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Abstract Objective: Upon injury, Miiller cells re-enter the cell cycle, acquire progenitor properties, and produce new
retinal neurons in zebrafish. Proliferation is an essential step in retinal regeneration. The strict regulation
of Muller cell proliferation limits mammalian retinal regeneration. Growth factors such as fibroblast
growth factor 2 (FGF2) can promote the proliferation of Miiller glia in mammals; however, the regeneration
capacity is restricted. In this study, we investigated the possible contribution of salt-inducible kinase 2
(SIK2) to Miiller reprogramming through FGF2 signaling.

Materials and Methods: MIO-M1 cells were used as the model system. Modulations in cell proliferation,
extracellular signal-regulated kinase (ERK)1/2 activity, and SIK2 expression during 7 days of FGF2 treatment
were documented. Overexpression studies were conducted to provide clues for the potential contribution
of SIK2 to MIO-M1 reprogramming.

Results: Our findings demonstrate that the expansion of Miller cells that de-differentiate into progenitors
requires ERK activation. A significant reduction in the SIK2 protein level is necessary for Muller cells to
proliferate. SIK2 overexpression inhibited ERK activity, cell proliferation, and reprogramming.
Conclusion: We propose that SIK2 is involved in Muller reprogramming by suppressing ERK activation.
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INTRODUCTION

The description of Miller cells dates back to 1851 by Heinrich
Mdiller, and they were later identified as the principal glial
cells in the retina (1). They span the width of the retina and
contact all retinal neurons (2). The major role of Miiller glia
is to maintain retinal homeostasis and support the survival
and function of neurons. In response to damage, Miller
cells undergo a series of changes including upregulated
production of neuroprotective factors, such as fibroblast
growth factor 2 (FGF2) (3, 4). Consistent with the upregulation
of neuroprotective factors, extracellular signal-regulated
kinase (ERK) activation has been detected in experimental
models of various retinopathies (5, 6). ERK activation is
proposed to mediate cell cycle re-entry in activated Muller
cells (7).

In zebrafish, Miller glia undergo a proliferative response
upon injury, gain progenitor properties, and produce all
retinal cell types (8). Most of the cells produced by
proliferating Miller glia remain as progenitors, whereas a few
differentiate into specific neurons in chick retia (9). Miller
glia can become activated in mammals, but few proliferate
in response to injury and do not replenish lost neurons
(10). The limited Miller cell proliferation in mammals upon
injury may be due to inhibitory mechanisms or limited
mitogens. Characterization of the mechanisms that limit
the proliferation of mammalian Muller cells may provide
clues to unlocking the dormant regenerative potential of
mammals (11). Miller glia may proliferate after retinal injury
in humans, but there is no evidence of neuron regeneration
in the human retina. Human Mdiller cells (the MIO lines),
isolated from different post-mortem retinas (12), express
Mdller and progenitor markers. Growth factors stimulate these
cells to express post-mitotic neuronal markers (13, 14). FGF2
is one of the factors involved in Muller proliferation and
reprogramming (13, 15). Without any damage, FGF2 and insulin
stimulate Muller glia, as observed after neurotoxic damage
in chicks (15). FGF2 selectively activates the Ras/MAPK/ERK
signaling pathway, which regulates Miller proliferation (16).

Saltinducible kinase 2 (SIK2) was first identified in the adipose
tissue of mice and has a well-defined role in regulating
metabolism (17, 18). SIK2 was shown to have a role in insulin
release from B-islet cells in the pancreas (19). Furthermore,
SIK2 activity in cancer progression was also implicated (20,
21). In cortical neurons, oxygen-glucose deprivation causes
SIK2 degradation, which activates cyclic AMP-responsive
element-binding protein (CREB) and its downstream genes
and promotes neuronal survival (22). By controlling Akt
phosphorylation, SIK2 blocks insulin-mediated Muller cell
survival in normal and chronic hyperglycaemic conditions (23).
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SIK2 is expressed in Muller cells and neurons in the inner
nuclear layer of the retina (23). Recently, we identified a novel
regulatory role of SIK2 downstream of FGF2 signaling, induced
by ERK activation (24). In this context, we provide evidence
showing that SIK2 is a factor that restrain Muller proliferation
and impede reprogramming.

MATERIALS AND METHODS
Cell Culture

MIO-M1 cells were provided by Prof. Astrid Limb (University
College London, Institute of Ophthalmology) and grown in
Dulbecco's Modified Eagle Medium (DMEM) (Thermo Scientific,
USA) supplemented with 10% fetal bovine serum (FBS)
(Thermo Scientific, USA) and 01% penicillin/streptomycin
(Thermo Scientific, USA) at 37°C and under 5% CO,. For
FGF2 treatment, 500 MIO-M1 cells per cm? were cultured
on matrigel-coated plates and serum-starved overnight.
Subsequently, the cells were stimulated with 40 ng/mL FGF2
(R&D Systems, USA) for 7 days (13). The FGF2-containing
medium was replenished every 2 days.

RNA Isolation and Reverse Transcription-
Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA isolation was performed using the Ouick-
RNA MiniPrep Kit (Zymo Research, USA) according to the
manufacturer’s instructions. RNA samples were treated with
DNase | on a column for 30 minutes at 37°C. Total RNA was
reverse-transcribed using the RevertAid First Strand cDNA
synthesis kit (Thermo Scientific, USA). RT-qPCR amplifications
were performed on a Piko Real 96 Real-time Thermal Cycler
(Thermo Scientific, USA) in a reaction mixture containing SYBR
Green (Takara, Japan) and the primer pairs listed in Table
1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a normalisation standard. The amplification reactions
were started with initial denaturation at 95°C for 5 min. This
was followed by 40 cycles of denaturation at 95°C for 10 s,
annealing of primers for 10 s, and extension at 72°C for 10
s. Relative transcript levels were calculated using the AACT
method.

Lysate Preparation and Western Blotting

Cell pellets were resuspended in ice-cold lysis buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NacCl, 1 mM EDTA,
1% Triton X-100 supplemented with protease and phosphatase
inhibitor cocktails and lysed using ceramic beads (Roche,
Germany) with Magnalyser homogenizer (Roche, Germany) at
6500 rpm for 30 s. Centrifugation for 20 min at 13,200 rpm at
4°C removed cell debris.
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Table 1. List of primers used in gPCR
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Gene ID Forward primer Reverse primer

GAPDH 5'-GGAAGGTGAAGGTCGGAGTC-3' 5'-AACATGTAAACCATGTAGTTGAGGT-3'
Pax6 5'-CCGAGATTTCAGAGCCCCAT-3' 5'-AGACACCACCGAGCTGATTC-3'
Vimentin 5'-CGGGAGAAATTGCAGGAGGA-3’ 5'-AAGGTCAAGACGTGCCAGAG-3'
Calretinin 5'-ATCCTGCCAACCGAAGAGAAC-3' 5'-GCAGGAAGTTTTCCTGGACAG-3'
Chx10 5'-AGTGTCATGGCGGAGTATGG-3' 5-TTTTGTGCATCCCCAGTAGCC-3'
Hesr2 5'-GAGAGCGACATGGACGAGAC-3' 5'-CGACGCCTTTTCTCTATAATCCCT-3'
Prox1 5'-TGACTTTGAGGTTCCAGAGAGAT-3' 5'-AGGCAGTTCGGGGATTTGAA-3'

Total protein extracts or immunoprecipitated samples were
separated on a polyacrylamide gel, electroblotted on a
polyvinylidene fluoride (PVDF) membrane (Roche, Germany),
blocked by either 1% skimmed milk powder or 5% bovine
serum albimin (BSA) in 150 mM NaCl, 20 mM Tris-HCl (pH
8.0), 01% Tween 20 and probed with primary antibodies
overnight at 4°C. Anti-SIK2 (Cell Signaling, 1/1000), anti-
phospho-extracellular signal-regulated kinase (pERK) (Cell
Signaling, 1/1000), anti-ERK (Santa Cruz, 1/1000), anti-B-actin
(Santa Cruz, 1/5000) antibodies were used. The membranes
were then washed and incubated with horseradish peroxidase
(HRP)-tagged secondary antibodies. The antibody-antigen
interactions were visualized by ImmunoCruz luminol reagent
(Santa Cruz, USA) using the Stella imaging system (Raytest,
Germany).

Cell Proliferation Assay

Proliferating cells were detected using an in situ cell
proliferation kit, FLUOS (Roche, Germany). Briefly, 10 pM
bromodeoxyuridine (BrdU) was added to the culture medium
5 h before fixation of the cells with 70% ethanol and 30%
glycine (50 mM, pH 2). Cellular DNA was denatured with 4M HCL
The samples were incubated with the fluorescein-conjugated
anti-BrdU antibody for 45 min at 37°C in the dark. 4',6-
diamidino-2-phenylindole (DAPI) was used to stain the nuclei.
Samples were analysed using Zeiss Axio Observer Z1 Inverted
fluorescence microscope (Zeiss, USA). For each image, 200
cells were counted from distinct areas. For SIK2 overexpressed
MIO-M1 cells, anti-BrdU antibody (Roche, Germany) and Alexa
Fluor 555-conjugated secondary antibody were used.

SIK2 Overexpression in MIO-M1 Cells

MIO-M1 cells were transfected with the enhanced green
fluorescent protein-salt inducible kinase 2 plasmid (pEGFP-
SIK2) using X-treme Gene HP DNA transfection reagent (Roche,
Germany) at a 3:1 ratio as instructed by the manufacturer. An
empty pEGFP vector was used as the control. After 24 h, the
culture medium was replenished. To select stable clones, cells
were grown in 500 pg/mL neomycin (Sigma, USA) containing

medium for 2 weeks, and the medium was replenished
every 3 days. Neomycin-resistant colonies were collected
using cloning cylinders. Western blotting analysis verified SIK2
overexpression in neomycin-resistant colonies.

Statistical Analyses

Differences between the untreated cells and FGF2-treated
cells, and mock-transfected cells and pEGFP-SIK2 transfected
cells were analysed with Student's t-test using Graphpad
Prism 7. p<0.05 was considered as significant.

RESULTS

FGF2 Stimulates Miiller Proliferation Through Early
ERK Activation

Miller reprogramming consists of multiple stages, including
the cell cycle re-entry of Miller cells, their conversion into
progenitors, progenitor amplification, and differentiation (25).
The ERK pathway plays a major role in FGF2-dependent MIO-
M1 proliferation (26). Hence, we analysed the effect of FGF2
on the cell proliferation and ERK activity profiles of MIO-M1
cells. The proliferation assays indicated that 25% of the cells
were BrdU positive in the untreated culture. This percentage
increased up to 42% after 4 h of FGF2 treatment and stayed
there for 24 h (Figure 1A). A second proliferation peak with 37%
of the cells expressing BrdU was observed after 6 days of FGF2
stimulation (Figure 1A).

Parallel with cell proliferation, a 1.4-fold increase in ERK
activity was detected after 4 h and 12 h of FGF2 stimulation
(Figure 1B). In the remaining time points, the active ERK levels
were near basal.

SIK2 Protein Expression is Diminished Upon FGF2
Induction

SIK2 plays a role in the negative regulation of FGF2-dependent
ERK activation and proliferation in Miller glia (24). Based on
the central role of SIK2 in Muller proliferation, we investigated
the possible role of SIK2 in Muller reprogramming. Western
blot analysis revealed that SIK2 levels decreased by
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Figure 1. FGF2-dependent cell proliferation and ERK activity profile. MIO-M1 cells were treated with FGF2 for 7 days and the untreated cells were used as control
group (0). A. BrdU incorporation was performed to detect proliferating cells, and DAPI staining was used to label the nuclei. The number of BrdU-positive cells
was normalised to the number of DAPI-stained nuclei in the same samples. B. ERK activity was analysed by western blotting. The band intensities of pERK were
normalised to that of ERK. Data are the means + standard error; n=3. FGF2 treated cells were compared to the control group; *p<0.05, **p<0.01, ***p<0.001. Scale
bar: 50 um. BrdU: Bromodeoxyuridine; DAPI: 4',6-diamidino-2-phenylindole; ERK2: Extracellular signal-regulated kinase 2; pERK: Phospho-extracellular signal-

regulated kinase; FGF2: Fibroblast growth factor 2; h: hours, d: days.
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Figure 2. FGF2-dependent modulations in SIK2 expression. MIO-M1 cells were treated with FGF2 for 7 days and the untreated cells were used as control group
(0). The SIK2 protein level was analysed with western blotting. Data are the means + standard error; n=3. FGF2 treated cells were compared to the control group;
** p<0.01, ****p<0.0001. FGF2: Fibroblast growth factor 2; SIK2: Salt-inducible kinase 2; h: hours; d: days.

approximately 50% at 4 h and 12 h of FGF2 stimulation,
recovered to basal levels after 24 h of FGF2 stimulation, and
did not change at later time points (Figure 2).

SIK2 Overexpression Blocks FGF2-Dependent Cell
Proliferation by Inhibiting ERK Activity

Because we observed a significant decrease in its protein
level, we decided to focus on the expression level of SIK2
to modulate ERK activity and FGF2-dependent proliferative
response in Miller cells. The pEGFP-SIK2 vector was used to
transfect MIO-M1 cells for SIK2 overexpression. The presence

of both the 120-kDa endogenous SIK2 band and the 150-kDa
GFP-SIK2 band confirmed the SIK2 overexpression (Figure 3A).
Only the endogenous SIK2 band was detected in the control
cells.

We examined the effect of SIK2 overexpression on
proliferation and ERK activation to test whether SIK2 inhibits
proliferation through ERK in MIO-M1 cells. As in the wild-type
cells, an increase in cell proliferation and ERK activity was
observed at 4 h and 12 h in the mock-transfected cells. When
SIK2 was overexpressed, the percentage of BrdU-positive cells
was lower than the baseline at all times and strikingly near
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Figure 3. SIK2 overexpression in MIO-M1 cells. A. MIO-M1 cells were transfected with pEGFP-SIK2 for SIK2 overexpression and with pEGFP for mock transfection.
The SIK2 protein level was analysed by western blotting. B. pEGFP-SIK2 transfected and mock-transfected MIO-M1 cells were treated with FGF2 for 7 days and the
untreated cells were used as control group (0). The effect of SIK2 overexpression on cell proliferation was analysed by BrdU incorporation C. The effect of SIK2
overexpression on ERK activation was analysed by western blotting. Data are the means + standard error; n=3. pEGFP-transfected cells were compared to mock-
transfected cells; *p<0.05, **p<0.01, ***p<0.001. GFP: Green fluorescent protein; SIK2: Salt inducible kinase 2; FGF2: Fibroblast growth factor 2; pEGFP: Enhanced
green fluorescent protein plasmid; pERK: Phospho-extracellular signal-regulated kinase; BrdU: Bromodeoxyuridine; ERK2: Extracellular signal-regulated kinase

2; h: hours; d: days.

half in the early days (Figure 3B). There was no significant
increase in active ERK levels in the SIK2-overexpressed MIO-
M1 cells, and SIK2 overexpression alone blocked the early
activation of ERK2 in 4 h and 12 h (Figure 3C). These
results show that during the early phases of FGF2 exposure,
SIK2 overexpression inhibits cell proliferation through ERK
activity, and blocking cell proliferation might hamper the
reprogramming.

SIK2  Overexpression Alters FGF2-Dependent

Transcriptional Activity
RT-gPCR experiments were performed to determine the FGF2-
dependent transcriptional changes.

We observed an increase in the levels of the progenitor
markers paired box 6 (Pax6) and visual system homeobox 2
(Chx10) that peaked at 12 h and 1 day of FGF2 treatment

in mock-transfected MIO-M1 cells (Figure 4A, 4B). The
simultaneous rise in the Pax6 and Chx10 levels shows
that FGF2 stimulation induces progenitor features in MIO-
M1 cells. The transcript levels of the Miller marker vimentin
decreased after 4 days of FGF2 treatment in mock-transfected
cells (Figure 4C). In the retina, Hes related family bHLH
transcription factor with YRPW motif 2) Hesr2 promotes Miiller
development. The Hesr2 transcript level was detectable in
MIO-M1 cells as expected; however, we could not observe
any significant change in the Hesr2 level upon FGF2
treatment in mock-transfected cells (Figure 4D). After 6 days
of FGF2 treatment, the expression of the neuronal marker
calretinin increased in the mock-transfected cells (Figure
4E). We detected Prospero homeobox 1 (Prox1) expression,
the regulator of horizontal cell development, in the mock-
transfected cells. Prox1 transcript levels were increased after
4 days of FGF2 treatment and remained high at subsequent
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Figure 4. Effect of SIK2 overexpression on marker gene expression. pEGFP-SIK2 transfected and mock-transfected MIO-M1 cells were treated with FGF2 for 7 days
and the untreated cells were used as control group (0). Relative mRNA expression levels were assessed by qPCR. The Ct of target gene/the Ct of reference gene
(GAPDH) ratio for the untreated mock-transfected sample was set as a baseline value to which all time points were normalised. Data are the means + SE; n=3.
PEGFP transfected cells were compared to mock-transfected cells; *p<0.05, ***p<0.001. A. Pax6, B. Chx10, C. Vimentin, D. Hesr2, E. Calretinin, F. Prox1. SIK2: Salt
inducible kinase 2; FGF2: Fibroblast growth factor 2; pEGFP: Enhanced green fluorescent protein plasmid; Pax6: Paired box 6; Chx10: Visual system homeobox 2;
Hesr2: Hes related family bHLH transcription factor with YRPW motif 2; Prox1: Prospero homeobox 1; h: hours; d: days.

times (Figure 4F). Although MIO-M1 cells acquire certain
neuronal features, as indicated by an increase in calretinin,
our data highlight a considerable tendency towards horizontal
cell fate.

In SIK2-overexpressing MIO-M1 cells, the expression of Pax6,
Chx10, vimentin, calretinin, and Prox1 remained at a basal
level compared with the mock-transfected cells (Figure 4).
These results support the hypothesis that SIK2 overexpression
inhibits the cell cycle re-entry and reprogramming of MIO-M1
cells.

DISCUSSION

In zebrafish, Miller cells respond to injury by reprogramming,
which results in the repair of the damaged retina. Mammalian
Mdller cells become activated, but their regeneration ability
is highly restricted. Cell cycle re-entry is necessary for
the functional regenerative response. The limited Muller
proliferation is considered a barrier to retinal regeneration
in mammals. FGF2 is one of the factors that stimulate
Miiller reprogramming through ERK activation (13, 15, 16). SIK2

negatively regulates FGF2-dependent Muller proliferation by

[
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inhibiting ERK activity in MIO-M1 cells (24). Therefore, we
hypothesised that SIK2 might be a crucial factor that regulates
Mdller proliferation and block reprogramming.

Initially, we investigated the temporal profile of proliferation
and ERK activation during reprogramming. The number
of BrdU-positive MIO-M1 cells was significantly increased
between 4 h and 24 h of FGF2 stimulation; a second
proliferation peak was detected after 6 days of FGF2 treatment.
The parallel increase in ERK activity at 4-12 hours of FGF2
treatment demonstrated that enhanced proliferation at 4-12
hours involves the ERK pathway. In addition, SIK2 protein
levels were nearly halved after 4 h and 12 h of FGF2 treatment
and returned to basal levels after 24 h. SIK2 might regulate
ERK activation during the early stages of reprogramming,
as evidenced by the correlation between the rise in active
ERK and the reduction in SIK2 protein levels. Consistent
with this scenario, pERK levels in SIK2-overexpressing MIO-
M1 cells remained at a basal level, and we could not detect
any increase in the number of proliferating cells upon FGF2
treatment. In addition, the expression levels of the progenitor
markers Pax6 and Chx10, as well as the neuronal markers
calretinin and Prox1 did not increase in response to FGF2 in
SIK2-overexpressing MIO-M1 cells.

Based on these results, we found that in the absence of FGF2,
high levels of SIK2 prevent proliferation and reprogramming.
After FGF2 stimulation, the reduction in SIK2 protein levels
allows ERK activation at an early phase, and Miller cells
proliferate and de-differentiate into progenitor cells, possibly
through Notch, pCREB, and early growth response 1(EGR1) (16).

De-differentiated MIO-M1 cells proliferate and enrich the
progenitor pool, and a different signaling pathway may
regulate this enrichment. At later stages, Notch, which
functions downstream of forkhead box N4 (Foxns), might
promote horizontal cell formation (27).

Miller de-differentiation has recently been associated with
changes in miRNA expression profiles (28). It has also
been demonstrated that miRNAs targeting SIK2 expression,
including miR143 and miR125, are involved in both de-
differentiation and differentiation events (29, 30). miR-125
regulates retinal progenitor cells during development (30),
and miR143 is differentially regulated in Muller glia during
de-differentiation (29). It is likely that higher levels of these
miRNAs result in decreased SIK2 expression in the early phase
of the MIO-M1 reprogramming.

CONCLUSION

Our study provided evidence for the first time that SIK2 is
involved in FGF2-induced MIO-M1 reprogramming. Increased
SIK2 levels prevent cell cycle re-entry and reprogramming in
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the absence of FGF2. Following FGF2 treatment, the significant
reduction in SIK2 levels allowed ERK activity, Miiller cells re-
enter the cell cycle, de-differentiate into progenitors, and
differentiate into horizontal cells.
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