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Müller glia (MG) are the predominant glia in the neural retina and become reactive after

injury or in disease. microRNAs (miRNAs) are translational repressors that regulate a

variety of processes during development and are required for MG function. However,

no data is available about the MG miRNAs in reactive gliosis. Therefore, in this study,

we aimed to profile miRNAs and mRNAs in reactive MG 7 days after light damage. Light

damage was performed for 8 h at 10,000 lux; this leads to rapid neuronal loss and strong

MG reactivity. miRNAs were profiled using the Nanostring platform, gene expression

analysis was conducted via microarray. We compared the light damage dataset with the

dataset of Dicer deleted MG in order to find similarities and differences. We found: (1) The

vast majority of MG miRNAs declined in reactive MG 7 days after light damage. (2) Only

four miRNAs increased after light damage, which includedmiR-124. (3) The top 10 genes

found upregulated in reactive MG after light damage include Gfap, Serpina3n, Ednrb and

Cxcl10. (4) The miRNA decrease in reactive MG 7 days after injury resembles the profile

of Dicer-depleted MG after one month. (5) The comparison of both mRNA expression

datasets (light damage and Dicer-cKO) showed 1,502 genes were expressed under both

conditions, with Maff, Egr2, Gadd45b, and Atf3 as top upregulated candidates. (6) The

DIANA-TarBase v.8 miRNA:RNA interaction tool showed that three miRNAs were found

to be present in all networks, i.e., after light damage, and in the combined data set; these

were miR-125b-5p, let-7b and let-7c. Taken together, results show there is an overlap

of gene regulatory events that occur in reactive MG after light damage (direct damage

of neurons) and miRNA-depleted MG (Dicer-cKO), two very different paradigms. This

suggests that MG miRNAs play an important role in a ubiquitous MG stress response

and manipulating these miRNAs could be a first step to attenuate gliosis.
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INTRODUCTION

Müller glia (MG) are the predominant glia in the neural
retina and fulfill, similar to astrocytes in the brain, a variety
of crucial functions to ensure retinal homeostasis and proper
neuronal function. These functions include neurotransmitter
uptake and recycling via specific enzymes such as glutamine
synthetase (GS), nourishment of neurons by providing lactate,
tissue stabilization and structural support by forming the inner
and outer limiting membrane, maintenance of the blood retinal
barrier (BRB), and tissue protection (Reichenbach et al., 1993;
Newman and Reichenbach, 1996; Bringmann et al., 2000,
2006; Bringmann and Reichenbach, 2001; Kuhrt et al., 2008;
Reichenbach and Bringmann, 2013). The MG response to retinal
injury is known as gliosis. There are two kinds of MG gliosis,
an unspecific and a specific response. The unspecific response is
characterized by hypertrophy (swelling) and the upregulation of
the intermediate filament GFAP, which is considered a marker of
reactivity. The specific response to neuronal damage includes the
downregulation of the enzyme glutamine synthetase in models
of massive and rapid photoreceptor loss such as light damage,
or retinitis pigmentosa (Bringmann et al., 2006). The gliotic
response requires substantial changes in gene expression and it is
currently not known whether miRNAs play a role in this process.

miRNAs are short (18–24 nucleotide long) non-coding RNAs
and act as transcriptional repressors. They are transcribed as
a primary molecule that is processed by the microprocessor
complex to a precursor miRNA, which is cleaved by the
endoribonuclease Dicer1 into the mature and functional form.
Mature miRNAs then bind predominantly (but not exclusively)
on the 3′ untranslated region (UTR) of a messenger RNA
(mRNA) and (1) inhibit translation into protein (imperfect
complementary binding) or (2) induce mRNA decay (perfect
complementary binding). This occurs in the RNA-induced
silencing complex (RISC) in which the miRNA is bound to a
protein called Argonaute 2 (Ago2) (Gurtan and Sharp, 2013;
Roberts, 2015). miRNAs play important roles during retinal
development by regulating cell division, cell maturation and cell
fate specification. Because of this regulatory impact, miRNAs play
a detrimental role in cancer and other diseases including retinal
diseases (Sundermeier and Palczewski, 2012; Zuzic et al., 2019),
but we are just beginning to understand the critical miRNAs and
their mRNA targets in the retina.

We previously profiled the microRNAs (miRNAs) expressed

in MG and studied their impact on MG function by deleting

the endoribonuclease Dicer1 (Dicer-cKOMG), the enzyme that

generates mature miRNAs. In the Dicer-cKOMG retinas, we
observed a progressive retinal disorganization and a loss in
rod photoreceptors and retinal function (Wohl et al., 2017).
Interestingly, the deletion of Dicer1 in MG did not cause
an upregulation of GFAP, the hallmark of gliosis. Moreover,
the loss of rod photoreceptors and retinal disorganization
had some similarities to the phenotype observed in end-stage
retinitis pigmentosa. Since this phenotype displayed similarities
to diseases characterized by massive photoreceptor loss, although
no neuron was primarily affected, we aimed to profile the MG
miRNAs and mRNA expression after light damage. Light damage

is a commonly used model to study retinal degeneration that
resembles age-related macular degeneration (AMD) or retinitis
pigmentosa (Winkler et al., 1999; Beatty et al., 2000;Wenzel et al.,
2001, 2005; Chen et al., 2004; Samardzija et al., 2006; Grimm and
Reme, 2013; Luu et al., 2020). The light damage model is a very
flexible model and can be altered with regard to light intensity
(2,000–100,000 lux) and duration (minutes–days). Nevertheless,
it is a very robust and well-studied model (Burns and Robles,
1990; de Raad et al., 1996; Chen et al., 2004; Rattner and Nathans,
2005; Gosbell et al., 2006; Ueki et al., 2008; Natoli et al., 2010; Ueki
and Reh, 2012).

To our knowledge, there are no reports available about the
miRNA profile of reactive MG. Therefore, in this study, we
aimed to identify the miRNAs that might regulate genes involved
in gliosis by performing global comparisons of reactive MG 7
days after light damage and MG after Dicer deletion (loss of
miRNAs). We light damaged adult mice and analyzed neuronal
loss and glial response after 1 week, when the vast majority
of photoreceptors were lost, and MG were reactive (gliosis).
miRNAs from light damagedMGwere profiled using Nanostring
technologies. We found that the vast majority of miRNAs
highly expressed in MG declined after light damage, similar
to what we found in the Dicer-cKOMG. We used microarray
for gene expression analysis in order to identify the genes that
are upregulated the most 1 week after light damage and could
represent potential miRNA targets. Most genes were associated
with cell death and inflammatory response. Since the miRNA
was similar, we compared that dataset with that from Dicer-
cKOMG. Thousand five hundred and two genes were expressed
in both datasets, with Atf3, Egr2, Maff, and Gadd45b as top
candidates, genes involved in stress response. The identified
miRNAs, potentially targeting these genes, are miR-125b-5p,
let-7c, and let-7d. This data suggests that independent from
extrinsic influences, a common intrinsic glial stress program
appears to be activated that is directed by MG miRNAs. This
is particularly of importance for understanding and attenuating
gliosis. MG miRNAs are therefore potential promising tools
for counteracting glial alterations and this study is the first
attempt to narrow down the list of candidates for subsequent
downstream experiments.

MATERIALS AND METHODS

Animals and Cre Induction
Allmice were housed at the State University of NewYork, College
of Optometry and used in accordance with the Institutional
Animal Care and Use Committee approved protocols (IACUC).
Rlbp1-creERT2 mice (obtained from Dr. Edward Levine, S129
background) were crossed to R26-stop-flox-CAG-tdTomato mice
(Jackson Labs, also known as Ai14, #007908) and will be
henceforth referred to as RlbpCreER: stopf /f -tdTomato or wild
type (wt). For light damage mice, Rlbp1-creERT:tdTomato mice
were crossed to the albino Swiss Webster mouse (CSW 024,
Charles River Laboratories) that carries the RPE65450Leu gene
(confirmed by genotyping). In addition, the Hes5-GFP mouse
(Basak and Taylor, 2007) was used as another MG-specific
reporter mouse established in the lab (Nelson et al., 2011). The
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Hes5 mouse (S129 background) was also crossed to the Swiss
Webser mouse. Genotyping was done using the primers listed in
Supplementary Table 1. For the detection of RPE65 variants, a
subsequent digest of the PCR product with the restriction enzyme
MwoI was performed for 2 h at 37◦C. Tamoxifen (Sigma, St.
Louis, MO) was administered intraperitoneally at 75 mg/kg in
corn oil for four consecutive days in adult mice (2–3 months of
age) to initiate the recombination of the floxed alleles.

Light Damage
Mice were exposed to diffuse, cool, white light (bulbs are located
on top of the cage). Food and water were placed in the cage
to avoid blocking light exposure. Luminance (∼10,000 lux)
was measured on the cage floor using a light meter. Mice
were exposed to the light for 8 h and returned under normal
lighting (12 h on/12 h off cyclic light) for recovery. Analysis was
performed 7 days after light damage (LD).

Fluorescence Activated Cell Sorting (FACS)
All retinas were checked for successful recombination under
the fluorescence microscope before every sort. For each sort,
about 6–10 retinas were pooled and dissociated in DNase/Papain
(75 µl/ 750 µl, respectively, Worthington) for 20min at
37◦C on the shaker, triturated, mixed with Ovomucoid (750
µl), centrifuged for 10min at 300 × g and resuspended in
800 µl DNase/ Ovomucoid/ Neurobasal solution (1: 1: 10,
respectively, Gibco) per retina. Cells were filtered through
a 35µm filter, sorted using an 85 micron nozzle, and
collected into two chilled tubes. Cell sorts were performed
using BD Aria III cell sorter (BD Bioscience). Debris was
excluded from the sort and only all events in gate P1 were
sorted (Supplementary Figure 1A). Cells with the brightest
fluorescence were found in gate P3 (“positives,” MG fraction),
cells with no fluorescence in gate P2 (“negatives,” neuronal
fraction, Supplementary Figure 1A′), everything in between was
excluded. Gating settings were kept throughout all sorts for
undamaged and damaged retinas. The fraction of MG comprised
about 1.7% Supplementary Figures 1A′′,A′′′). Samples were
collected in FBS-coated tubes containing Neurobasal medium.
After collection, the tdTomato+ MG fraction (P3) and the
tdTomato− fraction (P2) was post-sorted to validate purity
(Supplementary Figures 1B–B′′,C–C′′). Cells were spun for
10min at 300 × g at 4◦C, the pellet was homogenized in Qiazol
(Qiagen) and stored at−80◦C.

RNA Purification, miRNA, and mRNA
Profiling
For miRNA profiling, the sorts of 44 light damaged retinas
were pooled for RNA purification. RNA was extracted and
purified with a miRNeasy Micro Kit in accordance with
manufacturer’s instructions (Qiagen). NanoString nCounter was
used for miRNA expression analysis. Two hundred ng total RNA
per sample (33 ng/µl) was submitted for NanoString analysis.
NanoString data was analyzed using nSolver 4.0 software.
The data represents counts of molecules normalized against
4 housekeeping genes (β-actin, GAPDH, Rpl19, and B2m), 8
negative controls, and 6 positive controls that were run with

the samples. miRNA data after Dicer-cKO and for wild type
MG was published before (Wohl et al., 2017), is available at
GEO (GSE 103098). Raw data was de-novo normalized and
analyzed together with the light damaged data. For Microarray,
12 retinas were used for controls and 10 retinas for light damage,
FACS-purified, the RNA isolated and run on the Mouse Gene
1.0 ST microarray (Affymetrix) according to manufacturer’s
guidelines. The RIN numbers for the samples ranged from 8 to
10 with a mean of 8.98. The microarray data was normalized
and analyzed with Affymetrix Power Tools software and TM4
Multi-Experiment Viewer software. RNA-Seq data of pigmented
adult wild type MG was published before (Wohl et al., 2017),
is available at SRA (NBCI, SRP115835) and was used for gene
expression comparisons. Also, the datasets of control FACS
purified MG and MG 36h after light damage, as well as 48h after
NMDA damage from Hoang et al. (2020) were used for gene
expression comparisons.

Fixation, Sectioning, and
Immunofluorescent Labeling
Mouse eyes were fixed in 4% PFA for 30–60min, treated with
30% sucrose in PBS overnight, embedded in O.C.T. embedding
medium, and cross sectioned in 12µm thick sections. For
immunofluorescent staining, cells were incubated in blocking
solution (5%milk block: 2.5 g non-fat milk powder in 50mL PBS;
with 0.5% Triton-X100) for 1 h at RT. Sections were incubated
with primary antibodies (Supplementary Table 2) in 5% milk
block overnight, secondary antibodies (Invitrogen/Molecular
Probes, and Jackson ImmunoResearch, 1:500–1,000) for 1 h at RT
and counterstained with 4′,6-diamidino-2-phenylindole (DAPI,
Sigma, 1:1,000).

Microscopy, Cell Counts, and Statistical
Analysis
Live imaging was performed using Zeiss Observer D1 with Axio-
Cam. Fixed cells were analyzed by Olympus FV1000 or Zeiss
LSM 880 confocal microscope as well as Keyence BZX 800 for
overview images. For retinal cross sections, two areas/section
with 625µm × 625µm dimension at 200× magnification, four
optical sections of 2µm thickness, for two sections per mouse, of
at least six light damaged and undamaged controls were counted.
For Otx2 cell assessment in the ONL, vertical rows of cells were
counted for six different areas per image. Values are expressed
as mean ± standard deviation (S.D.). Statistical analyses were
performed by Mann-Whitney (U) test for independent samples
and the Wilcoxon test for dependent samples. Holm-Bonferroni
method was used to correct for multiple comparisons.

miRNA-Target Interaction Analysis, Ago
HITS-CLIP, Gene Ontology
For miRNA-mRNA interaction analysis, DIANA-TarBase v.8
(https://carolina.imis.athena-innovation.gr/diana_tools) was
used, a database of experimentally supported miRNA:mRNA
interactions (Karagkouni et al., 2018). It integrates information
on cell-type specific miRNA–gene regulation, while thousands
of miRNA-binding locations are reported. It is the first database
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indexing more than 1 million entries, corresponding to ∼670
000 unique miRNA-target pairs. The interactions are supported
by >33 experimental methodologies, applied to ∼600 cell
types/tissues under ∼451 experimental conditions (Karagkouni
et al., 2018). All gene names were inserted and miRNA
candidates that were found in MG, selected and depicted. For
miRNApathway analysis DIANA-mirPath v.3 was used. DIANA-
mirPath can utilize predicted miRNA targets (in CDS or 3′-UTR
regions) provided by the DIANA-microT-CDS algorithm or
even experimentally validated miRNA interactions derived from
DIANA-TarBase (Vlachos et al., 2015). STarMirDB (http://sfold.
wadsworth.org/starmirDB.php) was used to find and visualize
the individual miRNA binding sites in mRNA target 3′ UTRs
(Rennie et al., 2016). The database allows a fast search of pre-
computed results that were enriched for miRNA binding sites
identified from CLIP data. The transcriptome-scale predictions
results are categorized into seed and seedless sites in 3′ UTR,
CDS and 5′UTR, and provide a list of sequences, thermodynamic
and target structural features. A logistic probability model was
used as a measure of confidence of the site being a miRNA
binding site (threshold 0.5–0.7).

Ago HITS-CLIP [Argonoute2 high-throughput sequencing of
RNAs isolated by crosslinking immunoprecipitation developed
in the Darnell lab (Chi et al., 2009)] data for whole undamaged
and light damaged retinas; generated in theNatoli lab (available at
BioRxiv), was used to evaluate whetherMGmiRNAs andmRNAs
are Ago2 bound (Chu-Tan et al., 2020).

For mRNA gene ontology, ShinyGO v0.61 (http://
bioinformatics.sdstate.edu/go/) was used. Genes were inserted,
GO Biological Process selected, P-value cutoff (FDR, false
discovery rate) of 0.05 chosen and the 20 most significant terms
selected to be depicted.

RESULTS

Light Damage Leads to Neuronal Loss and
Müller Glia Activation
In order to isolate reactive Müller glia (MG) from light
damaged retinas, we crossed the MG reporter mouse with a
mouse that has an amino acid variation (leucine instead of
methionine) at position 450 in the retinal pigment epithelial
protein RPE65, referred as RPE65450Leu mouse (Figure 1A). This
variant found in all mouse strains except C57BL/6 (which are
commonly used as background mice) has been discovered as a
genetic modifier of susceptibility to light-induced damage mice
(Danciger et al., 2000; Wenzel et al., 2001, 2005). We aimed to
profile reactive adult MG in the acute phase after damage and
therefore chose 7 days after damage for analysis. Photoreceptor
death begins as early as 24 h (37% of photoreceptors are lost,
Supplementary Figures 2A–E). After 7 days, about 90% of
photoreceptors (almost entire outer nuclear layer, ONL) were
lost in the central retina (Figures 1B–E), while cell death was
attenuated in the peripheral retina (Figures 1F–H).

This gradient of neuronal loss from center to periphery
was reflected in the MG response. While GFAP protein
was strongly upregulated in MG in the central retina

(Figures 1I,J/J′-K/K′), MG in the periphery remained GFAP−

(Figures 1I,L/L′-M/M′). As we were interested in profiling
reactive MG in acute phase of injury, we chose 7 days
post injury to have at least 50% reactive MG in the tissue
(Figure 1I). GFAP upregulation in the central retina can be
detected as early as 1 day after injury and lasts for several
weeks (Figures 1N/N′-S/S′).

Since there was this substantial neuronal loss resulting in
significant retinal thinning in the center retina, we next evaluated
aspects of unspecific and specific glial responses due to this
neuronal loss. We determined the number of MG cells and their
location in the retinal tissue to assess potential proliferation

and migration processes. In the center of undamaged control

retinas, we found about 120 tdTomato+ MG per field and all
were located in the center of the INL, expressing the nuclear

marker Sox9 and cytoplasmic enzyme glutamine synthetase (GS,
Figures 2A–C/C′,E,F, Supplementary Figures 3A/A′ -E/E′).
Seven days after LD we found ∼130 tdTomato+ MG expressing

Sox9 and GS in the lower INL and in the remaining OPL (1–2 cell

layers, Figures 2D/D′–E,F, Supplementary Figures 3F/F′-J/J′)
indicating that MG migrated toward the injury side. GS
expression in the migrating MG was rather diffuse and could

indicate a reduction of GS levels, which has been reported to be
a specific MG response in models with massive photoreceptor

loss (Bringmann et al., 2009). However, most glial genes were
not found to be differently expressed in FACS-purified MG

7 days after light damage, except the intermediate filament
GFAP (Figure 2G, Supplementary Table 3). MG comprise
only 2–3% of the total retinal cell population (Jeon et al.,
1998). Consequently, multiple retinas (biological replicates)
need to be pooled for sufficient amounts of RNA from FACS-
purified MG. This results in low technical replicate number.
To test the robustness of the microarray dataset (6 biological
replicates, one technical replicate), we compared the gene
expression levels of known glial genes from our microarray
dataset (log2 of relative expression, fold change 7d light
damage vs. control) with RNA-Seq data (fold change 36 h
light damage vs. control) by performing a linear regression
analysis. This 36 h light damage data set is from a recent
global gene expression study [4 technical replicates of FACS-
purified MG from pigmented Glast-Cre-GFP reporter mice
(Hoang et al., 2020), Supplementary Figure 4A]. This
analysis resulted in a high coefficient of determination (R2)
indicating a strong positive correlation of the gene expression
patterns of these different methods and different mouse
strains (Supplementary Figure 4B). A high correlation of
differentially expressed genes of microarrays and RNA-Seq
has been reported before (Rao et al., 2018) and was also
demonstrated in a white paper from Illumina (Illumina_Inc.,
2011). We next analyzed the rigor and robustness of our pooled
MG samples and compared our RNA-Seq dataset of wild type
RlbpCreERT:tdTomato mice (log2 counts per million of adult
pigmented wild type mice, 20 biological replicates, one technical
replicate, Supplementary Figure 4C) with the Hoang et al.
dataset. Hoang et al., generated two replicates of LD controls and
for NMDA controls, respectively, which, since not significantly
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FIGURE 1 | Neuronal loss and gliosis in the central and peripheral retina after light damage. (A) Schematic of the RlbpCreER: stopf/f -tdTomato: RPE65450Leu mouse.

(B) Cross section of DAPI-labeled retina 7 days after light damage with regions of analysis. (C–G) Immunofluorescence labeling for tdTomato (MG), Otx2, and DAPI

nuclear staining of center (C,D) and peripheral areas (F,G) of undamaged and light damaged (7d LD) retinal sections. (E) Number of vertical cell rows of Otx2+

(Continued)
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FIGURE 1 | photoreceptors in the ONL of the central retina in controls and 7 days after light damage (7d LD). (H) Number of vertical cell rows of Otx2+

photoreceptors in the ONL of the peripheral retina in controls and 7 days after light damage (7d LD). (I–M/M′) Immunofluorescence labeling for tdTomato (MG) and

GFAP of an entire retinal cross section (I), in the central (J/J′-K/K′) and peripheral areas (L/L′-M/M′) of undamaged and light damaged (7d LD) retinal sections.

(N/N′-S/S′) Immunofluorescence labeling for tdTomato (MG), GFAP, and DAPI nuclear staining of the center retina 12 h, 1, 2, 3, and 5 days as well as 6 weeks after

light damage (LD). Scale bar in B, I 100µm, in C-S 50µm. Significant differences are indicated: *p < 0.05, **p < 0.01, U-test, n control = 5, n LD = 7. ONL, outer

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; LD, light damage.

FIGURE 2 | Müller glia number and location in the central retina after light damage. (A) Schematic of the RlbpCreER: stopf/f -tdTomato: RPE65450Leu mouse. (B)

Region of analysis. (C/C′,D/D′) Immunofluorescence labeling for tdTomato (MG), glutamine synthetase (GS), Sox9, and DAPI nuclear staining of retinal sections from

undamaged controls and 7 days after light damage. (E) Number of MG per field in undamaged mice and 7 days after light damage (LD). (F) Number of MG in the INL

and ONL in undamaged controls and 7 days after LD. (G) Expression levels (log2 fold change light damage vs. control) of glial genes in undamaged (6 biological

replicates, one technical replicate) and damaged retinas (five biological replicates, one technical replicate). Scale bars 50µm. Significant differences are indicated: *p

< 0.05, Wilcoxon-test, n control = 5, n LD = 5. ONL: outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion

cell layer; LD, light damage.

different, were averaged resulting in 4 technical replicates. Linear
regression analysis showed a strong correlation (R2 = 0.99) of
both datasets (Supplementary Figure 4D).

Most Müller Glia miRNAs Decline After
Light Damage
miRNA have been profiled for whole normal retina and after
light damage (Karali et al., 2007, 2011; Hackler et al., 2010; Chu-
Tan et al., 2020), but not in MG after light damage. In order to
profile the miRNAs of reactive MG, we used the MG reporter
mice, FACS-purified the MG from undamaged and damaged
retinas (7 days after light damage) and performed Nanostring
miRNA profiling. Six hundred miRNAs were quantified by
solution hybridization using a NanoString nCounter assay. An
advantage of this approach is that the NanoString assay does
not require amplification, which might introduce bias and
requires relatively small amounts of RNA (200 ng), which

allows the analysis of small cell populations (Geiss et al., 2008).
We focused on the miRNAs that previously were identified
to be highly expressed in MG mGliomiRs (<20% expression
in neurons) and shared miRs [similar expression levels in
neurons (Wohl and Reh, 2016), Figure 3A]. We found that
the vast majority of MG miRNAs declined after light damage
(Figure 3B, Supplementary Table 4). This result resembled the
miRNA changes we previously observed 1 month after Dicer
deletion (Wohl et al., 2017). We compared the expression
levels to those we obtained after Dicer deletion and found 11
miRNAs similarly reduced, including miR-204, miR-125-5p, and
three let-7 family members. Interestingly, miR-16 and miR-
1944 expression levels in reactive MG after light damage were
lower than in the Dicer-CKO MG (Figure 3C). We also plotted
the miRNAs that were less reduced after light damage. These
miRNAs included miR-9, miR-181a, and three other let-7 family
members (Figure 3D). let-7g, miR-135a, and miR-22 displayed
only a reduction of about 10% compared to undamaged controls.
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FIGURE 3 | Müller glia miRNA expression after light damage. (A) Schematic of miRNA highly expressed in MG i.e., mGliomiRs and shared miRs (modified after Wohl

and Reh, 2016). (B) Percent decline of the top 21 highly expressed MG miRNAs after 7 days light damage compared to normal MG (cutoff 3,000 counts). (C) miRNAs

with similar declined levels after light damage as after Dicer deletion (in percent). (D) miRNAs with less declined levels after light damage as after Dicer deletion (in

percent). (E) Fold increase of 5 miRNAs that increased after 7 days light damage (cutoff 5,000 counts) compared to controls. (F) DIANA-mirPath v.3 analysis of the

21MG miRNAs that declined after light damage.

Interestingly, from all miRNAs analyzed, only five increased
after light damage, i.e., miR-720, miR-29a and b, miR-124-
3p, and miR-1937a+b (Figure 3E, Supplementary Table 5). We
next used DIANA-mirPath v.3 to see which pathways involve

these MG miRNAs. Using the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database, we found that most of the MG
miRNAs regulate proteoglycans in cancer, prion diseases, FoxO
signaling pathway etc. (Figure 3F). Proteoglycans are found in
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FIGURE 4 | Müller glia gene expression after light damage. (A) Scatterplot of genes expressed in undamaged controls and 7 days after light damage (LD) from

microarray (log2 of relative expression). (A′) Scatter plot of the top 100 highly expressed genes after light damage. (B) Gene ontology of the top 100 genes

upregulated after light damage using ShinyGO v0.61. (C) Expression levels of the top 10 genes upregulated after light damage compared to undamaged controls (five

(Continued)
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FIGURE 4 | and six biological replicates, respectively, one technical replicate per condition). (D) DIANA-TarBase v.8 analysis of the top genes upregulated after light

damage and MG miRNAs that declined and are likely to target these genes based on prediction and experimental confirmation. (E–G) Binding sites of identified

miRNAs from D (DIANA-TarBase) in the 3′UTRs of Myc (E), Gadd45b (F), Cxcl10 (G), Anxa2 (H), and Gfap (I) using STarMirDB. The seed sequences of the particular

miRNA are shown in red. Dots represent complimentary base pairing. 1G indicates the structural accessibility at the target site, low values (e.g., −17 kcal/mol)

indicate high accessibility.

the extracellular matrix (ECM) and plasma membrane of cells
and are probably relevant for cell migration. Prions are proteins
that trigger abnormal protein folding in the brain leading to
neurological disorders. FoxO are a subgroup of forkhead family
transcription factors and are involved in cell processes including
cell death, DNA repair, cell cycle arrest (Carter and Brunet, 2007).

miRNAs are predominantly found in the cytoplasm of a cell
where they act as repressors, being bound to Ago2. However,
they can also be found in multivesicular bodies or cell organelles
including the nucleus (Leung, 2015). This means a miRNA
identified in a cell does not necessarily regulate gene expression.
We therefore used Ago HITS-CLIP data of total retina from
a recently published study from the Natoli lab (Chu-Tan
et al., 2020), to assess if any of the MG miRNAs are bound
to Ago2 (Supplementary Figure 5A). Although this dataset is
from whole retina and not cell type specific, our previous
results comparing MG miRNA expression with retinal neuronal
miRNA expression allows us to tentatively assign the HITS-
CLIP results for some of the MG-specific miRNAs (mGliomiRs).
All MG miRNAs including the mGliomiRs (e.g., miR-204-5p,
miR-125b-5p, and miR-9 etc.) and shared miRs (e.g., miR-
181a, let-7 family etc.) were bound to Ago2, except miR-1944
(Supplementary Figure 5B). For the upregulated candidates
after light damage, we found miR-29a-5p, miR-29b-3p, and
miR-124-3p bound to Ago2. Since the data is whole retina, we
also plotted the photoreceptor specific miRNAs (miR183/182/96
cluster) as reference, since the vast majority of cells in the
whole retina are photoreceptors (Supplementary Figure 5B,
Supplementary Table 6).

Taken together, we found that almost all highly expressed
MG miRNAs declined 7 days after light damage, a profile that
resembled the Dicer-cKO MG 1 month after deletion. We next
analyzed the gene expression patterns of reactive MG after light
damage and compared them to that found in Dicer-depletedMG.

Gene Expression Analysis of Reactive
Müller Glia After Light Damage and
Potential miRNA Regulators
For gene expression analysis, we used microarray analysis and
plotted the data (log2 of relative expression) from light damaged
retinas against undamaged controls (Figure 4A). We focused on
the top 100 genes upregulated after light damage and carried
out gene ontology analysis using ShinyGO (http://bioinformatics.
sdstate.edu/go/, Figure 4A′). We found that these genes are
involved in processes of stress and defense, cell death/apoptosis,
and cell proliferation (Figure 4B). We identified the top 10
highly upregulated genes in the MG 7 days after light damage

(at least 3.9-fold increase compared to normal MG expression)
which were: Myc, (Myelocytomatosis oncogene, alternative
symbol c-myc), Ednrb (Endothelin receptor type B) Serpina3n
(Serine (or cysteine) peptidase inhibitor, clade A, member
3N), Cxcl10 (Chemokine ligand 10), Lcn2 (Lipocalin 2), Gfap,
Timp1 (Tissue inhibitor of metalloproteinases), Gadd45b (Growth
arrest and DNA damage inducible beta), Ifi203 (interferon
activated gene 203), and Anxa2 (Annexin 2) (Figure 4C,
Supplementary Table 7). From these genes, Gfap has been
reported in a variety of studies and is known as a gene for
reactive glia. However, less is known about the other genes. So far,
Cxcl10, Myc, Timp1, Serpina3n, and Ednrb have been reported
to be upregulated in retinas after light damage (Rattner and
Nathans, 2005; Rutar et al., 2015; Mansouri et al., 2020) or other
injury/diseases models such as retinal detachment (Rattner and
Nathans, 2005), glaucoma (Naskar and Thanos, 2006), or retinal
ischemia-reperfusion (Abcouwer et al., 2013). Lcn2 encoding for
lipocalin 2 [also known as NGAL or oncogene 24-3 (Abcouwer
et al., 2013)], which was also found to be upregulated in reactive
astrocytes (Zamanian et al., 2012) and was reported for whole
retina after light damage (Chen et al., 2004); Most of these studies
analyzed whole retina, and a MG-specific expression was only
confirmed for Cxcl10 (Rutar et al., 2015), Ednrb and Serpina3n
(Rattner and Nathans, 2005) after light damage. Annexin 2 was
shown to be expressed in normal MG (Grosche et al., 2016),
but not for reactive glia. We used again the dataset provided by
Hoang et al., in order to see if these genes were differentially
expressed 36 h after light damage (Hoang et al., 2020). We found
all genes increased 36 h post light damage (fold change compared
to controls, Supplementary Figure 4E). Please note that the time
point of analysis was very early after injury (36 h vs. 7days) and
the injury paradigms were different from ours (3,000 lux, 4 h
duration vs. 10,000 lux, 8 h duration).

Next, we used DIANA-TarBase to identify the MG miRNAs
that might regulate these genes (Karagkouni et al., 2018).
DIANA-TarBase is a reference database devoted to the indexing

of experimentally supported microRNA (miRNA) targets.
It integrates information on cell-type specific miRNA–gene

regulation, while thousands of miRNA-binding locations are
reported. We analyzed the 21MG miRNAs that decreased,

and the top 10 genes upregulated after light damage. Using
this tool, we found 5 of the 10 genes (Gfap, Anxa2, Cxcl10,
Myc, and Gadd45b) are regulated by the miRNAs miR-9-5p,
miR-125b-5p, let-7c-5p, and let-7e-5p Figure 4D). In order
to identify the binding sites of the miRNAs in the mRNA
molecule STarMirDB was used, a database that provides
information (sequence, thermodynamic and target structural
features) of seed and seedless sites in 3′UTR, CDS and 5′UTR,
identified from CLIP (cross-linking immunoprecipitation) data.
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FIGURE 5 | Upregulated reported genes after light damage and their potential miRNA regulators. (A) Expression levels (fold change of log2 relative expression) of

reported genes upregulated after light damage compared to undamaged controls (five and six biological replicates, respectively, one technical replicate per condition).

(B): DIANA-TarBase analysis of genes in A and MG miRNAs that declined and are likely to target these genes based on prediction and experimental confirmation.

FDR, false discovery rate.

We found binding sites in the 3′UTR of the particular mRNA
molecule for all DIANA-TarBase predicted miRNAs, with high
structural accessibility at the target site (1G ∼ −17 kcal/mol,
Figures 4E–I).

The myc-let-7 interactions has been reported for different
tissue and species and indicates a conserved mechanism (Chang
et al., 2009; Kim et al., 2009; Ramachandran et al., 2010; Buechner
et al., 2011; Leppert et al., 2011;Wong et al., 2011; Gunzburg et al.,
2015; Maldotti et al., 2016; Balzeau et al., 2017). Interestingly, we
did not find any of these mRNAs bound in the whole retina Ago
HITS-CLIP data set, except Gfap. This could imply an indirect
regulation via other genes. It is also possible that these genes were
not detectable due to lowMG input (since MG comprise only 2%
of the retina). It was shown before that strong signals in MG-
enriched samples might not be detected in whole retina samples
(Diaz Quiroz et al., 2014). However,Gfap together with other glial
markers such as Glul (glutamine synthetase), Scl1a3 (glutamate
aspartate transporter GLAST), Sox2, Sox9, Vim (Vimentin), and
Aqp4 (Aquaporin4) were bound to Ago2 in RISC, suggesting that
the transcripts of these genes are regulated by miRNAs in retinal
cells (Supplementary Figure 5C).

We next analyzed genes that have been reported in previous
studies to be upregulated after light damage in MG (Grosche
et al., 1995; Hartig et al., 1995; Ueki et al., 2008; Bringmann
et al., 2009) or whole retina (Chen et al., 2004) (see complete
list in Supplementary Table 8). From this list of genes, we found
10 genes with an at least 3.9-fold increase in gene expression 7

days after light damage (Figure 5A). These genes included: Fgf2,
encoding for the fibroblast growth factor 2, which is known to be
expressed in MG after damage (Guillonneau et al., 1998); Vcan
and Cd44, encoding for the extracellular matrix protein versican
and the cell surface receptor CD44 (CD44 antigen) respectively
[see review Bringmann et al., 2009)]; Lif, encoding for leukemia
inhibitory factor that actives the STAT (signal transducer and
activator of transcription) pathway (Ueki et al., 2008); Mt1
and Mt2 encoding for the proteins metallothionein 1 and 2,
found in whole retina after light damage (Chen et al., 2004);
Ccl2 encoding the chemokine (C-C motif) ligand 2 (Abcouwer
et al., 2013; Chu-Tan et al., 2018; Mansouri et al., 2020); Bag3,
encoding for BCL2-associated athanogene 3, and Clic1, encoding
for the chloride channel protein chloride intracellular channel
1. Both, Bag3 and Clic1 were reported for light damaged retinas
(Chen et al., 2004). Although the light damage paradigms and/or
time points of analysis from the other studies were different
to ours, we found the same genes upregulated. We next used
DIANA-TarBase to see if MG miRNAs regulate these genes. We
found that Fgf2, Vcan, Cd44, Lif, Mt1, and Mt2, as well as Ccl2
are regulated by MG miRNAs and predominantly by members
of the let-7 family (Figure 5B). Interestingly, Mt2, Lcn2, Ccl2,
Bag3, and Clic1 were also found to be bound to Ago2 in RISC
(Supplementary Figure 5D).

Taken together, light damage causes a decline in the vast
majority of MG miRNAs, which might in turn be responsible
for some of the increases in specific genes that occur in MG
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FIGURE 6 | Upregulated genes after light damage and after Dicer deletion and their potential miRNA regulators. (A) Gene ontology of the top 20 genes upregulated

the most after Dicer deletion and light damage (LD), FDR: false discovery rate. (B,C) Top four genes upregulated after light damage (B, fold change of log2 relative

expression of light damage vs. controls, five and six biological replicates, respectively, one technical replicate per condition) or Dicer deletion (C, fold change of log2
counts per million of wild type or Dicer-deleted MG, 20 and 14 biological replicates, respectively, 1 technical replicate per condition). (D) DIANA-TarBase predicted

miRNAs regulating the top four genes (Atf3, Egr2, Gadd45b, and Maff ) upregulated in the Dicer-cKO and after light damage and miRNAs found to be regulating the

top genes after LD and the top 4 genes in the light damage/Dicer-cKO dataset i.e., miR-125b-5p, let-7c-5p, and let-7b-5p. (E–H) Binding sites of identified miRNAs

from D (DIANA-TarBase) in the 3′UTRs of Maff (E), Atf3 (F), and Egr2 (G) using STarMirDB. The seed sequences of the particular miRNA are shown in red. Dots

represent complimentary base pairing. 1G indicates the structural accessibility at the target site.

in response to the injury. Among the top genes upregulated in
reactive MG, most were bound to Ago2 in the HITS-CLIP data
and many are potential targets of mGliomiRs.

Genes Similarly Upregulated in Reactive
and Dicer-Depleted Müller Glia and Their
Potential miRNA Regulators
In our previous analysis of the changes in the transcriptome
of MG after Dicer-cKO, we identified Bcan as the most highly

upregulated gene. Given the similarities in the miRNA reduction
in the Dicer-cKO and light damaged MG, we compared the
changes in gene expression in these experimental paradigms.
We compared all genes that had a minimum of log2 5.0 in
the light damage dataset and a minimum of log2 CPM 4.0 in
the RNA-Seq dataset. Twenty genes had an at least a 1.3 fold
change after light damage or at least a 0.7 fold increase in the
Dicer-cKO (Supplementary Table 9).We did gene ontology with
these 20 genes and found that they are involved in response
to developmental, metabolic and stress processes (Figure 6A).
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FIGURE 7 | Decline in Müller glia miRNAs does not affect Dicer or RISC. (A) DIANA-TarBase predicted/confirmed miRNAs regulating Dicer1, or members of the

RNA-induced silencing complex (RISC) such as Argounate2 and or after Dicer deletion. (B) Expression levels (fold change of log2 relative expression) of Dicer1, RISC

genes, Glul and Gfap MG genes (reference) after light damage vs. controls (five and six biological replicates, respectively, one technical replicate per condition). (C)

Expression levels (fold change of log2 counts per million) from RNA-seq of Dicer1, Tnrc6a, Ago2, Glul, and Gfap after Dicer deletion vs. wild type (14 and 20 biological

replicates respectively, one technical replicate per condition).

Four genes were found in both data sets, which had an at
least a 2.7 and 1.4 fold increase after light damage or Dicer-
cKO, respectively, which were the stress induced transcription
factor Atf3 (activating transcription factor 3 or also known
as cyclic AMP-dependent transcription factor 3), Egr2 (early
growth response 2), Gadd45b (growth arrest and DNA damage
inducible beta), and Maff (MAF BZIP Transcription Factor F)
(Figures 6B,C). Atf3 and Gadd45b were also bound to Ago2
(Supplementary Figure 5E).

In order to identify the miRNAs that potentially regulate the
genes, we used DIANA-TarBase and found the miRNAs miR-
125b-5p,miR-181-5p, let-7b, and let-7c are potential regulators of
these genes (Figure 6D). We then compared the miRNA:mRNA
network with that after light damage (Figure 4D) and found that
three microRNAs were present in both networks. These miRNAs
were: miR-125-5p and let-7b and let-7c. This suggests that this
miRNA trio might play an important role in the changes in gene
expression inMG that accompany gliosis.We used STarMirDB to
identify the binding sites of the miRNAs in the mRNA molecule
and found binding sites in the 3′UTR of the particular mRNA
molecule for all DIANA-TarBase predicted miRNAs, with high
structural accessibility at the target site (1G ∼ −17 kcal/mol,
Figures 4F, 6E–G).

Dicer and the RISC Appear Not to Be
Influenced by Light Damage or Dicer
Deletion
It is known that Dicer is regulated by miRNAs, in particular
by let-7 (Tokumaru et al., 2008). Since we found a significant

reduction in MG miRNAs including the let-7 family, we
addressed the question whether or not Dicer or members of the
RISC complex such as Ago2 or GW182 (encoded by Tnrc6a)
are affected. DIANA-TarBase revealed eleven miRNAs, which
are highly expressed in the MG, have been shown to target all
three genes. Among them are the mGliomiRs miR-204, miR-
125b, miR-9 as well as five let-7 family members (Figure 7A).
However, when we compared the expression levels after light
damage with undamaged controls, no difference for Dicer1 or
Tnrc6a expression levels was found (Figure 7B, Ago2 was not
found among the genes on the microarray). In addition, none
of the three genes were differently expressed after Dicer deletion
(Figure 7C, Glutamine synthetase and GFAP levels plotted as
reference). Ago HITS-CLIP showed that only Ago2 was found to
be bound (Supplementary Figure 5F). This implies that the loss
of miRNAs, at least at these time points of analysis, had no effect
on Dicer expression or on the expression of two members of the
RISC complex.

DISCUSSION

We previously profiled the miRNAs highly expressed in MG
(Wohl and Reh, 2016) and found that they are required for
proper MG function, which in turn is required for proper retinal
architecture and retinal health (Wohl et al., 2017). In this study,
we went on to profile miRNAs in reactive MG after light damage
to the rod photoreceptors. We compared the miRNA and mRNA
expression pattern in MG from light damaged (7 days) retinas
with those from the Dicer-cKO mice (1 month) and found
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that the vast majority of miRNAs highly expressed in adult
MG declined, while only a few increased. We found that genes
upregulated in MG after light damage were the same as reported
in other damage studies on whole retina and identified their
potential miRNA regulators using DIANA-TarBase. DIANA-
TarBase is a tool that combines computational prediction and a
database of experimentally validated miRNA:mRNA interactions
from over 500 tissues, mostly done by HITS-CLIP (Karagkouni
et al., 2018). The comparison with the Dicer-cKO MG revealed
striking similarities with regard to miRNAs levels, which implied
similar genes to be affected in both conditions. We found four
genes, Maff, Egr2, Atf3, andGadd45b present in both datasets and
three miRNAs, which might be potential key regulators in MG
dysfunction, namely miR-125b-5p, let-7b-5p, and let-7c-5p.

Structural, Cellular, and Molecular
Similarities and Differences in Retinas
After Light Damage and After Müller
Glia-Specific Dicer Deletion
We previously reported that deletion of Dicer1 specifically inMG
(Dicer-cKO) causes a rod photoreceptor degeneration and retinal
disorganization that resembles end stage retinitis pigmentosa
(Wohl et al., 2017). At later stages after Dicer deletion, we
found a substantial loss of photoreceptor cells that started in
the central retina and spreads toward the periphery over time.
The retinal remodeling that occurs in later stages of retinitis
pigmentosa and other retinal degenerations is dominated by MG
hypertrophy that fills the gaps in the tissue as neurons degenerate
(Jones et al., 2003; Marc and Jones, 2003; Jones and Marc, 2005;
Marc et al., 2007). How reactive gliosis and this glial-driven
remodeling are regulated is, however, still unknown. When we
compared light damaged retinas with Dicer-cKOMG retinas at
later time points (Wohl et al., 2017), the structural and cellular
similarities we found were significant thinning of the center of
the retina due to photoreceptor loss, MG migration toward the
ONL and loss of glutamine synthetase expression as a result of
the loss of glutamatergic neurons (Bringmann et al., 2006, 2009).
The comparison of miRNA and transcriptomic changes in the
MG revealed that under both conditions, all highly expressed
MG miRNAs (mGliomiRs and shared miRs) were substantially
reduced. Thus, the miRNA profile of reactive MG was similar to
that of Dicer depleted MG. However, despite the overall decline,
the absolute levels of some miRNAs were different for reactive
MG and Dicer-cKO MG. This suggests that specific levels of
miRNAs are responsible for particular gene targeting. Since all
MG miRNAs were also found to be bound to Ago2, they are
indeed regulatory miRNAs in retinal cells (Chi et al., 2009; Chu-
Tan et al., 2020). This suggests that MG miRNAs play a role in
reactive gliosis.

We also found 5 miRNAs upregulated 7 days after light
damage, i.e., miR-720, miR-29a, miR-29b, and miR-1937a/b.
Note, miR-720 is no longer considered as a miRNA, but is now
known to be a fragment of a tRNA (Schopman et al., 2010).
However, it has been reported as a miRNA involved in cell
proliferation, differentiation, and migration (Hara et al., 2013;
Torres-Martin et al., 2013; Li et al., 2014; Tang et al., 2015). One

miRNA upregulated after light damage also showed an increase
after Dicer deletion: miR-124. Although there are miRNAs
that do not require Dicer for their processing (Cheloufi et al.,
2010), miR-124 appears not to be among them (Huyghe et al.,
2015). Therefore, this increase is probably due to neuron-glia
communication via exosomes, with miR-124 as the predominant
miRNA (Morel et al., 2013; Men et al., 2019; Wooff et al., 2020).
Increased neuron-glial communication via exosomes has been
reported after light damage with miR-124 as the most abundant
cargo (Wooff et al., 2020).

Maff, Atf3, Egr2, and Gadd45b and Their
Potential Role in Müller Glia
To better understand the common factors that might be driving
gliosis, we compared gene expression of reactive MG after
light damage with MG from Dicer-cKO mice. We found four
genes that had at least 2.8 fold increase after light damage and
1.6 fold increase in Dicer-deleted MG which were Atf3, Egr2,
Maff, and Gadd45b. Not much is known about the function
of these genes in MG; however, recently, Atf3, Egr2, and Maff
have been identified as murine MG-expressed transcription
factors that are involved in TNFα signaling and were also
found to be upregulated 36 h after light damage in GlastCre-
GFP+ FACS-purified MG (Hoang et al., 2020). TNFα, also
known as TNF, is the master pro-inflammatory cytokine,
and has been shown to be involved and modulate multiple
signaling pathways with wide-ranging downstream effects. It
is a multifunctional molecule involved in the regulation of a
wide spectrum of biological processes including cell proliferation,
differentiation, and apoptosis. Reactive MG release TNFα [see
reviews (Bringmann et al., 2006, 2009)] however, we did not find
TNFα upregulated in the reactive MG 7 days after light damage,
nor after Dicer deletion.

Maff is a member of the small Maf family proteins that can
activate or repress transcription, but this transcription factor
has not been reported in connection with glia or gliosis. It
has been reported to be associated with stress response, which
links it to disease pathologies including neurological diseases.
These neurological disorders and diseases include schizophrenia
(SCZ), bipolar disorder (BD), and major depressive disorder
(MDD) (Lanz et al., 2019) as well as Parkinson’s disease and
Alzheimer’s disease (Wang et al., 2017). Interestingly, Maff
can bind to Nuclear factor erythroid 2-related factor 2 (Nrf2,
encoded by the Nfe2l2 gene), a transcription factor that regulates
the expression of antioxidant proteins. Nrf2 has been reported
in a variety of studies about retinal injury such as hypoxia,
ischemia and light damage, and an activation of NRF2 by
different compounds/factors has been shown to reduce the effect
of MG gliosis (Tan et al., 2015; Deliyanti et al., 2016; Inoue
et al., 2017). We did not find differentially expressed Nfe2l2
(whose levels are also rather low in MG) after light damage
or Dicer deletion. Nevertheless, Maff and its role in regulating
stress response by binding to Nfe2l2 could be relevant for
regulating gliosis.

Atf3 is a member of the activating transcription factor/cAMP
responsive element binding (CREB) protein family of
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transcription factors, which share the basic region-leucine
zipper (bZip) DNA binding motif. The level of Atf3 mRNA is
low or undetectable in normal mouse tissue and most cell lines
but increases significantly after stimulation. Atf3 is induced
by a variety of stress signals including ER stress, stresses that
induce integrated stress response, and other stress signals.
One striking feature of Atf3 induction is that it is neither
tissue-specific nor stimulus-specific; it can be induced by a
broad spectrum of stimuli and can be induced in various
tissues or cell types [see (Hai et al., 2011)]. Atf3 plays a role

in metabolic regulation, immune response, and ontogenesis.
Atf3 increases various downstream targets such as Ccl2 (which
is also upregulated after light damage Figure 4E), induces cell

proliferation but also apoptosis (Ku and Cheng, 2020). In the

retina, it has been described in fish regeneration (Saul et al.,
2010), as a neuroprotective factor after optic nerve crush in
murine neurons (Kole et al., 2020) and as a cyto-protective
factor in astrocytes after oxidative stress induction (Kim et al.,

2010). For MG, Atf3 is suggested to be regulated by tumor

suppressor protein p53 (Ueki et al., 2012). Atf3 is also reported to
be induced by ciliary neurotrophic factor (CNTF), a member of

the interleukin-6 cytokine family that is suggested as an inducer
of gliosis (Xue et al., 2011). In the same study, Atf3 was found

to be expressed together with Egr2 (also termed Krox20, which
plays an important role in neuronal development). Interestingly,
both proteins, Atf3 and Egr2, have also been reported in a
study about MG that underwent cyclic mechanical stretching
(Wang et al., 2013). The retina in diseases such as myopia or
proliferative vitreoretinopathy is often subjected to mechanical
forces which lead to tissue deformation and consequently MG
stretching. It is interesting that we find two of these genes
after Dicer deletion in MG, since the retinas of these mice
had puffy/stretched areas. However, we interpreted these areas
as a consequence of changes in MG gene expression due the
miRNA decline (Wohl et al., 2017). Moreover, it is also very
intriguing that these genes are found after light damage, since
light damage leads to a significant retinal thinning and causes
the opposite of tissue stretching. Egr2 has also been reported
to be upregulated in astrocytes after increased intraocular
pressure. This model induces a mechanical stress response
that could also be considered as a different kind of cellular
stretching (Yang et al., 2004) and implies a common gene
for retinal MG and optic nerve head astrocytes. Gadd45b
(Growth Arrest and DNA-Damage-inducibleprotein45 beta, also
known as MyD118) belongs to the highly homologous Gadd45
family of proteins. These proteins are found in the nucleus
and are known to act as stress-response genes (Liebermann
and Hoffman, 2007). They function in DNA repair, apoptosis,
cell survival, growth arrest, and probably DNA demethylation
(Barreto et al., 2007). DNA demethylation typically activates
gene expression, while DNA methylation is one of the various
epigenetic mechanisms for silencing gene expression (Reik,
2007). Altered DNA methylation also occurs in pathological
processes, such as silencing of tumor repressor genes in cancer
cells. Gadd45b was shown to be induced by neuronal activity,
which promoted epigenetic DNA demethylation and adult

neurogenesis (Ma et al., 2009). However, whether Gadd45b
has a similar function in glia, in particular in MG, is not
known yet.

miR-125b-5p, let-7b-5p and let-7c-5p as
Potential Key Regulators in Müller Glia
We found three miRNAs, miR-125b, let-7c, and let-7b, as
potential regulators of genes after light damage and in the
dataset of light damage/ Dicer-cKO using DIANA-TarBase. This
implies that these miRNAs might play an important role for glial
function. To our knowledge, none of them has been reported
yet in the context of reactive MG. let-7 and miR-125 are known
to play an important role during retinogenesis (transition from
early to late retinal progenitor cells) and this is a conserved
pathway across vertebrates (La Torre et al., 2013).

However, in other regions of the CNS, i.e., the brain or
spinal cord, miR-125b has been reported to play a role in glial
scar formation. A study analyzing the environment after spinal
cord injury by cross-species comparison between salamander
and rat revealed that precise levels of miR-125b can recreate a
permissive environment for axon regeneration in rat by targeting
the semaphorin gene Sema4 (Diaz Quiroz et al., 2014). It was
shown that in normal spinal cords, the radial glia cells in
salamander express very high levels of miR-125b. Rat astrocytes,
however, have low levels. After spinal cord transection, the levels
in the salamander spinal cords drastically decreased by 40%,
while the levels in rat astrocytes did not change. When miR-125
was overexpressed in rats using mimics, a reduction of the glial
scar (downregulation of genes involved in glial scar formation
such as Gfap, Cspg4 and Col6A1) and an increase of the number
and length of axons projecting into the scar were observed (Diaz
Quiroz et al., 2014). Although the authors showed that this
mechanism is conserved across vertebrates, it appears that this
mechanism is astrocyte specific. In our dataset, Sema4, CSPG4,
and Col6A1 were expressed at very low levels in MG and no
change in gene expression was found either after light damage
or after the Dicer deletion. This implies that astrogliosis in spinal
cord is different from MG gliosis which might be due to the fact
that astrocyte miRNAs (low miR-125b) are different from MG
miRNAs (high miR-125b).

Another study about normal human brain astrocytes reported
that treatment with interleukin IL-6, which induces cellular
stress, leads to upregulation of miR-125b and Gfap as well as
downregulation of cyclin-dependent kinase Cdkn2a, a negative
regulator of cell proliferation (Pogue et al., 2010). This correlation
was also observed in advanced Alzheimer’s disease (Lukiw, 2007).
This might suggest that astrogliosis in the human brain is
different than astrogliosis in the rat spinal cord since miR-125
levels are different. Cdkn2a levels were low in MG and not
changing after light damage or Dicer-deletion further implying
that MG gliosis and astrogliosis are different. However, this raises
the question which miRNAs are found in astrocytes. Rao et al.,
reported the miRNAs highly expressed in astrocytes of fetal
and adult normal brains namely miR-99a, miR-143, and miR-
449 (Rao et al., 2016). Interestingly, miR-99a is also among the
highly expressed miRNAs in MG (Wohl and Reh, 2016). They
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also listed the miRNAs functionally characterized in astrocytes,
which included miR-125b and two other miRNAs, which are
also found to be expressed in MG, i.e., miR-181a, and miR-100
(Rao et al., 2016). Although levels of miR-125b in astrocytes were
reported to be low, Shenoy et al. reported that miR-125b and let-
7 are required for astrogliogenesis, meaning the transition from
glial progenitor cells into astrocytes (Shenoy et al., 2015). This
suggests a role for these miRNAs in glial identity.

The let-7 family members are known to act as tumor
suppressors and regulators of developmental processes and that
their biogenesis is tightly controlled (Lee and Dutta, 2007;
Lee et al., 2011, 2016). Recently, let-7e and let-7i have been
described as inhibitors for MG-derived retinal regeneration in
Royal College of Surgeon rats (Tao et al., 2016). Let-7 targets Lin-
28, a transcription factor, which is essential in fish regeneration
(Ramachandran et al., 2010) and Lin-28 itself regulates let-7
expression (feedback loop). Ectopic expression of Lin-28 resulted
in decreased accumulation of let-7 miRNAs and promoted MG
de-differentiation in vivo with subsequent neurogenesis and
inhibition of gliogenesis. This confirms the hypothesis of a
role in glial identity. However, in our data set, let-7 family
members declined but Lin-28 was not found to be increased
after let-7 reduction in both of our conditions, light damage
and Dicer-cKO.

Similarities and Differences of Müller Glia
Gene Expression After Light Damage in
Fish
Fish MG have the ability to de-differentiate into a retinal
progenitor that can give rise to all retinal neuron types and
regenerate the retina (Hitchcock et al., 2004; Bernardos et al.,
2007; Kassen et al., 2007; Fausett et al., 2008; Fischer and Bongini,
2010; Karl and Reh, 2010; Ramachandran et al., 2010; Goldman,
2014; Lenkowski and Raymond, 2014; Wan and Goldman, 2016;
Otteson, 2017; Elsaeidi et al., 2018). In experiments with fish
conduction light damage, MG undergo complex phenotypic
changes, enter the cell cycle only within a day and generate new
neurons (Yurco and Cameron, 2005; Vihtelic et al., 2006; Kassen
et al., 2007; Thummel et al., 2008). Mammals, however, lack that
capacity since proliferative and neurogenic competence are both
suppressed by a dedicated gene regulatory network in mouse MG
that have been recently revealed byHoang and colleagues (Hoang
et al., 2020). The comparison of differentially expressed genes in
fish and mouse MG after damage showed that rapidly induced
genes in fish were enriched for ribosome biogenesis, protein
folding and VEGF signaling pathway. In mouse, however, they
included components of the tumor necrosis factor (TNF), nuclear
factor kB (NFkB), mitogen-activated protein kinase (MAPK),
and Hippo pathways. Slowly induced mouse genes were enriched
for ribosome biogenesis and proteasome, whereas in zebrafish,
they were enriched for cell cycle| related functions and DNA
replication (Hoang et al., 2020). Genes upregulated in both
species include Gfap and Stat3 however, the downstream events,
especially of the STAT-pathway, are different which is primarily
due to epigenetics (Kassen et al., 2007; Ueki et al., 2008; Hong
et al., 2014; Hoang et al., 2020; Jorstad et al., 2020). The possibility

that this differential regulation could be partially caused by
miRNAs has to our knowledge not been explored yet.

Taken together, here we report the miRNA and mRNA profile
found in reactive MG 7 days after light damage. We found
that the vast majority of MG miRNAs declined and that this
profile resembled the MG profile 1 month after MG-specific
Dicer deletion, regardless of the extend of the neuronal loss.
By analyzing the genes upregulated after light damage, four
genes were found to be upregulated in both data sets, Atf3,
Egr2, Gadd45b, and Maff. These genes have not been well-
studied in MG yet. Nevertheless, they are associated with stress
responses that appear to occur in damage-induced models
(direct neuronal damage), and in models of dysregulated MG,
here induced by the loss of Dicer1. This implies there is a
common unspecific MG stress response that is regulated by
miRNAs, potentially regulated by miR-125b, let-7c, and let-7b.
This result opens up the possibility that the MG stress response
could be altered by manipulating these miRNAs. Subsequent
downstream experiments will reveal whether manipulation of
these genes has an impact on gliosis, which would have clinical
relevance for various types of retinal diseases, independent of the
primary cause.
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