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STAT3 combines with Rho-ROCK signaling pathway
inhibitor, regulate axon growth of ganglion cells
derived from retinal Müller cells
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Abstract
Background

Müller differentiated RGCs have potential therapeutic value for glaucoma. However, axonal regeneration
of differentiated RGCs has been a di�cult problem. Studies have con�rmed that STAT3 and Y27632 play
essential roles in regulating neuronal axon regeneration. Whether STAT3 and Y27632 can induce the
Müller differentiated RGCs axon regeneration is still unknown.

Method

Retina Müller cells were isolated and puri�ed from Day 21 SD rats’ retina and were differentiated into
retinal stem cells. The stem cells were randomly divided into �ve groups (control group, AAV-STAT3
group, shSTAT3 group, Y27632 group and AAV-STAT3 + Y27632 group). The axon length in each group
were measured by ImageJ. Immuno�uorescence were used to label the RGCs. The mRNA level of
pluripotent associated and differentiation-associated proteins was analysed by qRT-PCR. Stem cells in
different groups were injected into mice model of glaucoma. Immunohistochemical,
Immunohistochemistry and OCT were performed to access RGC layer thickness in glaucoma model. VEP
was used to detect the optic nerve conduction function.

Results

In this study, we found that overexpression of STAT3 could promote the growth of RGCs axons generated
by Müller cell differentiation. Combined with Y27632, axonal regeneration was signi�cantly longer than
that of the STAT3 group. However, after STAT3 was knocked out, axonal regeneration signi�cantly
decreased or even stopped. The mRNA levels of Esrrb, Prdm14, Sox2, and Rex1 in Müller differentiated
RGCs after overexpression STAT3 combined with Y27632 were signi�cantly increased, while the mRNA
levels of Nestin, Eomes, Mixl1 and Gata4 were signi�cantly decreased. The mRNA levels of Socs3, Pten,
Klf9, and Mdm4 were signi�cantly decreased, while the mRNA levels of Dclk2, Armcx1, C-MYC, and Nrn1
were signi�cantly increased. The mRNA levels of differentiation and pluripotency marker genes showed
opposite results after STAT3 deletion. After injecting Müller differentiated RGCs intervened by STAT3
combined with Y27632 into the eyes of the glaucoma model mice, the axon length, OCT displayed RGC
layer thickness and the electrophysiology indicated by VEP were superior to those of the glaucoma model
group.

Conclusions

These �ndings suggested that STAT3 combined with Y27632 can signi�cantly improve the axonal
growth level of RGCs, and reveal the potential mechanism to induce pluripotency of RGCs.

Introduction
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Glaucoma is the �rst irreversible blindness eye disease in the world. In 2010, there were approximately
84 million glaucoma patients. It is estimated that by 2020, the number of glaucoma patients in the world
will reach 796 million(1, 2). Glaucoma is a class of neurodegenerative diseases that can be generally
classi�ed as primary glaucoma and secondary glaucoma(3). The selective and progressive death of
retinal ganglion cells (RGCs) is the common pathway and �nal outcome of optic nerve damage in
glaucoma(4). The goal of glaucoma treatment is to prevent the progressive loss of neurons and protect
the optic nerve, thereby preserving the patient's visual function. Elevated pathological intraocular pressure
is usually considered as the leading risk factor for optic nerve damage in glaucoma(5). Thus, the current
main treatment methods typically focus on the control of intraocular pressure. However, some patients
did not receive good results through ocular hypotensive therapy, mainly due to the pathological changes
in glaucoma are not only related to the changes in intraocular pressure(6). Therefore, exploring the
mechanisms of death of RGCs, seeking new protection to delay the death of RGCs, and repair or
regenerate ganglion axons are fundamental strategies for the treatment of glaucoma. At present, the
protection and treatment of the optic nerve of glaucoma mainly included: improvement of optic disc
microcirculation, glutamate pathway inhibitors, neurotrophic factors, induction of heat shock protein
expression, and anti-oxidation therapy(3, 7, 8). However, these methods are still unable to prevent RGCs
damage and protect the optic nerve effectively. Besides, these methods are not helpful for those patients
who have lost the RGCs with advanced or absolute glaucoma.

In recent years, stem cell research has brought new hope for the alternative treatment of glaucoma RGCs.
Many studies found that retinal Müller cells are a kind of abundant and self-derived potential retinal stem
cells(9, 10). They provide nutrient and metabolic support for the retinal neurons and neurotransmitter
cycle. Therefore, they may become essential cell sources for retinal neuron regeneration. In our previous
studies, we have successfully puri�ed retinal Müller cells in vitro and induced dedifferentiation into retinal
stem cells(11). Simultaneously, based on Müller cell-derived stem cells, it was also con�rmed that the
Atoh7 gene could promote a large number of RGCs directional differentiation, with a differentiation rate
of 50.4%(12). However, in vivo studies showed that the differentiated RGCs did not appear axon growth
and just expressed the RGCs speci�c markers Thy1.1 and Brn-3b, which lead to loss of the function of
conducting signals. In addition, although it was found that in vitro RGCs differentiated with axons, their
length was only about 600 µm. Therefore, how to regenerate the retinal Müller cell differentiated RGCs
restart the axon growth, and guide them along the correct route to the brain projection zone has become a
problematic point in current research.

Current research has con�rmed that the reactivation of nerve growth ability is related to the
transcriptional activator in nerve cells(13). Among them, signal transducers and activators of
transcription-3 (STAT3) play an essential role in the regeneration of RGCs(14). Studies have shown that
the expression of the endogenous gene STAT3 is low in normal retinas. It often exists in cells in a non-
phosphorylated form when cytokines or growth factors are activated by binding to receptors, activated
STAT3 is transferred from the cytoplasm into the nucleus and participated in regulating the gene
expression(15). Recent studies have also shown that Rho-associated coiled-coil-Containing protein
kinase (Rho-ROCK) is negatively related to cell mitosis and nerve regeneration(16). Rho/ROCK signaling



Page 4/25

pathway inhibitor Y27632 phosphorylates STAT3. The combination of Y27632 and STAT3 e�ciently
promotes neurite cell axon regeneration and signi�cantly up-regulates its downstream genes p21, Irf1,
and Sprr1a(17). Therefore, this study was designed to investigate the effect of combination of Y27632
and STAT3 in regenerating ganglion cell axons derived from retinal Müller cells, and to explore its
regulatory mechanisms, laying the foundation for the regeneration of glaucoma nerves.

Materrials And Methods

Ethics Statement
The animals in this study were in accordance with the Guidelines for Animal Experiments of Central
South University, Changsha, China.

Animals
C57BL6 mice, without speci�c pathogen grade, were obtained from Central South University Animal
Experimental Department.

Lentivirus PGC-FU-Atoh7-GFP Construction
Atoh7 expression vector Lentivirus PGC-FU-Atoh7-IRES-GFP was constructed by GENECHEM (Shanghai,
China). The neurosphere cells were transfected with the lentivirus at the multiplicity of infection (MOI) of
10 and the e�ciency of transfection was detected by FACS(12).

Recombinant AAV-STAT3 Vectors Construction:
AAV-STAT3 vectors were produced by the plasmid co-transfection method. Recombinant AAV-STAT3 was
puri�ed via iodixanol gradient ultracentrifugation. The 40% iodixanol fraction was buffer-exchanged with
0.001% Tween in phosphate buffered saline (PBS) and concentrated using 100K Amicon Ultra-15
centrifugal �lter units. The �nal volume of the centrifugation �lter unit is 200 ml. DNase-resistant viral
genomes in the concentrated stock were then titered by quantitative PCR relative to standards. Vector
concentrations were calculated in viral genomes/ml at 2–4 × 1013 vg/ml.

Immunohistochemical Analysis
Immunocytochemical analysis was performed for the detection of cell-speci�c markers. Brie�y, cells �xed
by 4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS) for 15 min at room temperature. The
cells were permeabilized with 0.1% Triton X-100/PBS for 10 min, blocked with 5% goat serum for 1 h, and
incubated with primary antibodies for 1 h at room temperature. For negative controls, 0.01 M PBS was
used to replace primary antibodies. After extensive washing with PBS, the cells were blocked again with
5% goat serum for 20 min. Then the cells were incubated with Cy3 or Alexa Fluor 488-conjugated
secondary antibodies (KPL, Rouses Point, NY, USA) for 1 h in the dark. Following extensive washing with
PBS, 1 µg/µl DAPI (Sigma) was used to stain the nuclei. Images were taken by a �uorescence microscope
or a confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems GmbH, Wetzlar, Germany).
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The positive cells were quanti�ed in at least 10 �elds across the coverslips from three independently
dissociated cultures.

FACS Analysis
The purity of the enriched Müller cells was examined by �uorescence-activated cell sorting (FACS)
analysis, as previously described(12). Brie�y, the cells were separated into single cells by passage and
centrifugation. Then the cells were �xed with 4% paraformaldehyde and blocked with a PBS containing
1% BSA and 0.1% TritonX-100 for 30 minutes at 4 °C, then incubated at 4 °C for 1 h with the primary
antibodies(GS, Abcam) After incubation, the cells were incubated in a PBS-BSA solution containing the
appropriate secondary antibodies linked to FITC at 4 °C for 1 h in the dark. The cells were washed with
PBS and resuspended in PBS for FACS analysis.

Edu Labeling Analysis
To evaluate the proliferation of stem cells, neurospheres were incubated with 1:1,000 Edu (RiboBio)
diluted in culture solution overnight at 37 °C. After several washes, the cells were �xed with 4%
paraformaldehyde for 30 minutes. Fixed cells were incubated with an Apollo buffer (RiboBio) for 30
minutes at room temperature in the dark. The cells were washed with 0.5% TrixtonX-100 (diluted in PBS)
for 10 minutes, followed by staining with Hoechst 33342 (RiboBio) at room temperature for 30 minutes in
the dark. Images were captured using �uorescent microscopy.

qRT-PCR Analysis
Total RNA was isolated from cells using Trizol (Sigma, St. Louis, MO, USA) reagent according to the
manufacturer’s protocol and reverse transcribed to cDNA. PCR reaction was performed in a 20 µl volume
containing the following: 10 µl 2 × SYBR Green mix, 1 µl 10 µM forward primer and reverse primer, 2 µl
diluted cDNA and 6 µl double-distilled H2O. Ampli�cation conditions were as follows: 15 sec at 95 °C (one
cycle); 5 sec at 95 °C, 5 sec at annealing temperature, and 30 sec at 72 °C (45 cycles). The RNA
expression level was normalized to that of Gapdh. The corresponding quantitative RT-PCR primers were
shown in Table S1.

Western Blot Analysis
Proteins were obtained from the cells using RIPA (RiboBio) buffer containing 1:100 protease inhibitor and
1:100 phosphatase inhibitor. The protein concentration was determined by using a microplate reader.
Lysates were separated on SDS-PAGE and transferred onto polyvinylidene �uoride (PVDF) membranes.
The membranes were blocked with 5% nonfat milk in TBS plus 0.1% Tween (TBS-T) for 1 h, then
incubated with primary antibodies for 1 h at room temperature. After several washes, the membranes
were incubated with HRP-conjugated secondary antibodies for 1 h. Primary antibodies, including anti-
STAT3 (Cell Signaling Technology), anti-p-STAT3 (Cell Signaling Technology), Tyrosinase (Santa Cruz),
mGluR6 (Abcam), Atoh7 (Abcam), CD31 (Cell Signaling Technology), Rhodopsin (Cell Signaling
Technology), β-tubulin ((Cell Signaling Technology), Iba1 (Abcam), Brn3b (Abcam), Pax6 (Abcam), HPC-1
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(Abcam), Sprrla1 (Santa Cruz), P21 (Santa Cruz), Ir�and (Santa Cruz), Musashi1 (Abcam), Gap43
(Abcam), Ki-67 (Abcam), Nestin (Abcam), and anti-β-actin (Santa Cruz), were used in this study.

Establishment of Chronic Ocular Hypertension Glaucoma
Model of Mice
Ocular hypertension was induced using a method developed by Chiu et al(18). Brie�y, mice were
anesthetized with 10% chloral hydrate (0.4 mL/100 g; Sigma-Aldrich Inc., St. Louis, MO, USA) injected
intraperitoneally and placed in front of a slit lamp equipped with a 532-nm diode laser that delivered 0.7W
pulses for 0.6 s (Carl Zeiss, Germany). One drop of 1% proparacaine (Alcon-Pharm Inc., Texas, USA) was
applied to the right eye (experimental eye) as a topical anesthetic before laser photocoagulation. Then,
50–60 laser pulses were directed to the trabecular meshwork 270° around the circumference of the
aqueous outfow area and 15–20 laser spots on each episcleral aqueous humor drainage vein of the right
eye. The left eye was the control eye without any treatment. IOP was measured bilaterally using a digital
tonometer ( Tonopen XL, Reichert, USA) at day 3, day 10, day 15, day 20, day 25, day 30, day 35, day 40,
day 50, day 60 after laser photocoagulation.

Stem Cells Transfection and Intraocular Injections
Neurospheres dedifferentiated from Müller cells were transfected by lentivirus PGC-FU-Atoh7-GFP. After
24 h of transfection, the stem cells were divided into 5 groups: group A: PBS control group, PBS was
added to medium; group B: STAT3 group, only added AAV-STAT3 to the medium; group C: shSTAT3
group, only added AAV-shSTAT3 to the medium; group D: Y27632 group ,only add Y27632 to the medium;
group E: STAT3 + Y27632 group, added both AAV-STAT3 and Y27632 to the medium. 24 hours later, the
neurospheres were dissociated into single stem cells with accutase. The stem cells of each group were
collected at a concentration of 1 × 104 cells/µL. The mice were anesthetized by inhalation of diethyl ether
and i.p. injection of pentobarbital. The eyes were injected with 5 µL of stem cells, 5µL brain-derived
neurotrophic factor (BDNF) (1 ng/mL) (Peprotech), 30 nmol BrdUrd, 100 ng RA (1 µM) (Sigma). Eyeball
frozen sections were performed for Immunohistochemistry and immuno�uorescence analysis.

Eyeball Sections Immunohistochemistry Analysis
Eyeball frozen sections and immunohistochemistry were performed as described(19, 20). Brie�y, mice
retinal tissue sections or retinal cells were incubated in PBS containing 3% bovine serum albumin (BSA),
5% goat serum, and 0.3% TritonX-100 at 37℃ for 1 h, followed by incubation at 4℃ overnight with the
primary antibodies. Mice retinal tissue sections were then incubated in the dark at room temperature for
1 h with anti-rabbit IgG conjugated with FITC (1:100, Sigma), anti-mouse IgG conjugated with FITC (1:100,
Sigma), anti-rabbit IgG conjugated with TRITC (1:100, Sigma), and anti-mouse IgG conjugated with TRITC
(1:100, Sigma). Finally, the retinal tissue sections were incubated with 40,6-diamidino-2-phenylindole
(DAPI) (Beyotime, Institute of Biotechnology, Wuhan, China) for 5 min and images were captured using
�uorescent inverse microscopy (Leica DMI4000B).

Statistical Analysis
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Data from at least three independently dissociated cultures, each measured in triplicate, were expressed
as mean ± standard deviation. Statistical analysis was performed with one-way ANOVA and Student’s t-
test using SPSS 18.0. The difference between the two samples was statistically signi�cant when p < 0.05.

Results

Müller Cell Culture and Identi�cation
We found that GS as Müller cell-speci�c marker was signi�cantly high express in three generations cells
dedifferentiated from mice retina (Fig. 1A). Results also showed that 99.8% of the third-generation
puri�ed cells were immunoreactive for GS by Flow cytometry (Fig. 1B). Western blot was used to access
the protein expression of speci�c markers of other retinal cells in puri�ed cells. The result showed that the
protein expression of Atoh7, Rhodopsin, Pax6, β-tubulin, Brn-3b, HPC1, Tyrosinase, and mGluR6 were low.
On the contrary, the protein expression of Iba1 and CD31 were signi�cant in puri�ed cells (Fig. 1C-D).

Stem Cell Culture
After cultured in DMEM/F12 dedifferentiation medium for 24 h, cells proliferate and differentiate into
round shapes, and then some cells aggregate to form small cell spheres. After 48–72 h, the proliferation
of cells was signi�cantly accelerated, and the shape of single round cells was decreased compared with
the former. The diameter of the cell spheres increased. After 5d, the number and the diameter of the cell
sphere continued to increase, the boundary of the cell sphere was clearly de�ned, and the refractive index
was strong. After 7 days, there was a slight increase in the volume of the cell sphere compared to before.
At 10th day, the central refractivity of the visible neurosphere was reduced, showing that the cell bodies
were atrophied and darkened (Fig. 2A). The cell proliferation was observed daily under a phase-contrast
microscope and the diameter of the neurosphere was measured (Fig. 2B). When the cell diameter reached
150 µm, the cell sphere was digested with Accutase(Sigma)and passaged to obtain puri�ed
neurospheres. After three passages, the puri�ed neurospheres were examined by immuno�uorescence.
Our results showed that the puri�ed neurospheres are labeled with nestin, ki-67, pax6, and musashi1
antibodies, and the expression level of these four antibodies is approximately 90% (Fig. 3A). WB showed
that the cell spheres puri�ed after three passages highly expressed nestin, ki-67, pax6, and musashi-1
when compared with the puri�ed Müller cells (Fig. 3B-D). These results indicated that the cells puri�ed
with three passages in the dedifferentiation medium are dedifferentiated into retinal stem cells. We then
used Edu marker to detect the proliferation ability of these retinal stem cells. Our results showed that the
proliferation ability of these puri�ed retinal stem cells was very strong (Fig. 3E).

Effect of STAT3 and Y27632 on Axonal Regeneration of
Müller Cell Differentiated RGCs
After the retinal stem cells were identi�ed, they were transfected with the lentivirus PGC-FU-Atoh7-GFP.
The cells were plated onto 0.01% poly-D-lysine (Sigma)-coated 24 mm coverslips (Corning) at a
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concentration of 1 × 104 cells/well, and cultured in differentiation medium (1 ng/ml BDNF, 1 µM RA and
1% FBS). Three days later, stem cells were randomly divided into �ve groups: group A: PBS control group,
PBS was added to medium; group B: AAV-STAT3 group, only added AAV-STAT3 to the medium; group C:
AAV-shSTAT3 group, only added AAV-shSTAT3 to the medium; group D: Y27632 group, only add Y27632
to the medium; group E: AAV-STAT3 + Y27632 group, added both AAV-STAT3 and Y27632 to the medium.
After 48 hours, the number of STAT3-labeled cells increased, the �uorescence intensity was enhanced,
and the cytoplasm was uniformly distributed (Fig. 4A). The differentiation of RGCs in each group was
observed every day.

With the prolongation of the differentiation time, the rounded stem cells gradually grow into a plurality of
protrusions. And these cells also extended branches. The axon of the proximal cell body in these cells is
thicker than that of the distal body. The axon walks more and more naturally. In the 12 days of
differentiation, the length of axon in each group can be observed by IF staining (Fig. 4B).

In the control group, the axon length of ganglion cells was 384.3 µm. The axon length of the ganglion
cells in AAV-STAT3 group and AAV-shSTAT3 was 956.3 µm and 278.2 µm respectively. In the Y27632
group, the axon length of ganglion cells was 1347.9 µm. In the AAV-STAT3 + Y27632 group, the axon
length of ganglion cells was 1999.3 µm. The axon length of ganglion cells in the AAV-STAT3 group was
longer than that in the control group. In the AAV-shSTA3 group, the axon length was shouter than other
groups. The results showed that the axon length of RGCs in the AAV-STAT3 + Y27632 group was
signi�cantly longer than that in the other groups (Fig. 4C).

Western blot analysis was performed on STAT3 group and STAT3 + Y27632 group on day 12. The results
showed that the protein expression levels of p-STAT3, p21, GAP43, Ir�and, and Sprrla1 in the STAT3
group were signi�cantly higher than those in the control group. The protein expression levels of P-STAT3,
P21, GAP43, Ir�and, and Sprrla1 in the STAT3 + Y27632 group were higher than those in the STAT3 group,
and the differences were statistically signi�cant (Fig. 4D-E). mRNA levels of axonal regeneration related
proteins Socs3, Pten, Klf9, Mdm4, Dclk2, Armcx1, C-myc, and Nrn1 at D0, D3, D7, and D12 were also
analyzed. The experimental results showed that the mRNA level of Socs3, Pten, Klf9 and Mdm4 in STAT3 
+ Y27632 group was signi�cantly lower than that in STAT3 group, and the expression level was the
lowest at D12. The mRNA levels of Dclk2, Armcx1, C-MYC and Nrn1 were signi�cantly higher in STAT3 + 
Y27632 group than in STAT3 group. The mRNA level of Dclk2 was the highest at D7 and decreased at
D12. The mRNA level of Nrn1 was the highest at D3, but decreased at D7 and D12. The mRNA level of
Armcx1 and C-myc was highest at D12 (Fig. F-M).

The above results suggest that the use of STAT3 alone in vitro could promote the growth of axons. When
combined with Y27632, the effect of promoting growth of axon was more substantial in RGCs.

Mechanism of STAT3 Combined with Y27632 on the
Regeneration of RGCs Differentiated by Müller Cell
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We used WB to detect the expression levels of STAT3, and p-STAT3 in each intervention groups of Müller
cell differentiated RGCs (Fig. 5. A-C). The results showed that the expression levels of STAT3 and P-
STAT3 proteins in the STAT3 group, Y27632 group and STAT3 + Y27632 group were all higher than those
in the control group, while the expression levels of STAT3 and P-STAT3 proteins in the shSTAT3 group
were lower. There was no signi�cant difference in STAT3 and P-STAT3 protein expression levels between
the STAT3 and Y27632 group. The expression levels of STAT3 and P-STAT3 proteins in the STAT3 + 
Y27632 group were signi�cantly higher than those in the other groups. mRNA levels of pluripotent related
genes (Esrrb, Prdm14, Sox2, and Rex1) and differentiated related genes (Nestin, Eomes, Mixl1, and Gata4)
were also detected at D12 (Fig. 5D, E). The results showed that mRNA levels of pluripotent related genes
(Esrrb, Prdm14, Sox2, and Rex1) in the STAT3, Y27632 and STAT3 + Y27632 groups were signi�cantly
increased, while mRNA levels in the shSTAT3 group were signi�cantly decreased. mRNA levels of
pluripotent related genes in the STAT3 + Y27632 group were considerably higher than that in other
groups. In the STAT3, Y27632 and STAT3 + Y27632 groups, mRNA levels of differentiated related genes
(Nestin, Eomes, Mixl1, and Gata4) were signi�cantly decreased, while mRNA levels in the shSTAT3 group
were signi�cantly increased. The mRNA level of differentiated related genes in the STAT3 + Y27632 group
was markedly lower than that in the other groups. We also detected the mRNA levels of axonal
regeneration related proteins Socs3, Pten, Klf9, Mdm4, Dclk2, Armcx1, C-MYc, and Nrn1 at D12. The
mRNA levels of Socs3, Pten, Klf9, and Mdm4 in the shSTAT3 group were increased dramatically, while
those in the STAT3, Y27632, and STAT3 + Y27632 groups were signi�cantly decreased. mRNA level of
Dclk2, Armcx1, C-myc, and Nrn1 were signi�cantly increased in the STAT3 group, Y27632 group, and
STAT3 + Y27632 group, while those in the shSTAT3 group were signi�cantly decreased. mRNA levels of
pluripotent related genes (Esrrb, Prdm14, Sox2, and Rex1) in the STAT3 and STAT3 + Y27632 groups were
detected at D0, D3, D7, and D12. mRNA levels of pluripotent related genes in the STAT3 group and the
STAT3 + Y27632 group were higher than those in the control group at all time. The mRNA expression level
of the STAT3 + Y27632 group was signi�cantly higher than that of the STAT3 group and control group.
mRNA levels of differentiated related genes (Nestin, Eomes, Mixl1, and Gata4) in the STAT3 group and
the STAT3 + Y27632 group were also detected at D0, D3, D7, and D12. The results showed that the mRNA
levels of differentiated genes in the STAT3 + Y27632 group and the STAT3 + Y27632 group were lower
than those in the Control group at all time points, and the expression levels of mRNA in the STAT3 + 
Y27632 group were signi�cantly lower than those in the STAT3 and control groups. The above results
suggest that STAT3 combined with Y27632 may improve the pluripotency of MULLER differentiated
RGCs cells to regulate the expression level of proteins related to axon regeneration and promote its axon
regeneration.

Detection of Ganglion Cells in Mice Chronic Ocular
Hypertension Glaucoma Model
To further veri�ed the role of STAT3 and Y27632 in promoting the growth of RGCs axon, we established
mice chronic ocular hypertension glaucoma model. IOP was measured bilaterally under anesthesia at day
3, day 10, day 15, day 20, day 25, day 30, day 35, day 40, day 50, day 60 after laser treatment using a
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digital tonometer. Our result showed that the mean IOP of glaucomatous eyes was elevated signi�cantly
compared with those of contralateral eyes from day 3 to day 30. IOP was gradually increased with time
and reached the maximum in 10–25 days. IOP began to decline at day 30 and reached a normal level
about at 60 days (Fig. 5A).

HE stain was used to detect the numbers of retina ganglion cell nucleus in the glaucoma mice model
(Fig. 5B). These data showed that the number of nuclei was gradually decreased with continuous high
IOP. At day 60, IOP decreased to the normal level, but the number of RGCs was still decreasing (Fig. 5C).
Moreover, to determine whether RGCs undergo apoptosis in glaucoma mice model, we performed TUNEL
staining and found apoptosis of the RGCs in the retinal ganglion cell layer (Fig. 6). The result showed that
the number of apoptotic nuclei gradually increased with the continuous increase in IOP. At day 3, RGCs
was still regularly shaped and uniformly distributed in retina ganglion cell layer. At day 10, cytoplasm and
nucleus of part of RGCs began to disintegrate. At day 30, more cell debris were detected in retina ganglion
cell layer. At day 60, most of RGCs disappeared with a few debris left. The proportion of TUNEL positive
cells were 6.5 ± 2.1,8.7 ± 1.7,13.5 ± 3.6,17.1 ± 3.0%, respectively. These data showed that the number of
apoptotic RGCs gradually increased with the continuous increased IOP. In the meantime, we found an
increase in apoptosis of cells in outer nuclear layer.

Growth of RGC Axon in Glaucoma Mice Model
Stem cells dedifferentiated from Müller cells were transfected with lentivirus PGC-FU-Atoh7-GFP and
cultured in differentiation medium. After 24 hours, these stem cells were randomly divided into four
groups: group A: control group, PBS was added to medium; group B: AAV-STAT3 group, only added AAV-
STAT3 to the medium; group C: Y27632 group, only add Y27632 to the medium; group D: AAV-STAT3 + 
Y27632 group, added both AAV-STAT3 and Y27632 to the medium. 24 hours later, we divided glaucoma
mice models randomly into four groups as above and injected stem cells into the vitreous cavity in each
group. IF staining of retinal tissue sections was performed to detect cell-speci�c markers GFP and ZO-1 (a
kind of tight junction protein) after 12 days of retinal stem cell transplantation. The length of axons in
each group can be observed by the chemical staining of immuno�uorescence cells. In the control group,
the axon length of RGCs was 360.5 µm. The axon length of RGCs in the AAV-STAT3 group was 877.3 µm.
The axon length of RGCs in the Y27632 group was 1427.9 µm. In the AAV-STAT3 + Y27632 group, the
axon length of ganglion cells was 1986.7 µm. The axon length of RGCs in the AAV-STAT3 group was
longer than that in the PBS group. The axon length of RGCs in the AAV-STAT3 + Y27632 group was
signi�cantly longer than that in the other groups. We observed that the axons of RGCs were signi�cantly
longer than those of the glaucoma model group after transplantation of Müller cell differentiated RGCs
after STAT3 + Y27632 intervention by retinal lamination. We observed that the axons of RGCs were
signi�cantly longer than those of the glaucoma model group after transplantation of Müller differentiated
RGCs intervened with STAT3 + Y27632 by retinal lamination. We observed the thickness of RGCs layer in
each group through OCT. The RGCs layer of the STAT3, Y27632, and STAT3 + Y27632 groups was
signi�cantly thicker than that of the glaucoma model group. In comparison the RGCs layer of the STAT3 
+ Y27632 group was signi�cantly thicker than that of the other groups. Flash-VEP was used to detect



Page 11/25

optic nerve conduction in each group. The optic nerve conduction function in the STAT3, Y27632, and
STAT3 + Y27632 groups were signi�cantly better than that of the glaucoma model group, and the optic
nerve conduction function in the STAT3 + Y27632 group was signi�cantly better than that of the other
groups.

Discussion
Glaucoma is a main blinding disease in the world. It causes permanent damage of the optic nerve since
its’ impossible for mammalian nerves regenerated. Glaucoma is characterized by progressive loss of
retinal ganglion cells along with their optic nerve axons. The Current treatment for glaucoma is the
reduction of intraocular pressure (IOP), nutrition of optic nerve, or the antioxidation treatment. These
treatments postpone further death of the ganglion cell. However, these methods can not make the
apoptosis RGCs regenerate. Therefore, for the patient with massive death of ganglion cells, we must �nd
an effective therapy to activate the regeneration of ganglion cells to reestablish visual pathway and help
these patients to regain their vision.

Atoh7 is a member of the bHLH family, and in our previous research, it had been veri�ed that Atoh7
regulates Müller cell-derived stem cells differentiating into RGCs both in vitro and in vivo. This makes it
possible for us to replace glaucoma-induced apoptosis of RGCs cells by transforming Müller cell-derived
stem cells differentiating into RGCs. However, the axonal growth of the regenerated RGCs determines the
reconstruction of the visual pathway. How to promote the growth of regenerated RGCs axons becomes
our research focus. Studies have shown that STAT3 plays an important role in the axon growth of retinal
ganglion cells. However, the speci�c mechanism of STAT3 promoting RGCs axon regeneration is still
unknown.

STAT3 is a kind of bifunctional cytoplasmic protein coupling with tyrosine phosphorylation signal
pathway in the cytoplasm (21). Normally STAT3 protein is in a non-phosphorylated form in cells, when
cytokines or growth factors bind to the receptor, tyrosine kinases (JAK) that bind to receptors are
activated. Activated JAK phosphorylates the 705th position of tyrosine residue (Tyr705) in the STAT3
cytoplasm. They combined to form the JAK/STAT3 homodimers. Then the homodimers entered into the
nucleus, recognized speci�c DNA sequences and regulated the transcription of target genes. Therefore,
the amount of nuclear-activated STAT3 represents the activation of the JAK/STAT3 pathway in the cell.
Activated STAT3 will be dephosphorylated in the nucleus after transmitting signals and be restored to the
monomeric form. And then, it will deactivate and return to the cytoplasm to participate in the next round
of signal transduction. The activation degree of JAK/STAT3 in normal peripheral nerves is low. Only
phosphorylated activated STAT3 may translocate into the nucleus to regulate the expression of certain
genes to regenerate peripheral never. Our experimental results also con�rmed that the axons of RGCs in
the STAT3 overexpressed group were signi�cantly longer than those in the STAT3 inhibited group. We
hypothesized that STAT3 regulates the growth of RGCs axons through the above mechanisms.
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Research showed that when adeno-associated virus vector containing STAT3 gene was injected into
vitreous cavity of the optic nerve contusion model rats, they found that the number of STAT3 positive
cells increased signi�cantly as well as the expression of STAT3 protein and STAT3 mRNA increased by 4
to 6 fold after 3 weeks. And the expression of GAP-43 (growth-associated protein-43), a marker of retinal
ganglion cell axon regeneration, signi�cantly increased. The optic nerve 3D image analysis which used
nerve �ber anterograde tracer CTb-594 showed that the axons of ganglion cells after STAT3 gene infected
increased about 200 microns than the control group. But the axon density did not increase and formed
many U-turn and right-angle turn. These results indicated that STAT3 signal transduction can increase the
length of retinal ganglion cell axons and promote the extension of axonal growth. Another research
showed that the use of the JAK2 inhibitor AG490 in vitro in RGCs inhibited CNTF-mediated axonal growth
and signi�cantly reduced the regenerative effect of RGCs in response to in�ammatory stimuli in vivo.
These results con�rmed that the activation of JAK and STAT3 played an important role on the axis initial
stage of outgrowth (22, 23). Studies have demonstrated that STAT3 signaling pathway plays an
important role in the axon growth of RGCs(24, 25). The same results were obtained in our experiment.
Deletion Pten, a negative regulator of the mammalian target of rapamycin (mTOR) pathway in adult
RGCs, promotes robust axon regeneration after optic nerve injury(26). A high-throughput gene pro�ling
study revealed that the deletion of Klf9 gene substantially promotes optic nerve regeneration in adults
RGCs(27). Researches con�rmed that a genetic deletion of PTEN, SOCS3, or PTEN/SOCS3 allows partial
axon regeneration in the optic nerve after optic nerve crush(28, 29). Inhibition of Mdm4 in the eye and
spinal cord promotes axonal regeneration and sprouting of the optic nerve after crush and of supraspinal
tracts after spinal cord injury(30). Our research showed that the mRNA level of PTEN, SOCS3, Klf9, and
Mdm4 decreased signi�cantly in AAV-STAT3 group. Overexpression of Dclk2, Armcx1, c-myc, and Nrn1
are closely related to the regeneration of RGCs axon(31–34). The mRNA level of Dclk2, Armcx1, c-myc,
and Nrn1 signi�cantly increased in the AAV-STAT3 group. The inhibition of STAT3 expression inhibited
the growth of the RGCs axon. The mRNA expression levels of RGCs axon-regenerated proteins were
signi�cantly opposite between the shSTAT3 group and the AAV-STAT3 group. All the above results
con�rmed that STAT3 overexpression could promote axonal regeneration of Müller differentiated RGCs.

In our study, it was found that Y27632 can also promote the axon growth of Müller cell differentiated
RGCs. Recently years, studies have shown that Rho-associated coiled-coil-containing protein kinase (Rho-
ROCK) is negatively correlated with cell mitosis and nerve regeneration. Rho is a small molecule
homopolymer of the GTPases superfamily and is a mammalian gene homologue of the Ras superfamily.
Its biological function is mainly through its downstream effector molecule ROCK. ROCK is a
serine/threonine-protein kinase whose molecular structure includes an amino-terminal catalytic domain,
an intermediate domain which combined with Rho’s α-coiled-coil, a carboxy-terminal catalytic domain,
and a Cys/His region. Activated Rho-GTP activates ROCK by binding to the alpha coiled-coil domain of
ROCK and exposing the catalytic center of ROCK(35). Our results have shown that STAT3 could be
phosphorylated by Y27632, which is an inhibitor of the Rho-ROCK signaling pathway. The Y27632/STAT3
combination can effectively promote axon regeneration of Müller cell differentiated RGCs. The axon
length of RGCs in the AAV-STAT3 + Y27632 group was the longest, and the expression of GAP-43,



Page 13/25

phosphorylated STAT3 and its downstream genes p21, Irf1 and Sprr1a was signi�cantly increased.
Inhibition of the Rho/ROCK signaling pathway not only reduced the U-turn of the axon and avoid
navigation errors but also promote axon regeneration in RGCs. Our research is the �rst to con�rmed that
the combined treatment of STAT3/Y27632 on Müller-derived RGCs can improve the differentiation rate of
RGC cells and signi�cantly increase the length of axons, which is a signi�cant improvement for RGCs
regeneration. The mRNA levels of RGCs axon-growth-related proteins Pten, Socs3, Klf9, and Mdm4 in the
STAT3 + Y27632 group were signi�cantly lower than those in the STAT3 group, while the mRNA levels of
Dclk2, Armcx1, C-myc, and Nrn1 were signi�cantly higher than those in the STAT3 intervention group. In
order to analyze the mechanism underlying the effect of STAT3 and Y27632 in promoting axon growth of
Müller cells differentiated RGCs, we tested the mRNA level of pluripotency genes (Esrrb, Prdm14, Sox2,
and Rex1) and differentiation genes (Nestin, Eomes, Milx1, and Gata4). In the STAT3 + Y27632 group,
mRNA level of pluripotency genes (Esrrb, Prdm14, Sox2, and Rex1) compared with STAT3 group
increased signi�cantly, the mRNA level of differentiation genes (Nestin, Eomes Milx1, and Gata4)
decreased obviously. We concluded that the reason for overexpression of STAT3 promote axon growth
could be launched Müller cells differentiated RGCs pluripotency. The combination of STAT3 and Y27632
can promote the axon growth of Müller cells differentiated RGCs better than STAT3 alone, which is the
same mechanism.

Furthermore, to verify whether this regulatory mechanism acts as the same in vivo, we established mice
chronic ocular hypertension glaucoma model in this study. To verify whether STAT3 and Y27632 improve
growth of RGCs differentiated from stem cells, the stem cells were transfected with lentivirus PGC-FU-
Atoh7-GFP. The stem cells were transplanted into the vitreous cavity of the glaucoma mice model. After
14 days,retina sections of glaucoma models were used to examine immunoreactivity for RGCs-speci�c
marker GFP and ZO-1. The result showed that length of RGCs axons was signi�cantly longer in the
STAT3 + Y27632 group, which veri�ed that combination STAT3 with Y27632 can promote the growth of
RGCs axons. OCT results showed that the RGCs cell layer in the STAT3 + Y27632 group was signi�cantly
thicker than that in the other intervention groups. In the STAT3 + Y27632 group, the amplitude of VEP was
reduced the least compared with other intervention groups.

In conclusion, STAT3 combined with Y27632 can signi�cantly promote the axon growth of ganglion cells
which was dedifferentiated from retina Müller cells either in vitro or in vivo.

Abbreviations
RGCs: retinal ganglion cells; VEP: Visual evoked potential; OCT: Optical coherence tomography; STAT3:
signal transducer and activator of transcription 3; Rho-ROCK: Rho-associated coiled-coil-Containing
protein kinase; MOI: multiplicity of infection; FACS: Flow cytometry; PBS: phosphate buffered saline; HE:
Hematoxylin and eosin; qRT-PCR: Quantitative real time polymerase chain reaction; GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase; IOP: intraocular pressure: BDNF: brain-derived neurotrophic
factor.



Page 14/25

Declarations
ACKNOWLEDGEMENTS

Not applicable

AUTHOR CONTRIBUTIONS

Weitao Song, Xuezhi Zhou: Conception and design, collection and assembly of data, data analysis and
interpretation, manuscript writing. Yuejue Wang, Manjuan Peng, Jingjie Peng: Collection of data, data
interpretation, manuscript writing. Ye He, Xuan Zhang, Chao Wang: Data interpretation, manuscript
writing.

FUNDING

This study was supported by grant from National Nature Science Fund of China (No. 81770927 and
No.81974132) and Hunan Natural Science Foundation (No.2018JJ2624).

AVAILABILITY OF DATA AND MATERIALS

All the data generated or analyzed during this study are included in this published article.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The use of mouse Müller cells was in accordance with the relevant guidelines and regulations, and the
experimental protocols were approved by the Medical Ethics Committee of the Xiangya Hospital of
Central South University.

CONSENT FOR PUBLICATION

Not applicable.

COMPETING INTERESTS

All authors declare that they have no competing interests.

AUTHOR DETAILS

Hunan Key Laboratory of Ophthalmology, Eye Center of Xiangya Hospital, Central South University,
Hunan, 410008, China.

DATA AVAILABILITY STATEMENT

The data that support the �ndings of this study are available from the corresponding author upon
reasonable request.



Page 15/25

References
1. Jonas JB, Yang D, Wang N. [Effect of intraocular pressure on glaucomatous damage to the optic

nerve]. Ophthalmologe. 2014;111(2):181-8; quiz 9-90.

2. Quigley HA, Broman AT. The number of people with glaucoma worldwide in 2010 and 2020. Br J
Ophthalmol. 2006;90(3):262-7.

3. Tian K, Shibata-Germanos S, Pahlitzsch M, Cordeiro MF. Current perspective of neuroprotection and
glaucoma. Clin Ophthalmol. 2015;9:2109-18.

4. Medeiros FA, Lisboa R, Weinreb RN, Liebmann JM, Girkin C, Zangwill LM. Retinal ganglion cell count
estimates associated with early development of visual �eld defects in glaucoma. Ophthalmology.
2013;120(4):736-44.

5. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of glaucoma: a review. JAMA.
2014;311(18):1901-11.

�. Hove IV, Lefevere E, Moons L. ROCK inhibition as a novel potential strategy for axonal regeneration in
optic neuropathies. Neural Regen Res. 2015;10(12):1949-50.

7. Fang JH, Wang XH, Xu ZR, Jiang FG. Neuroprotective effects of bis(7)-tacrine against glutamate-
induced retinal ganglion cells damage. BMC Neurosci. 2010;11:31.

�. Baltmr A, Duggan J, Nizari S, Salt TE, Cordeiro MF. Neuroprotection in glaucoma - Is there a future
role? Exp Eye Res. 2010;91(5):554-66.

9. Singhal S, Bhatia B, Jayaram H, Becker S, Jones MF, Cottrill PB, et al. Human Muller glia with stem
cell characteristics differentiate into retinal ganglion cell (RGC) precursors in vitro and partially
restore RGC function in vivo following transplantation. Stem Cells Transl Med. 2012;1(3):188-99.

10. Turner DL, Cepko CL. A common progenitor for neurons and glia persists in rat retina late in
development. Nature. 1987;328(6126):131-6.

11. Song WT, Zhang XY, Xiong SQ, Wen D, Jiang J, Xia XB. Comparison of two methods used to culture
and purify rat retinal Muller cells. Int J Ophthalmol. 2013;6(6):778-84.

12. Song WT, Zhang XY, Xia XB. Atoh7 promotes the differentiation of retinal stem cells derived from
Muller cells into retinal ganglion cells by inhibiting Notch signaling. Stem Cell Res Ther. 2013;4(4):94.

13. Mahar M, Cavalli V. Intrinsic mechanisms of neuronal axon regeneration. Nat Rev Neurosci.
2018;19(6):323-37.

14. Luo X, Ribeiro M, Bray ER, Lee DH, Yungher BJ, Mehta ST, et al. Enhanced Transcriptional Activity and
Mitochondrial Localization of STAT3 Co-induce Axon Regrowth in the Adult Central Nervous System.
Cell Rep. 2016;15(2):398-410.

15. Qi QR, Yang ZM. Regulation and function of signal transducer and activator of transcription 3. World
J Biol Chem. 2014;5(2):231-9.

1�. Schmandke A, Schmandke A, Strittmatter SM. ROCK and Rho: biochemistry and neuronal functions
of Rho-associated protein kinases. Neuroscientist. 2007;13(5):454-69.



Page 16/25

17. Pernet V, Joly S, Jordi N, Dalkara D, Guzik-Kornacka A, Flannery JG, et al. Misguidance and
modulation of axonal regeneration by Stat3 and Rho/ROCK signaling in the transparent optic nerve.
Cell Death Dis. 2013;4:e734.

1�. Chiu K, Chang R, So KF. Laser-induced chronic ocular hypertension model on SD rats. J Vis Exp.
2007(10):549.

19. Tropepe V, Coles BL, Chiasson BJ, Horsford DJ, Elia AJ, McInnes RR, et al. Retinal stem cells in the
adult mammalian eye. Science. 2000;287(5460):2032-6.

20. Ahmad I. Stem cells: new opportunities to treat eye diseases. Invest Ophthalmol Vis Sci.
2001;42(12):2743-8.

21. Darnell JE, Jr., Kerr IM, Stark GR. Jak-STAT pathways and transcriptional activation in response to
IFNs and other extracellular signaling proteins. Science. 1994;264(5164):1415-21.

22. Muller A, Hauk TG, Leibinger M, Marienfeld R, Fischer D. Exogenous CNTF stimulates axon
regeneration of retinal ganglion cells partially via endogenous CNTF. Mol Cell Neurosci.
2009;41(2):233-46.

23. Muller A, Hauk TG, Fischer D. Astrocyte-derived CNTF switches mature RGCs to a regenerative state
following in�ammatory stimulation. Brain. 2007;130(Pt 12):3308-20.

24. Moore DL, Goldberg JL. Multiple transcription factor families regulate axon growth and regeneration.
Dev Neurobiol. 2011;71(12):1186-211.

25. Liu K, Tedeschi A, Park KK, He Z. Neuronal intrinsic mechanisms of axon regeneration. Annu Rev
Neurosci. 2011;34:131-52.

2�. Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, et al. Promoting axon regeneration in the adult CNS by
modulation of the PTEN/mTOR pathway. Science. 2008;322(5903):963-6.

27. Moore DL, Blackmore MG, Hu Y, Kaestner KH, Bixby JL, Lemmon VP, et al. KLF family members
regulate intrinsic axon regeneration ability. Science. 2009;326(5950):298-301.

2�. Mak HK, Ng SH, Ren T, Ye C, Leung CK. Impact of PTEN/SOCS3 deletion on amelioration of dendritic
shrinkage of retinal ganglion cells after optic nerve injury. Exp Eye Res. 2020;192:107938.

29. Smith PD, Sun F, Park KK, Cai B, Wang C, Kuwako K, et al. SOCS3 deletion promotes optic nerve
regeneration in vivo. Neuron. 2009;64(5):617-23.

30. Joshi Y, Soria MG, Quadrato G, Inak G, Zhou L, Hervera A, et al. The MDM4/MDM2-p53-IGF1 axis
controls axonal regeneration, sprouting and functional recovery after CNS injury. Brain. 2015;138(Pt
7):1843-62.

31. Nawabi H, Belin S, Cartoni R, Williams PR, Wang C, Latremoliere A, et al. Doublecortin-Like Kinases
Promote Neuronal Survival and Induce Growth Cone Reformation via Distinct Mechanisms. Neuron.
2015;88(4):704-19.

32. Cartoni R, Norsworthy MW, Bei F, Wang C, Li S, Zhang Y, et al. The Mammalian-Speci�c Protein
Armcx1 Regulates Mitochondrial Transport during Axon Regeneration. Neuron. 2016;92(6):1294-307.



Page 17/25

33. Belin S, Nawabi H, Wang C, Tang S, Latremoliere A, Warren P, et al. Injury-induced decline of intrinsic
regenerative ability revealed by quantitative proteomics. Neuron. 2015;86(4):1000-14.

34. Zemlin WR, Daniloff RG, Shriner TH. The di�culty of listening to time-compressed speech. J Speech
Hear Res. 1968;11(4):875-81.

35. Fujita Y, Yamashita T. Axon growth inhibition by RhoA/ROCK in the central nervous system. Front
Neurosci. 2014;8:338.

Figures



Page 18/25

Figure 1

Immuno�uorescence staining showed that the three generations cells dedifferentiated from mice retina
had a positive expression of Müller cell-speci�c marker GS (A), FACS showed that 99.8% of the third-
generation puri�ed cells were immunoreactive for GS (B). Western blot analysis showed that the puri�ed
cells rarely express the speci�c markers of other cells in each layer of the retina (C, D).
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Figure 2

Cell proliferation was observed on 3,5,7,10, and 14 days by phase contrast microscopy (A). The scale bar
was 100 μm. The diameters of the neurosphere were 11.55 μm, 29.64 μm, 61.82 μm, 88.36 μm and
177.73 μm at 3,5,7,10 and 14 days, respectively (B).
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Figure 3

Immuno�uorescence staining showed that the stem cells within the cell spheres had a positive
expression of retinal stem cell-speci�c markers Nestin(90.60%), Ki67(89.20%), Pax6(91.00%),
Musashi1(89.90%)(A, B). Western blot analysis was used to detect the expression of retinal stem cells
makers (C, D). Immunocytochemical analysis of Edu showed that newborn cell spheres had the capacity
of effective proliferation (E).
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Figure 4

Stem cells dedifferentiated from Müller cells were transfected with lentivirus AAV-STAT3 (A). Bar=100
mm. Immunocytochemical analysis showed that in the 12 days RGCs were stained with Tuj1 and Pax6
(B). Bar=200 mm. The length of axon in control group was 384.3 μm, in STAT3 group was 956.3 μm, in
shSTAT3 group was 278.2 μm, in Y17632 group was 1347.9 μm, in STAT3 + Y27632 group was 1999.3
μm (C). Western blot analysis showed that the amount of protein and mRNA of GAP-43, phosphorylated
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STAT3 and its downstream genes p21, Irf1 and Sprr1a increased signi�cantly in STAT3 and
STAT3+Y27632 group (D, E). Quantitative RT-PCR assay to measure the mRNA level of Socs3, Pten, Klf9,
Mdm4, Dclk2, Armcx1, c-myc, and Nrn1 in control group, STAT3 group and STAT3+Y27632 group (F-M).

Figure 5

The protein expression and phosphorylation levels of STAT3 in Müller differentiated RGCs in the STAT3
group, shSTAT3 group, Y27632 group and STAT3+Y27632 group (A-C). The mRNA level of axonal
regeneration associated proteins Socs3, Pten, Klf9, Mdm4, Dclk2, Armcx1, C-myc, and Nrn1 in STAT3
group, shSTAT3 group, Y27632 group and STAT3+Y27632 group (D-G). Quantitative RT-PCR assay to
measure the mRNA level of pluripotent associated proteins Esrrb, Prdm14, Sox2, and Rex1 in STAT3
group and STAT3+Y26632 group on D0, D3, D7, and D12 (H-K). Quantitative RT-PCR assay to measure
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the mRNA level of differentiation-associated proteins Nestin, Eomes, Mixl1, and Gata4 in the STAT3 group
and STAT3+Y26632 group on D0, D3, D7, and D12 (L-O).

Figure 6

Ocular hypertension was induced using laser photocoagulation. The mean IOP level of glaucomatous
eyes were detected by a digital tonometer from day 3 to day 60 (A). HE staining of RGCs in glaucoma
mice model at day 15, day 30 and day 60. The number of RGCs was also caculated (B and C). TUNEL
staining of RGCs in glaucoma mice model at day 3, day 10, day 30, and day 60. Scale bar=100 mm.
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Figure 7

Differentiation and transplantation of retinal stem cells in the glaucoma mouse model.
Immuno�uorescence staining of retinal tissue sections showed that the length of GFP positive cells was
360.5 μm in group A, 877.3 μm in group B, 1427.9 μm in group C, and 1986.7 μm in group D. Group A:
control group; group B: AAV-STAT3 group; group C: Y27532 group; group D: AAV-STAT3+ Y27532 group
(A-B). IF staining of TUJ-1 protein in the retina of control group, Glaucoma group, and STAT3+Y27632
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group mouse models (C). Fundus photography and OCT examination in the control group, glaucoma
group, AAV-STAT3 group, Y27632 group, and AAV-STAT3+ Y27632 group mouse models (D). Flash-VEP
examination in control group, glaucoma group, AAV-STAT3 group, Y27632 group, and AAV-
STAT3+Y27632 group mouse models (E). Scale bar=100 μm.

Figure 8

STAT3 combined with Y27632 enhanced the pluripotency and inhibited the differentiation of Müller cell
differentiated RGCs. By this mechanism, mRNA levels of axon growth-related proteins are regulated, and
axon regeneration is promoted.
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