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Abstract

Purpose

The aim of the present study was to assess the expression of miRNAs in the Vitreous
Humor (VH) of patients with Macular Hole (MH) and Epiretinal Membrane (ERM) compared
to a control group.

Methods

In this prospective, comparative study, 2-ml of VH was extracted from the core of the vitre-
ous chamber in consecutive patients who underwent standard vitrectomy for ERM and MH.
RNA was extracted and TagMan® Low Density Arrays (TLDAs) were used to profile the tran-
scriptome of 754 miRNAs. Results were validated by single TagMan® assays. Finally, we
created a biological network of differentially expressed miRNA targets and their nearest
neighbors.

Results

Overall 10 eyes with MH, 16 eyes with idiopathic ERM and 6 controls were enrolled in the
study. Profiling data identified 5 miRNAs differentially expressed in patients affected by MH
and ERM with respect to controls. Four were downregulated (miR-19b, miR-24, miR-155,
miR-451) and 1 was downregulated (miR-29a); TagMan® assays of the VH of patients
affected by MH and ERM, with respect to controls, showed that the most differentially
expressed were miR-19b (FC -9.13, p:<0.00004), mir-24 (FC -7.52, p:<0.004) and miR-142-
3p (FC -5.32, p:<0.011). Our network data showed that deregulation of differentially
expressed miRNAs induces an alteration of several pathways associated with genes
involved in both MH and ERM.
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Conclusion

The present study suggests that disregulation of miR-19b, miR-24 and miR-142-3p, might
be related to the alterations that characterize patients affected by MH and ERM.

Introduction

Vitreo maculopathies are characterized by traction exerted on the macula generated by the vit-
reous and the inner limiting membrane of the retina. Traction arising from vitreomacular
adhesions can be tangential or perpendicular to the retinal surface. Both conditions might
determine features of clinical pathologies including epiretinal membrane (ERM) and macular
hole (MH); in these diseases epiretinal cell proliferations and fibrosis are essential parts of the
pathogenesis [1-2].

Most MHs are idiopathic, however, they can also be found in highly myopic eyes, or after a
ocular trauma [3]. Pseudoholes, secondary to ERMs, should be differentiated from full thick-
ness MHs [4]. ERMs are detected in about two-thirds of eyes affected by MHs [5-6].

ERM can be idiopathic or secondary to several vitreoretinal diseases and is characterized by
cellular contraction after fibrocellular proliferation on the inner limiting membrane. Posterior
vitreous detachment (PVD) can injure the internal limiting membrane, allowing movement of
glial cells to the retinal surface. Furthermore, an incomplete PVD might provide appropriate
conditions for fibrocellular proliferation in the area between the vitreous and the retina [7]. In
the process of ERM formation, extracellular matrix, cytokines and growth factors are involved
in cellular signal transmission and in tissue changes [8].

Some studies have shown that a number of regulatory factors have also significant effects
on fibrosis and may be related to its inter-organ variability [9].

miRNAs are small, non-coding RNAs with a strictly regulated biogenesis. This is combined
with an extremely flexible and sophisticated regulatory function, allowing simultaneous target-
ing of multiple mRNAs coding for proteins involved in different, crucial biological pathways
of specific cell types and tissues [10].

miRNAs exert control over cellular processes such as differentiation and proliferation act-
ing on various targets [11], and may play the role of conductors in the pathogenesis of fibrosis
[12].

miRNA alterations are common in different fibrotic disorders such as systemic sclerosis
[13], liver cirrhosis [14], cardiac fibrosis [15-16], chronic kidney disease [17], and idiopathic
pulmonary fibrosis [18].

The discovery, in 2008, of miRNAs circulating in human blood opened new intriguing per-
spectives in molecular diagnosis [19,20]. Circulating miRNAs have been shown to be present
in several biological fluids (e.g., serum, plasma, cerebrospinal fluid, vitreous humor) in a stable
form that prevents their digestion by RNases. However, little is known about the origin and
function of circulating miRNAs. One of the most fascinating hypotheses is that extracellular
miRNAs may work as mediators of cell-cell communication: specific miRNAs are selectively
secreted by donor cells to be functionally transferred to recipient cells [21,22]. Currently, two
major release mechanisms of circulating miRNAs have been proposed: (i) secretion of miR-
NAs stored inside microvesicles or exosomes [23]; (ii) secretion of miRNAs complexed to
ribonucleoproteins [24]. Since concentration of circulating miRNAs is related to the physio-
logical and pathological condition of patients, it is not surprising that they have already been
exploited as molecular biomarkers for neoplastic and degenerative diseases.
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Our group previously showed the presence of miRNAs in the Vitreous Humor (VH) and
that the expression of circulating miRNAs in VH is altered in different eye diseases [25,26].
Recent reviews have addressed the role of miRNAs in fibrosis with a focus on organ-specific
miRNA alteration [27-30] and both pathologies are caused by mechanisms related to fibrosis.

The aim of the present study was to assess the expression of miRNAs in the VH of patients
with MH and ERM compared to a control group.

Methods

This prospective, comparative study included all consecutive eyes of patients who underwent
vitrectomy at the Ophthalmic Clinic of the University of Catania, for MH and ERM, between
September 2015 and April 2016. Controls were all consecutive eyes of patients, matched by age
and sex, who underwent vitrectomy for primary symptomatic idiopathic floaters in the same
period.

Floaters represent the least compromised condition for eyes to undergo vitreous surgery,
since it is not possible to remove the vitreous from living healthy subjects.

The study adhered to the tenets of the Declaration of Helsinki and was approved by the
Local Ethics Research Committee (“Comitato Etico Catanial”). Before the procedures, written
informed consent was obtained from all participants in the study.

All eyes had idiopathic MHs with a minimum size > 250 pm [31] and idiopathic fovea-
involving ERM, with prominent thickening of the inner retinal layer [32]. Both MHs and
ERM were diagnosed ophthalmoscopically and with a Spectralis Optical Coherence Tomogra-
phy (OCT) examination (Heidelberg Engineering, Heidelberg, Germany).

We excluded from our study patients with diabetes, cardiovascular failure, autoimmune
diseases, renal or hepatic failure, Alzheimer’s, and Parkinson’s disease. We also excluded
patients who had undergone previous ocular surgical procedures, affected by glaucoma, uve-
itis, diabetic retinopathy and other retinopathies, ocular trauma, and any ocular tumor, as the
amount of vitreal miRNAs could be modified, depending on the diseases of the eye [25].

All patients underwent a 3-port 25-gauge vitrectomy performed by the same surgeon (M.
R.) under local anesthesia. The Resight 700 (Carl Zeiss Meditec AG, Jena, Germany) wide-
angle viewing system or the Binocular Indirect Ophthalmol Microscope wide-angle viewing
system (BIOM; Oculus Inc, Wetzlar, Germany) were used. Sclerotomies were placed at 3.5
mm to the limbus and performed in a 30° fashion, parallel to the limbus [33]. With closed infu-
sion, a 2-ml vitreous specimen was extracted from the core of the vitreous cavity into a syringe
using a three-way tap. The extracted vitreous was then placed in a sterile container, and the vit-
rectomy continued as normal. Samples were centrifuged at 700 xg for 10’ to pellet and elimi-
nate any circulating cells and finally stored at -80°C until analysis.

RNA extraction

Using a Qiagen miRNeasy Mini Kit (Qiagen, GmbH, Hilden, Germany), RNA was extracted
from 500-pl vitreous samples. RNA was eluted in a 30 pl volume of elution buffer with two
repeated steps in the same collection tube. RNAs were quantified by fluorometery (Qubit, Invi-
trogen) and spectrophotometery (GeneQuant Pro, BioChrom Ltd, Cambridge, UK).

miRNA expression analysis

According to the manufacturer’s instructions, 4.5 pl of vitreal RNAs were retrotranscribed and
preamplified to profile the transcriptome of 754 miRNAs, and then loaded on TagMan® Low
Density Arrays (TLDAs) TagMan® Human MicroRNA Array v3.0 A and B (Applied Biosys-
tems, Foster City, CA, USA). PCRs on TLDAs were conducted on a 7900HT Fast Real Time
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PCR System (Applied Biosystems). Results were validated by single TagMan® assays and Taq-
Man® Universal Master mix II (Life Technologies, Italy) using 20 ng of vitreal RNA, according
to the manufacturer’s instructions.

Statistical analysis

To obtain an accurate miRNA profiling, we used the global median normalization method, as
previously reported for the same kind of analysis [26]. By this approach, we identified small
RNAs that presented an expression profile near to the median of TLDAs, i.e. snRNA U6 and
miR-223. Accordingly, they were then used as reference genes for analysis of TLDAs. By Sig-
nificance Analysis of Microarrays (SAM), differentially expressed miRNAs were identified,
computed by Multi experiment viewer v4.8.1, by applying a two-class unpaired test among
ACts and using a p-value based on 100 permutations; imputation engine: K-nearest neighbors
(10 neighbors); false discovery rate < 0.05 was used as correction for multiple comparisons.
The 2—AACT method was used to calculate the Expression fold changes (FC). SnRNA U6 was
used as reference gene for single TaqMan ™ validation assays. The unpaired t-test (p < 0.05)
was applied to statistically evaluate the expression differences between patients and healthy
controls by single TagMan™ validation assays. Statistical significance was established at a p-
value > 0.05. ACts for differentially expressed miRNAs with respect to endogenous control
snRNA U6 were used to generate a receiver operating characteristic (ROC) curve (MedCalc
15.11.4). The area under the curve (AUC) and 95% confidence intervals were calculated to
assess the accuracy of each parameter (sensitivity and specificity) and to find an appropriate
cut-off point. Statistical significance of ROC curves was established at a p-value > 0.05.

Network construction and analysis

To evaluate the biological meaning of differentially expressed miRNAs, we retrieved their
experimentally validated targets from miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/). To
statistically enrich the gene signaling regulated by differentially expressed miRNAs, we built a
network based on interactions between differentially expressed miRNA targets and their near-
est neighbors. This network was generated using Cytoscape v2.8.3 (www.cytoscape.org/) and
MiMI plugin (http://mimiplugin.ncibi.org/). We determined statistical over-representation of
pathways by using the FatiGO tool (http://babelomics3.bioinfo.cipf.es) on the genes from the
previously generated network that screened Gene Ontology (GO), KEGG and Reactome data-
bases. Statistical over-representation was calculated by using Fisher’s exact test; Benjamini &
Hochberg FDR Correction; p < 0.005. The over-represented pathways in this analysis were
associated with dysregulated genes involved in ERM and MHs, as reported in the literature
(https://www.ncbi.nlm.nih.gov/pubmed/).

Results

Comparison of vitreal miRNA profiles from patients affected by MHs and ERM with those of
controls was performed.

VH samples were extracted from 32 eyes after surgery: 10 eyes with MHs) (mean age 60+6),
16 eyes affected by ERM (mean age 59+5) and 6 controls (mean age 60+7). Eighteen (56%)
were male and 14 (44%) female.

Using TLDA technology, we determined the profiles of 754 miRNAs in the VH, from 4
MHs, 4 ERMs and 4 controls (Ct data are reported in supplementary material 1). The compari-
son of miRNA profiles in the VH of different patient classes by SAM statistical method showed
9 differentially expressed miRNAs (Table 1).
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Table 1. Nine differentially expressed miRNAs.

miRNAs FC ERM + MH vs Cs FC ERM vs MH
miR-19b -5 NDE
miR-24 -3 NDE
miR-29a 3 -5.16
miR-30a-3p NDE 2.42
miR-142-3p NDE 4.2
miR-155 4.2 NDE
miR-451 -5 NDE
miR-574-3p NDE 4.13
miR-1290 NDE 3.3

Differentially Expressed vitreal miRNAs by TLDAs (TagMan Low Density Arrays) in the vitreous humor of
patients affected by macular hole and epiretinal membrane with respect to controls and comparison between
pathological classes.

All Differentially Expressed miRNAs showed a false discovery rate < 0.05 based on Significance Analysis of
Microarray test

FC, Fold Change; Cs, Controls; NDE, Not Differentially Expressed.

https://doi.org/10.1371/journal.pone.0174297.t001

More specifically, we found 4 downregulated miRNAs (miR-19b, miR-24, miR-155, miR-
451) and 1 upregulated miRNA (miR-29a) in patients affected by MH and ERM with respect
to controls; while, 2 downregulated miRNA (miR-29a, miR-142-3p) and 3 upregulated
miRNAs (miR-30a-3p, miR-574-3p, miR-1290) were found by comparing ERMs to MHs
(Table 1). Profiling data showed that 4/5 of differentially expressed miRNAs had a negative
FC, suggesting a general trend of downregulation of circulating miRNAs in the VH of eyes
with MH and ERM with respect to controls. miR-30a-3p, miR-574-3p, miR-1290 were statisti-
cally more abundant in the VH of ERM patients than MH patients.

Validation by single TagMan® assays

Expression of differentially expressed miRNAs identified by TLDAs was confirmed by single
TagMan™ assays in the VH of all the patients and controls (Table 2) (Fig 1) (S1 File).

Table 2. Differentially expressed vitreal miRNAs.

DE miRNAs ERM + MH vs Cs MH vs Cs ERMvs Cs ERM vs MH
FC t-test FC t-test FC t-test FC t-test
miR-19b -9.13 0.00004 -14.1 0.002 -6.29 0.0004 2.24 0.046
miR-24 -7.52 0.004 -11.58 0.012 -6.38 0.016 - NS
miR-29a - NS - NS - NS -1.94 0.031
miR-30a-3p - NS - NS - NS 11.08 0.026
miR-142-3p 5.32 0.011 5.81 0.048 4.83 0.021 3.31 0.013
miR-155 6.88 0.018 7.21 0.015 6.45 0.019 - NS
miR-451 6.52 0.041 5.35 0.045 6.96 0.038 - NS
miR-574-3p - NS -7.55 0.018 - NS 7.48 0.047
miR-1290 -6.29 0.036 -8.14 0.031 -5.74 0.042 - NS

Differentially Expressed vitreal miRNAs by single TagMan® assays in the vitreous humor of patients affected by macular hole and epiretinal membrane with
respect to controls and comparison between pathological classes.

t test: significant p-value < 0.05.

FC, Fold Change; Cs, Controls; NS, Not Significant.

https://doi.org/10.1371/journal.pone.0174297 1002
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Fig 1. Box Plots of differentially expressed miRNAs. Box Plots from Single TagMan® Assays on TagMan® Low Density Arrays (TLDA) of differentially
expressed miRNAs. Validation by single TagMan® assays of differentially expressed miRNAs identified by TLDAs in the vitreous humor of all the patients
and controls. Values on the y-axis are reported as ACt x (-1).

https://doi.org/10.1371/journal.pone.0174297.9001

The downregulation of miR-19b in the VH of pathological patients with respect to controls
was statistically confirmed by applying the t-test, but we also detected its upregulation in
ERMs with respect to MHs (Table 2) (Fig 1). The downregulation of miR-24 and miR-1290
and the upregulation of miR-142-3p, miR-155 and miR-451 in ERMs and MHs compared
to controls was also validated (Table 2) (Fig 1). Moreover, miR-142-3p, miR-30a-3p, miR-
574-3p were statistically more abundant in ERMs with respect to MHs; while miR-29a was
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downregulated in the same comparison (Table 2) (Fig 1). We obtained no statistical validation
on the upregulation of miR-29a in patients affected by MHs and ERMs with respect to
controls.

Network and pathway enrichment analysis

To understand the potential functional effect of deregulation of the 9 differentially expressed
miRNAs we created a biological network based on differentially expressed miRNA targets and
their nearest neighbors. Considering all network nodes, we analyzed the statistical over-repre-
sentation of biological pathways from various databases (i.e. Reactome, KEGG, and GO)
against the whole genome (Fig 2).

Our data showed that observed miRNA deregulation could induce an alteration of several
pathways recently associated with genes involved in vitreoretinal diseases, such as MHs, and
ERM:s.

ROC curves

To evaluate the discriminating power of the differentially expressed vitreal miRNAs as poten-
tial markers of ERMs and MHs, we computed the ROC curves for each type of comparison:
ERMs + MHs vs controls, ERMs vs controls, MHs vs controls, ERMs vs MHs. Our analysis
showed significant results for just three of the 9 differentially expressed miRNAs: miR-19b,
miR-24 and miR-142-3p. More specifically, we found for ERMs + MHs vs controls that miR-
19b had an AUC of 0.979 (95% CI, 0.810-1; p< 0.0001) with 93.75% sensitivity and 100% spec-
ificity (DCt cut-off value: >14.935); miR-24 showed an AUC of 0.865 (95% CI, 0.652-0.971;
p< 0.0001) with 75% sensitivity and 83.33% specificity (DCt cut-off value: > 14.734); miR-
142-3p had an AUC of 0.857 (95% CI, 0.622 0.973; p < 0.0009) with 78.57% sensitivity and
80% specificity (DCt cut-off value: < 0.63348) (Fig 3A-3C). From the comparison of ERMs vs
controls we obtained for miR-19b an AUC of 0.97 (95% CI, 0.755 1; p < 0.0001) with 90.91%
sensitivity and 100% specificity (DCt cut-off value: >14.935); miR-24 had an AUC of 0.848
(95% CI, 0.595-0.973; p<0.0003) with 72.73% sensitivity and 83.33% specificity (DCt cut-off
value: > 14.734); miR-142-3p showed an AUC 0f 0.933 (95% CI, 0.618 0.999; p< 0.0001) with
83.33% of sensitivity and 100% of specificity (DCt cut-off value: < -1.535) (Fig 3D-3F). In the
comparison of MHs vs controls, miR-19b showed an AUC of 1 (95% CI, 0.715 1; p< 0.0001)
with 100% sensitivity and 100% specificity (DCt cut-off value: > 14.935); while, miR-24 had an
AUC 0of 0.9 (95% CI, 0.576 0.997; p < 0.0001) with 80% sensitivity and 83.3% specificity (DCt
cut-off value: > 14.734) (Fig 3G and 3H). We found no significant result for the comparison of
ERMs vs MHs. These data suggested that the expression of vitreal miRNAs miR-19b, miR-24
and miR-142-3p was able to distinguish ERM and MH eyes from controls, but could not dis-
criminate ERMs from MHs.

Discussion

The results of this study show that in the VH of patients with MHs and ERM smicroRNAs
have different levels of expression, and, in particular, miR-19b, miR-24 and miR-142-3p
exhibit the most significant discriminative power compared to controls.

A decreased expression of miR-19b has been associated with the phenomena of fibrosis in
liver and heart cells [34,35]. In addition, its decreased serum level has been reported in associa-
tion with intestinal fibrosis [36].

Even the downregulation of miR-24 has been repeatedly associated with an increase of
mechanisms of fibrosis in the heart [37,38].
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Fig 2. Biological processes controlled by miR-19b, miR-24 and miR-142-3p network. Overrepresented
biological functions from a molecular network built on validated targets of differentially expressed miRNAs,

retrieved from different annotation databases (GO, KEGG, Reactome). On the left of each histogram the

overrepresented pathways are reported, while on the right the corresponding associated genes to MHs and
ERMSs based on literature data are shown. Data are plotted as—log10 of p-values for each biological process.

https://doi.org/10.1371/journal.pone.0174297.9002
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Fig 3. Receiver Operator Characteristic (ROC) curves for vitreal miR-19b, miR-24 and miR-142-3p in patients affected by MHs and ERMs. ROC
curves of miR-19b (A), miR-24 (B), miR-142-3p (C) DCts in comparison with ERMs + MHSs vs controls; miR-19b (D), miR-24 (E), miR-142-3p (F) DCts in
comparison with ERMs vs controls; miR-19b (D), miR-24 (E) in comparison with MHs vs controls. Curves represent DCts calculated by using U6 as
endogenous control.

https://doi.org/10.1371/journal.pone.0174297.9003

Recent studies demonstrated that miRNAs derived from the miR-17-92 cluster (including
miRNA-19b) directly modulate TGF signaling [39,40]. Also the miRNA-24 cluster has been
reported to change TGF signaling through several pathways [41,42], suggesting a significant
role of these miRNAs in TGFB-mediated fibrogenesis.
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Data in the literature show that overexpression of miRNA-19b and miRNA-24 may be a
valuable therapeutic agent for TGFB-mediated fibrosis [11].

Increased serum levels of miR-142-3p were associated with the presence and severity of
scleroderma, an autoimmune disease that causes a progressive fibrotic tissue formation in the
normal tissue architecture of various organs [36,43].

Furthermore, the increased levels of this microRNA in biopsies and lymphocytes have been
associated with the presence of interstitial fibrosis as a result of kidney transplants [44].

It has also been shown that miR-142-3p modulates the production of cAMP and is involved
in the regulation of macrophages and T cells [45]. Regulatory T cells lose their capacity to sup-
press immunological processes involving the kidney as suggested by the high levels of miR-
142-3p in tissue samples of renal allografts [37]. Soltaninejad et al. found increased levels of
miR-142-3p in allograft tissues of patients affected by interstitial fibrosis and tubular atrophy
that is the major cause of renal transplant [37].

Downregulation of miR-19b and miR-24 and upregulation of miR-142-3p, already reported
in the literature, are in agreement with the variations observed in our study in the VH of
patients affected by MHs and ERMs and suggest that, as demonstrated in other pathologies,
the different expression of these molecules is related to an increase of fibrosis, which is a char-
acteristic feature of both MHs and ERMs [4-8].

Moreover, to understand the potential functional role of miRNAs differentially expressed
in the VH, we performed a computational analysis on the network of the differentially
expressed miRNA targets. Interestingly, among the functions significantly over-represented in
both the vitreoretinal diseases, one of the most significant is related to TGF- that has been
linked to fibrogenesis [11].

To date, no approved treatments for fibrosis have been described. Several studies have
described modifications in miRNA expression profiles during development of fibrosis that
control wound-healing transcripts [46]. Wang et al. reported that in vivo, miR-24 could
improve heart function and attenuate fibrosis in the infarct border zone of the heart two weeks
after myocardial infarction through intramyocardial injection of Lentiviruses [34].

To the best of our knowledge, this is the first report describing a possible correlation
between miRNAs and fibrotic phenomena that characterize patients affected by MHs and
ERMs.

The main limitation of our study is the low number of patients and that the control group
presented some vitreous abnormalities (symptomatic vitreous floaters). In particular, the low
number of biologically independent replicates as well as the mixed presence of already-existing
vitreous opacities in the control group might justify the wide dispersion highlighted in the
expression of different miRNAs.

The source of miRNAs in the VH, as in other bodily fluids, could represent a critical point of
debate. The most accepted hypothesis asserts that miRNAs are actively secreted in membrane-
bounded-vesicles (i.e., exosomes), even if some studies suggest that most circulating miRNAs
are in a non-membrane bound form, but rather assembled in ribonucleoprotein complexes
(e.g., Ago2, or other RNA binding proteins) [47]. The hypothesis that circulating miRNAs are
passively released into the extracellular environment as byproducts of dead cells has not been
suitably untangled [24]. Moreover, miRNAs are rapidly degraded by RNases when secreted in
blood without protection by vesicles or ribonucleoprotein complexes [19]. Accordingly, the
real-time PCR dosage of circulating miRNAs resulting from physiologic and pathological flak-
ing of the cells would be scarcely appreciable or extremely variable. Our data on miRNA disre-
gulation in the VH exclude RNA contamination from the few cells floating in the vitreous (i.e.,
phagocytes, hyalocytes of Balazs) because VH samples were appropriately centrifuged to pellet
and remove any circulating cells before RNA extraction (see Methods). Moreover, in our
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previous work we demonstrated that exosomes floating in the VH have miRNA expression pro-
files statistically related to those observed in total VH [26]. These data suggested that the con-
centration of circulating miRNAs in the VH could be mostly, but not exclusively, due to the
molecular content of VH exosomes. For this reason, we believe that vitreal miRNAs, detected as
being altered in MHs and ERMs, may be the result of a dysregulated signaling carried by exo-
somes secreted by the epithelial cells of the retina or from floating cells in the vitreous cavity.
Disregulation of miR-19b, miR-24 and miR-142-3p, might be related to the pathological alter-
ations that characterize patients affected by MHs and ERMs. The concentrations of these vitreal
miRNAs also discriminated pathological eyes from controls, but they were not able to distin-
guish between MHs and ERMs. However, these results would suggest the possibility to exploit a
possible ocular pharmaceutical RNA-based treatment against these differentially expressed
miRNAs that might be administered to the patients affected by these slow-developing alter-
ations, reducing invasive therapeutic approaches, such as vitrectomy.

Supporting information

S1 File. Ct raw data from Microrna expression profiling. Raw Ct data of TaqMan™ Array
Microfluidic Cards A + B from vitreal samples of 4 macular holes (MHs), 4 epiretinal mem-
branes (ERMs), 4 controls.

(XLS)

Acknowledgments
We wish to thank the Scientific Bureau of the University of Catania for language support.

Author Contributions
Conceptualization: AR M. Reibaldi.
Data curation: CB CDP DB.

Formal analysis: M. Ragusa AL.
Funding acquisition: M. Romano MP.
Investigation: VB MDT.
Methodology: MGU CM FB M. Ragusa.
Resources: TA.

Supervision: MP M. Reibaldi.
Validation: RC.

Writing - original draft: AR.

Writing - review & editing: AR M. Ragusa.

References
1. SebagJ, “Vitreous: in Health and Disease,” Springer, 2014;266—267.

2. Girach A, de Smet MD, “Diseases of the Vitreo-Macular Interface”, Springer Science & Business
Media, 2013; 51

3. Aaberg TM, Blair CJ, Gass JD. Macular holes. Am J Ophthalmol. 1970 Apr; 69(4):555-62. PMID:
5437820

PLOS ONE | https://doi.org/10.1371/journal.pone.0174297 March 22,2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174297.s001
http://www.ncbi.nlm.nih.gov/pubmed/5437820
https://doi.org/10.1371/journal.pone.0174297

@° PLOS | ONE

miRNAs in idiopathic epiretinal membrane and macular hole

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Martinez J, Smiddy WE, Kim J, Gass JD. Differentiating macular holes from macular pseudoholes. Am
J Ophthalmol. 1994 Jun 15; 117(6):762—7. PMID: 8198160

Klein R, Klein BE, Wang Q, Moss SE. The epidemiology of epiretinal membranes. Trans Am Ophthal-
mol Soc. 1994; 92:403-25; discussion 425-30. PMID: 7886875

Cheng L, Freeman WR, Ozerdem U, Song MK, Azen SP. Prevalence, correlates, and natural history of
epiretinal membranes surrounding idiopathic macular holes. Virectomy for Macular Hole Study Group.
Ophthalmology. 2000 May; 107(5):853-9. PMID: 10811074

Charles S. Techniques and tools for dissection of epiretinal membranes. Graefes Arch Clin Exp
Ophthalmol. 2003; 241:347-352. https://doi.org/10.1007/s00417-003-0624-x PMID: 12682840

lannetti L, Accorinti M, Malagola R, Bozzoni-Pantaleoni F, Da Dalt S, Nicoletti F, et al. Role of the intravi-
treal growth factors in the pathogenesis of idiopathic epiretinal membrane. Invest Ophthalmol Vis Sci.
2011 Jul 29; 52(8):5786-9. https://doi.org/10.1167/iovs.10-7116 PMID: 21693611

Mehal WZ, Iredale J, Friedman SL. Scraping fibrosis. Nat Med 2011; 17: 552-3 https://doi.org/10.1038/
nm0511-552 PMID: 21546973

Liu N, Olson EN. MicroRNA regulatory networks in cardiovascular development. Dev Cell 2010; 18:
510-25. https://doi.org/10.1016/j.devcel.2010.03.010 PMID: 20412767

Lakner AM, Steuerwald NM, Walling TL, Ghosh S, Li T, McKillop IH, et al. Inhibitory effects of microRNA
19b in hepatic stellate cell-mediated fibrogenesis. Hepatology. 2012 Jul; 56(1):300-10. Epub 2012 Jun
18. https://doi.org/10.1002/hep.25613 PMID: 22278637

Chau BN, Brenner DA. What goes up must come down: the emerging role of microRNA in fibrosis.
Hepatology 2011; 53: 4—6. https://doi.org/10.1002/hep.24071 PMID: 21254156

Wei J, Bhattacharyya S, Tourtellotte WG, Varga J. Fibrosis in systemic sclerosis: emerging concepts
and implications for targeted therapy. Autoimmun Rev 2011; 10: 267—75. https://doi.org/10.1016/j.
autrev.2010.09.015 PMID: 20863909

Pinzani M, Rosselli M, Zuckermann M. Liver cirrhosis. Best Pract Res Clin Gastroenterol 2011; 25:
281-90. https://doi.org/10.1016/j.bpg.2011.02.009 PMID: 21497745

Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts and mechanisms of cardiac fibrosis. J Cell
Physiol 2010; 225: 631-7. https://doi.org/10.1002/jcp.22322 PMID: 20635395

Creemers EE, Pinto YM. Molecular mechanisms that control interstitial fibrosis in the pressure-over-
loaded heart. Cardiovasc Res2011; 89: 265-82. https://doi.org/10.1093/cvr/cvq308 PMID: 20880837

Dussaule JC, Guerrot D, Huby AC, Chadijichristos C, Shweke N, Boffa JJ, et al. The role of cell plasticity
in progression and reversal of renal fibrosis. Int J Exp Pathol. 2011 Jun; 92(3):151—7. Epub 2011 Feb
12. https://doi.org/10.1111/j.1365-2613.2011.00760.x PMID: 21314743

Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med 2011; 208: 1339-50. https://doi.
org/10.1084/iem.20110551 PMID: 21727191

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al. Circulating
microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 2008 Jul 29;
105(30):10513-8. Epub 2008 Jul 28. https://doi.org/10.1073/pnas.0804549105 PMID: 18663219

ChenX,BaY,Mal,CaiX,YinY, WangK, et al. Characterization of microRNAs in serum: a novel class
of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008 Oct; 18(10):997-1006. https:/
doi.org/10.1038/cr.2008.282 PMID: 18766170

Kosaka N, Yoshioka Y, Hagiwara K, Tominaga N, Katsuda T, Ochiya T. Trash or Treasure: extracellular
microRNAs and cell-to-cell communication. Front Genet. 2013 Sep 5; 4:173. https://doi.org/10.3389/
fgene.2013.00173 PMID: 24046777

Shah MY, Calin GA. The mix of two worlds: non-coding RNAs and hormones. Nucleic Acid Ther. 2013
Feb; 23(1):2-8. Epub 2012 Oct 10. https://doi.org/10.1089/nat.2012.0375 PMID: 23051203

Zhang J, Li S, LiL, LiM, Guo C, Yao J, Mi S. Exosome and exosomal microRNA: trafficking, sorting,
and function. Genomics Proteomics Bioinformatics. 2015 Feb; 13(1):17-24. Epub 2015 Feb 24. https://
doi.org/10.1016/j.gpb.2015.02.001 PMID: 25724326

Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of extracellular circulating micro-
RNA. Nucleic Acids Res. 2011 Sep 1; 39(16):7223-33. Epub 2011 May 24. https://doi.org/10.1093/nar/
gkr254 PMID: 21609964

Ragusa M, Caltabiano R, Russo A, Puzzo L, Avitabile T, Longo A, et al. MicroRNAs in vitreus humor
from patients with ocular diseases. Mol Vis. 2013; 19:430—40. Epub 2013 Feb 20. PMID: 23441115

Ragusa M, Barbagallo C, Statello L, Caltabiano R, Russo A, Puzzo L, et al. miRNA profiling in vitreous
humor, vitreal exosomes and serum from uveal melanoma patients: Pathological and diagnostic impli-
cations. Cancer Biol Ther. 2015; 16(9):1387—96. Epub 2015 May 7. https://doi.org/10.1080/15384047.
2015.1046021 PMID: 25951497

PLOS ONE | https://doi.org/10.1371/journal.pone.0174297 March 22,2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/8198160
http://www.ncbi.nlm.nih.gov/pubmed/7886875
http://www.ncbi.nlm.nih.gov/pubmed/10811074
https://doi.org/10.1007/s00417-003-0624-x
http://www.ncbi.nlm.nih.gov/pubmed/12682840
https://doi.org/10.1167/iovs.10-7116
http://www.ncbi.nlm.nih.gov/pubmed/21693611
https://doi.org/10.1038/nm0511-552
https://doi.org/10.1038/nm0511-552
http://www.ncbi.nlm.nih.gov/pubmed/21546973
https://doi.org/10.1016/j.devcel.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20412767
https://doi.org/10.1002/hep.25613
http://www.ncbi.nlm.nih.gov/pubmed/22278637
https://doi.org/10.1002/hep.24071
http://www.ncbi.nlm.nih.gov/pubmed/21254156
https://doi.org/10.1016/j.autrev.2010.09.015
https://doi.org/10.1016/j.autrev.2010.09.015
http://www.ncbi.nlm.nih.gov/pubmed/20863909
https://doi.org/10.1016/j.bpg.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21497745
https://doi.org/10.1002/jcp.22322
http://www.ncbi.nlm.nih.gov/pubmed/20635395
https://doi.org/10.1093/cvr/cvq308
http://www.ncbi.nlm.nih.gov/pubmed/20880837
https://doi.org/10.1111/j.1365-2613.2011.00760.x
http://www.ncbi.nlm.nih.gov/pubmed/21314743
https://doi.org/10.1084/jem.20110551
https://doi.org/10.1084/jem.20110551
http://www.ncbi.nlm.nih.gov/pubmed/21727191
https://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
https://doi.org/10.3389/fgene.2013.00173
https://doi.org/10.3389/fgene.2013.00173
http://www.ncbi.nlm.nih.gov/pubmed/24046777
https://doi.org/10.1089/nat.2012.0375
http://www.ncbi.nlm.nih.gov/pubmed/23051203
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1016/j.gpb.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25724326
https://doi.org/10.1093/nar/gkr254
https://doi.org/10.1093/nar/gkr254
http://www.ncbi.nlm.nih.gov/pubmed/21609964
http://www.ncbi.nlm.nih.gov/pubmed/23441115
https://doi.org/10.1080/15384047.2015.1046021
https://doi.org/10.1080/15384047.2015.1046021
http://www.ncbi.nlm.nih.gov/pubmed/25951497
https://doi.org/10.1371/journal.pone.0174297

@° PLOS | ONE

miRNAs in idiopathic epiretinal membrane and macular hole

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

van Rooji E, Olson EN. Searching for MIR-acles in cardiac fibrosis. Circ Res 2009; 104: 138—40.
https://doi.org/10.1161/CIRCRESAHA.108.192492 PMID: 19179664

Jiang X, Tsitsiou E, Herrick SE, Lindsay M. MicroRNAs and the regulation of fibrosis. FEBS J 2010;
277:2015-21. https://doi.org/10.1111/j.1742-4658.2010.07632.x PMID: 20412055

Pandit KV, Milosevic J, Kaminski N. MicroRNAs in idiopathic pulmonary fibrosis. Transl Res 2011; 157:
191-9. https://doi.org/10.1016/j.trsl.2011.01.012 PMID: 21420029

Lorenzen JM, Haller H, Thum T. MicroRNAs as mediators and therapeutic targets in chronic kidney dis-
ease. Nat Rev Nephrol 2011; 7: 286—94. https://doi.org/10.1038/nrneph.2011.26 PMID: 21423249

Duker JS, Kaiser PK, Binder S, de Smet MD, Gaudric A, Reichel E, et al. The International Vitreomacu-
lar Traction Study Group classification of vitreomacular adhesion, traction, and macular hole. Ophthal-
mology. 2013 Dec; 120(12):2611-9. Epub 2013 Sep 17. https://doi.org/10.1016/j.0phtha.2013.07.042
PMID: 24053995

Hwang JU, Sohn J, Moon BG, Joe SG, Lee JY, Kim JG, et al. Assessment of macular function for idio-
pathic epiretinal membranes classified by spectral-domain optical coherence tomography. Invest
Ophthalmol Vis Sci. 2012 Jun 14; 53(7):3562-9. https://doi.org/10.1167/iovs.12-9762 PMID: 22538422

Ivanova T, Jalil A, Antoniou Y, Bishop PN, Vallejo-Garcia JL, Patton N. Vitrectomy for primary symptomatic
vitreous opacities: an evidence-based review. Eye (Lond). 2016 May; 30(5):645-55. Epub 2016 Mar 4.

Wang J, Huang W, Xu R, Nie Y, Cao X, Meng J, et al. MicroRNA-24 regulates cardiac fibrosis after myo-
cardial infarction. J Cell Mol Med. 2012 Sep; 16(9):2150-60. https://doi.org/10.1111/j.1582-4934.2012.
01523.x PMID: 22260784

Fiedler J, Jazbutyte V, Kirchmaier BC, Gupta SK, Lorenzen J, Hartmann D, et al. MicroRNA-24 regu-
lates vascularity after myocardial infarction. Circulation. 2011 Aug 9; 124(6):720-30. Epub 2011 Jul 25.
https://doi.org/10.1161/CIRCULATIONAHA.111.039008 PMID: 21788589

Lewis A, Mehta S, Hanna LN, Rogalski LA, Jeffery R, Nijhuis A, et al. Low Serum Levels of MicroRNA-
19 Are Associated with a Stricturing Crohn’s Disease Phenotype. Inflamm Bowel Dis. 2015 Aug; 21
(8):1926-34. https://doi.org/10.1097/MIB.0000000000000443 PMID: 25985247

Soltaninejad E, Nicknam MH, Nafar M, Sharbafi MH, Keshavarz Shahbaz S, Barabadi M, et al. Altered
Expression of MicroRNAs Following Chronic Allograft Dysfunction with Interstitial Fibrosis and Tubular
Atrophy. Iran J Allergy Asthma Immunol. 2015 Dec; 14(6):615-23. PMID: 26725559

Schéler N, Langer C, Déhner H, Buske C, Kuchenbauer F. Serum microRNAs as a novel class of bio-
markers: a comprehensive review of the literature.Experimental Hematology 2010; 38:1126—113.
https://doi.org/10.1016/j.exphem.2010.10.004 PMID: 20977925

Mestdagh P, Bostrom AK, Impens F, Fredlund E, Van Peer G, De Antonellis P, et al. The miR-17-92
microRNA cluster regulates multiple components of the TGF- pathway in neuroblastoma. Mol Cell.
2010 Dec 10; 40(5):762—73. https://doi.org/10.1016/j.molcel.2010.11.038 PMID: 21145484

Dews M, Fox JL, Hultine S, Sundaram P, Wang W, Liu YY, et al. The myc-miR-17~92 axis blunts TGF
{beta} signaling and production of multiple TGF{beta}-dependent antiangiogenic factors. Cancer Res.
2010 Oct 15; 70(20):8233-46. Epub 2010 Oct 12. https://doi.org/10.1158/0008-5472.CAN-10-2412
PMID: 20940405

SunQ, Zhang Y, Yang G, Chen X, Zhang Y, Cao G, et al. Transforming growth factor-beta-regulated
miR-24 promotes skeletal muscle differentiation. Nucleic Acids Res. 2008 May; 36(8):2690-9. Epub
2008 Mar 19. https://doi.org/10.1093/nar/gkn032 PMID: 18353861

Chan MC, Hilyard AC, Wu C, Davis BN, Hill NS, Lal A, et al. Molecular basis for antagonism between
PDGF and the TGFbeta family of signalling pathways by control of miR-24 expression. EMBO J. 2010
Feb 3; 29(3):559-73. Epub 2009 Dec 17. https://doi.org/10.1038/emboj.2009.370 PMID: 20019669

Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA. MicroRNAs in body flu-
ids—the mix of hormones and biomarkers. Nat. Rev. Clin. Oncol. 2011 June 8, 467—-4777. https://doi.
org/10.1038/nrclinonc.2011.76 PMID: 21647195

Kosaka N, Iguchi H, Ochiya T. Circulating microRNA in body fluid: a new potential biomarker for cancer
diagnosis and prognosis. Cancer Sci. 2010 Oct; 101(10):2087-92. Epub 2010 Jul 7. Review. https://
doi.org/10.1111/j.1349-7006.2010.01650.x PMID: 20624164

Huang B, Zhao J, Lei Z, Shen S, Li D, Shen GX, et al. miR-142-3p restricts cAMP production in CD4
+CD25- T cells and CD4+CD25+ TREG cells by targeting AC9 mRNA. EMBO Rep. 2009 Feb; 10
(2):180-5. Epub 2008 Dec 19. https://doi.org/10.1038/embor.2008.224 PMID: 19098714

Li P, He Q, Luo C, Qian L. Differentially expressed miRNAs in acute wound healing of the skin: a pilot
study. Medicine (Baltimore). 2015 Feb; 94(7):e458.

Wang K, Zhang S, Weber J, Baxter D, Galas DJ. Export of microRNAs and microRNA-protective protein
by mammalian cells. Nucleic Acids Res. 2010 Nov; 38(20):7248-59. https://doi.org/10.1093/nar/
gkg601 PMID: 20615901

PLOS ONE | https://doi.org/10.1371/journal.pone.0174297 March 22,2017 13/13


https://doi.org/10.1161/CIRCRESAHA.108.192492
http://www.ncbi.nlm.nih.gov/pubmed/19179664
https://doi.org/10.1111/j.1742-4658.2010.07632.x
http://www.ncbi.nlm.nih.gov/pubmed/20412055
https://doi.org/10.1016/j.trsl.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21420029
https://doi.org/10.1038/nrneph.2011.26
http://www.ncbi.nlm.nih.gov/pubmed/21423249
https://doi.org/10.1016/j.ophtha.2013.07.042
http://www.ncbi.nlm.nih.gov/pubmed/24053995
https://doi.org/10.1167/iovs.12-9762
http://www.ncbi.nlm.nih.gov/pubmed/22538422
https://doi.org/10.1111/j.1582-4934.2012.01523.x
https://doi.org/10.1111/j.1582-4934.2012.01523.x
http://www.ncbi.nlm.nih.gov/pubmed/22260784
https://doi.org/10.1161/CIRCULATIONAHA.111.039008
http://www.ncbi.nlm.nih.gov/pubmed/21788589
https://doi.org/10.1097/MIB.0000000000000443
http://www.ncbi.nlm.nih.gov/pubmed/25985247
http://www.ncbi.nlm.nih.gov/pubmed/26725559
https://doi.org/10.1016/j.exphem.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20977925
https://doi.org/10.1016/j.molcel.2010.11.038
http://www.ncbi.nlm.nih.gov/pubmed/21145484
https://doi.org/10.1158/0008-5472.CAN-10-2412
http://www.ncbi.nlm.nih.gov/pubmed/20940405
https://doi.org/10.1093/nar/gkn032
http://www.ncbi.nlm.nih.gov/pubmed/18353861
https://doi.org/10.1038/emboj.2009.370
http://www.ncbi.nlm.nih.gov/pubmed/20019669
https://doi.org/10.1038/nrclinonc.2011.76
https://doi.org/10.1038/nrclinonc.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/21647195
https://doi.org/10.1111/j.1349-7006.2010.01650.x
https://doi.org/10.1111/j.1349-7006.2010.01650.x
http://www.ncbi.nlm.nih.gov/pubmed/20624164
https://doi.org/10.1038/embor.2008.224
http://www.ncbi.nlm.nih.gov/pubmed/19098714
https://doi.org/10.1093/nar/gkq601
https://doi.org/10.1093/nar/gkq601
http://www.ncbi.nlm.nih.gov/pubmed/20615901
https://doi.org/10.1371/journal.pone.0174297

