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Lhx2 promotes axon regeneration of adult retinal
ganglion cells and rescues neurodegeneration in
mouse models of glaucoma
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In brief

Li et al. show that overexpression of Lhx2
promotes RGC survival and axon
regeneration after retinal and optic nerve
injuries and preserves functional vision.
Sema3C acts downstream of Lhx2 in
promoting axon regeneration of RGCs.
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Lhx2 promotes axon regeneration of adult retinal
ganglion cells and rescues neurodegeneration
In mouse models of glaucoma
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SUMMARY

The axons of retinal ganglion cells (RGCs) form the optic nerve, transmitting visual information from the eye to
the brain. Damage or loss of RGCs and their axons is the leading cause of visual functional defects in traumatic
injury and degenerative diseases such as glaucoma. However, there are no effective clinical treatments for nerve
damage in these neurodegenerative diseases. Here, we report that LIM homeodomain transcription factor Lhx2
promotes RGC survival and axon regeneration in multiple animal models mimicking glaucoma disease. Further-
more, following N-methyl-D-aspartate (NMDA)-induced excitotoxicity damage of RGCs, Lhx2 mitigates the loss
of visual signal transduction. Mechanistic analysis revealed that overexpression of Lhx2 supports axon regen-
eration by systematically regulating the transcription of regeneration-related genes and inhibiting transcription
of Semaphorin 3C (Sema3C). Collectively, our studies identify a critical role of Lhx2 in promoting RGC survival
and axon regeneration, providing a promising neural repair strategy for glaucomatous neurodegeneration.

INTRODUCTION

Axon regeneration in the mature mammalian central nervous
system (CNS) is extremely limited after damage. Consequently,
functional deficits and neurodegeneration persist after spinal
cord injury, traumatic brain injury, stroke, glaucoma, or related
conditions that involve axonal disconnection.' Failure of axon
regeneration is mainly due to external inhibition and intrinsic con-
straints on growth in mature injured neurons.”® The external
inhibitory molecules of CNS regeneration are usually divided
into three categories: axon guidance molecules (epinephrin,
neurin, and semaphorins),” myelin sheath inhibitors (oligoden-
drocyte myelin glycoprotein [OMgp], myelin associated glyco-
protein [MAG], and Nogo),'®~'* and chondroitin sulfate proteo-
glycans (lectin, NG2)."*'® Very early studies mainly focused on
hostile environment improvements by eliminating these inhibi-
tory factors and promoting axon regeneration in the adult
CNS."” More recent studies demonstrated that reactivation of
neuronal regeneration of injured neurons is another promising
strategy for promoting CNS functional recovery. Researchers

have discovered that intrinsic deletion of phosphatase and ten-
sin homolog (PTEN) and suppressor of cytokine signaling 3
(SOCS3), which are negative regulators of the mTOR or JAK-
STAT pathway, can dramatically promote axon regeneration of
retinal ganglion cells (RGCs)."®2° Also, re-expression of regen-
eration-related molecules, such as SRY-related HMG box 11
(8SOX11), RNA-binding protein Lin28, and thrombospondin 1,
significantly promote optic nerve regeneration.>'>* However,
these molecules are still unable to enhance functional recovery
and delay neurodegeneration in neurodegenerative diseases
despite the improvement in optic nerve regeneration. Therefore,
other strategies combined with neuronal survival improvement
are urgently required for long-term functional restoration.
Transcription factors (TFs), acting as important regulators of
axon growth during development,”>® represent an alternative
way to promote axon regeneration in adulthood. Previous
studies demonstrated that TFs, including paired box 6 (PAX6), vi-
sual system homeobox 2, sine oculis-related homeobox 6, LIM
homeobox protein 2 (LHX2), members of the Kriuppel-like factor
(KLF), and SOX family members, play a key role in the
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differentiation of retinal progenitor cells (RPCs) into RGCs.?”>°
Of note, some of these TFs have been reported to promote
neuronal survival and axon regeneration after damage. For
example, Sox71 expression promotes axon regeneration of
non-0-RGCs but kills a-RGCs.”' Deletion of KLF4 induces
axon regeneration of RGCs through JAK-STAT3 signaling.*°
Ectopic expression of Oct4, Sox2, and Kif4 in adult mouse
RGCs restores youthful DNA methylation patterns and transcrip-
tomes, thereby promoting axon regeneration after optic nerve
injury and reversing vision loss in the mouse model of glaucoma
and aged mice.®' Recently, a combination of in vivo CRISPR
screening and multi-omic analysis has been used to characterize
the core transcription programs controlling injury-induced neu-
rodegeneration of RGCs and reveals novel critical TFs for adult
neuronal repair after damage,** which will provide new strate-
gies for axon regeneration.

Lhx2, a LIM homeodomain TF highly expressed in RPCs, plays
an essential role throughout retinogenesis.>*° During retina
development, neurons and glia of the retina are derived from
RPCs.?"*® Deletion of Lhx2 causes a significant reduction of
the progenitor population and a corresponding increase in neu-
rogenesis.®” Lhx2 is required for all phases of Miiller formation,
including the proliferation of gliocompetent retinal progenitors,
the activation of Mlller-specific gene expression, and the ulti-
mate differentiation of Miiller morphological characteristics.*
Meanwhile, Lhx2 regulates retinal Miller gliogenesis by directly
inhibiting the expression of components of the Notch signaling
pathway.** Furthermore, the function of Lhx2 to regulate the co-
ordinated differentiation of neurons and Muller glial cells is
controlled by Ldb1 and Rnf12 in the postnatal retina.®® However,
the role of Lhx2 in axon regeneration and functional recovery af-
ter CNS injury remains unclear.

In our study, by using the optic nerve crush (ONC) model, we
found that overexpression of Lhx2 in adult RGCs significantly pro-
moted axon regeneration. In the delayed therapy model, Lhx2 pro-
moted axon regeneration of RGCs, and combinatorial expression
of Lhx2 and ciliary neurotrophic factor (CNTF) strongly induced
long-distance axon regeneration. Further, Lhx2 overexpression
relieved RGC damage or death in ONC, N-methyl-D-aspartate
(NMDA)-induced excitotoxic damage of RGC, and microbead-
induced mouse glaucoma models. Finally, mechanistic analysis
revealed that Lhx2 downregulates Semaphorin 3C (Sema3C), a
critical axon-repulsive molecule. Notably, Sema3C overexpres-
sion abolished the role of Lhx2 in promoting axon regeneration,
but not survival, of RGCs. Collectively, our results suggested
that the protective effect of Lhx2-mediated survival of RGCs could
promote optic nerve axon regeneration and restore visual func-
tion, highlighting its therapeutic potential for glaucoma diseases.

RESULTS

Overexpression of Lhx2 promotes axon regeneration of
RGCs in the ONC model

To investigate the function of Lhx2 in RGCs, we implemented in-
travitreal injection for adeno-associated virus 2 (AAV2)-mediated
overexpression of Lhx2 (hereinafter referred to as AAV2-LHX2)
into RGCs in 6- to 8-week-old mice. Control mice were injected
with AAV2-placental alkaline phosphatase (hereinafter referred
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to as AAV2-control).?’ We found that this injection strategy
was effective in transducing more than 85% of RGCs
(Figures S1A-S1C). Two weeks after the virus injection, the optic
nerve was crushed. To detect optic nerve axon regeneration, the
anterograde axonal tracer cholera toxin subunit B was injected
into the vitreous cavity (Figure 1A). Compared with the control
group, where only a small number of axons were able to cross
the crush site, overexpression of Lhx2 significantly promoted
axon regeneration at 2 weeks after ONC (Figures 1B and 1C).
Notably, some axon lengths reached 2 mm long after recovery
(Figures 1B and 1C). To determine the long-term effect of Lhx2
overexpression, we then tested the length of the regenerating
axons 6 weeks after ONC. We found that the longest axon could
regenerate up to 3-4 mm (Figures S1D-S1E). In addition, Lhx2
overexpression could promote axon growth of RGCs (Tuj1*) 3
and 9 days after RGC culture in vitro (Figure S2). Therefore, we
concluded that Lhx2 overexpression promoted the axon regen-
eration of RGCs in a prophylactic setting using the ONC model.

To explore the translational potential of Lhx2 in clinical appli-
cations, we tested whether Lhx2 could promote axon regenera-
tion of RGCs immediately after the injury where AAV2 virus
(AAV2-LHX2 and AAV2-control) was injected intravitreally
instantly after ONC (Figure 1D). Compared with the control
group, Lhx2 overexpression markedly increased axon regenera-
tion of injured RGCs, with the longest axons up to 2 mm 2 weeks
after ONC (Figures 1E-1F). During CNS injury, a large number of
neurons undergo cell death in the early stage, while the surviving
neurons enter into a “dormant state,” which can be activated
later into the axon regeneration mode by environmental stimuli
or axon-regeneration-related gene expression.***° Therefore,
we investigated whether Lhx2 could promote neuronal regener-
ation of these surviving RGCs on which we performed intravitreal
injection of AAV2-LHX2 and AAV2-control 2 weeks after ONC
(Figure S3A). The results demonstrated that overexpression of
Lhx2 promoted axon regeneration of these surviving RGCs
(Figures S3B and S3C), indicating that Lhx2 could promote
dormant RGCs into the regenerating state after injury. Taken
together, these results demonstrated that overexpression of
Lhx2 promoted axon regeneration of RGCs after axonal injury.

CNTF, a potent neurotrophic factor, has been known to protect
RGC survival and induce axon regeneration after optic nerve
injury.*"~** Importantly, CNTF has been clinically tested in glau-
coma, retinitis pigmentosa, and ischemic optic neuropathy.*® To
evaluate the combinational effects of Lhx2 and Cntf overexpres-
sion, we performed AAV2-LHX2 and AAV2-CNTF co-injection to
examine whether these two factors could synergistically promote
post-injury axon regeneration of RGCs. We found that co-expres-
sion of Lhx2 and Cntf dramatically induced axon regeneration of
RGCs post-injury, showing twice the regenerating axon numbers
of those of Cntf individual treatment at a 0.25 or 0.5 mm distance
from the injury site, and the function of Lhx2 alone was similar to
the combination of Lhx2 and Cntf in the sites 0.75, 1, and
1.25 mm away from the injury site (Figures 1D and 1F). Of note,
8 weeks after ONC, the longest axon distance that regenerating
RGCs of the Lhx2 and Cntf co-expressing group could regenerate
to was 3-4 mm (Figures S3D and S3E). Therefore, these results
demonstrated the translational potential of Lhx2 gain of function
for enhancing axon regeneration in the CNS.
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Figure 1. Lhx2 promotes axon regeneration of RGCs after optic
nerve crush

(A) Scheme of the experimental timeline.

(B) Axon regeneration was analyzed by cholera toxin subunit B (CTB)-555
tracing. Left, confocal images of optic nerves showing that overexpression of
Lhx2 induced significant axon regeneration 2 weeks after optic nerve crush;
red dashed lines represent the crush site. Right, the columns display the
magnified axon images of the areas in white dashed rectangles at 0.5, 1.0,
1.75, and 2.0 mm distal to the crush sites. Scale bar, 250 um.

(C) Quantification of regenerating axons at different distances distal to the
nerve crush site (0.25-2.0 mm) (data are presented as mean + SEM, one-way
ANOVA followed by Tukey’s multiple comparisons; *p < 0.05, *p < 0.01, and
***p < 0.001; AAV2-control, n = 6 mice, AAV2-LHX2, n = 5 mice).

(D) Timeline of the experiment.

(E) Left, confocal images of optic nerves showing that Lhx2 and Cntf co-
expression induced robust axon regeneration 2 weeks after optic nerve crush;
red dashed lines represent the crush site, and red arrows indicate the longest

¢ CellP’ress

OPEN ACCESS

Overexpression of Lhx2 protects RGC survival in axonal
injury and mouse glaucoma models

To determine whether Lhx2 has a protective effect on neuronal
survival, we detected the RGC survival rate using ONC and
NMDA-induced excitotoxicity models (Figure 2A). At 14 or
28 days after ONC, the rate of surviving RBPMS* RGCs doubled
(~55% or ~38%) in Lhx2-treated retinas compared to that in the
control group, in which only ~20% or ~15% of RGCs remained
alive (Figures 2B-2D).

Glaucoma disease is the second leading cause of blindness
in the world.? The primary characteristics of glaucoma are
increasing intraocular pressure (IOP)-induced optic nerve
impairment and RGC death. Although early detection and
appropriate interventions can delay the progression of chronic
visual disease, there are still no cures.”? NMDA-induced
apoptosis of RGCs represents a model of glaucoma in some
studies.*®*” Using the NMDA-induced excitotoxicity model,
we found that Lhx2 significantly improved the survival of
RGCs by more than 2 times (~73% or ~53% at 7 or 14 days af-
ter the NMDA injection, respectively) in the treated retinas
compared to the control group (~29% or ~12%) (Figures 2E-
2G). We also examined axon survival in optic nerve semithin
sections collected at 1 mm behind the eyeball and found that
Lhx2 overexpression provided significant protection of RGC
axons 7 days after NMDA injection (Figures S4A and S4B). Pre-
vious studies have reported that the increase of IOP is a major
risk factor for the development and progression of glaucoma,
which leads to optic nerve damage and subsequent death of
RGCs.**° We further investigated the translational potential
by using another mouse glaucoma model based on the injec-
tion of magnetic beads.*® We performed intravitreal injections
of AAV-LHX2 and AAV-control 2 weeks prior to bead injection
(Figures 2H and 2I). Intraocular hypertension was successfully
established for 4 weeks after bead injection in both groups
(Figure 2J), and the RGC survival rate in the Lhx2-treated
group was significantly higher than the control using RBPMS la-
beling (Figures 2K-2L) and optic nerve histological section
(Figures S4C and S4D), suggesting that Lhx2 could maintain
RGC survival under high IOP in this glaucoma mouse model.
Taken together, these results demonstrated the potential of
Lhx2 overexpression in protecting RGC survival in the models
of ONC, NMDA-induced excitotoxicity, and microbead-
induced glaucoma.

Lhx2 preserves functional vision in an NMDA-induced
excitotoxicity model

Previous research has shown that excitotoxicity is related to
multi-neurological diseases, such as ischemic stroke, epilepsy,
glaucoma, Alzheimer’s disease, and others.”’° Our results

axons of the optic nerve. Right, the columns display the enlarged axon images
of the areas in white dashed rectangles at 0.5, 1.0, and 1.5 mm distal to the
crush sites. Scale bar, 250 um.

(F) Quantification of regenerating axons at different distances distal to the
nerve crush site (0.25-1.5 mm) (data are presented as mean + SEM, one-way
ANOVA followed by Tukey’s multiple comparisons test; *p < 0.01 and
***p < 0.001, ns, not significant; AAV2-control: n = 6 mice, AAV2-LHX2: n = 6
mice, AAV2-CNTF: n = 4 mice, AAV2-LHX2/CNTF: n = 6 mice).
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(D) Quantification of RGC survival rate after Lhx2
overexpression 14 and 28 days after optic nerve
crush (data are presented as mean + SEM, one-way
ANOVA followed by Tukey’s multiple comparisons;
**p < 0.01 and **p < 0.001; n = 3 retinas per group;
7-8 fields were analyzed for each retina).

(E and F) Confocal images of retinal whole mounts
showing surviving RGCs labeled by RBPMS immu-
noreactivity (green) 7 (E) and 14 (F) days after NMDA
injection. Scale bar, 50 um.

(G) Quantification of RGC survival rate after Lhx2
overexpression 7 and 14 days after NMDA injection.
(data are presented as mean + SEM, one-way
ANOVA followed by Tukey’s multiple comparisons;
**p < 0.01 and **p < 0.001; n = 3 retinas per group;
7-8 fields were analyzed for each retina).

(H) Time course of the experiment.

(I) Image of magnetic microbeads distributed along
the anterior chamber after injection.

(J) Quantification of intraocular pressure (IOP) for the
4 weeks after microbead injection in the AAV2-LHX2
and AAV2-control groups (AAV2-control, n = 4 mice;
AAV2-LHX2, n = 6 mice).

(K) Confocal images of retinal whole mounts
showing surviving RGCs labeled by RBPMS (green)
immunoreactivity from uninjured eyes and AAV2-
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have indicated that Lhx2 overexpression could protect RGC
and axon survival in the NMDA-induced excitotoxicity model
(Figures 2E-2G, S3A, and S3B). Therefore, we hypothesized
that Lhx2 overexpression may restore the function of vision
damaged by NMDA-mediated excitotoxicity. To test this idea,
we evaluated the electrical signal activity of RGCs in NMDA-in-
jected mice by visual electrophysiology including pattern elec-
troretinogram (PERG) and photopic negative response (PhNR)
(Figure 3A).°%°” PERG is an electrophysiological ophthalmo-
logic test that provides a non-invasive, objective, quantitative
measurement of central retinal function.’® We first tested
whether Lhx2 treatment could maintain RGC function by using
PERG and found that the peak-to-trough (P50-N95) amplitude
ratio of the injured eyes to the normal eyes significantly
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21d  28d

control- and AAV2-LHX2-treated eyes 4 weeks after
induction of elevated IOP. Scale bar, 50 um.

(L) Quantification of RGC survival rate 4 weeks after
induction of elevated IOP in AAV2-control or AAV2-
LHX2 group (data are presented as mean + SEM;
unpaired two-tailed t test; “*p < 0.01; uninjured: n=6
mice, AAV2-control: n =4 mice, LHX2: n = 6 mice; 7-
8 fields were analyzed for each retina).

* %

increased after Lhx2 overexpression in
RGCs (Figures 3B and 3C). PhNR is a
slow negative component of the full-field
electroretinogram for RGC activity.”’
PhNR responses were readily detectable in normal retinas but
significantly reduced after NMDA injection, reflecting a severe
loss of RGC function after NMDA-induced excitotoxicity. The
PhNR response of RGCs was significantly enhanced after
AAV2-Lhx2 injection compared to that in the control group
(Figures 3D and 3E). Furthermore, to test whether functional
vision could be preserved, we performed the visual acuity un-
der different grating intensity stimuli as detected by optokinetic
tracking response.® Consistent with the electrophysiological
results, we found that post-treatment with Lhx2 significantly
preserved visual acuity in the NMDA-induced excitotoxicity
model (Figures 3F and 3G). All together, these results provided
in vivo evidence supporting the notion that Lhx2-mediated RGC
protection could preserve functional vision.
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Figure 3. Lhx2 preserves vision function after NMDA-induced excitotoxicity injury

(A) Time course of the experiment.

(B) Representative PERG waveforms from uninjured eyes 7 days after NMDA injection in AAV2-control- and AAV2-LHX2-treated eyes.

(C) Quantification of PERG amplitudes representing the percentage of AAV2-control- or AAV2-LHX2-treated eyes compared to uninjured eyes (data are pre-
sented as means + SEM; unpaired two-tailed t test; “o < 0.05; n = 6 in both groups).

(D) Representative PhNR waveforms of uninjured eyes 7 days after NMDA injection in AAV2-control- and AAV2-LHX2-treated eyes.

(E) Quantification of PhNR amplitudes representing the percentage of AAV2-control- or AAV2-LHX2-treated eyes compared to uninjured eyes (data are presented
as means + SEM; unpaired two-tailed t test; **p < 0.01; n = 11 mice in per group).

(F) Image of visual acuity measured by optomotor response.

(G) Quantification of visual acuity at 7 days after NMDA injection in AAV2-control and AAV2-LHX2 groups (data are presented as means + SEM; unpaired two-
tailed t test; ***p < 0.001; intact: n = 17, control+NMDA: n = 11, Lhx2+NMDA: n = 13).

Lhx2-mediated axon regenerative and soma survival
effects are specific for RGCs

Lhx2 is highly expressed in RPCs and has a very low expression
level in adult RGCs.®” At the adult stage, Lhx2 is mainly ex-
pressed in Miiller cells and inhibitory interneurons in retina.®*>*
The promoter used for AAV constructs is CAG, a non-specific
promoter that may produce ectopic expression of transgenes
in retinal cells other than RGCs when delivered to wild-type
mice. Therefore, we investigated whether Lhx2-overexpres-
sion-induced axon regeneration and RGC survival was RGC
specific. We injected AAV2-LHX2 or control (EGFP) in a dou-
ble-floxed inverse orientation (AAV2-Flex-LHX2 or AAV2-Flex-
EGFP) into two Cre transgenic mouse lines (Figure 4A), Vglut2-

Cre and Vgat-Cre, in which Lhx2 was selectively expressed in
either RGCs (Vglut2-Cre) (Figures 4B and 4C) or inhibitory inter-
neurons (Vgat-Cre), respectively (Figures 4F and 4G). We found
that Lhx2 expression in RGCs alone could promote dramatic
axon regeneration (Figures 4D and 4E) but not in inhibitory inter-
neurons (Figures 4H and 4l). Similarly, Lhx2 expression in RGCs
alone could improve cell survival, whereas Lhx2 expression in
inhibitory interneurons had no effect, in the ONC model
(Figures S5A and S5B) or the NMDA-induced excitotoxicity
model (Figures S5C and S5D). Therefore, these data clearly indi-
cated that the promotional effects of optic nerve axon regenera-
tion and RGC survival induced by Lhx2 gain of function were a
direct result of RGCs.
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Lhx2 induces global changes of the RGC transcriptome
To gain mechanistic insights into how Lhx2 promotes axon
regeneration of RGCs, we profiled the transcriptomic changes
induced by Lhx2 overexpression through bulk RNA sequencing
(RNA-seq). We intravitreally injected AAV2-control or AAV2-
LHX2 into mice 2 weeks before ONC. RGCs were labeled
3 days after ONC with antibodies against the RGC-selective
marker Thy1, which allows RGC enrichment from dissociated
retinal cells by fluorescence-activated cell sorting for down-
stream RNA-seq analysis (Figures 5A and S6B). We identified
4,947 differentially expressed genes (DEGs) between the con-
trol and Lhx2 overexpression groups at the threshold of an
adjusted p value < 0.05 and a fold change > 1.5. Of note, we
found that 2,228 genes were upregulated and 2,719 genes
downregulated (Figures S6A and S6C). Strikingly, some of the
upregulated DEGs were known to be involved in the regulation
of axon growth or regeneration, such as Akt? and Myc,*°®"
cell-cell adhesion molecules (ltgb1, Tgfbr2), serine/threonine
protein kinase (Raf1,°>°® Map2k2) (Figure 5B). Interestingly,
Gene Ontology pathway analysis showed that the downregu-
lated DEGs were enriched in biological pathways related
to the regulation of the extracellular matrix, axonogenesis,
negative regulation of nerve system development, and
neuron projection guidance processes (Figures 5C and S5D).
In particular, one of well-known regeneration-related genes,
Kif4, was downregulated (Figure 5C), suggesting that Lhx2 is
able to re-activate axon growth programs in injured RGCs.
Importantly, among the significantly altered genes, several
genes are related to axon guidance, including semaphorin
3C (Sema3C),°* semaphorin 3E (Sema3E),°> EPH receptor
A4 (EphA4),°° and lipoprotein-receptor related protein 1
(LRP1).5" Class Ill semaphorins (SEMA3s) are one of the major
classes of axon-repulsive molecules that contribute to the fail-
ure of axon regeneration through the neural scar.®* We noted
that peripheral myelin protein 22 (Pmp22), a major component
of myelin involved in axon growth regulation and myelinization
in the peripheral nervous system, was also downregulated.®®:%°
These gene expressions were further confirmed by real-time
PCR: Sema3C, Sema3E, Pmp22, and KIf4 were indeed down-
regulated, while Akt7 and Myc were upregulated, after Lhx2
overexpression (Figure 5D). These results implied that Lhx2
might act to inhibit functions of important neural development
genes during axon regeneration processes.
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Next, we examined the downstream target genes in Lhx2-
regulated cascades. Lhx2 is an evolutionarily conserved TF
binding to the -TAATTA- sequence in the target gene pro-
moters.”®”" Therefore, we blasted the sequence of promoter re-
gions (Ensembl genome annotation releases) and found
-TAATTA- binding sites in the promoter regions of the Sema3
family (Sema3A, Sema3C, Sema3E) and Pmp22. Then, to test
whether Lhx2 occupies the promoter regions of these genes,
we performed chromatin immunoprecipitation-gPCR using spe-
cific primers flanking the -TAATTA- sequence in N2a cells. The
results demonstrated that Lhx2 was highly enriched at Sema3C
region 2 (Figures 5E and 5F) and Pmp22 region 1 (Figures S7E
and S7F), but not at Sema3A and Sema3E promoter regions
(-TAATTA-) (Figures S7A and S7D), suggesting that Sema3C
and Pmp22 might be the direct downstream targets of Lhx2.

Lhx2 promotes axon regeneration of RGCs through
downregulating Sema3C

We then tested whether Sema3C and Pmp22 are involved in
Lhx2-mediated axon regeneration through multiple studies.
Sema3C belongs to the SEMAS3 family of neuronal guidance
cues, which play a significant role in axon growth and axon guid-
ance.®®*"? Firstly, we examined the expression pattern of
Sema3C in RGCs and found that it peaks 3 days after optic nerve
injury (Figures 6A and 6B). We also verified that the expression of
Sema3C protein was significantly downregulated when Lhx2
was introduced (Figures 6C and 6D) by retinal section immuno-
fluorescence, similar to the RNA-seq results that the transcrip-
tion of Sema3C decreased in treated RGCs. Secondly, AAV2-
LHX2 and AAV2-Sema3C were simultaneously overexpressed
in RGCs (AAV2-control, AAV2-LHX2, and AAV2-LHX2/
Sema3C). Injection was performed 2 weeks before ONC, while
the optic nerve regeneration of RGCs was analyzed 2 weeks af-
ter ONC (Figure 6E). The results showed that Lhx2-mediated
axon regeneration of RGCs was nearly neutralized upon overex-
pression of Sema3C, indicating that Sema3C restraint was
required for Lhx2-mediated axon regeneration of RGCs after
ONC (Figures 6F and 6G). Thirdly, AAV2-Sema3C-short hairpin
RNA was constructed and introduced into RGCs, which found
that RGC axon regeneration was observed in the Sema3C
knockdown group (Figures 6F and 6G). However, we found
that overexpression of Pmp22 could not block Lhx2-induced
axon regeneration of RGCs (Figures S8A and S8C), suggesting

Figure 4. Lhx2-mediated axon regeneration is specific to RGCs
(A) Timeline of the experiment.

(B) Schematic of the retinal structure of Vglut2-Cre mouse expressing Lhx2 in RGCs specifically.
(C) Confocal image showing that Lhx2 (red) was specifically expressed in RBPMS+ (green+) and AP2a.— (white—) labeled RGCs.

(D) Axon regeneration was analyzed by CTB-555 tracing. Left, confocal images showing that Lhx2 expression in RGCs induced axon regeneration 14 days after
optic nerve crush in Vglut2-cre mouse. Right, the columns display magnified images of the areas in the white dashed rectangles at 0.5, 1.0, 1.75, and 2.0 mm
distal to the crush sites. Scale bar, 40 mm.

(E) Quantification of regenerating axons at different distances distal to the nerve crush site (0.25-2.5 mm) (data are presented as mean + SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01, and **p < 0.001; AAV2-Flex-EGFP: n = 3 mice, AAV2-Flex-LHX2: n = 3 mice).

(F) Schematic of retinal structure showing Vgat2-cre mouse expressing Lhx2 in inhibitory neurons specifically.

(G) Confocal image of RBPMS— (green—) and AP2a+ (white+) labeled inhibitory neuron (amacrine cells) expressing Lhx2 (red).

(H) Axon regeneration was analyzed by CTB-555 tracing. Confocal images showing that Lhx2 overexpression in inhibitory neuron did not induce axon regen-
eration 14 days after optic nerve crush in Vgat2-cre mouse. Scale bar, 250 um.

(I) Quantification of regenerating axons at different distances distal to the nerve crush site (0.25-1.0 mm) (data are presented as mean + SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test; ns, not significant; AAV2-Flex-EGFP: n = 5 mice, AAV2-Flex-LHX2: n = 5 mice).
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Figure 5. Lhx2 induces global transcriptome
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that Pmp22 was not a functional downstream target of Lhx2. In
contrast, the RGC survival results showed that RGC survival
maintained by overexpression of Lhx2 was independent of
Sema3C in ONC (Figures S9A and S9B) and NMDA-induced ex-
citotoxicity (Figures S9C and S9D). Thus, Sema3C, as a down-
stream target of Lhx2, was primarily involved in axon regenera-
tion rather than RGC survival.

DISCUSSION

Understanding the mechanism of injured axon regeneration in
adult mammals has been a major challenge. Manipulation of
intrinsic factors provides new clues for enhancing axon regener-
ation and functional recovery.?>** For example, many key TFs
involved in the transition from RPCs to RGCs during develop-
ment are highly relevant to the axon growth program.?’?"-!
By using multiple animal models of optic nerve and retinal injury,
our study demonstrated that overexpression of Lhx2 improved
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Sema3C-1 Sema3C-2

plex molecule that has different molecular
mechanisms through transcription activa-
tion or inhibition of different target genes.
A previous study using AAV2 carrying a
single-guide RNA (sgRNA) and CRISPR-Cas9 indicates that
knockout of Lhx2 promotes axon regeneration of RGCs.>? How-
ever, our results showed that RGC-specific Lhx2 overexpression
promoted axon regeneration. Although these findings seem to
be controversial, we reasoned that Lhx2-mediated effects might
be cell-type specific. Lhx2 is mainly expressed in Mdller cells and
inhibitory interneurons in adults®*** and has a very low expres-
sion level in adult RGCs, based on recent single-cell RNA-seq
data.”®>"* Consistent with previous studies, intravitreal injection
of AAV2 virus transduces most RGCs, some amacrine cells,
and other cell types in our experiments.”®*? To exclude other
cell types, we injected a double-floxed inverse orientation virus
(AAV2-Flex-LHX2) into two Cre transgenic mouse lines (Vglut2-
Cre and Vgat-Cre) and determined that the promoting effect of
RGC survival and axon regeneration of Lhx2 were RGC intrinsic.
In addition, it is possible that downregulation of Lhx2 in other cell
types, such as amacrine cells, may promote axon regeneration
of RGCs through cross-talk between these cells and RGCs. A
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Figure 6. Lhx2 supports axon regeneration of
RGCs by transcriptionally suppressing
Sema3C

(A) Quantification of immunofluorescence staining
results showing Sema3C expression in RGCs after
optic nerve crush (0, 3, and 7 days). Co-staining of
RGCs with anti-Tuj1 (purple), anti-Sema3C (green),
and DAPI (blue). White dashed circle frame indicates
Tuj1 and Sema3C co-staining in RGCs. Scale bar,
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(E) Time course of the experiment.

(F) Axon regeneration was analyzed by CTB-555
tracing. Left, confocal images showing that Lhx2
supported optic nerve regeneration via down-
regulating Sema3C 2 weeks after optic nerve crush,
with red dashed lines representing the crush site and
red arrows indicating the longest axons of the optic
nerve. Right, the columns display enlarged axon im-
ages of the areas in the white dashed rectangles on
the left at 0.5, 1.0, and 1.25 mm distal to the crush
sites. Scale bar, 250 pm.

(G) Quantification of regenerating axons at different
distances distal to the nerve crush site (0.25-1.25 mm)
(data are presented as mean + SEM; one-way ANOVA
followed by Tukey’s multiple comparisons test;
*p < 0.05 and **p < 0.01; ns, not significant; AAV2-
control: n = 6 mice, AAV2-LHX2: n = 5 mice, AAV2-
LHX2/Sema3C: n = 6 mice, AAV2-Sema3C-short
hairpin RNA [shRNA]: n = 4 mice).
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similar scenario occurs for Lin28, which has been demonstrated
to promote axon regeneration of RGCs.**’> However, the pro-
moting effect of Lin28 is not cell intrinsic, as Lin28 is required
in amacrine cells but not RGCs.?* Overall, our study and the pub-
lished work indicate that the role of Lhx2 is very complex, and
future explorations of the functions of Lhx2, particularly in adult
RGCs and other cell types, are needed.

Lhx2 activates or represses the transcription of its target
genes through directly binding to their promoters or en-
hancers.>**>7%"7 |n the mouse thyrotrope, Lhx2 stimulates the
transcription of the thyroid-stimulating hormone B-subunit.”® In
humans, Lhx2 promotes the expression of Pax6 by binding to
the active enhancer regions to regulate the neural differentiation
of human embryonic stem cells.”® Similarly, Lhx2 promotes the
expression of Msx1 and Msx2 as a component of a nuclear factor
complex bound to the enhancer region and inhibits the differen-
tiation of skeletal muscle.”® On the other hand, Lhx2 binds to the
region near the transcription start site and inhibits the expression
of Robo1 and Robo2 to control the orientation of thalamic neu-
rons.”" Likewise, Lhx2 regulates bone remodeling in mice by in-
hibiting c-Fos binding in the nuclear factor of activated T cells c1
(NFATc1) promoter region, thereby regulating the receptor acti-
vator of nuclear factor kB ligand signaling pathway in osteo-
clasts.?’ In this study, we demonstrated that Lhx2 bound to
the conserved binding site TAATTA in the promoter region of
Sema3C and downregulated the expression of Sema3C in
RGCs, indicating that Lhx2 acts as a transcriptional repressor
of Sema3C. However, it remains unclear whether Lhx2 alone or
in concert with other cofactors to regulate the expression of
downstream targets. Future investigations are warranted to
define the molecular mechanisms by which Lhx2 exerts its role
as a transcriptional activator or repressor.

Semaphorins were originally identified as a family of genes en-
coding guidance molecules that play an important role in various
neuronal systems as repulsive or attractive axonal guides.®*5%"
Particularly, upregulation of Sema3A, a secreted protein by neu-
rons and surrounding tissues, can induce axon growth deflection
and neuronal cell death, whereas inhibition of Sema3A promotes
cell migration and axonal growth.®> Of note, neutralization of
Sema3A activity markedly reduces the death of RGCs following
optic nerve axotomy in adult rats.®® In addition, the axonal guid-
ance effects of Sema3A and Sema3C in the mouse hippocampus
were observed: Sema3A repels neurites from the entorhinal cortex
(EC), dentate gyrus (DG), and cornu ammonis (CA) regions CA1
and CAB, but not from the medial septum, whereas Sema3C re-
pels neurites from the CA1 and medial septum, but not from the
CA3, DG, and EC.® Consistently, following axonal injury, the
expression of Sema3C is upregulated in injured rodent facial
and rubrospinal neurons.’? In our study, we found that the expres-
sion of Sema3C in RGCs was upregulated after ONC and that
Lhx2 overexpression inhibited the expression of Sema3C to pro-
mote axon regeneration of RGCs. Functionally, overexpression
of Sema3C blocked axon regeneration of RGCs induced by
Lhx2 overexpression, thus establishing the Lhx2-Sema3C axis
as a negative regulator of axon regeneration in CNS. The number
and length of regenerative axons promoted by Sema3C knock-
down are smaller than those promoted by Lhx2 overexpression,
so there are still some other target genes of Lhx2 that need further
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research to promote RGC axon regeneration. Meanwhile, our data
supported that Lhx2 overexpression promoted RGC survival,
which was independent of the overexpression of Sema3C in
ONC and NMDA-induced excitotoxicity models. Given that tran-
scription programs for regulating axon regeneration and neuronal
survival are essentially distinct,®” axon regeneration cannot occur
by just sustaining RGC survival.®* Neurons overexpressing bcl-2
are capable of surviving axotomy, and axon regeneration does
not occur when faced with an environment where axonal regener-
ation is inhibited.®® Sox71, as a developmentally important TFs in
adult RGCs, promotes axon regeneration of some RGC types but
kills o-RGCs.”' We speculate that Lhx2 regulates RGC somatic
survival and axon regeneration via different mechanisms.
Sema3C, as an axon-guiding molecule, were primarily involved
in axon regeneration rather than cell survival.

Successful regenerative strategies are extremely important for
the reconstruction of injured CNS axons and future clinical treat-
ment of neurological diseases,?®®” especially for long-distance
regeneration of injured CNS axons, enhanced neuronal survival,
and functional recovery.®®%° In the present study, overexpression
of Lhx2 promoted axons to extend continuously at a maximal
length of 3-4 mm within 6 weeks after injury. We did observe
that Lhx2 overexpression could still support a limited number of
axons arriving via optic chiasma, but the ability of Lhx2 to promote
axon regeneration was gradually diminished beyond 6-8 weeks
compared to the time points of 2-6 weeks after injury. We hypoth-
esized that the lack of myelin regeneration and dystrophy would
cause the regenerated axons to deteriorate after more than
8 weeks of injury, necessitating combinatorial treatments to
enhance axon regeneration. Theoretically, axon regeneration in
the CNS is inhibited by both extrinsic and intrinsic factors.**°
So far, multiple signaling molecules have been demonstrated to
increase neuronal survival and induce axon regeneration in the
CNS, including PTEN, CNTF, SOCS3, Lin28, SOX11, myosin,
and so on.'%#2#291.92 |Importantly, CNTF and PTEN are currently
the most studied molecules for combination strategies, such as
Cntf/Pten deletion/Socs3 deletion and c-Myc/Cntf/Pten dele-
tion/Socs3 deletion.?>¢" In particular, CNTF, a neuropoietic cyto-
kine, has been approved by the FDA as a neuroprotective treat-
ment for retinal degenerative diseases.”® To explore the clinical
relevance of Lhx2, we combined Lhx2 and Cntf expression and
investigated their effects on optic nerve axon regeneration
following injury. Our results showed that the post-injury treatment
of AAV2-LHX2/CNTF dramatically promoted axon regeneration of
RGCs 2 weeks after ONC. Unlike the previous reports using mul-
tiple molecules simultaneously,”>¢"® our strategy of combining
only two molecules (Lhx2 and Cntf) post-injury treatment was
able to promote axon regeneration and proximity to the optic
chiasm even 6 weeks after ONC, suggesting long-term regenera-
tive capacity. Therefore, future studies are required to explore the
effectiveness and safety of the combined use of Lhx2 and other
molecules in synergistically promoting axon regeneration before
translating research findings into clinical practice. Furthermore,
by using an NMDA-induced excitotoxicity model, we demon-
strated that Lhx2 overexpression not only promoted axon
regeneration of RGCs but also preserved functional vision. Impor-
tantly, in an IOP-induced mouse glaucoma model, we found that
AAV2-mediated Lhx2 overexpression protected both RGC soma
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and axon survival. It would be interesting to investigate whether
Lhx2 has a role in promoting axonal survival after ONC using
various methods like real-time imaging and ex vivo assays. Collec-
tively, our results reveal an essential role for Lhx2 in adult RGCs to
promote neuronal survival and axon regeneration, highlighting the
translational potential of manipulating Lhx2 for the treatment of
nerve injury and neurodegeneration diseases.

Limitations of the study

The present study has revealed that Lhx2 expression promoted
soma survival and axon regeneration of RGCs following axonal
damage, but there was no evidence that Lhx2 plays a part in
the process of axonal survival, and it was possible that the
phenotype was a combination of axonal survival and regenera-
tion. We used bulk RNA-seq to discover the relevant regenera-
tion pathway of Lhx2 that regulates RGC survival and regenera-
tion and discovered the key role of Sema3c in it. However, due to
technical limitations, we were unable to determine which types
of RGCs are regulated by Lhx2 in cell survival and axon regener-
ation, and single-cell RNA-seq and additional functional experi-
mental verification may be required. In the treatment of glau-
coma, the function of Lhx2 requires other animal models, such
as hereditary glaucoma models, to further validate its potential
value in clinical applications.
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Experimental models: Cell lines

AAV-293 Procell CL-0019
Neuro-2a This study N/A
Experimental models: Organisms/strains

Mouse: Vglut2-ires-Cre Jackson Labs JAX:028863
Mouse: Vgat-ires-Cre Jackson Labs JAX:016962
Mouse:C57BL/6J SiPeiFu ( Beijing ) B204-02
Oligonucleotides

For all primers, see Table S1 This study N/A
Recombinant DNA

AAV2-CAG-LHX2 This study N/A
AAV2-CAG-GFP Addgene Ca#37825
AAV2-CAG-PLAP This study N/A
AAV2-CAG-CNTF This study N/A
AAV2-Flex-LHX2 VectorBuilder N/A
AAV2-Flex-EGFP VectorBuilder N/A
AAV2-CAG-Sema3C-shRNA This study N/A
AAV2-CAG-Sema3C This study N/A
AAV2-CAG-Pmp22 This study N/A
Software and algorithms

Prism GraphPad RRID: SCR_002798
Imaged NIH RRID: SCR_003070
LAS X Leica N/A

ZEN 2009 Light Edition Zeiss N/A

Other

Zeiss LSM880 Fast Ariyscan Zeiss N/A

BD FACS Fusion BD Biosciences N/A

LEICA DMi8 Leica N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Chang-Mei Liu (lluchm@
ioz.ac.cn).

Materials availability
This study did not generate new reagents.

Data and code availability

® Theraw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation/
Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRAA009539) that are publicly accessible at https://
ngdc.cncb.ac.cn/gsa.

® This paper does not generate new code.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

All mice were from a C57BL/6J genetic background. The Vglut2-ires-Cre mouse line (028863, Jackson Labs) was a kind gift from Dr.
Ruimao Zheng'’s laboratory at Peking University; Vgat-ires-Cre (016962, Jackson Labs) were obtained from Jackson Laboratories.
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Mice were housed in specific pathogen-free (SPF)-like conditions, with a maximum of five mice per cage. All mice were maintained in
aroom at a constant temperature (23°C) with a regular 12-h light/dark cycle with ad libitum access to food and water. All animal pro-
cedures were approved by the Animal Committee of the Institute of Zoology, Chinese Academy of Sciences, and were conducted in
accordance with the guidelines of national ethical regulations for animal care and use in research (10220180025). All mouse surgeries
were performed under anesthesia induced by intraperitoneal injection of Tribromoethanol (avertin) (300 mg/kg) diluted in sterile sa-
line. 4-6-week-old C57BL/6J male and female mice were used for excitotoxicity and optic nerve crush, NMDA-induced excitotox-
icity, and microbeads-induced mouse glaucoma experiments.

METHOD DETAILS

Constructs

The mouse Lhx2 open reading frame (ORF) was PCR-amplified from retinal cDNA using a forward primer (5'-CGGGATC-
CATGCTGTTCCACAGTCTGT-3') and a reverse primer (5'-CGGAATTCTTAGAAA AGGTTG GTAAGAGTCGTTT -3'). The Lhx2 ORF
with a 5 BamHI restriction site and a 3’ EcoRl restriction site was used to replace the EGFP open reading frame in AAV2-CAG-
EGFP with standard digestion and ligation to generate AAV2-CAG-LHX2. The AAV2-CAG-EGFP was purchased from Addgene
(plasmid #37825). Mouse Sema3C and Pmp22 ORFs were amplified from retinal cDNA with a 5’ Xbal restriction site and a 3
EcoRl restriction site and used to replace the EGFP open reading frame in AAV2-CAG-EGFP to obtain AAV2-CAG-Sema3C, and
AAV2-CAG-Pmp22 respectively. Detailed primer sequences can be found in Table S1. AAV2-Flex-LHX2 and AAV2-Flex-EGFP
were purchased from VectorBuilder (Yunnan, China). AAV2-PLAP and AAV2-CNTF were purchased from Vigene Biosciences (Jinan,
China). The sequence of this shRNA of Sema3c was cloned in the vector pAAV-UB-CMV-mCherry to generate AAV2-Sema3c-
shRNA.AIl AAVs were then packaged into AAVs of serotype 2/2 (titers: ~5 x 10'2 GC/mL) by the Delivectory Biosciences (Beijing,
China).

Antibodies

Primary antibodies: Mouse anti-Tuj1 (1:1,000, BioLegend, 801202), Rabbit anti-Lhx2 (1:500, Abcam, ab184337), Rabbit anti-RBPMS
(1:500, Abcam, ab194213), Guinea pig anti-RBPMS (1:200, PhosphoSolutions, 1832-RBPMS), Mouse anti-AP2q. (1:50, DSHB,
AB_528084), Rabbit anti-Sema3C (1:200, Solaibao, KO10031P), Rabbit anti-Pmp22 (1:200, Solaibao, K107046P). Secondary anti-
bodies were from Life Technologies, raised in either goat or donkey against primary antibody’s host species, highly cross adsorbed
and conjugated to fluorophores of Alexa Fluor 488, Alexa Fluor 568, or Alex Fluor 647, and used at a 1:500-1000 dilution.

Intravitreal injection and optic nerve crush

Intravitreal injection and optic nerve crush were performed as previously described.?” Briefly, mice were anesthetized, 1-2 uL of
AAV2 virus (5 x 10"? GC/mL) was injected into right vitreous humor of the mouse with glass micropipette connected to Microinjection
Syringe Pump. The position and direction of glass micropipette were well controlled to avoid injury to the lens. Two weeks after viral
injection, mice were anesthetized, the right optic nerve of the mouse was exposed behind the eyeball and crushed with Dumont #5
fine forceps (Fine Science Tools) for 5 s at approximately 0.5 mm behind the optic disc. To label RGC axons in the optic nerve, 2—
3 days before perfusion, 1.0 uL of CTB conjugated with Alexa Fluor 555 (1 ng/uL, Thermo Fisher Scientific) was injected intravitreally
with a pulled glass micropipette. Both retina and the right optic nerve were dissected out and post-fixed in 4% PFA overnight at 4°C
when harvested.

NMDA-induced excitotoxicity model

For NMDA injection, two weeks after the virus injection, mice were anesthetized, 1.5 uL NMDA (20 mM, Sigma-Aldrich) was injected
into the vitreous humor with a with glass micropipette. The position and direction of the glass micropipette were well controlled to
avoid injury to the lens and bleeding.

Tissue preparation and optic nerve tissue clearing

Two days after intravitreal CTB injection, mice were anesthetized and perfused with 0.1 M PBS followed by 4% paraformaldehyde
(PFA). Retina and optic nerve were dissected out and post-fixed with 4% PFA overnight at 4°C. Retinas were dehydrated with 30%
sucrose overnight at 4°C, and then snap-freezed in OCT. 20 um thick sections were cut for retina, adhered to room temperature
charged microscope slides, dried, and frozen until further processing. Optic nerve was washed and dehydrated in the increasing con-
centrations of tetrahydrofuran (50%, 70%, 80%, 100% and 100%, v/v in distilled water, 20 min each) in glass bottles at room tem-
perature, and the dehydrated optic nerves were cleared with a mix solution of benzyl alcohol (BA)/benzyl benzoate (BB) (BA:BB = 1:2
in volume; Sigma) for 20 min. The clearing procedures were kept away from light to reduce the loss of axon fluorescent signal.

RGCs culture

Although pure adult RGCs do not thrive in culture, they perform well in mixed retinal cultures, allowing researchers to study variables
and signaling pathways that stimulate RGC axon regeneration. Retinas were dissected, dissociated with papain containing 0.005%
DNase (Worthington dissociation system) at 37°C for 10 min, triturated carefully. Cell suspension was pelleted by centrifugation at
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5009 for 5 min, and resuspended in Neurobasal medium (2% B27 , 1% GlutaMAX). Transfer cells to a 6-well plate (previously
covered with PDL glass slides) for culture. Cells are incubated for 3 and 9 days at 37°C and 5% CO2. Three technical repetitions
per treatment group are suggested.

Immunostaining

Forimmunostaining, RGCs were fixed in 4% paraformaldehyde and washed with PBS and blocked in 5% BSA and 0.3% Triton X-100
in PBS for 1h at room temperature, and then incubated overnight at 4°C in primary antibodies (anti-Tuj1 and anti-Lhx2) diluted in
block solution., after washed for three times with PBS, secondary antibodies were applied for 1-2 h at room temperature in block
solution. The sections retinas were washed three times with PBS and blocked in 5% donkey serum and 0.3% Triton X-100 in
PBS for 1h at room temperature, and then incubated overnight at 4°C in primary antibodies (anti-RBPMS and anti-Sema3C) diluted
in block solution. After washed for three times with PBS, secondary antibodies were applied for 1-2 h at room temperature in block
solution. The whole mount retinas immunostaining was performed by following a similar procedure: washed for three times with PBS,
blocking in 5% donkey serum and 0.5% Triton X-100 in PBS for 1-2 h at room temperature, incubation for 2 days at 4°C in primary
antibody (anti-RBPMS) diluted in block solution, washed for three times with PBS, and incubation with secondary antibodies for 1-2 h
at room temperature in block solution.

Axon survival

For axon survival examination, mice were anesthetized and perfused with 0.1 M PBS, optic nerves were fixed in 2.5% glutaraldehyde
and 2% paraformaldehyde in 0.1M sodium cacodylate buffer. Optic nerve regions 1 mm distal to the eyeball were embedded in resin.
Generate semithin optic nerve cross sections (1 um) using a microtome Semithin sections of the optic nerve were stained with tolu-
idine blue and imaged with Zeiss LSM 880 microscope equipped with a 100X lens. Quantify the RGC axons in eight non-overlapping
areas of each optic nerve section. Axon survival rates was calculated by measuring the ratio of average axon number in optic semithin
with NMDA-injection of high IOP to that in uninjured retina.

Quantification of RGC survival rates

For RGC survival rates quantification, the whole-mount retinas were immunostained with rabbit anti-RBPMS antibody to label the
surviving RGCs by following the steps described above (see Immunostaining of whole-mount retinas). 6-8 fields were randomly
sampled from the peripheral regions of each retina by a 20x lens with Zeiss LSM 880 microscope. RGC survival rates was calculated
by measuring the ratio of average RBPMS positive cell number in retina with optic nerve crush or NMDA-injection to that in uninjured
retina. The same approach used to analyze the microbeads-induced mouse model of glaucoma.

RGC purification by fluorescence-activated cell sorting (FACS)

RGC purification was performed as described earlier.”'*""%* Retinas were dissected, dissociated with papain containing 0.005%
DNase (Worthington dissociation system) at 37°C for 10 min, triturated carefully, and dissociated into a single-cell suspension by
repeated pipetting in Neurobasal medium containing 4% BSA. Cell suspension was pelleted by centrifugation at 500g for 5 min,
and resuspended in Neurobasal medium containing 4% BSA. Cells were blocked with mouse CD16/CD32 Fc blocker antibody
(1:50) (BD Pharmingen, 553141) for 5 min on ice to prevent non-specific binding of immunoglobulin to Fc receptors, and then labeled
with Thy1.2-PE antibody (1:100) (Biolegend, 105307) for 30 min on ice. Retinal cells were pelleted by centrifugation at 500g for 5 min.
Supernatant was discarded and pelleted cells were washed with HBSS containing 4% BSA, pelleted by centrifugation at 500g for
5 min, and resuspended with HBSS. The 7-Amino-Actinomycin D (7-AAD) is a ready-to-use nucleic acid dye that can easily penetrate
the damaged membranes of non-viable cells. Cells suspension was then incubated with DAPI and 7-ADD for 5 min before FACS sort-
ing by BD FACSAria Fusion using a 100-micron nozzle. Thy1.2-positive and 7-ADD-negative cells were identified and sorted into
HBSS containing 4% BSA.

Library preparation and RNA sequencing
Atotal amount of 2 ug RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were gener-
ated using NEBNext Ultra RNA Library Prep Kit for lllumina (#E7530L, NEB, USA) following the manufacturer’s recommendations and
index codes were added to attribute sequences to each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand
Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using random hexamer primer and RNase H. Second strand cDNA
synthesis was subsequently performed using buffer, dNTPs, DNA polymerase | and RNase H. The library fragments were purified
with QiaQuick PCR kits and elution with EB buffer, then terminal repair, A-tailing and adapter adding were implemented. The aimed
products were retrieved and PCR was performed, then the library was completed.

RNA concentration of library was measured using Qubit RNA Assay Kit in Qubit 3.0 to quantify RNA and then diluted to 1 ng/uL.
Insert size was assessed using the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA), and insert size was accurate
quantified using StepOne Plus real-time PCR System (Library valid concentration >10 nM). The clustering of the index-coded
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samples was performed on a cBot cluster generation system using HiSeq PE Cluster Kit v4-cBot-HS (lllumina) according to the man-
ufacturer’s instructions. After cluster generation, the libraries were sequenced on an lllumina platform and 150 bp paired-end reads
were generated.

RNA-seq data analysis

Raw data was saved in FASTQ format, which included the base sequence and quality metadata. Clean data was obtained by filtering
out adaptor-polluted or low-quality reads. Bowtie2 mapped clean data to the reference genome, which was then displayed using
IGV. MACS2 discovered peaks associated with the genome’s open region. The enrichment analysis of GO terms (http://
geneontology.org/) or KEGG pathways (http://www.kegg.jp/) used a hypergeometric test with a threshold g < 0.05 to identify signif-
icant enrichments.

RT-PCR and Chip-qPCR

Total RNA was isolated from RGCs purified from FACS, and then reverse transcribed into cDNA with TransScript One-Step gDNA
Removal and cDNA Synthesis Kit (TRANS). The cDNA was amplified using quantitative SYBR Premix Ex Taq (Tli RNaseH Plus) (Ta-
kara). Real-time PCR (RT-PCR) was performed using the two-step method RT-PCR system (Roche). Each sample was performed at
least in triplicate. MRNA levels were normalized to values for GAPDH using the 272€T method. Detailed primer sequences are in
Table S1.

Chromatin immunoprecipitation (ChlP) assay was performed as described earlier. Briefly, Neuro 2A (N2a), is a mouse neural crest-
derived cell line that has been extensively used to study neuronal differentiation, axonal growth and signaling pathways, were cross-
linked with 1% PFA for 10 min at room temperature and fixation was terminated at 125 mM glycine. The cells were sonicated in SDS
lysis buffer on ice, generating soluble chromatin fragments of 100-400 bp. Chromatin was immunoprecipitated with Rabbit anti-Lhx2
(5 ng, Abcam) and negative control Rabbit anti-IgG (5 ng, Abcam) antibodies. After incubation, chromatin was pulled down by the
Protein A-bound antibodies and washed in IP dilution buffer, TSE-500 solution (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris, pH 8.1, 500 mM NaCl), Li/Cl wash solution (100 mM Tris, pH 8.1, 300 mM LiCl, 1% NP-40, 1% deoxycholic acid), and 1x
Tris-EDTA buffer (TE), two times each at 4°C. Protein-DNA complexes were reverse cross-linked in IP elution buffer (50 mM
NaHCO3 and 1% SDS) and incubated with proteinase K (20 mg/ml) and RNase A at 65°C overnight. DNA was extracted with
phenol/chloroform/isoamyl alcohol (25:24:1) isolations, precipitated with ethanol and 10 pg linear acrylamide, and resuspended in
nuclease-free water. The DNA was then analyzed by gPCR using specific primers at Sema3A, Sema3C, Sema3D, Sema3E, Sema3F,
and Pmp22 genes. The gPCR reaction was performed by Roche 480, and the % input was analyzed using the 27*¢* method. Detailed
primer sequences are in Table S1.

Electroretinography (ERG)

PERG was recorded as previously reported.®®-*>:° |n brief, animals were dark adapted for at least 12 h prior to recordings. The mice
were anesthetized with an intraperitoneal injection of Tribromoethanol (50 mg/kg) and placed on a thermostatically controlled heating
pad on the stage of a Ganzfeld recording system (Roland, USA). A golden circle electrode (3 mm diameter) was placed on each eye.
Two stainless steel reference electrodes were placed subcutaneously on the cheek and a ground electrode was placed near the base
of the tail. For recording the pattern ERG (PERG), the LED-based stimulators were placed in front of the mouse so that the center of
the screen was 27.5 cm from the eye. The pattern remained at a contrast of 100% and consisted of three cycles of black-gray ele-
ments, with a spatial frequency of 0.05 c/d. Upon stimulation, recordings of 200 traces were averaged to achieve one readout; each
trace was recorded up to 500 ms. The first positive peak in the waveform was designated as P50 and the second negative peak as
N95. The amplitude was measured from P50 to N95. The mean of the P50-N95 amplitude in the treated/injured eye was compared to
that in the control eye to yield a percentage of amplitude change. PhNR was recorded as previously reported,®”° In brief, a drop of
1% Tropicamide (Alcon Laboratories, Australia) was applied to each eye for pupil dilation. Then the PhNR was recorded at the light
intensity of 3 cd s/m2 in mice that were light adapted for 10 min on a background light intensity of 30 cd/m? 10 sweeps were measured
from each animal and results were averaged. The amplitude was measured from b-wave peak to the PhNR trough (PT). The mean of
the PT amplitude in the treated/injured eye was compared to that in the control eye to yield a percentage of amplitude change.

Optomotor response

OKR was recorded as previously reported.”®“® In brief, visual function was evaluated through a virtual optomotor tracking system
(OptoMotry, Lethbridge, Canada). The mouse was placed on an elevated platform in the middle of the testing chamber, which
was composed of four computer monitors showing a virtual spatial frequency grating that rotated laterally, and mouse was monitored
by a camera set in the ceiling of the chamber. The animals were placed on a platform to adapt for about 5 min. The grating speed was
adjusted to 12°/s during the experiment, and the grating spatial frequency ranged from 0.2 to 0.6 cycles/degree (c/d) in a staircase
manner. The experimenter selected “Yes” or “No” to indicate whether the animal tracks or does not track the stimulus. The duration
of each experiment was 5-10 min, and the interval time for each animal between two adjacent experiments was at least 10 min. Visual
function was evaluated by comparing the minimum spatial frequency that could elicit Optomotor Response between different
groups.
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Induction of IOP elevation in mice

Induction of IOP was recorded as previously reported.®*°* In brief, mice were anesthetized. A drop of 1% Tropicamide (Alcon Lab-
oratories, Australia) was applied to each eye for pupil dilation. Elevation of IOP was induced unilaterally by injection of polystyrene
microbeads (dynabeads, M-450, Invitrogen) to the anterior chamber of the right eye of each animal under a surgical microscope.
Briefly, microbeads were reformulated at a concentration of 1.5x10° beads/ul in PBS. The right cornea was gently punctured
near the center using a 34G needle. A small volume (1.5-2 ulL) of microbeads was injected through this preformed hole into the ante-
rior chamber via the micropipette. The magnet was used to attract the beads to the iridocorneal angle to ensure that the beads form
an evenly distributed ring around the circumference of the anterior chamber. Mice were placed on a heating pad for recovery after the
injection.

Analysis of optic nerve regeneration

For tissue-cleared whole-mount optic nerves, Z-stacked (step size: 2 um) and tiled fluorescent images were obtained with a Zeiss
LSM 880 confocal microscope using a 20x objective. To accurately quantify the number of optic nerve axon regeneration, every
5 consecutive sections were projected maximum intensity to generate a series of Z-projection images of 10 um optical section. In
each Z-projected image, the number of CTB-labeled fibers was counted at 250 pm intervals from the optic nerve crush site and
summed over all Z-projection images.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

GraphPad Prism software was used for statistical analysis. Data in graphs are shown as means + SEM. For comparisons between
two groups, two-tailed unpaired t test was used. For comparisons among three or more groups, one-way ANOVA followed by Tu-
key’s multiple comparisons was used to determine the statistical significance. Differences between groups with p < 0.05 were
considered significant (*p < 0.05, “*p < 0.05, **p < 0.01).
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