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Abstract
Dysfunction of Müller cells has been implicated in the pathogenesis of several retinal dis-

eases. In order to understand the potential contribution of Müller cells to retinal disease better,

we have developed a transgenic model in which foci of Müller cell ablation can be selectively

induced. MicroRNAs (miRNAs), small non-coding RNAs that are involved in post-transcrip-

tional modulation, have critical functions in various biological processes. The aim of this study

was to profile differential expression of miRNAs and to examine changes in their target genes

2 weeks after Müller cell ablation. We identified 20miRNAs using the miScript HC PCR array.

Data analysis using two target gene prediction databases (TargetScan and mirTarBase) re-

vealed 78 overlapping target genes. DAVID and KEGG pathway analysis suggested that the

target genes were generally involved in cell apoptosis, p53, neurotrophin, calcium, chemo-

kine and Jak-STAT signalling pathways. Changes in seven target genes including Cyclin D2,

Caspase 9, insulin-like growth factor 1, IL-1 receptor-associated kinase (IRAK), calmodulin

(CALM) and Janus kinase 2 (Jak2), were validated with qRT-PCR and western blots. The cel-

lular localisation of cleaved-caspase 9, Cyclin D2, Jak2 and CALMwas examined by immu-

nofluorescence studies. We found that the transcription of somemiRNAs was positively,

rather than negatively, correlated with their target genes. After confirming that overexpressed

miR-133a-3p was localised to the outer nuclear layer in the damaged retina, we validated the

correlation between miR-133a-3p and one of its predicted target genes, cyclin D2, with a lucif-

erase assay in 661 photoreceptor cells. Results revealed by miRNA profiling, target gene

analysis and validation were generally consistent with our previous findings that selective

Müller cell ablation causes photoreceptor degeneration and neuroinflammation. Our data on

alterations of miRNAs and their target gene expression after Müller cell ablation provide fur-

ther insights into the potential role of Müller cell dysfunction in retinal disease.

PLOS ONE | DOI:10.1371/journal.pone.0118949 March 5, 2015 1 / 18

a11111

OPEN ACCESS

Citation: Chung SH, Gillies M, Sugiyama Y, Zhu L,
Lee S-R, Shen W (2015) Profiling of MicroRNAs
Involved in Retinal Degeneration Caused by
Selective Müller Cell Ablation. PLoS ONE 10(3):
e0118949. doi:10.1371/journal.pone.0118949

Academic Editor: Junming Yue, The University of
Tennessee Health Science Center, UNITED STATES

Received: February 10, 2014

Accepted: January 26, 2015

Published: March 5, 2015

Copyright: © 2015 Chung et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Funding: This study was supported by grants from
Lowy Medical Research Institute, National Health and
Medical Research Council (NHMRC, Australia;
APP1028393) and Ophthalmic Research Institute of
Australia. Mark Gillies is a fellow of Sydney Medical
School Foundation and supported by a NHMRC
Practitioner Fellowship. The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0118949&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Müller cells, the principal glial cells of the mammalian retina, are essential for retinal homeo-
stasis. Spanning the entire thickness of the retina, they support the surrounding neurones, in-
cluding photoreceptors [1, 2], and are involved in forming and maintaining the blood retinal
barrier (BRB)[3]. Dysfunction of Müller cells has been implicated in many retinal diseases such
as diabetic retinopathy and macular telangiectasia [4, 5]. To investigate the relationship be-
tween Müller cell dysfunction and retinal diseases, we have created a transgenic mouse model
in which Müller cells can be selectively and inducibly ablated [6]. These mice develop photore-
ceptor degeneration, neuroinflammation, including activation of microglia and surviving Müll-
er cells, and differential expression of mature and precursor forms of neurotrophic factors such
as neurotrophin-3 within 2 weeks of Müller cell ablation [6, 7]. We have previously reported
differential expression of genes that was consistent with many of these pathological processes
in this model [2].

MicroRNAs (miRNAs) are small, non-coding RNA molecules which are ~22 nucleotide
(nt) long which are in transcribed in the nucleus [8, 9]. They regulate post-transcriptional gene
expression by binding to the complementary site of mRNA [10, 11]. The short hairpin struc-
ture of primary miRNAs are processed into pre-miRNA by RNase III-type enzyme, Drosha, in
the nucleus and exported into the cytoplasm by exportin-5 [12]. Pre-miRNAs are catalyzed by
Dicer, another kind of RNase III-type enzyme, in the cytoplasm to become ~22 nt mature
miRNA [13]. Mature miRNAs are assembled into a ribonucleoprotein effector complex known
as miRNA induced silencing complex and bind to proteins of the argonaute family and
GW182 family [8, 10]. It was previously thought that the main function of miRNAs was to re-
press transcription and destabilize mRNA, however, recent studies have proposed that miR-
NAs can also stimulate target mRNA expression [14–17].

The role of miRNAs in diseases of the vertebrate retina is an area of considerable potential
significance [18, 19]. Many studies have been focused on the pathophysiological role of miR-
NAs in the pathogenesis of retinal diseases such as diabetic retinopathy and retinitis pigmen-
tosa [8, 20–23]. There are few studies, however, of differential expression of miRNAs in retinal
diseases in which Müller cell dysfunction is suspected to play a role. The transgenic model de-
scribed above, in which Müller cells can be selectively ablated, provides a unique opportunity
to study alterations of retinal miRNAs after induced Müller cell ablation. The aims of this
study were to profile the differential expression of miRNAs and their target genes, and to inves-
tigate changes in target gene expression 2 weeks after selective Müller cell ablation, which is the
peak time of photoreceptor apoptosis in this model [6].

Materials and Methods

Animals
This study was performed in accordance with the Association for Research in Vision and Oph-
thalmology guidelines for animal research and approved by The University of Sydney Animal
Ethics Committee. Rlbp1-CreER mice were crossed with Rosa-DTA176 mice to produce Rlbp-
CreER-DTA176 transgenic mice. Müller cell ablation was induced by daily intraperitoneal in-
jection of tamoxifen (TMX) for 4 consecutive days at 8–10 weeks of age [6]. Wild type mice
receiving TMX in the same way were used as controls. A total of 12 mice, including 6 transgen-
ic mice with induced Müller cell ablation and 6 wild type mice, were used in this study. Mice
were euthanized 2 weeks after Müller cell ablation. Retinae were isolated, snap frozen in liquid
nitrogen and stored at-80°C until use.
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miRNA Polymerase Chain Reaction (PCR) Array
Retinae were thawed then total RNA, including miRNAs, was extracted with a miRNeasy Mini
Kit (Qiagen, 217004) according to manufacturer’s instructions. The quantity and quality were
assessed by an Experion Automated Electrophoresis System (Biorad, 701–7001). Six retinae
from each group were reverse-transcribed with miScript II RT kit (Qiagen, 218160) and diluted
with RNase free water. miRNA PCR array was performed with 384 well-plate miScript miRNA
High Content PCR array (Qiagen, MIMM-3001Z) which contains miScript primers for 372 of
the most well characterised miRNAs and duplicates of 6 internal reference miRNAs. The iden-
tities of 372 miRNAs are listed in Supporting Information (Table A in S1 File). The thermo-
cycle of the PCR array consisted of denaturing at 94° for 15 seconds, annealing at 55° for 20
seconds and extension at 70° for 30 seconds. Relative quantification was performed by the
ΔΔCT method recommended by the manufacturer (http://pcrdataanalysis.sabiosciences.com/
mirna/arrayanalysis.php?target = analysis). A p-value<0.05 was considered statistically signif-
icant and the fold change cut-off criteria was ± 2.

Functional Analysis of miRNAs
We started with functional analysis of each differentially expressed miRNAs by performing a
PubMed literature search to identify recent publications, which would shed light on their relat-
ed functions (http://www.ncbi.nlm.nih.gov/pubmed). In addition, we used 2 target gene pre-
diction databases: TargetScan (http://www.targetscan.org) and miRTarbase (http://mirtarbase.
mbc.nctu.edu.tw). Overlapping target genes from these 2 databases were identified for further
analysis. Functional analysis of the target genes was performed by Database for Annotation, Vi-
sualisation Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov) and associated path-
ways were identified by KEGG pathway database (http://www.genome.jp/kegg/pathway.html).
We also performed in silico study with mirTarBase to examine direct seed matching sequence
alignments between the identified miRNAs and their target genes prior to further investiga-
tions (Table 1).

Quantitative RT-PCR (qRT-PCR)
qRT-PCR was performed as previously described [2]. In brief, an equal amount of total RNA
was reverse-transcribed with SuperScript VILO cDNA Synthesis kit (Life Technologies,
11754050) according to manufacturer’s instruction, and diluted with RNase free water and Ex-
press SYBR GreenER qPCR Supermix (Life Technologies, 11784–200). Primers we used in this
study are listed in Table 2. The relative quantitative analysis was performed by Relative Expres-
sion Software Tool (REST) 2009 [24]. Expression values were normalised to the geometric
mean of 3 reference genes including 18SrRNA, GAPDH, β-Tubulin.

Western Blot
Western blot was performed as previously described [2]. Briefly, proteins were extracted from
each retina then the quantity was assessed by QuantiPro BCA assay kit (Sigma-Aldrich,
QPBCA). Equal amounts of protein were loaded into NuPage Bis-Tris gels (Life Technologies,
NP3023BOX), and transferred to a polyvinylidene difluoride membrane. The membranes were
blocked with 5% BSA in TBST and the primary antibodies were incubated overnight at 4°C.
Primary antibodies included cyclin D2 (cell signalling, #2924), cleaved caspase 9 (cell signal-
ling, #9509S), calmodulin (CALM, abcam, ab45689), insulin-like growth factor 1 receptor
(IGF1r, abcam, ab39398), glial fibrillary acidic protein (GFAP, abcam, ab53554) and janus ki-
nase 2 (Jak2, abcam, ab39636). Protein bands were visualised after incubation with the
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Table 1. Direct Sequence Alignment Between miRNAs and Their Target Genes 3’UTR.

ID Target Gene Binding Sites Position Target Score

miR133a-3p Caspase 9 miRNA 30 gucgACC—AACUU—-CCCCUGGUUu 50 1706–1732 136.00

||| || || | ||||||:

Target 50 gtagTGGTCTTAAAAGTGTGGACCAGt 30

miRNA 30 gucGAC-CAACUUCC———-CCUGGUUu 50 1416–1445 127.00

: || ||| |: | ||:||||

Target 50 gcaTTGAGTTCAGTGACTCTCAGGGCCAAg 30

miRNA 30 gucgACC-AACUUCCCCUGGUUu 50 45–67 122.00

||| |||:|| |:||||

Target 50 ctcaTGGCTTGGAGCTGGCCAAg 30

miR133a-3p Cyclin D2 miRNA 30 guCGACCAACUUCCCCUGGUuu 50 3974–3990 133.00

||||| || ||||||

Target 50 ggGCTGG—GA—-GGACCAca 30

miRNA 30 guCGACCAACUUCCCCUGGUUu 50 3865–3883 125.00

||| || ||||||| |

Target 50 taGCTCTTT—-GGGGACCCAc 30

miRNA 30 gucGACCA—ACUUCCCCUGGuuu 50 2963–2985 124.00

||||| | || ||||||

Target 50 cttCTGGTCCTTAA-GGGACCcca 30

miR133a-3p Insulin like Growth Factor 1 Receptor miRNA 30 gucGACCAACUUC—CCCUGGUuu 50 5357–5380 141.00

|||| |||| ||||||

Target 50 ggcCTGGAAGAAGCATGGACCAta 30

miRNA 30 gucgaccaacuuccCCUGGUUu 50 5988–6009 140.00

|||||||

Target 50 agaaattctccccaGGACCAAt 30

miRNA 30 guCGAC-CAACUUCC——CCUGGUUu 50 5022–5048 138.00

|||| |||:: | ||||||:

Target 50 caGCTGCATTGGGAGACCTGGACCAGa 30

miR-146a-5p Interleukin Receptor Associated Kinase 1 miRNA 30 uuGGGUACCUUAAG—UCAAGAGu 50 29–50 154.00

|:|| ||: || |||||||

Target 50 gaCTCA—GAGGTCAAAGTTCTCa 30

miRNA 30 uuGGGUAC—-CUUAAGUCAAGAGU——— 50 45–72 135.00

|:|||| |:| ||||||||

Target 50 ttCTCATGCTTGGA—-AGTTCTCATAGTGT 30

miRNA 30 uugGGUACCU—UAAGUCAAGAGu 50 133–156 125.00

|: |||| | | ||||||

Target 50 gggCAGTGGACCCTGCTGTTCTCa 30

miR1a-1 Calmodulin miRNA 30 uaUGUAUGAAGAAAUGUAAGGu 50 2743–2762 144.00

||||| |:||||:||||:

Target 50 gtACATA—TTTTTATATTCTc 30

miRNA 30 uaUG-UAUGAAG—AAAUGUAAGGu 50 3350–3373 133.00

||: || ||| | |||||:|

Target 50 gcACTGTA-TTCAATAAACATTTCt 30

miRNA 30 uaUGUAUGAAG———AAAUGUAAGGu 50 1234–1261 126.00

||||: ||: | |::|||||

Target 50 agACATGATTTAGTGTGTCTGTATTCCt 30

(Continued)
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corresponding secondary antibodies conjugated with horseradish peroxidase. GeneTool image
scanning and analysis software package was used to perform protein bands densitometry and
the results were normalised with loading control α/β tubulin (Cell Signalling, #2148).

Immunofluorescence
Immunofluorescence labelling was performed as previously described [2]. Briefly, eyes were
enucleated and anterior segments were dissected immediately. The remaining eye cups were
fixed with 4% paraformaldehyde in PBS for an hour at room temperature and cryo-protected
with 20% sucrose in PBS for overnight at 4°C. The eyecups were embedded with Optimum
Cutting Medium and sectioned at 12μm on Superfrost glass slides. Sections were washed with
PBS 3 times for 5 minutes and blocked with normal goat serum for 1 hour at room tempera-
ture. After washing with PBS, sections were incubated with primary antibody for overnight at
4°C. The primary antibodies used in this study were cleaved caspase 9 (cell signalling, #9509S),
cyclin D2 (cell signalling, #2924), JAK2 (abcam, ab39636) and calmodulin (abcam, ab45689).
Secondary antibody incubation was followed on the next day for 2 hours at room temperature
and nucleus staining was performed with Hoechst. Stained sections were examined by confocal
microscopy as described previously [2, 6].

Table 1. (Continued)

ID Target Gene Binding Sites Position Target Score

miR-375–3p Janus Kinase 2 miRNA 30 agugcgcUCGGCUUGCUUGUUu 50 563–584 127.00

||| || ||||||

Target 50 ttttcaaAGCAAAAGGAACAAa 30

miRNA 30 agugcgcucggcuugCUUGUUu 50 33–54 120.00

||||||

Target 50 agacttccagaaccaGAACAAa 30

miRNA 30 agUGCGCUCGGCUUGCUUGUuu 50 1073–1092 104.00

| ||| |:: ||| |||

Target 50 gcAGGCGTGT—GACGCACAtc 30

doi:10.1371/journal.pone.0118949.t001

Table 2. Information on primers used for qRT-PCR validation.

Primers Forward (50->30) Reverse (50->30)

Cyclin D2 GAGTGGGAACTGGTAGTGTTG CGCACAGAGCGATGAAGGT

Casp 9 TCCTGGTACATCGAGACCTTG AAGTCCCTTTCGCAGAAACAG

Igf CTGGACCAGAGACCCTTTGC GGACGGGGACTTCTGAGTCTT

Irak AGCCGAGGTCTGCATTACATT TGGCAGTCTGGATAACTGATGA

Calm1 TGGGAATGGTTACATCAGTGC CGCCATCAATATCTGCTTCTCT

Calm2 ACGGGGATGGGACAATAACAA TGCTGCACTAATATAGCCATTGC

Jak2 GAACCTACAGATACGGAGTGTCC CAAAATCATGCCGCCACT

Gs TGAACAAAGGCATCAAGCAAATG CAGTCCAGGGTACGGGTCTT

Gfap TCCTTCCAAGGTTGTCCATC CCAATCAGCCTCAGAGAAGG

18srRNA GCAATTATTCCCCATGAACG GGGACTTAATCAACGCAAGC

Β-Tub GATCGGTGCTAAGTTCTGGGA AGGGACATACTTGCCACCTGT

Gapdh AAGATGGTGATGGGCTTCCCG TGGCAAAGTGGAGATTGTTGCC

doi:10.1371/journal.pone.0118949.t002
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In Situ Hybridisation
In situ hybridisation was performed to localise miRNA expression in the retina using Dig-la-
belled miR-133a-3p miRCURY LNA probe (Exiqon, Cat#39270–01) according to the manu-
facturer’s instruction with minor modifications. Briefly, cryosections were thawed, air-dried
and washed with PBS for 3 times. Sections were treated with proteinase K (100ng in 200ml
water) in a slide wash container for 5mins followed by acetylation treatment (2.3ml of trietha-
nolamine and 500μl acetic anhydride in 200ml water) for 10mins. A hybridisation buffer con-
taining 25nM of probe was pre-warmed for 5min at 65°C and then applied onto sections.
Sections were cover-slipped and incubated in a chamber humidified with 50% formamide in
saline sodium citrate (SSC) solution overnight at 53°C. On the next day, sections were washed,
blocked with 10% normal goat serum and incubated with an anti-Dig antibody (Roche,
11093274910) overnight at 4°C. NBT/BCIP alkaline phosphatase colour reaction (Vector labo-
ratories, SK-5400) was performed to visualise the cellular localisation of miR-133a expression
according to the manufacturer’s instruction.

Luciferase Assay
Luciferase assay was performed to validate the direct correlation between miRNA and its pre-
dicted target gene expression. We chose to validate miR-133a-3p and one of its target genes, cy-
clin D2, since cyclin D2 was the most differentially expressed gene after Muller cell ablation.
Briefly, 3’UTR of cyclin D2 was amplified by PCR, digested with XhoI and NotI restriction en-
zymes (New England Biolabs, R0146S and R3189S) and cloned into a multiple cloning site lo-
cated downstream of the renilla translational stop codon within the psiCHECKTM-2 vector
(Promega, C8021). 661w photoreceptor cells were seeded in 12-well plates (50,000 cells per
well) and cultured for 2 days. Once they reached 70% confluence, the cells were transfected
with the vector alone, or co-transfected with a miRNA-133a-3p mimic (Ambion, 4464067) or a
control miRNA (Ambion; 4464058) using Lipofectamin 3000 (Life Technologies, L3000001)
for 48 hrs. Luciferase assay was performed using the Dual-Glo Luciferase Assay System (Pro-
mega, E2920) and the luciferase activity was measured by Safire2TM Tecan plate reader
(Tecan Austria, Safire-BASIC). Firefly luciferase activity was normalised to the renilla
luciferase activity.

Statistic Analysis
Results are expressed as mean ± SEM. Data were analysed using unpaired Student t-test. A p
value<0.05 was regarded as statistically significant.

Results

miRNA PCR Array
miRNA PCR array analysis revealed 20 differentially expressed miRNAs with greater than
2 fold change (P< 0.05) 2 weeks after Müller cell ablation. Of these, 16 were upregulated
(miR-1196–5p, miR-133a-3p, miR-142–3p, miR-142–5p, miR-146a-5p, miR-146b-3p, miR-
146b-5p, miR-190a-5p, miR-1a-1–5p, miR-1a-3p, miR-200a-3p, miR-222–5p, miR-29b-3p,
miR-335–3p, miR-335–5p, and miR-653–5p) and 4 were downregulated (miR-1983, miR-375–
3p, miR-376c-3p, and miR-542–5p) (Table 3 and Fig. 1). A literature search based functional
analysis revealed that the potential functions of the differentially expressed miRNAs were gen-
erally associated with pathways contributing to neuronal damage, such as neuronal inflamma-
tion and neuronal apoptosis (Table 3). Some of the miRNAs that we found to be differentially
regulated after Müller cell ablation have been reported in retinal diseases such as diabetic
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retinopathy and retinitis pigmentosa (Table 3). In general, the results we obtained from this
miRNA PCR array were consistent with our previous studies which identified retinal morpho-
logical changes, microarray profiling, neuroinflammation and differential expression of neuro-
trophins after selective Müller cell ablation [2, 6, 7].

Target Gene Analysis and qRT-PCR Validation
We used 2 different databases, TargetScan and mirTarBase, to analyse genes which could be
potentially targeted by the differentially expressed miRNAs. We identified 78 overlapping
genes that could be potentially targeted by the 20 differentially expressed miRNAs. Of these, 72
corresponded to upregulated miRNAs and 6 to downregulated miRNAs (Table B and Table C

Table 3. List of Differentially Expressed miRNAs 2 weeks after induced Müller Cell Ablation.

miRNA Fold
Change

P-value Potential Functions References

mmu-miR-1196–
5p

2.14 0.0255 Not well characterised N/A

mmu-miR-133a-
3p

2.15 0.0103 Inflammation, Retinitis pigmentosa, Retinal degeneration [21, 23, 25]

mmu-miR-142–
3p

4.26 0.00072 Neuroinflammation, Neurodegeneration, Retinitis Pigmentosa, Diabetes, Retinal
degeneration

[21–23, 27, 52, 53]

mmu-miR-142–
5p

4.75 0.000685 Neuroinflammation, Autoimmune uvities, Retinitis pigmentosa, Retinal
degeneration

[21, 23, 27, 53, 54]

mmu-miR-146a-
5p

3.02 0.000072 Neuroinflammation, Diabetes, Neurodegeneration [22, 26–28, 53, 55,
56]

mmu-miR-146b-
3p

3.84 0.01025 Neuroinflammation, Neuronal diseases [27, 28]

mmu-miR-146b-
5p

2.83 0.000728 Neuroinflammation, Neuronal diseases [27, 28]

mmu-miR-190a-
5p

2.08 0.02156 Not well characterised N/A

mmu-miR-1983 -3.46 0.000033 Not well characterised N/A

mmu-miR-1a-1–
5p

3.35 0.001722 Retinitis pigmentosa, Retinal degeneration [21, 23]

mmu-miR-1a-3p 2.29 0.00252 Retinitis pigmentosa, Retinal degeneration [21, 23]

mmu-miR-200a-
3p

2.55 0.020964 Neuroinflammation, Neurodegeneration, Diabetes [22, 25, 26, 28, 29,
52]

mmu-miR-222–
5p

2.35 0.017673 Neurnal diseases [28]

mmu-miR-29b-
3p

2.38 0.000091 Diabetes, Neuroinflammation, Neurodegeneration, Neuronal development,
Neuronal apoptosis

[18, 26, 28, 55, 57]

mmu-miR-335–
3p

2.33 0.000068 Neuroinflammation [53, 58]

mmu-miR-335–
5p

2.29 0.000664 Neuroinflammation [53, 58]

mmu-miR-375–
3p

-2.04 0.000766 Diabetes [59]

mmu-miR-376c-
3p

-2.63 0.01363 Neuroinflammation, Neuronal development [53]

mmu-miR-542–
5p

-3.86 0.001219 Pro-Apoptotic [60]

mmu-miR-653–
5p

2.92 0.003296 Not well characterised N/A

doi:10.1371/journal.pone.0118949.t003
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in S1 File). DAVID and KEGG pathway analysis revealed that 41 target genes had significant
biological functions (Table D in S1 File). Based on their potential roles in retinal pathology as
previously reported [2, 6], we chose 7 genes for qRT-PCR validation, including Cyclin D2, Cas-
pase 9, IGF1, IRAK, CALM1, CALM2, and Jak2 (Table 3). Prior to further validation with qRT-
PCR, we performed in silico study with mirTarBAse which revealed seed sequence alignments
between miRNAs and their target genes (Table 1). Glutamine synthetase (GS) and GFAP were
used as Müller cell markers to correlate changes in these 7 genes with Müller cell disruption.
Consistent with our previous studies [6, 7], Müller cell ablation resulted in downregulation of
GS and upregulation of GFAP (Table 3). qRT-PCR analysis revealed that Cyclin D2, IGF1,
CALM2 and Jak2 were significantly upregulated 2 weeks after Müller cell ablation (p<0.05)
(Table 4 and Fig. 2). The KEGG pathway analysis suggested that these genes were involved in

Fig 1. Volcano Plot of Differentially ExpressedmiRNA in after Selective Müller cell ablation. The red circles represent upregulated miRNAs and the
green circles indicate downregulated miRNAs (2 fold-change). The blue line indicates p-value of 0.05.

doi:10.1371/journal.pone.0118949.g001
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Table 4. Summary of some miRNA target genes and signalling pathways that might be involved in the retinal pathology caused by selective
Müller cell ablation.

Gene Name KEGG Pathways/Markers qRT-PCR Expression P-value qRT-PCR Result

CyclinD2 p53 Signalling pathway, 5.047 0.001 UP

Casp9 Apoptosis, p53 Signalling pathway, 1.081 0.101 -

Igf1 p53 Signalling pathway 1.220 0.003 UP

Irak Apoptosis, Neurotrophin pathway 0.950 0.426 -

Calm1 Calcium signalling pathway, Neurotrophin pathway 0.932 0.110 -

Calm2 Calcium signalling pathway, Neurotrophin pathway 1.109 0.012 UP

Jak2 Chemokine Signalling pathway, Jak-STAT Signalling Pathway 1.222 0.001 UP

GS Müller Cell Marker 0.561 0.000 DOWN

Gfap Gliosis Marker 5.277 0.001 UP

doi:10.1371/journal.pone.0118949.t004

Fig 2. qRT-PCR validation of target gene expression. The boxes represent the interquartile range, and the dotted line represents the median gene
expression. Whiskers indicate the maximum and minimum values. * indicates p<0.001, † represents p<0.01 and ‡ shows p<0.05.

doi:10.1371/journal.pone.0118949.g002
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cell apoptosis, p53, neurotrophin, calcium, chemokine and Jak-STAT signalling pathways
(Table 4).

Western Blot Analysis
Western blot analysis after Müller cell ablation found changes that were consistent with target
gene analysis revealed by qRT-PCR. Genes involved in the p53 signalling pathway, cell apopto-
sis including cleaved-caspase 9 and cyclin D2 and calmodulin which plays a role in calcium sig-
nalling and the neurotrophin pathway, were all significantly upregulated after Müller cell
ablation (Fig. 3). Jak2 tended to be upregulated but the change was not statistical significant
(P = 0.2).

Immunofluorescence
We performed immunofluorescence with antibodies against four proteins encoded by target
genes including cleaved-caspase 9, cyclin D2, Jak2 and calmodulin to examine their cellular
specific expression (Fig. 4). We found that cleaved-caspase9 (Fig. 4A) and Jak2 (Fig. 4C) were
mainly expressed in the outer nuclear layer (ONL) in areas corresponding with patches of
Müller cell ablation. Upregulation of cyclin D2 was observed in not only the inner nuclear
layer (INL) and the ONL but also in some cell bodies of photoreceptors near the outer limiting
membrane after Müller cell ablation compared with controls (Fig. 4B). Calmodulin was mainly
expressed in the INL and weakly expressed in photoreceptor inner segments in the normal reti-
nae. It was markedly upregulated in the outer plexiform layer, ONL and photoreceptor inner
segments in areas of Müller cell ablation (Fig. 4D).

Validation of the Correlation of miR-133a-3p with Its Target Gene Cyclin
D2 Expression Using Luciferase Assay
miRNA PCR array showed 2.15-fold increase in miR-133a-3p expression (Table 3) while qRT-
PCR analysis showed 5-fold increase in cyclin D2 expression after Muller cell ablation
(Table 4). As cyclin D2 is one of the genes targeted by miR-133a-3p, our data indicate a positive
correlation between miR-133a-3p and cyclin D2 expression. We performed in situ hybridisa-
tion and found that the increased miR-133a-3p expression was mainly localised to the outer
nuclear layer in the retina after Muller cell ablation (Fig. 5A-C). In order to validate the func-
tional correlation between miR-133a-3p and cyclin D2 expression, we cloned the 3’UTR region
of cyclin D2 gene into a vector and conducted luciferase assay in 661w photoreceptor cells. We
found that co-transfection of 661w cells with a miR-133a-3p mimic along with the vector re-
sulted in significant increase in the normalised luciferase activity compared with cells co-
transfected with a control miRNA and the vector (P<0.05, Fig. 5D), thus confirming the posi-
tive correlation between miR-133a-3p and cyclin D2 expression.

Discussion
We have identified 20 miRNAs that were differentially expressed during the photoreceptor de-
generation that occurred after selective Müller cell ablation. We then used 2 different databases,
TargetScan and mirTarBase, to identify a number of genes that could be potentially targeted by
these miRNAs. Of 72 target genes that we identified, 41 were found, by DAVID and KEGG
pathway analysis, to be involved in several biological functions. Based on our previous studies,
we chose 7 target genes which were involved in apoptosis, p53, chemokine, Jak-STAT, calcium
and neurotrophin signalling pathways for further validation. Upregulation of the chosen target
genes was confirmed with qRT-PCR and validated by western blot analysis.
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Immunofluorescence studies revealed that the upregulation of these miRNA-target genes were
mainly observed in the ONL where photoreceptor degeneration occurred after selective Müller
cell ablation. We conducted in situ hybridisation for miR-133a-3p and found that the increased
expression of miR-133a-3p was mainly localised in the ONL. Furthermore, we performed lucif-
erase assay to validate the positive correlation between miR133a-3p and one of its predicted
targets genes, cyclin D2 in 661 photoreceptor cells. The results were generally consistent with
our previous findings that selective Müller cell ablation causes photoreceptor degeneration
[2, 6].

Neuronal damage in this transgenic model is characterized by photoreceptor degeneration
caused by selective Müller cell ablation [6]. MiRNA profiling conducted 2 weeks after Müller
cell ablation identified a number of differentially expressed miRNAs whose target genes were
associated with cell apoptosis and neurodegeneration in the central nervous system including
retinal degeneration [21, 23, 25–29]. For instance, one of the genes targeted by miR-133a-3p is
caspase-9, which can form an apoptosome with cytochrome-c released from mitochondria and
lead to activation of other caspases and cell death [30]. Calmodulin, which is targeted by mir-
1a-3, has been reported that calmodulin plays a role in neurotransmitter release and trafficking
in synapsis [31, 32]. However, overexpression of calmodulin has been reported to be involved
in neuronal apoptosis by activating calcium/calmodulin-dependent protein kinase II [33, 34].
Inhibition of calmodulin activity has been reported to prevent retinal neuronal apoptosis
[35–38].

Our previous studies found that the microarray profiling in which we performed 1 week
after Müller cell ablation, also revealed upregulation of genes involved in apoptosis [2], and the
characterization study showed photoreceptor apoptosis was peaked at 2 weeks after Müller cell
ablation [6]. We did not observe any significant differences in the number of TUNNEL positive
cells the retina between 1 week and 2 weeks after Müller cell ablation, thus we believe the cur-
rent study is generally supported by our previously observations.

Fig 3. Western blot validation of target gene expression. (A-E) Western blot analysis revealed significant
upregulation of proteins related to gliosis, calcium signalling pathway and p53 signalling pathways. The
results were consistent with the qRT-PCR analysis. GFAP; glia fibrillary acidic protein, CALM; calmodulin, c-
CASP 9; cleaved caspase 9.

doi:10.1371/journal.pone.0118949.g003
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Interestingly, miR-133a-3p also targets an anti-apoptotic gene. Cyclin D2, which has been
reported to play a role in anti-apoptosis by phosphorylating retinoblastoma protein, cell cycle
arrest and neurogenesis[39–42], was significantly upregulated after Müller cell ablation. After
confirmation that the increased miR-133a-3p expression was mainly localised to the outer

Fig 4. Immunofluorescent staining for proteins encoded by genes targeted by differentially expressedmiRNAs after Müller cell ablation. The genes
encoding C-caspase 9 and CyclinD2 are targeted by miR133a-3p. “Merged” includes Hoechst stain. Jak2 is encoded by a gene that is targeted by miR-375–
3p. Calmodulin is a gene targeted by miR1a-1. Cleaved-caspase 9 (A, arrows) and Jak2 (C, arrows) were only observed after Müller cell ablation (A and C).
Increased immunoreactivity for CyclinD2 was observed in the ganglion cell layer (GCL), inner nuclear layer (INL) and outer nuclear layer (ONL) after Müller
cell ablation compared with controls (B). Calmodulin was mainly expressed in the GCL and retinal neurons in the INL in the normal retina but increased
expression (arrows) was observed in the outer plexiform layer, ONL and photoreceptor segments (arrow heads) in areas of Müller cell ablation, which are
marked by focal areas of degeneration in the ONL (D). Scale bars represent 50μm. Scale bars in figures with high magnification (x40 in B and D) represent
25μm.

doi:10.1371/journal.pone.0118949.g004
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nuclear layer after Muller cell ablation, we conducted luciferase assay in 661w photoreceptors
to validate the positive correlation between miR-133a-3p and cyclin D2 expression. We found
that co-transfection of 661w cells using the vector with a miR-133a mimic induced significant
increase in luciferase activity compared with cells co-transfected using the vector with a control
miRNA (Fig. 5D). A previous study reported a negative correlation between miR-133a and cy-
clin D2 expression in cardiac muscle cells and cos-1 cells [41]. The discrepancy between that
study and the results we present here could be due to the diverse roles of miR-133a and cyclin
D2 in different tissues and biological models. Cyclin D family has been reported to play a neu-
roprotective role in brain injury and retinal degeneration [41, 43]. Moreover, cyclin D2 is in-
volved in neurogenesis [40]. It is unclear whether the overexpressed miR-133a and cyclin D2
are due to a defensive response to the retinal stress caused by Muller cell ablation. Future stud-
ies are warranted to investigate the effects of intervention of miR-133a and cyclin D2 overex-
pression on photoreceptor degeneration in our transgenic mice.

Fig 5. (A-C), in situ hybridisation for miR-133a-3p expression in normal (C) and diseased (A and B)
retinas. (D), luciferase assay to study the correlation of miR-133a-3p with cyclin D2 expression in 661
photoreceptor cells. The expression of miR-133a-3p in the outer nuclear layer (ONL) was increased after
induced Müller cell ablation. Co-transfection of 661w cells using a vector containing 3’UTR region of the
cyclin D2 gene along with a miR-133a-3p mimic (Vector + miR) induced a significant increase in the
normalised firefly luciferase activity compared with cells co-transfected using the vector with a control miRNA
(Vector + Ctrl) (*P<0.05, n = 6/group). Data is presented as Mean + SEM. Scale bars in A-C: 50μm. GCL =
ganglion cell layer. INL = inner nuclear layer. ONL = outer nuclear layer.

doi:10.1371/journal.pone.0118949.g005
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Neuroinflammation was also shown in the transgenic model of selective Müller cell ablation
[2, 6, 7]. Mir-146a-5p, which has been reported to play a role in neuroinflammation and neuro-
degeneration [22, 27], was upregulated after induced Müller cell ablation. It has been reported
that its target genes, such as IRAK1, IRAK2, and TRAF6, are involved in cell survival and neu-
roprotection. IRAK recruits the p75 neurotrophin receptor and activates nuclear factor keppa
B (NF-kB) [44, 45]. We recently showed that the p75 neurotrophin receptor was profoundly
upregulated in activated surviving Müller cells and that photoreceptor degeneration occurred
concurrently with activation of microglial cells in this model. Linking the result of upregulation
of mir-146a-5p with features of photoreceptor degeneration and neuroinflammation caused by
Müller cell ablation indicates a potential positive correlation between mir-146a-5p expression
and IRAK expression, although our qRT-PCR analysis of the change in IRAK transcription
was not statistically significant between transgenic and control mice. Further analysis on the re-
lationship between miR-146a-5p upregulation of changes in different isoforms of IRAKs and
their downstream effectors is warranted to provide a better understanding of the role of
miRNA-146 in photoreceptor degeneration and neuroinflammation caused by Müller
cell dysfunction.

Interestingly, miR-375–3p was downregulated after Müller cell ablation, and Jak2, one of its
target genes, was upregulated. The negative correlation between miR-375 and Jak2 is consistent
with a recent report in which target mutation of a predicted miR-375-binding site abolished
the activity of a luciferase reporter carrying the 3’ untranslated region of Jak2 [46]. Jak2 has
been reported to be involved in activation of immune response/chemokine signalling and the
Jak/STAT pathways. Inflammation induced by lipopolysachrides in the rat retina caused acti-
vation of the Jak2/STAT3 pathway and neuronal gliosis [47]. Our recent studies found that se-
lective Müller cell ablation resulted in profound activation of surviving Müller cells and
microglia and overexpression of TNFα. It is plausible that the downregulation of miR-375–3p
may trigger activation of the Jak2/STAT3 pathway and chemokine signalling, both of which
can damage photoreceptors.

We conducted immunostaining to study the cellular localization of a number of target
genes in normal and degenerating retinae. Cleaved-caspase 9, cyclin D2 and JAK2, were mainly
expressed in the ONL in areas corresponding to Müller cell ablation, whereas upregulation of
calmodulin was observed in the outer plexiform layer, ONL and photoreceptor segments after
Müller cell ablation. Calmodulin is a highly conserved regulatory protein found in all eukaryot-
ic organisms which mediates a variety of calcium ion-dependent signaling pathways [31]. A re-
cent study showed that over-activation of calcium/calmodulin-activated protein kinase II is
involved in photoreceptor degeneration in the rd1 mouse [48]. Our observation that calmodu-
lin was upregulated after Müller cell ablation suggests that activation of the calcium/calmodu-
lin signalling may contribute to photoreceptor degeneration. Interestingly, cyclin D2 was
highly upregulated in the INL of retinae with Müller cell ablation compared with the normal
retina in controls. As cyclin D2 is anti-apoptosis [39], this observation may partially explain
the phenomenon that neuronal damage is not obvious in the INL following Müller cell ablation
in this transgenic model [6].

One of the interesting findings we found in this study is that a number of differentially ex-
pressed miRNAs appear to be positively correlated with their target gene expression after selec-
tive Müller cell ablation. While the precise molecular mechanisms of which miRNA control
gene expression are still largely obscure, there has been a growing number of reports of a posi-
tive correlation between miRNA and mRNA expression [17, 49–51]. Some hypothetical and in
silico studies of the mechanism of which miRNA promotes gene expression have recently been
reported [14–17, 50].
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We acknowledge that this profiling study only covered 372 miRNAs rather than an unbi-
ased genome-wide screen. We cannot rule out the possibility that the screening of a limited
number of miRNAs might have missed some miRNAs which make important contributions
towards photoreceptor degeneration and neuroinflammation in retinal disease.

We report here that miRNAs and their target genes that are differentially expressed soon
after selective Müller ablation are mainly involved in neuronal apoptosis, inflammation and
neurodegenration. Müller cell dysfunction has been implicated in the pathogenesis of many
retinal diseases but its precise contribution to the photoreceptor degeneration, which ultimate-
ly results in loss of vision, remains poorly understood. The results of miRNA profiling after
Müller cell ablation that we present here provide further insights into the pathogenesis of pho-
toreceptor degeneration associated with Müller cell dysfunction.
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