
Original Article
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Ocular neurodegenerative diseases like glaucoma lead to pro-
gressive retinal ganglion cell (RGC) loss, causing irreversible
vision impairment. Neuroprotection is needed to preserve
RGCs across debilitating conditions. Nerve growth factor
(NGF) protein therapy shows efficacy, but struggles with
limited bioavailability and a short half-life. Here we explore a
novel approach to address this deficiency by utilizing circular
RNA (circRNA)-based therapy.We show that circRNAs exhibit
an exceptional capacity for prolonged protein expression and
circRNA-expressed NGF protects cells from glucose depriva-
tion. In a mouse optic nerve crush model, lipid nanoparticle
(LNP)-formulated circNGF administered intravitreally pro-
tects RGCs and axons from injury-induced degeneration. It
also significantly outperforms NGF protein therapy without
detectable retinal toxicity. Furthermore, single-cell transcrip-
tomics revealed LNP-circNGF’s multifaceted therapeutic ef-
fects, enhancing genes related to visual perception while
reducing trauma-associated changes. This study signifies the
promise of circRNA-based therapies for treating ocular neuro-
degenerative diseases and provides an innovative intervention
platform for other ocular diseases.
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INTRODUCTION
Neuroprotection refers to strategies that protect the nervous system
from injury and degeneration. For ocular diseases, effective neuropro-
tective therapies remain an unmet need for many conditions that lead
to vision loss.1,2 These diseases often result in progressive degenera-
tion of retinal ganglion cells (RGCs), which are the sole output neu-
rons transmitting visual information from the retina to the brain.3,4

For example, in glaucoma, the second leading cause of blindness
worldwide, RGC axons and cell bodies are damaged due to elevated
intraocular pressure or other factors, leading to irreversible vision
loss.5,6 Diabetic retinopathy, a common complication of diabetes, in-
volves excitotoxic damage and oxidative stress also causing RGC
apoptosis.7 Once RGCs and their axons degenerate, vision loss is
irreversible as they do not regenerate. Therefore, neuroprotection is
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essential to prevent blindness. However, current treatments like
lowering intraocular pressure in glaucoma only slow disease progres-
sion and do not robustly protect RGCs.8,9 More effective neuropro-
tective strategies are urgently needed to preserve RGCs and vision
across these debilitating ocular conditions.

Restoring and enhancing neurotrophic factors is a promising
approach in protecting visual function by slowing retinal neuronal
degeneration and dysfunction.10,11 For example, nerve growth fac-
tor (NGF) is a well-characterized neurotrophic factor that exerts
protective effects on neuronal health and survival.12 Recombinant
protein therapy to deliver NGF has been used for treating RGC
degenerative diseases.13,14 However, clinical translation of recombi-
nant proteins is challenging due to their limited bioavailability.15,16

Additionally, the short half-life of recombinant proteins necessitates
continuous long-term infusion to maintain therapeutic levels.11,17

In addition to protein therapy, gene therapy has also been explored
as an alternative approach to provide sustained neurotrophic factor
delivery. Viral vectors can transduce neurons, leading to persistent
transgenic expression.18 However, substantial safety concerns
around genotoxicity, immunogenicity, irreversible genome alter-
ation, and difficulty controlling expression levels have curtailed
the clinical advancement of gene therapy vectors for neurodegener-
ative applications.19,20
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An ideal solution would be a non-viral vector capable of safe and sus-
tained expression of neurotrophic factors in the nervous system after
non-invasive administration. Such a platform could reconstitute lost
neurotrophic support, providing neuroprotection and regeneration
on a prolonged basis after a single or occasional dosing regimen.
mRNA therapy has shown promise for delivering genetic information
to cells to produce therapeutic proteins.21,22 More recently, engi-
neered circular RNAs (circRNAs), containing a covalently closed
continuous loop without 50 or 30 ends,23 provide marked stability
and resistance to exonuclease degradation compared with linear
mRNA (linRNA).24,25 Therefore, engineered circRNAs can serve as
vectors for sustained intracellular protein production and as thera-
peutic protein treatment.26–28

While mRNA therapy shows promise for sustained protein produc-
tion, further research and development are required to establish
mRNA-based approaches as effective treatments for neurodegenera-
tive and ocular diseases. Here, we engineered circRNA vectors to ex-
press NGF for neuroprotection of RGCs. We conducted a systematic
assessment comparing the engineered circRNAs with that of the con-
ventional linRNAs. We evaluated and optimized the efficacy of lipid
nanoparticle (LNP)-formulated circRNAs to express NGF after intra-
ocular administration in the mouse model. Furthermore, we provided
evidence for the potential of circRNA vectors to enable safe, pro-
longed protein expression for neuroprotective therapy. We finally
explored its therapeutical effects by single-cell analysis. Our results
demonstrate the promise of engineered circRNAs as neuroprotective
vectors to preserve vision. Our study also provides a platform to
develop mRNA therapy for other ocular diseases.

RESULTS
Characteristics of linear and circRNAs

To compare the expression of linear and circRNAs, we transfected
linear and circRNAs carrying the genes of GFP, Gaussia Luciferase
(Gluc), and NGF into HEK293T cells and determined their protein
levels. The protein level of linear GFP mRNA (linGFP) transfection
peaked at 24 h after transfection and then gradually decreased, and
linear Gluc mRNA (linGluc) showed Gluc expression only 24 h after
transfection (Figure 1A). In contrast, the level of the protein expres-
sion of the circular GFP (circGFP) and circular Gluc mRNAs
(circGlucs) were higher and lasted longer than their linear counter-
parts, which had a more persistent expression between 24 and 96 h
(Figure 1A). For NGF, the NGF linRNA (linNGF)-mediated protein
expression could be detected as early as 6 h after transfection and was
barely detectable at 24 h, while the circular NGF mRNA (circNGF)
had detectable expression at 6 h, peaked at 12 h, and lasted beyond
48 h (Figure 1A). To confirm the protein expression, we examined
the biological activities of GFP, where that of linGFP lasted until
around 7 days after transfection, while that of circGFP continued un-
til around 27 days after transfection (Figures 1B and S1A). To quan-
titatively assess the expression profiles, we transfected Gluc-express-
ing mRNA into HEK293T cells and collected cell lysates at regular
intervals for luciferase reporter assays. When transfected with equal
amounts of linRNA and circRNA into the cells, the luciferase activity
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achieved by the linGluc was higher than that of the circGluc on the
first day, but rapidly declined and soon approached that of cells
that have not been transfected with Gluc mRNA. For circGluc, the ac-
tivity did not decline until six days after transfection and persisted at
least 15 days (Figure 1C).We also transfected mRNA expressing NGF
into HEK293T cells and collected culture supernatants at various time
points for ELISA experiments to quantitatively assess NGF protein
(pNGF) expression. The results of the ELISA were consistent with
those of the western blot assay, demonstrating that the pNGF pro-
duced by linNGF was significantly higher than that produced by
circNGF at 6 h after transfection. However, after 24 h, the expression
mediated by circNGF was not only higher, but also more persistent
(Figure 1D). These results suggested that, while the linRNA had a
burst of protein expression at the initial time, circRNA had a more
persistent expression.

Next, we examined immunogenicity caused by the transfection of
mRNA by using four common inflammatory factors, interleukin-6,
tumor necrosis factor-a, RIG-I, and interferon-a.29–31 The immuno-
genicity of the circRNA was significantly lower after HPLC purifica-
tion (Figure S1B) (p < 0.05, two-sided Wilcoxon rank sum test).
The results demonstrated that both circRNA and linRNA produced
significant innate immune responses compared with the negative
control. However, the immunogenicity of circRNA was comparable
to that of linRNA, with no statistical difference between them
(two-sided Wilcoxon rank sum test) (Figure 1E). Taken together,
we showed circRNA’s ability to provide sustained expression
compared with conventional linear vectors and had comparable
low immunogenicity.

CircNGF conferred neuroprotection under glucose starvation

in vitro

We next evaluated whether circRNA-produced NGF could mitigate
neuronal injury induced by glucose deprivation in mouse hippocam-
pal HT22 cells. We first validated the injury model by culturing HT22
cells in glucose-free media, which induced severe morphological de-
fects and cell death (Figure 2A). The changes were observed starting
from the time point of 12 h and becoming severe after 24 h. We next
transfected cells with circNGF and linNGF before glucose depriva-
tion, separately. We also compared the protection effects of recombi-
nant pNGF. All three molecules significantly improved cell viability
after injury (Figure S1C). The pNGF group had significantly higher
cell viability than the G group only at the first time point, and there
was no significant difference at the other time points (Figure S1C).
Compared with pNGF, both linNGF and circNGF showed signifi-
cantly better protection (p < 0.05, two-sided Wilcoxon rank sum
test). Furthermore, circNGF provided higher and longer protection
compared with linNGF at 36 and 48 h (Figures 2A–2F).

We also examined the impacts of the three molecules on the mRNA
expression of p21, an apoptosis-related marker. While three mole-
cules lowered the mRNA expression of p21, circNGF had signifi-
cantly lower p21 mRNA expression compared with that of linNGF
and pNGF (p < 0.0001 and p < 0.05, respectively; two-sided



Figure 1. CircRNAs displayed higher and longer levels of protein expression than linear RNAs in vitro

(A) Western blot analysis of GFP, Gluc, and pNGF levels from HEK293T cells transfected with linRNAs or circRNAs. b-Tubulin was served as a loading control. Each assay

was repeated for three times. (B) Representative images of GFP expression in HEK293T cells transfected with linGFP or circGFP at different time points, day 1 (D1) to D27.

Scale bar, 50 mm. (C) Detection of luciferase activity in HEK293T cells transfected with equal amounts of linGluc and circGluc, respectively, over 15 days. Each assay was

repeated for three times. (D) Detection of NGF expression in HEK293T cells transfected with equal amounts of linNGF and circNGF, respectively. Each assay was repeated for

three times. (E) qRT-PCR assay showing the expression levels of four immune factors in HEK293T cells transfected with circGFP or linGFP. Data are mean ± SEM (n = 3).

*p < 0.05; **p < 0.01; ns, not significant by two-sided Wilcoxon rank sum test. Each assay for qRT-PCR was repeated for three times.
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Wilcoxon rank sum test), consistent with the result of the survival
experiment (Figure 2G). Taken together, these findings highlight
the advantages of higher and longer neuroprotective effects of
circNGF compared with pNGF and linNGF in an in vitro stress
model.

Expression of LNP-encapsulated circRNA in the retina

To enable efficient in vivo ocular delivery, we encapsulated circRNAs
within LNPs. The particles had the expected size of 70 ± 10 nm and
the encapsulation rate reached more than 95%, indicating high-qual-
ity nanoparticle formation32–36 (Figures S2A and S2B). We first
examined the efficiency and expression of LNP-packaged circRNAs
in vitro. We tested LNP-circGFP into HEK293T cells. Green fluores-
cent signals were observed after 16 h and lasted for more than 4 days
(Figure 3A), suggesting that LNP-circGFP could be delivered into the
cells with high efficiency.

We next assessed in vivo intraocular expression in mice after injection
by two different injectionmethods, intravitreal (IVT) into the vitreous
cavity or subretinal into the space between the retina and choroid (Fig-
ure 3B). After injecting LNP-circGFP, the retinas were harvested at the
time points of 1, 2, and 3weeks. Thewholemounts and frozen sections
were used to detect GFP fluorescence. We observed that both subreti-
nal and IVT injections efficiently gaveGFP expression seven days after
injection and the signal lasted for 2 weeks on the whole mounts (Fig-
ure 3C). The injection volumes of 1–2 mL were effective (Figure S2C),
and the expression of the GFP protein can be observed in the range of
RNA volumes from 50 ng to 500 ng (Figure S2D). However, IVT
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 3
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Figure 2. CircNGF-mediated expression protected HT22 cells from the glucose starvation

(A) Representative images of HT22 cells after various treatments upon glucose starvation at different time points. Images were collected by PerkinElmer Operetta CLS

system. Scale bar, 50 mm. (B–F) Quantification of viability of the HT22 cells after various treatments upon glucose starvation at different time points. Data are mean ± SEM

(n = 3). *p < 0.05; **p < 0.01; ***p < 0.005; and ns, not significant by two-sidedWilcoxon rank sum test. (G) qPCR assay determination of the p21 mRNA levels in after various

treatments upon glucose starvation at different time points. Data are mean ± SEM of three biological replications. Wilcoxon rank sum test, **p < 0.01; ***p < 0.005.
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delivery resulted inmuch better GFP expression in RGCs, which could
be useful for RGCprotection (Figure 3D). In contrast, subretinal injec-
tion led to GFP expression primarily in photoreceptors, highlighting
its potential for treating photoreceptor disorders.

Finally, we tested intraocular expression of LNP-encapsulated
circNGF. We sampled the retinas of mice injected intraocularly
with LNP-circNGF 1 week after the injection. Immunofluorescence
of retinal whole mounts showed that LNP-circNGF could transfect
the retina and express desired pNGFs (Figures S3A and S3B). We ob-
tained tissue lysates from mouse retinas at the same time point and
performed western blot and ELISA experiments. These two experi-
ments demonstrated that there was synthesis and release of the target
protein NGF one week after LNP-circNGF injection in mouse retina
(Figures S3C and S3D).
4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
In summary, LNP encapsulation enabled effective in vivo intracellular
delivery and relatively sustained expression of circRNAs in the eyes.
Both IVT and subretinal injections allowed targeted transduction of
different retinal cell populations; IVT injection was more suitable
for expression in RGCs.

RGCs protection by LNP-circNGF in an optic nerve crush model

Optic nerve crush (ONC) injury causes rapid and widespread RGC
degeneration, mimicking processes that occur in glaucoma and other
optic neuropathies.37–40We first generated ONCmodels that induced
degenerative damage to the RGCs (Figure 4A). The number of surviv-
ing RGCs in an average visual field on the mouse retina was 60 ± 10 at
2 weeks after ONC surgery, a cell survival rate of less than 20%,
compared with the retinas from the control (untreated) mice
(330 ± 20) (Figures 4B and 4C). This is consistent with previous



Figure 3. Expression pattern of LNP-circRNAs in the retinas

(A) Representative images showing GFP expression in the HEK293T transfected with LNP-encapsulated circGFP at different time points. Scale bar, 50 mm. (B) Graphic

representation of two typical intraocular drug delivery methods: subretinal injection and IVT injection. (C) Representative whole-mounting immunofluorescence images of

retinas injected with LNP- circGFP by subretinal injection or IVT injection at different time points. Scale bar, 500 mm. (D) Representative section immunofluorescence images

of retina injected with LNP-circGFP by subretinal injection or IVT injection in 7 days after injection. Scale bar, 50 mm.
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studies on the ONC model.41,42 For the vehicle control, there was no
significant difference in cell survival between different PBS injection
locations (Figures S3E and S3F).

We next compared neural protections of LNP-circNGF by both
IVT and subretinal injections. In the group of subretinal injection
2 weeks after surgery, the number of surviving RGCs in a visual
field was 100 ± 10, a survival rate of about a 30% increase
compared with the controls. In contrast, the IVT injection raised
the number of surviving RGCs in a visual field of view to 140 ±

10, a survival rate of 45%, a significant improvement over the sub-
retinal injection (p < 0.005; two-sided Wilcoxon rank sum test)
(4D and 4E). This was consistent with our previous observations
that the IVT injection of LNP-circGFP gave better expression
on RGCs.

pNGF therapy has been used for clinical treatment. We, therefore,
sought to compare the neuroprotection of mRNA and recombi-
nant protein therapies. We first determined the therapeutic effects
of IVT injections of pNGF with three concentrations (500, 1,000,
and 1,500 ng/mL) (Figures S3G and S3H). The number of surviving
RGCs surviving was significantly higher in the 1,000 ng/mL group
than that in the 500 ng/mL treatment group (p < 0.005; two-sided
Wilcoxon rank sum test). However, the number of surviving RGCs
in the 1,500 ng/mL group had no statistical difference from
the 1,000 ng/mL group. Therefore, we selected 1,000 ng/mL of
pNGF for further treatment. The IVT injection of pNGF
(1,000 ng/mL) after ONC had a significant protective effect
injection (p < 0.0001; two-sided Wilcoxon rank sum test). The
number of RGCs in a single visual field was 100 ± 10, and the
cell survival rate improved by about 10% compared with that in
the control group (Figures 4F and 4G). In contrast, the IVT injec-
tion of LNP-circNGF increased around 45% cell survival rates to
the control and also showed a significant improvement compared
with pNGF injection (p < 0.0001; two-sided Wilcoxon rank sum
test) (Figures 4F and 4G). To sum, LNP-circNGF showed a
more effective neuroprotective effect than pNGF in optic nerve
injury.
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 5

http://www.moleculartherapy.org


Figure 4. The RGCs were preserved by LNP-circNGF in the ONC model

(A) Schematic diagram showing the experimental design. (B) Representative whole-mounting images of the retinas stained with the antibody of RBPMS, an RGC

specific marker, in the control and ONC retinas. Scale bar, 50 mm. (C) Quantification of RBPMS positive cells in the retinas of control (n = 7) and ONC (n = 7). Data are

mean ± SEM taken from four non-overlapping visual fields. ***p < 0.005; ns, not significant by Wilcoxon rank sum test. (D) Representative RBPMS-stained retina

immunofluorescence images in comparison of subretinal and IVT injection of LNP-circNGF in ONC models. PBS injection was served as a control. Scale bar, 50 mm.

(E) Quantitation of (D). PBS injected (n = 4), LNP-circNGF subretinal injected (n = 4), and LNP-circNGF IVT injected (n = 4). Data are mean ± SEM taken from four non-

overlapping visual fields. ***p < 0.005; ns, not significant by Wilcoxon rank sum test. (F) Representative RBPMS-stained retina immunofluorescence images in

comparison of the pNGF and LNP-circNGF. PBS injection was served as a control. Scale bar, 50 mm. (G) Quantitation of (F). PBS injected (n = 13), LNP-circNGF

subretinal injected (n = 7), and LNP-circNGF IVT injected (n = 15). Data are mean ± SEM from four non-overlapping visual fields. ***p < 0.005; ns, not significant by

Wilcoxon rank sum test.
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Neuroprotection and toxicity of LNP-circNGF therapy

To further characterize enhancement of LNP-circNGF treatment in
resistance of RGC axons to ONC, we tracked the signaling of RGC
axons in a retrograde manner, by administrating cholera toxin sub-
unit B (CTB) through vitreous injection (Figure 5A). The axons
were imaged and quantified in longitudinal sections at 14 days
post-crush injury.

In the control group without the ONC treatment, the CTB signal was
strong and evenly distributed throughout the optic nerve (Figure S3I).
In contrast, the ONC group showed almost no CTB label signal below
the injury site, showing significant damage to the RGC axons (Fig-
ure S3I). Additionally, surviving axon fibers were no longer observ-
able at 1,400 mm from the injury site (Figures 5B and 5C). In contrast,
6 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
LNP-circNGF promoted neuroprotection of the injured optic nerve,
with the longest surviving optic nerve fibers extending up to
1,400 mm from the injury site. In addition, the surviving axons were
significantly more abundant than the axon fibers in the ONC group
at every 200 mm from the crushed site (p < 0.005 at 1,000 mm,
p < 0.001 at all the other sites; two-sided Wilcoxon rank sum test)
(Figures 5B and 5C). In contrast, the pNGF group had comparable
axon damage to the ONC group (p > 0.05; two-sided Wilcoxon
rank sum test), with a few surviving axonal fibers at 1,200 mm and
1,400 mm past the injured site. Compared with the pNGF group,
the circNGF group also had significantly less axonal damage
(p < 0.05 at 800 mm and 1,000 mm, p < 0.005 at 1,200 mm and
1,400 mm, p < 0.001 at all the other sites; two-sided Wilcoxon rank
sum test) (Figures 5B and 5C).



Figure 5. Neuroprotection and Toxicity of circRNA-based NGF therapy

(A) Schematic diagram showing the experimental design. (B) Representative whole-mounting images of the optic nerves of three treatments with CTB anterograde

tracing. Scale bar, 100 mm. (C) Quantification of survived axon fibers at different distances distal to the injury site. Data are presented as means ± SEM, (n = 6–7).

*p < 0.05, **p < 0.001, ***p < 0.005, ****p < 0.001, ns, not significant by Wilcoxon rank sum test versus ONC plus vehicle injection. (D) Representative immuno-

fluorescence images of TUNEL staining in the sections of retinas IVT injected with PEG, LNP-circNGF or LNP-circGFP. The samples were obtained 1 week after the

injection. Scale bar, 50 mm. (E) Quantification of TUNEL+ cells in (D). ***p < 0.005, Wilcoxon rank sum test. (F) H&E staining shows no observable structural changes in

eyes injected with LNP-circRNA. The samples were obtained 1 week after the injection. Scale bar, 50 mm. (G) Quantification of nuclei in each layer of cells in (F).

*p < 0.05, ***p < 0.005, ns, not significant by Wilcoxon rank sum test. (H) Quantification of the Inner layer thickness in each layer of cells in (F). **p < 0.01, ***p < 0.005,

Wilcoxon rank sum test.
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Having confirmed neuroprotection effects, we next examined
whether LNP and mRNA-mediated therapy induced toxicity. Previ-
ous studies indicated that PEG, one of the primary components of
LNP, may pose a potential risk.43–46 Therefore, we conducted
TUNEL staining and hematoxylin-eosin (H&E) staining of the retina
1 week after IVT injection of LNP-circNGF and LNP-circGFP, as well
as PEG. TUNEL staining demonstrated that no more than 10
TUNEL+ apoptotic cells could be found in a single field of view after
LNP-circRNA injection (Figures 5D and 5E). In contrast, the injec-
tion of 1 mg PEG, a dose reported in the literature,46 caused massive
apoptosis in the outer nuclear layer (ONL), with more than 300
apoptotic cells detected in a single field of view, which was signifi-
cantly higher than in the LNP-circRNA groups (***p < 0.005; Wil-
coxon rank sum test) (Figures 5D and 5E). In addition, H&E staining
showed that the retinal structure had no noticeable change after the
LNP-circRNA injection (Figure 5F). We measured the number of
nuclei in different cell layers as well as the thickness of the inner layers
to explore the changes of each treatment group for the retinal
structure. The statistical results showed that PEG would lead to a
significant decrease in the number of nuclei in the ONL and a signif-
icant decrease in the thickness of the inner layer, while there was no
significant difference in the number of nuclei in the inner nuclear
layer and ganglia cell layer (Figures 5G and 5H). The LNP-
circRNA, in contrast, showed no significant difference in any of the
structural correlates we measured (Figures 5G and 5H). Overall, these
findings demonstrated that LNP-delivered circNGFs provided better
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 7
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Figure 6. Single-cell analysis of the retina under circNGF treatment

(A) Uniform Manifold Approximation and Projection visualization of cell types in retina, color-coded by cell types, showing 10 major cell types. AC, amacrine cell;

Astrocyte, BC, bipolar cell; Cone; HC, horizontal cell; Micro, microglia; Muller, Rod; RPE, retinal pigment epithelium. (B) Volcano plot for differential gene expression in

the RGCs of the ONC group compared with the control group. (C) Volcano plot for differential gene expression in the RGCs of the NGF group compared with the ONC

group. (D) Functional enrichment of up-regulated and down-regulated genes in the RGCs of the ONC group compared with the control group. (E) Functional

enrichment of up-regulated and down-regulated genes in the RGCs of the NGF group compared with the ONC group. (F) The Venn diagram showing the overlap of

genes down-regulated in the ONC group vs. the control group and up-regulated in the NGF group vs. the ONC group in RGCs. (G) Functional enrichment based on

the overlap genes of (F).

Molecular Therapy: Nucleic Acids
neuroprotective effects compared with the protein therapy, without
detectable toxic effects on the retina.

Single-cell analysis of therapeutic effects of LNP-circNGF

To further understand the neuroprotection mechanisms of LNP-
circNGF, we conducted single-cell analysis on the normal control,
ONC, and ONC with LNP-circNGF-treated (NGF) samples, with
two replicates for each condition. A total of 115,536 cells were ob-
tained after quality control (Table S1). Defined by known cell
markers, we identified 23 cell clusters (C0–C22) (materials and
methods) (Figures 6A, S4A, S4B, and S4D). Globally, the propor-
tion of cell types in the ONC groups were considerably altered
than that the control groups, showing a significant change on
8 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
cell types by the ONC. However, the NGF groups had similar
cell types to the control, indicating protective effects of circNGF
(Figure S4C).

Next, we specifically compared the differentially expressed genes in
RGCs. Compared with the control group, the ONC group had 642
up-regulated genes and 1,179 down-regulated genes (Figure 6B).
Gene ontology analysis showed the up-regulated genes were mainly
enriched in oxidative phosphorylation, aerobic respiration, and
cellular respiration, which were related to inflammation and trauma
response,47 while down-regulated genes were mainly enriched in
synapse organization, dendrite development and eye development
(Figures 6B and 6D). These results were consistent with our CTB
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tracking, RGCs counting results and previous findings that ONC
modeling leaded to axon damage, obstruction of neurotransmitter
transmission, and loss of nutritional support for RGC.41,42,48,49

Compared with the ONC group, the NGF group had 220 up-regu-
lated genes and 140 down-regulated genes (Figure 6C). The up-regu-
lated genes were mainly enriched in visual perception, sensory
perception of light stimulus, and retina morphogenesis (Figures 6C
and 6E). This suggests that LNP-circNGF had a protective and resis-
tant effect on ONC. Notably, we found a large overlap (137 genes) be-
tween the down-regulated genes in the ONC group and the up-regu-
lated genes in the NGF group (Figure 6F). These overlapped genes
were enriched in synapse organization, synaptic vesicle cycle, and
synaptic vesicle localization (Figure 6G). In addition, we compared
the up-regulated genes in RGCs after ONC with the down-regulated
genes in the NGF group. We found 55 overlapped genes, enriched in
RNA metabolism (Figures S4E and S4F). These results suggested that
the NGF delivered by LNP may protected RGC synapses, reducing
damage from trauma.

In addition to the RGCs, we also examined the other cell types in the
retina. Compared with the control group, we observed that 306 genes
were consistently up-regulated in all the cell types in the ONC group,
enriched in pathways attributed to traumatic stress, including nucleic
acid metabolism, protein metabolism, and cellular respiration (Fig-
ures S5A and S5B). The 217 down-regulated genes were primarily en-
riched in visual function and neurotransmitter transmission, aligning
with the phenotype of the ONC model (Figures S5A and S5C). After
circNGF treatment, genes associated with cell survival under stimula-
tion, including Stat1, Fgf2, Lrrc2, and Agtpbp1, were up-regulated in
all the cell types in the NGF group compared with the ONC group
(Figure S5A), while genes associated with mitochondrial metabolism
were down-regulated in all the cell types (Figure S5A). The analysis
suggested the circNGF may also had protective effects to the other
cell types, in addition to the RGCs, in the retina.

We also investigated the changes in microglia cells, as well as two
types of glial cells, including astrocytes and Müller cells, which were
also identified by our single-cell analysis. We compared the overlap
of down-regulated genes in the ONC group relative to the control
group and the up-regulated genes in the NGF group relative to the
ONC group (Figures S6A, S6D, and S6G). For the astrocytes and
Müller cells, the enrichment of overlapping genes was associated
with similar functions to other neural cells, including visual function
and neurotransmitter transmission (Figures S6B, S6C, S6E, and S6F).
For the microglia cells, which is an immune cell type, the enrichment
of genes was primarily related to immune function (Figures S6H and
S6I). This implies that LNP-circNGF may have a role in modulating
immune response as well as in supporting neural functions in the
context of nerve injury.

In summary, the single-cell analysis highlights that LNP-circNGF treat-
ment after optic nerve injury supports retinal cell survival and function
bymodulating gene expression, particularly enhancing genes related to
visual perception and reducing inflammation-related changes.
DISCUSSION
This study offers an initial exploration of circRNA-based therapy
within the context of ocular diseases and neuroprotection. By engi-
neering circRNAs to express NGF, neurotrophic factor, our study ad-
dresses the pressing need for potential treatments in ocular neurode-
generative conditions such as glaucoma and optic nerve injuries. It
demonstrates that circRNA-based therapy could be an innovative
and effective approach for the delivery of therapeutic factors in the
eye. In addition, our findings showed the distinct advantages of
circRNA therapy over the conventional recombinant protein therapy.
This work not only showed the potential of circRNA therapies in pre-
serving vision but also served as a steppingstone toward the develop-
ment of novel treatment modalities for a range of ocular diseases.

We showed that circRNAs achieved substantially more persistent
protein expression compared with linRNAs. Across multiple protein
cargo and cell lines, circRNAs prolonged protein production over
several weeks compared with short-lived expression from linRNAs.
The increased stability of the covalently closed loop structure of
circRNAs likely underlies their ability to resist exonuclease degrada-
tion and continuously express protein long-term after a single admin-
istration.50 This extended expression profile ensures prolonged deliv-
ery of therapeutic proteins. We also observed a difference in the
persistence of expression among the genes. There are a variety of
possible reasons contributing to this observation. The inherent stabil-
ity of the proteins themselves varies. Moreover, the expression ki-
netics and turnover rates of proteins in cells can differ significantly.
Factors including translation rates of the mRNAs and cellular degra-
dation pathways all play a role in determining the persistence of each
protein after transfection.51

We further demonstrated the advantages of sustained protein pro-
duction from circRNAs in the context of neuronal injury models.
CircRNA-expressed NGF provided lasting neuroprotective effects,
maintaining neuronal health and survival. Bolstering neuronal sur-
vival through constant expression of protective factors could have
profound effects in providing neuroprotection. Beyond NGF delivery,
circRNAs could potentially express diverse other therapeutic proteins
such as anti-apoptotic factors and antioxidant enzymes. Additional
optimization of the autocatalytic elements might yield even greater
stability and longer expression durations.26,52

We showed that LNP-encapsulated circRNAs achieved efficient
retinal cell transduction and sustained circRNA expression in the
retina after invasive IVT or subretinal injection. The ability to target
circRNAs to different retinal layers depending on the injection route
also provides flexibility for diverse ophthalmic applications. More-
over, we demonstrated the safety of LNP-circRNA therapy, with
negligible toxicity to the retina. This favorable safety profile further
supports its potential for clinical applications. Finally, we explored
the protective effects of LNP-circRNA delivered NGF. Single-cell
analysis revealed the multifaceted benefits of circRNA therapy,
including the promotion of synaptic function and the enhancement
of cell survival in the presence of trauma, in RGCs and other cell
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types. The change in the ratio of multiple cells in the retina is also a
topic that deserves to be explored subsequently, perhaps hiding
more mechanisms of retinal cell compensation under traumatic
stress. This comprehensive approach underscores the potential of
circRNA therapy to address multiple aspects of neurodegenerative
diseases.

While this study presents compelling evidence for the potential of
circRNA-based NGF therapy, there are limitations and areas where
further research and development are warranted. These limitations
highlight the need for continued research, clinical trials, and transla-
tional efforts to fully realize the promise of this innovative therapeutic
approach. First, studies assessing diverse circRNA cargoes are needed.
Second, dose optimization and escalation with toxicity profiling in
larger animal models may further enhance translational potential.
Third, comprehensive safety and immunogenicity assessment is
also essential before human studies. Finally, combining circRNAs ex-
pressing several therapeutic factors could yield even greater efficacy
than single delivery and additional validation in other injury and
disease models beyond ONC would also strengthen evidence. Never-
theless, this work provides initial proof-of-concept data to justify
further optimization and preclinical development of this platform.

In summary, circRNA vectors enable sustained protein production
and hold promise to meaningfully impact the treatment of ocular dis-
eases and beyond. Realization of this transformative potential could
provide simple, practical, and efficacious protein therapies with a
simplified dosing regimen.

MATERIALS AND METHODS
Animals

GemPharmatech provided the C57BL/6 mice, while all experiments
involving the mice adhered to the procedures outlined in the animal
protocols approved by the IACUC at Zhongshan Ophthalmic Center,
Sun Yat-Sen University. The animal experimentation ethical number
is Z2021066. In vivo experiments were conducted using 8-week-old
male C57BL/6 mice.

Cell culture and treatment

Mouse hippocampal neuronal cells HT22 and human embryonic kid-
ney cells 293T from Procell Life Science&Technology Co. Ltd were
used for all experiments. They were confirmed to be mycoplasma
negative and grown in DMEM (Thermo Fisher Scientific,
11965092) and 10% fetal bovine serum (Thermo Fisher Scientific,
10270-106). The procedures for glucose deprivation were executed
in accordance with the previously described method.53 Briefly, the
culture medium was replaced with glucose/glutamine-free DMEM
(Thermo Fisher Scientific, 11885092).

RNAs synthesized in vitro were transfected using Lipofectamine
MessengerMax reagent (Thermo Fisher Scientific, LMRNA001) for
HEK293T and HT22 cells according to the manufacturer’s protocols.
The control group was treated with transfection reagents, but no RNA
was added to the transfection mix. We changed the medium 1 h after
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adding the transfection reagent. When observed the expression of
linGFP and circGFP, we did not passage the transfected cells because
the intracellular circRNAwould be diluted by passaging. Therefore, to
keep the cells healthy and maintain the concentration of circRNA
within the cells, we adopted a strategy of avoiding passaging; instead,
the medium was changed daily. By adopting this approach to cell
culture, our HEK293 cells remained viable for a relatively long period,
and expression of the target proteins was still observed even 27 days
after transfection.

Construction of linear and circular mRNA vectors

To compare expression mediated by linRNA and circRNA, we made
the constructs that can make these RNAs via in vitro transcription
(Figure S7A). The reporter genes Gluc and GFP as well as the gene
of interest, NGF (GENE ID: 18049) (Tables S2 and S3), were taken
as inserts. The efficiency of circularization can first be determined
by the size differentiation on an agarose gel. This is based on the
mechanism of PIE in which a small exon fragment is cut off resulting
in ligation of two ends.26,31,54 In addition, RNase R, which only digests
linear but not circRNA, was also utilized to distinguish two classes of
RNAs.25,55 All the circRNAs of Gluc, EGFP, and NGF were resistant
to the RNase R treatment, compared with the uncircularized precur-
sors, which were almost disappeared (Figure S7B). These results sug-
gested successful circularization reactions with high efficiency.

Even though the circRNA could be purified and recovered from the
agarose gel, higher quality RNAs were needed for the subsequent
in vitro and in vivo experiments. To produce highly purified circNGF,
we used high-performance liquid chromatography (HPLC) and
collected the first three fractions for further characterization. The sec-
ond fraction, which was resistant to exonuclease-RNase R and re-
vealed the right size, contained high-purity circRNA, whereas the first
fraction was sensitive to RNase R digestion, which was believed to be
the precursor RNA (Figure S7C). The purity of circRNAs were esti-
mated over 95% based on the denaturing gel electrophoresis and
HPLC (Figure S7D). The circularization of circRNA was further veri-
fied by reverse transcription-PCR, Sanger sequencing (Figure S7E).

CircRNA in vitro production and purification

CircRNA in vitro transcription can be performed from linearized
circRNA plasmid templates using the HiScribe T7 High Yield RNA
Synthesis Kit (New England Biolabs, E2040S), following the kit in-
structionmanual. After in vitro transcription, RNAwas purified using
the Monarch RNA Cleanup Kit (New England Biolabs, T2050L).
Then circRNA precursor was heated to 70�C for 3 min and immedi-
ately placed on ice for 2 min. GTP was added to a final concentration
of 2 mMwith a buffer (50 mM Tris-HCl, 10 mMMgCl2, 1 mMDTT,
pH 7.5) for 8 min at 55�C to catalyze the cyclization. Then the RNA
was column purified.

To purify the circRNA, an Agilent 1260 Series HPLC system (Agilent)
was used with a 4.6 � 300-mm column (Sepax Technologies,
215980P-4630) at a flow rate of 0.3 mL/min. RNA fractions were
collected by monitoring UV absorbance at 260nm. The fractions
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were concentrated with a 4-mL Ultracel-10 regenerated cellulose
membrane (Millipore, UFC8010) and column-purified. Then RNA
was treated with RNase R (Beyotime, R7092L) to further enrich the
circRNAs. Later, RNase R-digested RNA was column purified.

LinRNA in vitro production and modification

To produce linRNA, the HiScribe T7 High Yield RNA Synthesis Kit
(New England Biolabs, E2040S) and the m7G(50)ppp(50)G RNA Cap
Structure Analog (New England Biolabs, S1404) were used for co-
transcriptional capping of mRNAs, following the manufacturer’s in-
structions. Then the RNA was column purified.

To produce 1 mc-modified mRNA, the N1-Me-Pseudo UTP (Yeasen
Biotechnology, 10651ES) was used as a replacement for the unmod-
ified UTP.

Gel purification

The RNA samples were diluted in 50% formamide, heated at 70�C for
3 min, and subsequently cooled to room temperature. Separation of
the RNA was achieved by running it on 2% agarose gels, with the
ssRNA Ladder (New England Biolabs, N0362S) serving as the size
standard. The bands of interest were detected using blue light trans-
illumination. For purification of the circular or linear RNA, the cor-
responding bands were carefully excised from the gel and extracted
using the Zymoclean Gel RNA Extraction Kit (Zymogen, R1011).

Luciferase reporter assay

HEK293T cells were transfected with RNA expressing Gaussian lucif-
erase and the medium was changed regularly. And cell lysates were
collected at different time points for luciferase reporter assays using
Dual Luciferase Reporter Assay Kit (Vazyme Biotech, DL101-01) to
detect the luminescence signal of Gaussian luciferase.

Western blot analysis

The HEK293T cells were grown andmanaged as previously mentioned
and lysed with RIPA lysis buffer (Beyotime, P0013B) that contained
1% phenylmethylsulfonyl fluoride (Sigma, 10837091001). The
protein content was determined and specific antibodies were used for
Western blot analysis using established protocols.56,57 The relevant
antibodies are listed in the Table 1. Densitometric measurements
were calculated as a ratio of protein expression levels to Tubulin expres-
sion levels using ImageJ software. The results were presented as fold
changes.

Real-time quantitative PCR

Cells were subjected to total RNA isolation using the EZ-press RNA
Purification Kit (EZBioscience, B0004DP). To generate complemen-
tary DNA, 1 mg total RNA was reverse transcribed utilizing the Hi-
Script II Q RT SuperMix for qPCR (+ gDNAwiper) (Vazyme Biotech,
R223-01). Subsequently, PCR was carried out in triplicate with iTaq
Universal SYBR Green Supermix (Bio-rad, 1725124) using the
following conditions: 10 min at 95�C, followed by 40 cycles of 95�C
for 15 s and 60�C for 45 s. The specificity of the PCR products for
each primer set and sample was confirmed through melting curve
analysis. To normalize gene expression levels, Tubulin levels were
used as the reference using the comparative Ct method.

High-content screening: Image acquisition and analysis

Plates were imaged on the PerkinElmer Operetta CLS high-content
microscope system (PerkinElmer) using a 10� objective capturing
four fields of view per well. Cell numbers were measured using a
custom analysis created in the Custom Module Editor.

Cell viability was defined as the ratio of the number of healthy live
cells in the samples of each treatment group at each time point to
the number of healthy live cells in the control group without damage
treatment at that time point. There were three replicates for each
group. The formula for calculating cell viability for each treatment
group at each time point is as follows:

Cell viabilityðGroup nÞ =
Viable cells numberðGroup nÞ
Viable cells numberðGroup CtrlÞ

� 100%

LNP encapsulation of circRNA

The LNPs were used to encapsulate the circRNAs using the
NanoAssemblr Ignite system, following a previously described pro-
cess.58 In brief, a circRNA aqueous solution at pH 4.0 is quickly com-
bined with a lipid mixture dissolved in ethanol. The lipid mixture con-
sists of an ionizable cationic lipid, distearoylphosphatidylcholine
(DSPC), DMG-PEG2000, and cholesterol. The ratios for the lipid
mixture are as follows: SM-102:DSPC:cholesterol:PEG-2000 =
50:10:38.5:1.5. Afterward, the resulting LNP mixture was dialyzed
against PBS and subsequently stored at �80�C at a concentration of
1 mg/mL for future applications. The Quant-it RiboGreen RNA Assay
Kit (Invitrogen, R11490) was utilized to assess the concentration and
encapsulation rate of circRNAs. Furthermore, the size of LNP-
circRNA particles was determined by performing dynamic light
scatteringmeasurements using aMalvernZetasizerNano-ZS 300 (Mal-
vern). The samples were exposed to a red laser, and the resulting
scattered lightwas detected. The obtaineddatawere thenanalyzedusing
the Zetasizer V7.13 software to obtain an autocorrelation function.

IVT injection and subretinal injection

Adult mice were anesthetized with a mixture of 1% sodium pentobar-
bital (25 mg/kg) by intraperitoneal injection, and a small incision was
made in the eyelid with a 30G needle to expose the eye. For IVT in-
jections, a micropipette was inserted behind the serosal opening and
LNP-circRNA or other solutions were injected into the vitreous. For
subretinal injections, the injection needle is carefully inserted into the
incision site, parallel to the outer wall of the eye, into the subretinal
space. The needle is held in place for 10 s after injection to avoid back-
flow of the injected drug into the incision site, and then slowly with-
drawn. Post-operative eye ointment is applied to protect the cornea.

Histology and microscopy

For retinal whole-mounts immunofluorescence, eyes were surgically
removed from perfused mice and fixed with 4% PFA at room
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Table 1. Key resource table

Reagent or resource Source Identifier

Antibodies

Rabbit Polyclonal RBPMS Antibody Novus Cat#NBP2-20112

DYKDDDDK Tag (D6W5B) Rabbit mAb CST Cat#70569S

GFP (D5.1) Rabbit mAb CST Cat#2956S

Anti-NGF Antibody- BSA and Azide free Abcam Cat#ab6199

b-Tubulin (9F3) Rabbit mAb CST Cat#2128S

Anti-mouse IgG, HRP-linked Antibody CST Cat#7076

Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa Fluor 488 Conjugate) CST Cat#4412S

Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa Fluor 555 Conjugate) CST Cat#4413S

Anti-rabbit IgG, HRP-linked Antibody CST Cat#7074

Chemicals, peptides, and recombinant proteins

Lipofectamine MessengerMax Thermo Fisher Scientific Cat#LMRNA003

Recombinant Mouse b-NGF PeproTech Cat#450-01

Fetal Bovine Serum Thermo Fisher Scientific Cat#10270-106

DMEM, high glucose Thermo Fisher Scientific Cat#11965092

DMEM, low glucose, pyruvate Thermo Fisher Scientific Cat#11885092

RNase R Beyotime Cat#R7092L

N1-Me-Pseudo UTP Yeasen Biotechnology Cat#10651ES

m7G(50)ppp(50)G RNA Cap Structure Analog New England Biolabs Cat#S1404S

ssRNA Ladder New England Biolabs Cat#N0362S

RNase-free TE buffer Thermo Fisher Scientific Cat#T11493

Quick CIP phosphatase New England Biolabs Cat#M0525S

RIPA lysis buffer Beyotime Cat#P0013B

PMSF Sigma Cat#10837091001

normal donkey serum Solarbio Cat#SL050

Triton X-100 Sigma Cat#X100-100

DAPI Beyotime Cat#C1002

Cholera Toxin Subunit B (Recombinant), Alexa Fluor 488 Conjugate Thermo Fisher Scientific Cat#C34775

Neuronal Isolation Enzyme (with papain) Thermo Fisher Scientific Cat#88285

Critical commercial assays

HiScribe T7 High Yield RNA Synthesis Kit New England Biolabs Cat#E2040S

Zymoclean Gel RNA Extraction Kit Zymogen Cat#R1011

RNA Clean & Concentrator Kit Zymogen Cat#R1018

Dual Luciferase Reporter Assay Kit Vazyme Biotech Cat#DL101-01

EZ-press RNA Purification Kit EZBioscience Cat#B0004DP

HiScript� II Q RT SuperMix for qPCR (+ gDNA wiper) Vazyme Biotech Cat#R223-01

iTaq Universal SYBR Green Supermix Bio-rad Cat#1725124

TUNEL BrightRed Apoptosis Detection Kit Vazyme Biotech Cat#A113-03

Deposited data

GSE243992 this paper N/A

Experimental models: Cell lines

Mouse: HT22 Procell Life Science&Technology Cat#CL-0697

Human: HEK293T Procell Life Science&Technology Cat#CL-0005

Experimental models: Organisms/strains

Mouse: C57BL/6 GemPharmatech N/A
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temperature for 1 h. Retinas were detached and whole-mount staining
was performed. The retinas were blocked for 1 h in PBS staining
buffer containing 5% normal donkey serum (Solarbio, SL050) and
0.1% Triton X-100 (Sigma, X100-100). The retinas were incubated
with the primary antibody overnight at 4�C and washed three times
with PBS for 5 min each before incubation with the secondary anti-
body for 2 h at room temperature. The retinas were washed again
with PBS 3 times for 5 min each and then mounted.

To produce retinal sections, we used both cryopreservation and
paraffin embedding methods. For cryopreservation, posterior eye
cups were dissected and fixed in 4% PFA at room temperature for
1 h and dehydrated in 30% sucrose solution before being embedded
in optimal cutting temperature medium. Retinal cryosections were
12 mm thick. For paraffin embedding, fixed eyes were placed in cas-
settes and stored in 70% ethanol at room temperature. Oriented
eyes were processed and embedded in sections. Sections were cut to
4 mm thickness using a microtome. Paraffin-embedded retinal sec-
tions were immersed in 100% xylene, 100% ethanol, 95% ethanol,
80% ethanol, running water, and deionized water to deparaffinize
the tissue before staining. Cryopreserved retinal sections were incu-
bated overnight at 4�C with anti-Flag antibody (CST, 14793S) and
anti-GFP antibody (CST, 2956T). The next day, sections were washed
with PBS and incubated with secondary antibodies (CST, 4413S).
Retinal paraffin sections were stained with H&E.

Apoptosis was detected using the TUNEL BrightRed Apoptosis
Detection Kit (Vazyme Biotech, A113-03), and the specific operation
process was performed according to the manufacturer’s suggested
protocol. First, retinal cryosections were washed twice with PBS. Sam-
ples were then fixed with 4% paraformaldehyde for 30 min, and then
0.2% Triton X-100 was added to permeate the cells. Samples were
treated with TUNEL reaction mixture at 37�C for 60 min in dark con-
ditions. After washing with PBS, stained the samples by DAPI (Beyo-
time, C1002).

Confocal images were obtained using a Zeiss LSM 980 microscope.
For RGC counting, samples (320� 320 mm)were taken in the periph-
eral region (�500 mm from the center of the square to the retinal
edge) of each quadrant of the full retinal map and then analyzed.

ONC

Mice were anesthetized by intraperitoneal injection of 1% sodium
pentobarbital solution (25 mg/kg), the eye surface was dilated with
tropicamide drops and surface anesthesia was provided with propar-
acaine hydrochloride. The mice were fixed on the animal operating
table. The optic nerve was completely exposed by cutting open the
bulbar fascia under the surgical microscope and using microforceps
to separate the surrounding tissues and hold the optic nerve for 5 s
with a 0.07-mm-wide reverse forceps at 1 mm posterior to the globe
in the vertical direction of the longitudinal axis of the optic nerve. To-
bramycin was applied daily to the superior orbital rim incision for
3 days postoperatively. Images were analyzed and organized using
ImageJ and ZEN.
RGC axon anterograde tracing

In the experiment, 2 mg CTB conjugated with fluorescence Alexa 488
(Thermo Fisher Scientific, C34775) was injected into the vitreous
chamber of animals. This labeling occurred 2 days before euthanizing
the animal, which took place 12 days after ONC. The ONs were
dissected, fixed with paraformaldehyde, cryoprotected, and then
frozen. Longitudinal cross-sections (20 mm) were cut and stored at
�80�C for further processing. Confocal images were obtained using
a Zeiss LSM 980 microscope.

Counting surviving RGC axons

To quantify the number of axons labeled with CTB, a previously es-
tablished method was employed for axon counting.59 The counting
process involved observing fibers that intersected perpendicular lines
drawn on sections of the optic nerve, starting from a location distal to
the crush site. Axon counting was performed at intervals of 200 mm
up to 1,400 mm, and then at every 200 mm until no fibers were visible.

To calculate the number of axons per mm2 area of the nerve, the width
of the nerve (R) was measured at the point (d) where the counts were
taken, along with the section thickness (t = 20 mm). The formula used
for calculation was

P
ad = pr2 � (axon number)/(R � t). The total

number of axons per section was then averaged over three sections
per animal. To ensure unbiased counting, the investigators who
counted the cells or axons were unaware of the treatment assigned
to the samples.

Quantification and statistical analysis

Excel and GraphPad Prism 9 were used for statistical analysis. All sta-
tistical details of each experiment are depicted in the figure legends.
An unpaired two-sided Wilcoxon rank sum test was used to compare
the two groups. A p value of %0.05 was considered statistically
significant.

Library preparation and scRNA-seq

We collected fresh retinal tissue from the mouse eyeballs. Dissociate
retinal tissue into individual cells using Neuronal Isolation Enzyme
(Thermo Fisher Scientific, 88285). The single-cell libraries were
created by using the 10� Genomics Chromium platform and Chro-
mium Single-Cell 30 v3 Chemistry. Briefly, cellular suspensions were
added to a Chromium Single-Cell Instrument to generate GEMs and
obtain barcoding. These libraries were sequenced in a 150-nt paired-
end configuration using an Illumina NovaSeq 6000.

ScRNA-seq data processing

We generated Gene-Barcode matrices from fastq files by using the
Cellranger (V7.1.0) counting function. The Gene-Barcode matrices
were then read by using the Seurat package (v4.3.0.1; https://github.
com/satijalab/seurat). Cell numbers, gene numbers, and ratios of
mitochondrial genes and ribosomal genes were calculated as quality
controls to remove abnormal genes and cells. Filtering rules for cells
were as follows, expressing 1,000–4,000 genes, expressing less than
50% mitochondrial genes, and expressing less than 50% ribosomal
genes. The number of cells and genes in each sample was listed in
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Table S1. Data from multiple samples were integrated using recip-
rocal principal component analysis (PCA). The integrated matrix
use PCA to reduced into a lower dimensional space. The top 30 prin-
cipal components were then used for clustering at a resolution of 0.3.
The clustering results were visualized using Uniform Manifold
Approximation and Projection.

Identification of cell types

We identified marker genes for each cluster using the FindAllMarkers
function in Seurat, which compared each cluster to all others com-
bined using the Wilcoxon method. Then, we annotated each cluster
by known markers (Rod: Crx, and Pde6a; Cone: Gnat2 and Opn1sw;
BC: Vsx2, Otx2, Grm6 and Grik1; AC: Dab1and Slc6a9; RGC: Sncg
and Rbpms; Microglial cell: Cd74 and C1qa; Muller cell: Rlbp1 and
Slc1a3; Astrocyte: Gfap; RPE: Ttr and Ptgds; endothelial cells (EC):
Pecam1 and Ly6a).

Differential expression analysis

To compare gene expression differences between Ctr1, ONC and
NGF groups, we used the ‘FindMarker’ function with default param-
eters. Genes with a p value of <0.05 and log2-fold-change of >0.25
were considered as significantly different genes.

Gene Ontology function enrichment analysis

We performed Gene Ontology enrichment analysis of differentially
expressed genes using the clusterProfiler (v4.6.2) software package.

DATA AND CODE AVAILABILITY
All sequencing data were deposited to the Gene Expression Omnibus
(GEO) with an accession number GSE243992, which will be publicly
available upon the acceptance of the manuscript.
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