

Fatty acid metabolism 3.15E-1 30

Fatty acid elongation 8.96E-3 14

Fatty acid degradation 2.02E-4 24

Adherens junction 3.86E-3 53

TGF-beta signaling pathway 4.74E-4 56

Fatty acid biosynthesis 8.23E-4 7

Thyroid hormone signaling pathway 9.39E-3 84

Protein processing in endoplasmic reticulum 9.39E-3 114

Prion diseases 1.09E-5 21

p53 signaling pathway 8.77E-5 54

mTOR signaling pathway 2.91E-6 47

Hippo signaling pathway 4.40E-6 90

Neurotrophin signaling pathway 5.23E-6 82

TNF signaling pathway 7.93E-5 74

(Continued)
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TABLE 4 | Continued

B. miR-9, miR-23a, miR-27a, miR-34a,

miR-126,miR-146a, miR-155

p-value #genes

Cell cycle 1.18E-4 83

Endocytosis 1.28E-4 130

Signaling pathways regulating pluripotency of stem cells 1.58E-4 90

Sphingolipid signaling pathway 4.27E-4 76

ErbB signaling pathway 5.24E-4 62

Lysine degradation 7.50E-4 31

Axon guidance 8.49E-4 78

Estrogen signaling pathway 8.68E-4 63

Insulin signaling pathway 1.04E-3 91

Focal adhesion 1.07E-3 128

FoxO signaling pathway 1.06E-3 88

Ubiquitin mediated proteolysis 2.08E-3 89

HIF-1 signaling pathway 2.21E-3 72

Glycosaminoglycan biosynthesis - keratansulfate 2.64E-3 11

Regulation of actin cytoskeleton 4.51E-3 123

Apoptosis 5.05E-3 57

AMPK signaling pathway 7.36E-3 80

N-Glycan biosynthesis 1.41E-2 30

RNA degradation 2.41E-2 49

Fc gamma R-mediated phagocytosis 2.69E-2 55

NF-kappa B signaling pathway 2.69E-2 52

VEGF signaling pathway 3.02E-2 40

C. miR-155 p-value #genes

TGF-beta signaling pathway 4.69E-4 11

FoxO signaling pathway 4.69E-4 26

Apoptosis 1.29E-3 20

Steroid biosynthesis 2.13E-3 4

NF-kappa B signaling pathway 2.13E-3 17

TNF signaling pathway 2.14E-3 22

Inflammatory bowel disease (IBD) 4.66E-3 13

Adherens junction 9.67E-3 14

Fatty acid elongation 1.13E-2 4

Signaling pathways regulating pluripotency of stem cells 1.19E-2 25

TNFα, and VEGF signaling; Figures 3, 4). Furthermore, TGF-β
signaling was one of the top scored pathways along with prion
diseases pathway. Dysregulation of TGF-β pathway in AD and
the protective role of TGF-β1 toward brain neuroinflammatory
processes were previously reported (Caraci et al., 2008, 2011,
2015; Chen et al., 2015). Furthermore, we have previously found
that TGF-β1 administration can revert the increase in Bax/Bcl2
ratio induced in rat retina following intravitreal administration
of Aβ oligomers (Fisichella et al., 2016).

Thus, we postulate that Aβ retinal deposition leads to
inflammatory and apoptotic events along with differential
expression of miRNAs able to target genes, which, in
turn, dysregulate the TGF-β pathway. In fact, miR-155 and
miR-27a can target 42 genes involved in the TGF-β pathway
(DIANA-miRPath), while miR-146a can target genes involved
in inflammatory pathways (Toll-like receptor, NF-κB, TNF

FIGURE 4 | Scatter distribution of pathways associated to miRNAs that

are dysregulated in serum of AMD patients. Solid spheres correspond to

predicted pathways. Blue (dark gray in the print version) points are the

projections of # of genes, red (gray in the print version) points are the

projections # of microRNA, and green (light gray in the print version) points are

the projections of p value associated to each pathway. (NT, neurotrophin

signaling pathway; TNF, TNF signaling pathway; HIF, hypoxia inducible factor

pathway; VEGF, vascular endothelial growth factor).

signaling pathways). Worthy of note, three KEGG pathways
were more recurrent: prion diseases, TGF-beta signaling, insulin
receptor signaling; such bioinformatics data reinforce the link
between AMD and AD. Finally, miRNAs dysregulated both in
AMD patients and in rat retina damaged by Aβ can target the
TGF-β signaling pathway, leading to a putative impairment of
Smad-dependent TGF-β1 signaling, in accordance with previous
reports (Caraci et al., 2012a,b; Fisichella et al., 2016).

CONCLUSION

In conclusion, the modified miRNA levels we found in rat retina
(miR-27a, miR-146a, miR-155) and serum of AMD patients
(miR-9, miR-23a, miR-34a, miR-126, miR-27a, miR-146a, miR-
155) suggest that, among others, miR-27a, miR-146a, and miR-
155 have an important role in AMD and could represent suitable
biomarkers and appealing pharmacological targets.

ETHICS STATEMENT

Animal procedures followed guidelines of the Animal Care
and Use Committee of the University of Catania, and the
ARVO (Association for Research in Vision and Ophthalmology)
Statement for the Use of Animals in Ophthalmic and Vision
Research. This study has been conducted accordingly to the
Declaration of Helsinki; informed consent was obtained from
all patients after explanation of the nature and possible
consequences of the study. Eleven patients (average age = 70
± 6) were enrolled between May 2014 and July 2014 at the

Frontiers in Pharmacology | www.frontiersin.org 7 March 2017 | Volume 8 | Article 168

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Romano et al. miRNAs in Age-Related Macular Degeneration

Retina Division of the Eye Institute of the University of Catania
(Italy).

AUTHOR CONTRIBUTIONS

Authors make substantial contributions to conception and
design, and/or acquisition of data, and/or analysis and

interpretation of data: CB, GR, CP, MaR, CrBa, CD, MiR,
AL. Authors participate in drafting the article or revising
it critically for important intellectual content: CB, GR, CP,
MaR, CrBa, CD, MiR, AL, SS, FD, MP, TA. Authors give
final approval of the version to be submitted and any revised
version: CB, GR, CP, MaR, CrBa, CD, MiR, AL, SS, FD,
MP, TA.

REFERENCES

Anderson, P. J., Watts, H., Hille, C., Philpott, K., Clark, P., Gentleman, M.

C., et al. (2008). Glial and endothelial blood-retinal barrier responses to

amyloid-beta in the neural retina of the rat. Clin. Ophthalmol. 2, 801–816.

doi: 10.2147/OPTH.S3967

Arora, A., Guduric-Fuchs, J., Harwood, L., Dellett, M., Cogliati, T., and Simpson,

D. A. (2010). Prediction of microRNAs affecting mRNA expression during

retinal development. BMC Dev. Biol. 10:1. doi: 10.1186/1471-213X-10-1

Bai, Y., Bai, X., Wang, Z., Zhang, X., Ruan, C., and Miao, J. (2011).

MicroRNA-126 inhibits ischemia-induced retinal neovascularization via

regulating angiogenic growth factors. Exp. Mol. Pathol. 91, 471–477.

doi: 10.1016/j.yexmp.2011.04.016

Barghorn, S., Nimmrich, V., Striebinger, A., Krantz, C., Keller, P., Janson, B., et al.

(2005). Globular amyloid beta-peptide oligomer - a homogenous and stable

neuropathological protein in Alzheimer’s disease. J. Neurochem. 95, 834–847.

doi: 10.1111/j.1471-4159.2005.03407.x

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.

Cell 116, 281–297. doi: 10.1016/S0092-8674(04)00045-5

Berber, P., Grassmann, F., Kiel, C., and Weber, B. H. (2017). An eye on age-related

macular degeneration: the role of MicroRNAs in disease pathology.Mol. Diagn.

Ther. 21, 31–43. doi: 10.1007/s40291-016-0234-z

Cao, L. N., Wang, H., Wang, F., Xu, D., Liu, F., and Liu, C. Q. (2013). A β-

induced senescent retinal pigment epithelial cells create a proinflammatory

microenvironment in AMD. Invest. Ophthalmol. Vis. Sci. 54, 3738–3750.

doi: 10.1167/iovs.13-11612

Caraci, F., Battaglia, G., Bruno, V., Bosco, P., Carbonaro, V.,

Giuffrida, M. L., et al. (2011). TGF-β1 pathway as a new target for

neuroprotection in Alzheimer’s disease. CNS Neurosci. Ther. 17, 237–249.

doi: 10.1111/j.1755-5949.2009.00115.x

Caraci, F., Battaglia, G., Busceti, C., Biagioni, F., Mastroiacovo, F., Bosco, P., et al.

(2008). TGF-β1 protects against Aβ-neurotoxicity via the phosphatidylinositol-

3-kinase pathway. Neurobiol. Dis. 30, 234–242. doi: 10.1016/j.nbd.2008.01.007

Caraci, F., Bosco, P., Signorelli, M., Spada, R. S., Cosentino, F. I., Toscano,

G., et al. (2012a). The CC genotype of transforming growth factor-

β1 increases the risk of late-onset Alzheimer’s disease and is associated

with AD-related depression. Eur. Neuropsychopharmacol. 22, 281–289.

doi: 10.1016/j.euroneuro.2011.08.006

Caraci, F., Gulisano,W., Guida, C. A., Impellizzeri, A. A., Drago, F., Puzzo, D., et al.

(2015). A key role for TGF-β1 in hippocampal synaptic plasticity and memory.

Sci. Rep. 5:11252. doi: 10.1038/srep11252

Caraci, F., Spampinato, S., Sortino, M. A., Bosco, P., Battaglia, G., Bruno,

V., et al. (2012b). Dysfunction of TGF-β1 signaling in Alzheimer’s

disease: perspectives for neuroprotection. Cell Tissue Res. 347, 291–301.

doi: 10.1007/s00441-011-1230-6

Chen, J. H., Ke, K. F., Lu, J. H., Qiu, Y. H., and Peng, Y. P. (2015).

Protection of TGF-β1 against neuroinflammation and neurodegeneration in

Aβ1-42-induced Alzheimer’s disease model rats. PLoS ONE 10:e0116549.

doi: 10.1371/journal.pone.0116549

Creemers, E. E., Tijsen, A. J., and Pinto, Y. M. (2012). Circulating microRNAs:

novel biomarkers and extracellular communicators in cardiovascular disease?

Circ. Res. 110, 483–495. doi: 10.1161/CIRCRESAHA.111.247452

Dahlgren, K. N., Manelli, A. M., Stine, W. B. Jr., Baker, L. K., Krafft, G. A.,

and LaDu, M. J. (2002). Oligomeric and fibrillar species of amyloid-beta

peptides differentially affect neuronal viability. J. Biol. Chem. 277, 32046–32053.

doi: 10.1074/jbc.M201750200

Dasch, B., Fuhs, A., Behrens, T., Meister, A., Wellmann, J., Fobker, M., et al. (2005).

Inflammatory markers in age-related maculopathy: cross-sectional analysis

from the muenster aging and retina study. Arch. Ophthalmol. 123, 1501–1506.

doi: 10.1001/archopht.123.11.1501

Denk, J., Boelmans, K., Siegismund, C., Lassner, D., Arlt, S., and Jahn, H.

(2015). MicroRNA profiling of CSF reveals potential biomarkers to detect

Alzheimer‘s disease. PLoS ONE 10:e0126423. doi: 10.1371/journal.pone.01

26423

Dentchev, T.,Milam, A. H., Lee, V.M., Trojanowski, J. Q., andDunaief, J. L. (2003).

Amyloid-β is found in drusen from some age-related macular degeneration

retinas, but not in drusen from normal retinas.Mol. Vis. 9, 184–190.

Devlin, C., Greco, S., Martelli, F., and Ivan, M. (2011). miR-210: more than a silent

player in hypoxia. IUBMB Life 63, 94–100. doi: 10.1002/iub.427

Ertekin, S., Yildirim, O., Dinç, E., Ayaz, L., Fidanci, S. B., and Tamer, L. (2014).

Evaluation of circulating miRNAs in wet age-related macular degeneration.

Mol. Vis. 20, 1057–1066.

Fisichella, V., Giurdanella, G., Platania, C. B. M., Romano, G. L., Leggio,

G. M., Salomone, S., et al. (2016). TGF-β1 prevents rat retinal insult

induced by amyloid-β (1-42) oligomers. Eur. J. Pharmacol. 787, 72–77.

doi: 10.1016/j.ejphar.2016.02.002

Galimberti, D., Villa, C., Fenoglio, C., Serpente, M., Ghezzi, L., Cioffi, S. M., et al.

(2014). Circulating miRNAs as potential biomarkers in Alzheimer’s disease. J.

Alzheimers. Dis. 42, 1261–1267. doi: 10.1016/j.jalz.2014.05.278

Gemenetzi, M., and Lotery, A. J. (2016). Complement pathway biomarkers and

age-related macular degeneration. Eye 30, 1–14. doi: 10.1038/eye.2015.203

Giuffrida, M. L., Tomasello, F., Caraci, F., Chiechio, S., Nicoletti, F., and Copani,

A. (2012). β-amyloid monomer and insulin/IGF-1 signaling in Alzheimer’s

disease.Mol. Neurobiol. 46, 605–613. doi: 10.1007/s12035-012-8313-6

Gontier, G., George, C., Chaker, Z., Holzenberger, M., and Aid, S. (2015).

Blocking IGF signaling in adult neurons alleviates Alzheimer’s disease

pathology through amyloid-β clearance. J. Neurosci. 35, 11500–11513.

doi: 10.1523/JNEUROSCI.0343-15.2015

Guedes, J. R., Custódia, C. M., Silva, R. J., de Almeida, L. P., Pedroso de Lima,

M. C., and Cardoso, A. L. (2014). Early miR-155 upregulation contributes

to neuroinflammation in Alzheimer’s disease triple transgenic mouse model.

Hum. Mol. Genet. 23, 6286–6301. doi: 10.1093/hmg/ddu348

Guo, L., Salt, T. E., Luong, V., Wood, N., Cheung, W., Maass, A., et al. (2007).

Targeting amyloid-beta in glaucoma treatment. Proc. Natl. Acad. Sci. U.S.A.

104, 13444–13449. doi: 10.1073/pnas.0703707104

Han, X., Yang, L., Du, H., Sun, Q., Wang, X., Cong, L., et al. (2016).

Insulin attenuates β-amyloid-associated insulin/Akt/EAAT signaling

perturbations in human astrocytes. Cell. Mol. Neurobiol. 36, 851–864.

doi: 10.1007/s10571-015-0268-5

Haque, R., Chun, E., Howell, J. C., Sengupta, T., Chen, D., and Kim, H. (2012).

MicroRNA-30b-mediated regulation of catalase expression in human ARPE-19

cells. PLoS ONE 7:e42542. doi: 10.1371/journal.pone.0042542

Hou, Q., Tang, J., Wang, Z., Wang, C., Chen, X., Hou, L., et al. (2013).

Inhibitory effect of microRNA-34a on retinal pigment epithelial cell

proliferation and migration. Invest. Ophthalmol. Vis. Sci. 54, 6481–6488.

doi: 10.1167/iovs.13-11873

Howlett, D. R., Bate, S. T., Collier, S., Lawman, A., Chapman, T., Ashmeade, T.,

et al. (2011). Characterisation of amyloid-induced inflammatory responses in

the rat retina. Exp. Brain Res. 214, 185–197. doi: 10.1007/s00221-011-2819-4

Isas, J. M., Luibl, V., Johnson, L. V., Kayed, R.,Wetzel, R., Glabe, C. G., et al. (2010).

Soluble and mature amyloid fibrils in drusen deposits. Invest. Ophthalmol. Vis.

Sci. 51, 1304–1310. doi: 10.1167/iovs.09-4207

Frontiers in Pharmacology | www.frontiersin.org 8 March 2017 | Volume 8 | Article 168

https://doi.org/10.2147/OPTH.S3967
https://doi.org/10.1186/1471-213X-10-1
https://doi.org/10.1016/j.yexmp.2011.04.016
https://doi.org/10.1111/j.1471-4159.2005.03407.x
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1007/s40291-016-0234-z
https://doi.org/10.1167/iovs.13-11612
https://doi.org/10.1111/j.1755-5949.2009.00115.x
https://doi.org/10.1016/j.nbd.2008.01.007
https://doi.org/10.1016/j.euroneuro.2011.08.006
https://doi.org/10.1038/srep11252
https://doi.org/10.1007/s00441-011-1230-6
https://doi.org/10.1371/journal.pone.0116549
https://doi.org/10.1161/CIRCRESAHA.111.247452
https://doi.org/10.1074/jbc.M201750200
https://doi.org/10.1001/archopht.123.11.1501
https://doi.org/10.1371/journal.pone.0126423
https://doi.org/10.1002/iub.427
https://doi.org/10.1016/j.ejphar.2016.02.002
https://doi.org/10.1016/j.jalz.2014.05.278
https://doi.org/10.1038/eye.2015.203
https://doi.org/10.1007/s12035-012-8313-6
https://doi.org/10.1523/JNEUROSCI.0343-15.2015
https://doi.org/10.1093/hmg/ddu348
https://doi.org/10.1073/pnas.0703707104
https://doi.org/10.1007/s10571-015-0268-5
https://doi.org/10.1371/journal.pone.0042542
https://doi.org/10.1167/iovs.13-11873
https://doi.org/10.1007/s00221-011-2819-4
https://doi.org/10.1167/iovs.09-4207
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Romano et al. miRNAs in Age-Related Macular Degeneration

Johnson, L. V., Leitner, W. P., Staples, M. K., and Anderson, D. H.

(2001). Complement activation and inflammatory processes in Drusen

formation and age related macular degeneration. Exp. Eye Res. 73, 887–896.

doi: 10.1006/exer.2001.1094

Kiko, T., Nakagawa, K., Tsuduki, T., Furukawa, K., Arai, H., and Miyazawa, T.

(2014). MicroRNAs in plasma and cerebrospinal fluid as potential markers for

Alzheimer’s disease. J. Alzheimers. Dis. 39, 253–259. doi: 10.3233/JAD-130932

Klein, W. L., Krafft, G. A., and Finch, C. E. (2001). Targeting small Aβ oligomers:

the solution to an Alzheimer’s disease conundrum? Trends Neurosci. 24,

219–224. doi: 10.1016/S0166-2236(00)01749-5

Kutty, R. K., Nagineni, C. N., Samuel, W., Vijayasarathy, C., Jaworski, C., Duncan,

T., et al. (2013). Differential regulation of microRNA-146a and microRNA-

146b-5p in human retinal pigment epithelial cells by interleukin-1β, tumor

necrosis factor-α, and interferon-γ.Mol. Vis. 19, 737–750.

Kutty, R. K., Samuel, W., Jaworski, C., Duncan, T., Nagineni, C. N.,

Raghavachari, N., et al. (2010).MicroRNA expression in human retinal pigment

epithelial (ARPE-19) cells: increased expression of microRNA-9 by N-(4-

hydroxyphenyl)retinamide.Mol. Vis. 16, 1475–1486.

Lambert, M. P., Viola, K. L., Chromy, B. A., Chang, L., Morgan, T. E., Yu, J., et al.

(2001). Vaccination with soluble Aβ oligomers generates toxicity-neutralizing

antibodies. J. Neurochem. 79, 595–605. doi: 10.1046/j.1471-4159.2001.00592.x

Lau, P., Bossers, K., Janky, R., Salta, E., Frigerio, C. S., Barbash, S., et al. (2013).

Alteration of the microRNA network during the progression of Alzheimer’s

disease. EMBOMol. Med. 5, 1613–1634. doi: 10.1002/emmm.201201974

Lin, H., Qian, J., Castillo, A. C., Long, B., Keyes, K. T., Chen, G., et al. (2011). Effect

of miR-23 on oxidant-induced injury in human retinal pigment epithelial cells.

Invest. Ophthalmol. Vis. Sci. 52, 6308–6314. doi: 10.1167/iovs.10-6632

Liu, R. T., Gao, J., Cao, S., Sandhu, N., Cui, J. Z., Chou, C. L., et al. (2013).

Inflammatorymediators induced by amyloid-beta in the retina and RPE in vivo:

implications for inflammasome activation in age-related macular degeneration.

Invest. Ophthalmol. Vis. Sci. 54, 2225–2237. doi: 10.1167/iovs.12-10849

Liu, X. C., Liu, X. F., Jian, C. X., Li, C. J., and He, S. Z. (2012). IL-33 is

induced by amyloid-beta stimulation and regulates inflammatory cytokine

production in retinal pigment epithelium cells. Inflammation 35, 776–784.

doi: 10.1007/s10753-011-9379-4

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.

Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Lopez-Ramirez, M. A., Wu, D., Pryce, G., Simpson, J. E., Reijerkerk, A.,

King-Robson, J., et al. (2014). MicroRNA-155 negatively affects blood-

brain barrier function during neuroinflammation. FASEB J. 28, 2551–2565.

doi: 10.1096/fj.13-248880

Lugli, G., Cohen, A. M., Bennett, D. A., Shah, R. C., Fields, C. J., Hernandez,

A. G., et al. (2015). Plasma exosomal miRNAs in persons with and without

Alzheimer disease: altered expression and prospects for biomarkers. PLoS ONE

10:e0139233. doi: 10.1371/journal.pone.0139233

Lukiw, W. J., Surjyadipta, B., Dua, P., and Alexandrov, P. N. (2012). Common

micro RNAs (miRNAs) target complement factor H (CFH) regulation in

Alzheimer’s disease (AD) and in age-related macular degeneration (AMD). Int.

J. Biochem. Mol. Biol. 3, 105–116.

Maes, O. C., Chertkow, H. M., Wang, E., and Schipper, H. M. (2009). MicroRNA:

implications for Alzheimer disease and other human CNS disorders. Curr.

Genomics 10, 154–168. doi: 10.2174/138920209788185252

Matsui, A., Kaneko, H., Kachi, S., Ye, F., Hwang, S. J., Takayama, K., et al. (2015).

Expression of vascular endothelial growth factor by retinal pigment epithelial

cells induced by amyloid-β is depressed by an endoplasmic reticulum stress

inhibitor. Ophthalmic Res. 55, 37–44. doi: 10.1159/000440885

McGwin, G., Hall, T. A., Xie, A., and Owsley, C. (2005). The relation between C

reactive protein and age related macular degeneration in the cardiovascular

health study. Br. J. Ophthalmol. 89, 1166–1170. doi: 10.1136/bjo.2005.067397

Ménard, C., Rezende, F. A., Miloudi, K., Wilson, A., Tétreault, N., Hardy, P., et al.

(2016). MicroRNA signatures in vitreous humour and plasma of patients with

exudative AMD. Oncotarget 7, 19171–19184. doi: 10.18632/oncotarget.8280

Mitchell, P. S., Parkin, R. K., Kroh, E. M., Fritz, B. R., Wyman, S. K., Pogosova-

Agadjanyan, E. L., et al. (2008). Circulating microRNAs as stable blood-based

markers for cancer detection. Proc. Natl. Acad. Sci. U.S.A. 105, 10513–10518.

doi: 10.1073/pnas.0804549105

Müller, M., Kuiperij, H. B., Claassen, J. A., Küsters, B., and Verbeek, M.

M. (2014). MicroRNAs in Alzheimer’s disease: differential expression in

hippocampus and cell-free cerebrospinal fluid. Neurobiol. Aging 35, 152–158.

doi: 10.1016/j.neurobiolaging.2013.07.005

Pascolini, D., and Mariotti, S. P. (2012). Global estimates of visual impairment:

2010. Br. J. Ophthalmol. 96, 614–618. doi: 10.1136/bjophthalmol-2011-3

00539

Ragusa, M., Barbagallo, C., Statello, L., Caltabiano, R., Russo, A., Puzzo, L., et al.

(2015). miRNA profiling in vitreous humor, vitreal exosomes and serum from

uveal melanoma patients: pathological and diagnostic implications. Cancer

Biol. Ther. 16, 1387–1396. doi: 10.1080/15384047.2015.1046021

Romano, G. L., Platania, C. B., Forte, S., Salomone, S., Drago, F., and Bucolo,

C. (2015). MicroRNA target prediction in glaucoma. Prog. Brain Res. 220,

217–240. doi: 10.1016/bs.pbr.2015.04.013

Sajan, M., Hansen, B., Ivey, R. III., Sajan, J., Ari, C., Song, S., et al. (2016). Brain

insulin signaling is increased in insulin-resistant states and decreases in FOXOs

and PGC-1α and increases in Aβ1-40/42 and phospho-tau may abet Alzheimer

development. Diabetes 65, 1892–1903. doi: 10.2337/db15-1428

Sala Frigerio, C., Lau, P., Salta, E., Tournoy, J., Bossers, K., Vandenberghe,

R., et al. (2013). Reduced expression of hsa-miR-27a-3p in CSF

of patients with Alzheimer disease. Neurology 81, 2103–2106.

doi: 10.1212/01.wnl.0000437306.37850.22

Saxena, K., Rutar, M. V., Provis, J. M., and Natoli, R. C. (2015). Identification of

miRNAs in a model of retinal degenerations. Invest. Ophthalmol. Vis. Sci. 56,

1820–1829. doi: 10.1167/iovs.14-15449

Schonrock, N., Ke, Y. D., Humphreys, D., Staufenbiel, M., Ittner, L. M., Preiss,

T., et al. (2010). Neuronal microRNA deregulation in response to Alzheimer’s

disease amyloid-beta. PLoS ONE 5:e11070. doi: 10.1371/journal.pone.00

11070

Seddon, J. M., Gensler, G., Milton, R. C., Klein, M. L., and Rifai, N. (2004).

Association between C-reactive protein and age-related macular degeneration.

JAMA 291, 704–710. doi: 10.1001/jama.291.6.704

Seddon, J. M., Gensler, G., and Rosner, B. (2010). C-reactive protein and

CFH, ARMS2/HTRA1 gene variants are independently associated

with risk of macular degeneration. Ophthalmology 117, 1560–1566.

doi: 10.1016/j.ophtha.2009.11.020

Smit-McBride, Z., Forward, K. I., Nguyen, A. T., Bordbari, M. H., Oltjen, S. L., and

Hjelmeland, L. M. (2014). Age-dependent increase in miRNA-34a expression

in the posterior pole of the mouse eye.Mol. Vis. 20, 1569–1578.

Sonntag, K. C., Woo, T. U., and Krichevsky, A. M. (2012). Converging miRNA

functions in diverse brain disorders: a case for miR-124 and miR-126. Exp.

Neurol. 235, 427–435. doi: 10.1016/j.expneurol.2011.11.035

Stanton, C. M., andWright, A. F. (2014). Inflammatory biomarkers for AMD.Adv.

Exp. Med. Biol. 801, 251–257. doi: 10.1007/978-1-4614-3209-8_32

Szemraj, M., Bielecka-Kowalska, A., Oszajca, K., Krajewska, M., Gos, R., Jurowski,

P., et al. (2015). Serum MicroRNAs as potential biomarkers of AMD.Med. Sci.

Monit. 21, 2734–2742. doi: 10.12659/MSM.893697

Takach, O., Gill, T. B., and Silverman, M. A. (2015). Modulation of insulin

signaling rescues BDNF transport defects independent of tau in amyloid-

beta oligomer-treated hippocampal neurons. Neurobiol. Aging 36, 1378–1382.

doi: 10.1016/j.neurobiolaging.2014.11.018

Tea, M., Michael, M. Z., Brereton, H. M., and Williams, K. A. (2013). Stability

of small non-coding RNA reference gene expression in the rat retina during

exposure to cyclic hyperoxia.Mol. Vis. 19, 501–508.

Vine, A. K., Stader, J., Branham, K., Musch, D. C., and Swaroop, A.

(2005). Biomarkers of cardiovascular disease as risk factors for

age-related macular degeneration. Ophthalmology 112, 2076–2080.

doi: 10.1016/j.ophtha.2005.07.004

Wang, S., Koster, K. M., He, Y., and Zhou, Q. (2012). miRNAs as potential

therapeutic targets for age-related macular degeneration. Future Med. Chem.

4, 277–287. doi: 10.4155/fmc.11.176

Weber, J. A., Baxter, D. H., Zhang, S., Huang, D. Y., Huang, K. H., Lee, M. J., et al.

(2010). The microRNA spectrum in 12 body fluids. Clin. Chem. 56, 1733–1741.

doi: 10.1373/clinchem.2010.147405

Weilner, S., Schraml, E., Redl, H., Grillari-Voglauer, R., and Grillari, J. (2013).

Secretion of microvesicular miRNAs in cellular and organismal aging. Exp.

Gerontol. 48, 626–633. doi: 10.1016/j.exger.2012.11.017

Frontiers in Pharmacology | www.frontiersin.org 9 March 2017 | Volume 8 | Article 168

https://doi.org/10.1006/exer.2001.1094
https://doi.org/10.3233/JAD-130932
https://doi.org/10.1016/S0166-2236(00)01749-5
https://doi.org/10.1046/j.1471-4159.2001.00592.x
https://doi.org/10.1002/emmm.201201974
https://doi.org/10.1167/iovs.10-6632
https://doi.org/10.1167/iovs.12-10849
https://doi.org/10.1007/s10753-011-9379-4
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1096/fj.13-248880
https://doi.org/10.1371/journal.pone.0139233
https://doi.org/10.2174/138920209788185252
https://doi.org/10.1159/000440885
https://doi.org/10.1136/bjo.2005.067397
https://doi.org/10.18632/oncotarget.8280
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1016/j.neurobiolaging.2013.07.005
https://doi.org/10.1136/bjophthalmol-2011-300539
https://doi.org/10.1080/15384047.2015.1046021
https://doi.org/10.1016/bs.pbr.2015.04.013
https://doi.org/10.2337/db15-1428
https://doi.org/10.1212/01.wnl.0000437306.37850.22
https://doi.org/10.1167/iovs.14-15449
https://doi.org/10.1371/journal.pone.0011070
https://doi.org/10.1001/jama.291.6.704
https://doi.org/10.1016/j.ophtha.2009.11.020
https://doi.org/10.1016/j.expneurol.2011.11.035
https://doi.org/10.1007/978-1-4614-3209-8_32
https://doi.org/10.12659/MSM.893697
https://doi.org/10.1016/j.neurobiolaging.2014.11.018
https://doi.org/10.1016/j.ophtha.2005.07.004
https://doi.org/10.4155/fmc.11.176
https://doi.org/10.1373/clinchem.2010.147405
https://doi.org/10.1016/j.exger.2012.11.017
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Romano et al. miRNAs in Age-Related Macular Degeneration

Yan, L., Lee, S., Lazzaro, D. R., Aranda, J., Grant, M. B., and Chaqour, B.

(2015). Single and compound knock-outs of MicroRNA (miRNA)-155 and

its angiogenic gene target CCN1 in mice alter vascular and neovascular

growth in the retina via resident microglia. J. Biol. Chem. 290, 23264–23281.

doi: 10.1074/jbc.M115.646950

Yorston, D. (2006). What’s new in age-related macular degeneration? Community

Eye Health 19, 4–5.

Zhuang, Z., Xiao, Q., Hu, H., Tian, S. Y., Lu, Z. J., Zhang, T.

Z., et al. (2015). Down-regulation of microRNA-155 attenuates

retinal neovascularization via the PI3K/Akt pathway. Mol. Vis. 21,

1173–1184.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Romano, Platania, Drago, Salomone, Ragusa, Barbagallo, Di

Pietro, Purrello, Reibaldi, Avitabile, Longo and Bucolo. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 10 March 2017 | Volume 8 | Article 168

https://doi.org/10.1074/jbc.M115.646950
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

	Retinal and Circulating miRNAs in Age-Related Macular Degeneration: An In vivo Animal and Human Study
	Introduction
	Methods
	Literature Search and Selection of miRNAs to Be Analyzed
	AMD Animal Model
	Clinical Study
	RNA Isolation from Serum and Retina
	miRNA Profiling by Taqman Assay
	Bioinformatic Analysis of Biochemical Pathways
	Statistical Analysis

	Results
	Dysregulation of miRNAs in AMD Rat Model
	Dysregulation of miRNAs in Patients with AMD
	Bioinformatics Analysis of Biochemical Pathways Associated to miRNAs

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	References


