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Abstract

Mammalian central nervous system (CNS) axons cannot spontaneously regenerate after injury, creating an unmet
need to identify molecular regulators to promote axon regeneration and reduce the lasting impact of CNS injuries.
While tubulin polymerization promoting protein family member 3 (Tppp3) is known to promote axon outgrowth

in amphibians, its role in mammalian axon regeneration remains unknown. Here we investigated Tppp3 in retinal gan-
glion cells (RGCs) neuroprotection and axonal regeneration using an optic nerve crush (ONC) model in the rodent.
Single-cell RNA sequencing identified the expression of Topp3 in RGCs of mice, macaques, and humans. Tppp3 over-
expression enhanced neurite outgrowth in mouse primary RGCs in vitro, promoted axon regeneration, and improved
RGC survival after ONC. Bulk RNA sequencing indicated that Topp3 overexpression upregulates axon regeneration
genes such as Bmp4 and neuroinflammatory pathways. Our findings advance regenerative medicine by developing

a new therapeutic strategy for RGC neuroprotection and axon regeneration.
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Introduction

Injury to the central nervous system (CNS) axons is a
hallmark of many neurodegenerative diseases such as
glaucoma and traumatic brain injury [19]. In mammals,
CNS axons cannot spontaneously regenerate over long
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distances following injury, leading to functional loss and
axonal degeneration [15]. Conversely, peripheral nervous
system neurons can intrinsically re-activate pro-regen-
erative signaling mechanisms to regenerate axons spon-
taneously [45]. The intrinsic properties of CNS neurons
and the inhibitory environment of the CNS contribute to
impeding axon regeneration [17, 40]. Therefore, there is
an unmet need to identify molecules that stimulate axon
regeneration over long distances in the CNS to recover
functionality after injury.

The visual system is an advantageous model for study-
ing axon regeneration due to its accessibility and func-
tional importance [5]. It includes retinal ganglion cells
(RGCs), which are CNS neurons that relay visual infor-
mation from the eyes to the brain via their axons, which
form the optic nerve. Optic neuropathies, such as Leber’s
Hereditary Optic Neuropathy, are characterized by dam-
age to the optic nerve and pose a significant challenge to
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visual health. Following optic nerve injury, RGCs cannot
re-activate or reprogram developmental growth signal-
ing pathways to promote axon regeneration [53]. Cur-
rent treatments for RGC-related conditions are limited,
emphasizing the urgent need for innovative therapeutic
approaches to promote RGC survival and protect visual
function [57]. In recent years, gene therapy has emerged
as a promising avenue to address optic neuropathies.
Thus, identifying genes involved in RGC survival and
regeneration is key to developing targeted therapeutic
strategies.

In this study, we investigated the role of tubulin polym-
erization promoting protein family member 3 (Tppp3)
as a candidate gene to enhance RGC survival and axon
regeneration. TPPP3, also known as p20 or cyclin-
dependent kinase inhibitor 1d, acts as a microtubule-
associated protein by binding to and contributing to
tubulin polymerization and microtubule stabilization
[21, 32, 34, 55]. TPPPs are also critical for elongation of
the myelin sheath [16, 54], an essential glial component
of the optic nerve [61]. Moreover, Tppp3 promotes axon
regeneration in zebrafish [20]. Since stabilizing micro-
tubules improves the transport of essential elements to
the growth cone [8, 31] and TPPP3 appears to play a role
in regulating microtubule dynamics and neuronal func-
tion [1, 20], TPPP3 could potentially have a positive role
in mammalian axon regeneration. Here, we tested the
hypothesis that Tppp3 overexpression could promote
axon regeneration and RGC survival in a mouse optic
nerve crush (ONC) model. TPPP3 functions as a regula-
tor to stimulate the intrinsic regenerative ability of RGCs,
which could have a translational impact on regenerative
medicine and lead to the development of a new therapeu-
tic to promote optic nerve regeneration after injury.

Materials and methods

Animals

All animal experiments adhered to guidelines set forth
by the Association for Research in Vision and Ophthal-
mology as well as Animal Research: Reporting of In Vivo
Experiments. Animal experiments were approved by
the Institutional Animal Care and Use Committees of
the University of Pittsburgh and Stanford University.
We used both male and female C57BL/6 mice for this
research.

Single-cell RNA sequencing

E14.5 mouse retinas were dissociated using papain
(#LK003150, Worthington) and re-suspended in retinal
progenitor cell (RPC) media. RPC media comprised of
glucose (0.6%, Sigma), GS21 (1:100, GlobalStem), Sato
supplement (1:100), insulin (5 pg/mL, Sigma), epidermal
growth factor (20 ng/mL, Peprotech), fibroblast growth
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factor (20 ng/mL, Peprotech), penicillin/streptomycin
(1%, Thermo Fisher Scientific) suspended in DMEM/F12
medium. The dissociated cells were plated on poly-D-
lysine-(PDL)/Laminin-coated dishes. Cells were treated
with 50 ng/mL mouse growth differentiation factor 11
(GDF11), or PBS for 5 days. GDF 11 was purchased from
R & D systems (#1958-GD-010/CF). Treated cells were
then dissociated by Accutase (Innovative Cell Technolo-
gies) for 15-20 min on day 6. Cell pellets were filtered
through a 40um cell strainer (Falcon, #352,340) and
resuspended in PBS with 0.04% BSA. We targeted 10,000
cells for 10X capturing. GEM generation, reverse tran-
scription, cDNA amplification, and library constructions
were performed following the manufacturer’s instruc-
tions (Chromium Single Cell 3'v1/v2/v3 platform, 10X
Genomics, Pleasanton, CA). Samples were sequenced on
an [llumina NextSeq 500.

We applied FASTQ with the default parameters, fil-
tering the adaptor sequence and achieving clean data by
removing the low-quality reads. Then, we obtained the
feature-barcode matrices by aligning reads to the mm10
genome using CellRanger v3.0.0. Seurat analysis was per-
formed in R using Seurat (v3.2.0), ggplot2, and dplyr. We
first log normalized the data and identified variable fea-
tures by scaling gene content by cells. Different treatment
datasets (i.e. GDF11, and control) were integrated by
identifying ‘anchors’ across datasets; the data was scaled
subsequently. Cell clusterings were visualized by tSNE
dimensional reduction in Fig. 1. In Fig. 1D, the RGC pop-
ulation was identified by marker gene Pou4fl. Then, the
Tppp3 expression level was visualized specifically in the
RGC subset (GSE252861).

In this study, we also re-analyzed previously pub-
lished scRNA sequencing data sets. scRNA sequenc-
ing data were accessed on Gene Expression Omnibus
(GEO) under accession numbers GSE199840 (human
retina data), GSE161645 (macaque retina data), and
GSE137400 (mouse RGC data and ONC). Furthermore,
Broad Institute’s Single Cell Portal website was utilized
for data visualization of the mouse RGC dataset after
ONC- GSE137400.

Adeno-associated virus (AAV) preparation

Adeno-associated virus type 2 vectors driving Tppp3
overexpression- CMYV > mTppp3(overexpression):
P2A:EGFP  (AAV2-Tppp3-OE), Tppp3 knockdown
CMV >mTppp3(shRNA):P2A:EGFP (AAV2-shTppp3)
or cytomegalovirus (CMV) control (AAV2-control and
AAV2-shCtrl) were purchased from VectorBuilder. Both
the AAV2-control virus and the AAV2-shCtrl virus vector
sequences include GFP and are driven by the CMV pro-
moter. AAV2-shCtrl contains a scramble sequence. The
plasmids were sent to AAVnerGene for AAV packaging
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and purification (Rockville, MD, USA). The AAV2 vec-
tors were produced with 293 T cells and purified using
CsCl gradient ultracentrifugation. Vector genome con-
centration was titered by quantitative real-time PCR with
iTR primers and digested plasmid as standard (AAV2-
Tppp3-OE: 6.92x10'"! vg/mL, AAV2-control: 8.95x 10!
vg/mL, AAV2-shTppp3: 7.29 x 10'! vg/mL, AAV2-shCtrl:
5.05x 10" vg/mL).

Western blot
Protein samples were collected from primary RGCs puri-
fied from P2 mouse pups by immunostaining based on
the expression of CD90.1 as previously described [4]. The
remaining non-RGC cells collected while immunopan-
ning were used as the RGC-depleted population. Samples
were collected using Laemmli sample buffer (Sigma-
Aldrich, St. Louis, MO, USA). Protein lysates were heated
at 100 °C for 10 min, loaded onto precast SDS-PAGE gels
(Bio-Rad, Hercules, CA, USA), and run to achieve com-
plete protein separation. A semi-dry blotter from Bio-
Rad was used to transfer proteins onto polyvinylidene
difluoride membranes. Membranes were blocked for 1 h
at room temperature using LI-COR Intercept Blocking
Buffer (LI-COR Biosciences, Lincoln, NE, USA).
Membranes were incubated overnight at 4 °C with pri-
mary antibodies in LI-COR Intercept Antibody Buffer
for immunodetection. Primary antibodies used included
those to BRN3A (1:500, MAB1585, Millipore Sigma,
Burlington, MA), THY1 (1:500, #5568S, Cell Signaling),
RBPMS (1:500, #1832, PhosphoSolutions, Aurora, CO,
USA), TPPP3 (1:500, PA5-24,925, Invitrogen, Waltham,
MA, USA), and GAPDH (1:500, #2118S, Cell Signaling).
Following primary antibody incubation, membranes were
incubated with species-specific secondary antibodies
linked to near-infrared dyes (#926—-68,072, IRDye 680RD
donkey anti-mouse; #926-3211, IRDye 800CW goat anti-
rabbit; LI-COR Biosciences) at a dilution of 1:10,000 for
4 h at room temperature. Membranes were washed and
imaged on a LI-COR Odyssey IR using a linear range
detection system.

(See figure on next page.)
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HeLa cells, obtained from ATCC, were cultured in
Eagle’s Minimum Essential Medium supplemented with
10% fetal bovine serum, maintained at 37 °C with 5%
CO,. The cells were first transduced with either AAV2-
Tppp3-OE or AAV2-control for two days. Following this
initial treatment, to test the shRNA transduction effi-
ciency, AAV2-Tppp3-OE-transduced cells were treated
with either AAV2-shTppp3 or AAV2-shCtrl, while
AAV2-control-transduced cells received AAV2-shCtrl.
After treatment, the cells were harvested as previously
described and probed for Tppp3 and GAPDH expression.

Immunostaining

Eye globes were fixed with 4% paraformaldehyde (PFA)
at 4 °C overnight, then incubated in 15% sucrose at 4 °C
overnight and 30% sucrose at 4 °C overnight before
mounting in Optimal Cutting Temperature mounting
medium (Thermo Fisher Scientific, Waltham, MA, USA).
10 pum-thick cryosections were cut from the embedded
eye globe. Sections were incubated in blocking buffer
containing 5% normal goat serum (NGS) and 0.1% Tri-
ton X-100 in PBS for 1 h at room temperature. After
three PBS washes, sections were incubated overnight at
4 °C with primary antibodies to mouse Brn3a (1:100, Mil-
lipore Sigma, Burlington, MA), mouse anti-p-III-tubulin
antibody E7 (1:500, hybridoma from Developmental
Studies Hybridoma Bank), and rabbit anti-Tppp3 (1:200,
PA5-24,925, Invitrogen).

Following overnight incubation, sections were incu-
bated with secondary antibodies for 4 h at room temper-
ature. We used Alexa Fluor 488 goat anti-rabbit (1:500,
#A11034, Life technologies), Alexa Fluor 647 anti-mouse
(1:500, A-1235, Life Technologies) and 4’,6-diamidino-
2-phenylindole (DAPI) (1:500, #D9542, Sigma-Aldrich).
Images were captured on an Olympus Life Science 1X83
inverted microscope.

RNAscope in situ hybridization (ISH)

In situ detection of Tppp3 mRNA on mouse tissue was
performed by a manual method using the RNAscope kit
(Advanced Cell Diagnostics) as previously described [11].
Briefly, 12 um OCT-frozen tissue sections (E12, E14, E18,

Fig. 1 Identification of Topp3 by single-cell RNA sequencing. A Schematic representation of the Experimental design for single-cell RNA
sequencing (scRNA-seq) conducted on E14.5 retina samples treated with GDF11 or PBS. B t t-distributed stochastic neighbor embedding (t-SNE)
visualization of retinal progenitor cells, with cells color-coded based on their cluster assignments and treatment conditions. Cluster 3 represents
the RGC cluster. C GDF11, RGC fate suppressor protein, leads to a reduction in the expression levels of Pou4f1 and Tppp3, specifically within the RGC
cluster (cluster 3). This highlights the potential role of Topp3 in RGC differentiation. D Pou4f1 expression is specifically localized within cluster

3, identified as the RGC-specific cluster. E Tppp3 is also highly expressed within cluster 3. F Violin plot displaying the expression level of Topp3

from a reanalysis of sScRNA data obtained from purified RGCs. The X-axis represents the time points following optic nerve crush, while the numbers
above the violin plots indicate the percentage of RGCs expressing Tppp3. 2 weeks after ONC, Tppp3 expression is reduced substantially. Tppp3

is highly expressed within the RGC clusters of G macaque and H humans
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and P0) were pretreated with hydrogen peroxide, antigen
retrieval, and protease application before hybridization
with a target probe to mouse Tppp3. Incubation pro-
cesses were followed by the manufacturer’s instructions.
Colorimetric substrate (red) was added to sections and
incubated for 10 min at room temperature for observa-
tion. Multiple tissues were tested and individual repre-
sentative sections were shown.

RGC culture and neurite outgrowth

Primary mouse RGCs were purified from postnatal day
2 pups by immunopanning using immobilized anti-
bodies against CD90.1 as previously described [4]. Pri-
mary RGCs were plated in a 24-well plate at a density of
2.5% 10° RGCs/well onto PDL/laminin-coated tissue cul-
ture plates. Full Sato medium which included forskolin
(5 mm), BDNF (50 ng/mL), and CNTF (10 ng/mL) was
used for neurite outgrowth assays. The purity of immu-
nopanned RGCs was validated through immunostaining
with Tujl, Brn3a, and DAPI. As shown in Supplementary
Fig. 5, the majority of cells were confirmed to be RGCs.
For viral transduction, AAV2-Tppp3-OE or AAV2 con-
trol was added to the culture medium at a multiplicity of
infection of ~10° vg/cell 24 h. Similarly, AAV2-shTppp3
or AAV2-shCtrl were added to the culture medium. The
virus was removed after 24 h and RGCs were incubated
for 2 days in fresh medium.

For immunostaining, RGCs were fixed in 4% PFA
directly added to the culture medium (2% final PFA dilu-
tion) for 20 min. Neurites were blocked in 5% NGS and
0.1% Triton X-100 in PBS for 1 h at room temperature.
Rabbit Tuj-1 (1:500; #5568S, Cell Signaling) was used to
stain neurites overnight and was visualized with an Alexa
Fluor 555-conjugated Goat Anti-rabbit IgG antibody
(1:500, # A-21428, Life Technologies) for 4 h at room
temperature. Neurite outgrowth was measured using an
Olympus Life Science IX83 Inverted Microscope. Each
image was taken at the same intensity and 10X magnifi-
cation. For each treatment, ~30 cells were averaged per
condition for each experiment. The total length of neu-
rites per cell was measured using Image] Simple Neurite
Tracer. All imaging and quantification were conducted in
a blinded manner to eliminate bias.

Optic nerve crush (ONC)

Adeno-associated virus type 2 vectors driving Tppp3
overexpression (AAV2-Tppp3-OE) or cytomegalovirus
control (AAV2-control) were intravitreally injected into
the left eye two weeks before ONC. ONC was performed
as previously described [9]. Ketamine/xylazine anesthe-
sia was administered to 8—10-week-old mice. The left eye
was subjected to ONC—the outer canthus was exposed,
and the optic nerve was pinched for 7 s using Dumont
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#5 self-closing forceps (Fine Science Tools, Foster City,
CA, USA), ~ 1.5 mm behind the globe. The right eye was
left uninjured to serve as a control. At 12 days after ONC,
2 pL of cholera toxin subunit B (CTB)-conjugated Alexa
Fluor 555 (CTB-555) (2 pg/pL, #C22843, Invitrogen)
were intravitreally injected as an anterograde tracer. Ani-
mals were euthanized 14 days after ONC and perfused
with 4% PFA before collecting optic nerves and retinas.

Quantitative real-time PCR (qPCR)

We isolated total RNA from retinal tissues collected
from E12-PO, two days after ONC and two weeks using
a Qiagen RNeasy Mini Kit per the manufacturer’s proto-
col (Qiagen, Hilden, Germany). Reverse transcription of
RNA (500 ng) was performed using the Bio-Rad iScript
c¢DNA Synthesis Kit. qPCR was conducted using either
Tagman master mix or Bio-Rad iTaq Universal SYBR-
Green Supermix per the manufacturer’s instructions.
SYBR green primers for Bmp4 and Gapdh were pur-
chased from Integrated DNA Technologies (Coralville,
IA, USA). All experiments were performed in triplicate
to ensure accuracy and reproducibility.

RGC survival analysis

RGC survival was evaluated according to an established
protocol [10]. First, retinas were dissected and fixed in 4%
PFA for 1 h. To ensure complete permeabilization, retinas
were treated with a solution containing 3% Triton X-100
(Sigma-Aldrich) and 1.5% Tween 20 (Sigma-Aldrich)
for 1 h. Blocking was performed using 10% normal goat
serum in PBS for 1 h. Retinas were incubated overnight
at 4 °C with a rabbit polyclonal anti-RBPMS primary
antibody (1:500, #1830, PhosphoSolutions). Following
three washes with PBS (10 min each), retinal flatmount
samples were incubated overnight with Alexa Fluor 647-
goat anti-rabbit secondary antibody (1:500, #A21244,
Life Technologies). After two additional washes (10 min
each), samples were stained with DAPI (1:5000 in PBS)
for 15 min. For preservation, samples were sealed under
1.5-mm coverslips using an anti-fade mounting medium
(ProLong Gold, Life Technologies). Samples were imaged
on a Zeiss fluorescence microscope (Oberkochen, Ger-
many). Each retina was divided into four quadrants, and
one random digital micrograph was captured from each
peripheral area located 3 mm from the optic nerve head.
RBPMS-positive (RBPMS +) cells were manually counted
in a masked manner. Results are presented as cells per
square millimeter.

Regenerative axon counting

For axon counting, optic nerves were collected two weeks
after ONC, fixed in PFA for 1 h at room temperature,
and washed in PBS. Optic nerves were immersed in 15%
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sucrose at 4 °C overnight, followed by 30% sucrose at 4 °C
overnight before mounting in Optimal Cutting Tempera-
ture mounting medium (Thermo Fisher). Cryosections
10-um thick were prepared for both the optic nerve and
retina. Optic nerve sections were imaged and analyzed
as described previously [9]. The number of CTB-positive
axons (CTB+) within every 200 pm, 600 pum, 1000 pm
and 1600 um from the injury site were manually counted
until the end of the longest regenerating axons. The total
number of CTB+axons per optic nerve was calculated
using an established formula [23]. All imaging and quan-
tification were conducted in a masked manner.

RNA sequencing

RNA sequencing was performed to investigate gene
expression profiles in the injured retina two days after
ONC. Mouse retinas treated with either AAV2-Tppp3-
OE (n=4) or AAV2-CMV (n=3) were dissected, and
total RNA was extracted from the injured retinas. Total
RNA was extracted from frozen retina samples using a
Qiagen RNeasy Mini Kit per the manufacturer’s instruc-
tions. Sample preparation was conducted in triplicate to
ensure robustness and reproducibility.

Azenta Life Sciences (South Plainfield, NJ, USA) con-
ducted sample, library preparation, and quality control
analyses. Briefly, RNA samples were quantified using
a Qubit 2.0 fluorometer (Life Technologies), and RNA
integrity was checked using a TapeStation 4200 (Agilent
Technologies, Palo Alto, CA, USA). ERCC RNA Spike-In
Mix Kit (#4,456,740, Thermo Fisher Scientific) was added
to normalized total RNA before library preparation fol-
lowing the manufacturer’s protocol. RNA sequenc-
ing libraries were prepared using the NEBNext Ultra
II RNA Library Prep Kit for Illumina per the manufac-
turer’s instructions (New England Biolabs, Ipswich, MA,
USA). Sequencing libraries were validated on an Agilent
TapeStation and quantified using a Qubit 2.0 fluorometer
(Thermo Fisher Scientific) as well as by quantitative PCR
(KAPA Biosystems, Wilmington, MA, USA). Sequencing
libraries were clustered on one flow cell lane. After clus-
tering, the flow cell was loaded on an Illumina 4000 or
equivalent instrument according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA). Samples
were sequenced using a 2x 150 bp paired-end configura-
tion. Raw sequence data (.bcl files) were converted into
FASTQ files and de-multiplexed using Illumina bcl2fastq
2.17 software. One mismatch was allowed for index
sequence identification.

The resulting FASTQ files were analyzed using CLC
Genomics Workbench v22 from Qiagen Digital Insights.
Raw sequencing reads were imported into the software
for analysis, including identifying differentially expressed
genes between AAV2-Tppp3-OE and AAV2-CMV
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groups two days after ONC. The imported reads under-
went quality checks, adaptor sequence trimming, and
alignment to the GRCm39/mm39 version of the mouse
reference genome using default settings. Quality checks
were performed on mapped reads as well.

To determine the differential expression of genes
between groups, a significance threshold of p<0.05
and fold-change>2 were used. Adjusted p-values were
not used to compute differentially expressed genes in
this analysis. Volcano plots were generated using CLC
Genomics Workbench v22 to visualize results. Path-
way enrichment analyses were conducted using the NIH
Database for Annotation, Visualization, and Integrated
Discovery 2021 with the Kyoto Encyclopedia of Genes
and Genomes database. RNA sequencing data gener-
ated from this analysis have been deposited in Gene
Expression Omnibus (GEO) under accession number
GSE24244756.

Statistical analysis

Statistical analysis was performed by calculating the
mean + standard error of the mean (SEM) of at least three
independent experiments. The number of mice used in
each experiment is indicated in the figure legends. One-
way ANOVA followed by post hoc t-tests with Tukey’s
correction and/or unpaired t-tests was used for data
analysis, considering p <0.05 as significant. Graphs were
created using Prism 9 software (GraphPad, La Jolla, CA,
USA).

Results

Identification of Tppp3 as an RGC marker by single-cell
RNA sequencing

To understand the gene expression dynamics governing
the regulation of RGC fate differentiation, we conducted
single-cell RNA sequencing (scRNA-seq) on mouse reti-
nal progenitor cells (Fig. 1A) that were subjected to either
PBS or growth and differentiation factor 11 (GDF11).
GDF 11 is a known regulator of RGC differentiation and
is recognized as a suppressor of RGC fate [11]. We col-
lected retinas from E14.5 mice, a stage characterized by
the peak of RGC differentiation [64], and treated them
with GDF11 or PBS for 5 days to profile the retinal pro-
genitor cells.

Our scRNA-seq analysis revealed the presence of 11
distinct clusters of retinal cells (Fig. 1B), with cluster 3
identified as the RGC cluster based on the expression of
the RGC-specific gene Pou4f1 (Fig. 1B and E). Addition-
ally, other RGC markers genes like Thyl, RBPMS, and
Nefl exhibited high expression within cluster 3 as well
(data not shown). Notably, Tppp3 was highly expressed
in the RGC-specific cluster 3 (Fig. 1D). Further exami-
nation of gene expression levels indicated that GDF-11
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treatment led to a reduction in the expression of both
Poudfl and Tppp3, specifically within the RGC clusters,
identified as cluster 3 (Fig. 1C). RGC markers genes like
Sncg, Isll, and Rbpms were also downregulated after
GDF11 treatment (data not shown). The localized expres-
sion of Tppp3 within the RGC cluster and its modulation
by GDF11 indicate its potential as a candidate gene for
further investigation within RGCs.

Upon reanalyzing a previous scRNA-seq study [53]
conducted on purified mouse RGCs, we observed a
strikingly high expression of Tppp3 within RGCs, with
approximately 84% of the total RGC population express-
ing Tppp3 (Fig. 1F). Moreover, reanalysis of scRNA-seq
data from adult macaque and human retinas revealed
that Tppp3 is highly expressed within RGC clusters [35,
59] (Fig. 1G, H, and Supplementary Fig. 1). Given its
widespread expression across RGCs of mice, macaque,
and humans, it further emphasizes its potential role in
RGC function.

As Tppp3 expression was downregulated by the RGC
fate suppressor protein GDF11 (Fig. 1C), and previous
studies have linked Tppp3 to RGCs and zebrafish axon
regeneration [20], we next investigated the gene and pro-
tein profiles of Tppp3 in vivo and studied its potential
role in regulating optic nerve regeneration.

TPPP3 is expressed in mouse RGCs in vitro and in vivo

We analyzed TPPP3 expression patterns in RGC and
RGC-depleted cultures from the retinas of P2 mice. RGC
markers BRN3A and RBPMS [30, 44] as well as THY1
[3] were enriched in the pure RGC culture, along with
TPPP3 (Fig. 2A). We then conducted immunostaining for
Tppp3 in the retinal cryosections of adult mice. Tppp3
expression was localized within the RGC layer and the
retinal nerve fiber layer (RNFL) (Fig. 2B and Supplemen-
tary Fig. 2). We observed that~75% of cells co-express
the RGC marker Brn3a and Tppp3 (Fig. 2B). The expres-
sion of Tppp3 within the GCL and RNFL was confirmed
by immunofluorescence (Fig. 2B and Supplementary

(See figure on next page.)
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Fig. 2) and validated by western blot analysis (Figs. 2A
and 3F).

To further investigate the localization of Tppp3 within
RGCs, we conducted immunostaining for Tppp3 in P2
primary mouse RGCs. Immunostaining images revealed
that Tppp3 was primarily expressed in RGC soma, with
a low expression level in neurites. Additionally, co-labe-
ling experiments using a neuronal marker for anti-p-III-
tubulin antibody-E7 confirmed the co-localization of
Tppp3 with B-1II-tubulin in primary RGCs (Fig. 2C).

To understand the expression pattern of Tppp3 in the
developing retinas, we used RNAscope to probe Tppp3
RNA expression from E12 to PO. Tppp3 expression was
detected in the inner retinal layer at E12 and specifically
within the ganglion cell layer at PO (Fig. 2D). Total RNA
data indicated that Tppp3 expression exhibited the high-
est levels at E14.5, coinciding with the peak of RGC dif-
ferentiation (Fig. 2D), similar to the expression pattern of
Brn3a [41]. These findings strongly support the hypoth-
esis that Tppp3 is a novel RGC marker.

TPPP3 enhances RGC neurite outgrowth ex vivo

Since previous studies have implicated Tppp3 in
zebrafish axon regeneration [20], we first investigated if
Tppp3 promotes neurite outgrowth ex vivo. We trans-
duced primary mouse RGCs by adding AAV2-Tppp3-
OE or control AAV2, or with an AAV2 vector containing
Tppp3 shRNA (AAV2-shTppp3) or AAV2 of scramble
shRNA to the culture medium. Quantitative analysis of
the longest neurite from each RGC revealed that Tppp3
overexpression led to a significant enhancement in neu-
rite outgrowth by approximately 20% compared to con-
trol conditions (Fig. 2E). Conversely, Tppp3 knockdown
resulted in a significant reduction in neurite outgrowth
by around 20% relative to controls (Fig. 2F). To vali-
date the effectiveness of the AAV2-shTppp3, we treated
HeLa cells with Tppp3-OE AAV2, followed by transduc-
tion with control sShRNA AAV2 or Tppp3 shRNA AAV2.
Protein analysis confirmed a significant knockdown
of TPPP3 using Tppp3 shRNA AAV2 (Supplementary

Fig. 2 TPPP3 is expressed in mouse RGCs and promotes RGC neurite outgrowth ex vivo. A Western blots show that RGC markers BRN3A, RBPMS,
and THY1 are expressed selectively in the immunopurified RGC cell population, as is Tppp3. B Immunostaining of RGCs for BRN3A and TPPP3

in adult mouse retinal sections reveals that Tppp3 is expressed within the RGC layer. ~ 75% of BRN3A+ cells co-express Tppp3 (white arrows).
Scale bar=100 um. C Immunostaining of P2 primary RGCs shows expression of anti-3-lll-tubulin antibody E7. Co-labeling with anti-B-Ill-tubulin
antibody E7 and Tppp3 confirmed that Tppp3 is expressed primarily within the soma of RGCs. Scale bar=50 pm. D RNAscope analysis of Tppp3
in the developing mouse eye. Tppp3 expression reached its peak at E14.5 and subsequently decreased. E Representative images of primary

RGCs transduced with AAV2-control or AAV2-Tppp3-OE vectors. Quantification of mean neurite length per cell after transduction showed

that Tppp3 overexpression increases RGC neurite outgrowth by ~20% (n=5 independent cultures). F Representative images of primary RGCs
transduced with AAV2-shCtrl or AAV2-shTppp3 vectors. Quantification of mean neurite length per cell after transduction showed that Tppp3
knockdown decreases neurite outgrowth by ~20%. Scale bar= 100 um. Each data point reflects an independent cell culture. Statistical significance
was determined using one sample t-test (****p <0.0001, ***p <0.001). Mean + SEM is shown
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Fig. 3). Collectively, these findings suggest that Tppp3
functions as a positive regulator of neurite outgrowth in
RGCs.

Tppp3 promotes axon regeneration and RGC survival

after ONC

Since Tppp3 overexpression increased neurite outgrowth
ex vivo, we next investigated the effects of Tppp3 on axon
regeneration and RGC survival in vivo. We intravitreally
injected AAV2-Tppp3-OE or AAV2 control vector and
allowed two weeks for protein expression (Supplemen-
tary Fig. 4). Following this, we performed ONC, and eval-
uated axonal regeneration and RGC survival outcomes
two weeks after ONC (Fig. 3A). Additionally, we con-
firmed that Tppp3 expression is affected by ONC, as its
levels in purified RGCs decreased to 80% after one week
and 54% after two weeks in surviving RGCs compared to
non-crush controls (Fig. 1F). Our data showed that Tppp3
overexpression significantly promotes axon regeneration,
as indicated by increased CTB-555+regenerative axon
beyond the injury site compared to controls (Fig. 3B, C).
In addition, the Western blot revealed that Tppp3 protein
was significantly decreased in the optic nerve after crush
(Fig. 3F). These results suggest that Tppp3 overexpression
is involved in promoting axon regeneration in the retina.
Next, we investigated the effect of Tppp3 overexpres-
sion on RGC survival. We observed that>80% of RGCs
are lost two weeks after ONC and Tppp3 overexpression
significantly improved RGC survival, indicating the pro-
tective role of Tppp3 in RGCs (Figs. 3D and E). Taken
together, our results demonstrate the therapeutic effects
of Tppp3 on axon regeneration and RGC survival in a
mouse model of ONC.

Tppp3 overexpression upregulates Bmp4 signaling

and inflammation-related genes

To gain insights into the molecular mechanisms underly-
ing the pro-regenerative effects of Tppp3, we performed

(See figure on next page.)
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bulk RNA sequencing. We analyzed gene expression pro-
files in AAV2-Tppp3-OE-transduced and control retinas
two days after ONC. We chose this time point because
RGC death typically initiates three—five days after ONC
[53], allowing us to observe transcriptional changes
before RGC death. RNA sequencing and subsequent bio-
informatic analysis identified 176 differentially expressed
genes, consisting of 108 upregulated genes and 68 down-
regulated genes in response to Tppp3 overexpression
(Fig. 4A). Expression of Tppp3 itself exhibited a two-fold
change in the whole retina two days after ONC, indicat-
ing elevated levels of Tppp3 after intravitreal injection
(data not shown).

Differential gene expression analysis revealed signifi-
cant changes following Tppp3 overexpression, includ-
ing upregulation of genes related to axon regeneration,
survival, eye development, and inflammation. (Fig. 4C).
Notably, Bmp4, an enhancer of RGC survival and axon
regeneration [50], was upregulated, and this result was
confirmed by qPCR (Fig. 4B). These findings suggest
that Tppp3 overexpression may influence the expres-
sion of genes involved in axon regeneration and survival
pathways. Additionally, we performed gene ontology
(GO) analysis to explore the functional implications of
differentially expressed genes. Interestingly, GO terms
associated with inflammation and the BMP signaling
pathway further supported the involvement of BMP
signaling in the observed molecular changes (Fig. 4D).
BMP2 and BMP4 have been associated with improv-
ing neurite outgrowth in vitro [22]. Further analysis is
needed to elucidate the genetic interaction of BMP4/
SMAD pathway and Tppp3. Additionally, Aldhla3, a
gene associated with retinoic acid signaling and vital
for eye and neuronal development, showed increased
expression two days after ONC. The upregulation of
genes in the crystallin family, including Cryaa, Crybb2,
Crygc, and Crygs, indicated alterations in eye develop-
ment and structure. Notably, the B/y superfamily of

Fig. 3 Tppp3 promotes axon regeneration and improves RGC survival. A Scheme of experimental setup for ONC and sample collection.

AAV2 vectors were intravitreally injected into eyes two weeks before ONC. Two days before sample collection, CTB-555, an anterograde tracer,
was intravitreally injected into eyes to label regenerating axons. Optic nerves and retinas were collected two weeks after ONC. B Representative
images of optic nerve sections transduced with AAV2 vectors and labeled with CTB-555. Tppp3 overexpression significantly increases

CTB-555+axons two weeks after ONC. The crush site is marked with an asterisk. The optic nerve's proximal end (towards the eye globe) is located
on the left, and the distal end (towards the brain) is on the right. Scale bar= 100 pm. C Quantification of the number of CTB-555+axons at varying
distances from the crush site after transduction with AAV2-control (n=6 optic nerves) or AAV2-Tppp3-OE (n=8 optic nerves). Tppp3 overexpression
improves RGC regeneration at short distances from the crush site. Statistical significance was determined using an unpaired student’s t-test for each
distance (**p<0.01). Mean + SEM is shown. D Representative images of RBPMS+ cells in flatmount retinas of (D i) negative controls without AAV
transduction and ONC, or transduced with (D ii) AAV-CMV or (D iii) AAV-Tppp3-OE. Scale bar=50 um. E Tppp3 overexpression improves RGC
survival following ONC. Quantification of the mean number of RBPMS+RGCs in flatmount retinas after transduction with control AAV2-CMV

or AAV2-Tppp3-OE, compared to the negative control without AAV2 transduction and ONC (n=6 retinas). Statistical significance was determined
using an unpaired student’s t-test (****p <0.0001, **p < 0.01). Mean + SEM is shown. F TPPP3 protein expression is significantly decreased in the optic
nerve after ONC compared to sham control



Rao et al. Acta Neuropathologica Communications (2024) 12:204

AAV injection Optic Nerve Crush

-14 days Day 0

AAV2-Tppp3-OE AAV2-control

Page 10 of 16

€0

CTB-555 injection Harvest

End

Day 12 Day 14

Axon regeneration 2wk after ONC

300+
Control AAV2
- - 57
gzoo_ - TEppS AAV2
n=8
X
<
+*
100-
0+rr-r-ror-r-

0 500 1000 1500

Distance from lesion (um)

RGC survival 2wk after ONC

skkkk
*kkkk *k
E
£
2
ONC + * E
AAV2 OE - Ctrl Tppp3 c
(&)
(V]
14
F +
. ONC - +
Tppp3 AAV20OE . ctrl  Tppp3

37—|- s | GAPDH

kDa gham Crush
Optic Nerve
Fig. 3 (Seelegend on previous page.)

crystallin, particularly Crybb2, was upregulated, con-
sistent with the known protective role of crystallins
neuroprotective role in the retina and their supportive
function in axon regeneration [25, 39, 49]. In addition,

various chemokine and inflammation-related genes
(e.g., Ccl3, Ccl7, Cd163, Cd69, Cxcl10, Ifitl, Sele) were
upregulated two days after ONC. The upregulation of
inflammation-related genes suggests that these changes
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changes in mRNA gene expression (relative to Gapdh housekeeping gene) showed significantly increased Bmp4 expression two days after ONC
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that highlight terms related to inflammation and BMP signaling increase after Tppp3 overexpression
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may contribute to the regenerative effects of Tppp3
rather than being a direct consequence of ONC injury.

Overall, our results demonstrate that Tppp3 overex-
pression in the retina following ONC leads to signifi-
cantly altered gene expression. Upregulation of genes
related to axon regeneration and survival, such as Bmp4,
suggests their potential role in mediating the regenera-
tive effects of Tppp3. These findings contribute to our
understanding of the molecular mechanisms underlying
Tppp3-induced neural regeneration.

Discussion

This study provides significant insights into the identifi-
cation of Tppp3 as a novel RGC marker and its functional
role in axon regeneration (Fig. 5). Using scRNA sequenc-
ing on mouse retinal progenitor cells treated with PBS
or GDF11, we discovered that Tppp3 is highly expressed
within the RGC-specific cluster. Its reduction with
GDF11 treatment highlights its potential role in RGC
fate regulation. Tppp3 expression was localized primar-
ily within the RGC layer, with high expression levels in
the cytoplasm of RGC somas. Reanalysis of scRNA-seq
data revealed that Tppp3 expression is widespread across
all RGC sub-clusters in mice [53] and expressed within
the RGC clusters of macaque and human [35, 59]. Our
in vitro experiments indicated that TPPP3 acts as a posi-
tive regulator of neurite outgrowth. Furthermore, Tppp3
overexpression in mice resulted in enhanced axonal
regeneration and improved RGC survival following
ONC. The role of Tppp3 in long-distance regeneration
and its potential synergistic effects with complementary
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treatments must be assessed to advance the therapeutic
applications of Tppp3.

BMP signaling has been associated with axon regen-
eration and RGC survival [14, 50]. GO term analysis sug-
gests that there is a cellular response to BMP stimulus
after Tppp3 treatment. Notably, Bmp2 and Bmp4 were
upregulated two days after ONC. Upregulation of BMPs
after Tppp3 treatment can initiate BMP signaling through
SMAD-dependent canonical pathways and SMAD-inde-
pendent pathways [56, 65]. BMP receptors initiate sign-
aling by phosphorylating SMAD1, which then forms a
complex with SMAD4. This SMAD1/4 complex translo-
cates to the nucleus, where it acts as a transcriptional reg-
ulator to regulate gene expression. This signaling pathway
activates GAP-43, a protein crucial for axonal growth and
regeneration, thereby enhancing neuronal repair [37].
BMP4/SMADI1 pathway has been shown to enhance axon
regeneration and RGC survival [50]. Although SMAD1
phosphorylation has been shown to play a key role in
neurite outgrowth, its role has not been assessed yet; we
cannot confidently confirm whether BMP4 signaling is
activated via canonical or non-canonical pathways. The
pathological and physiological functions of Tppp3 within
the retina and its relationship with BMPs are unknown.
Further experiments utilizing a BMP4 inhibitor (Noggin
or BMP inhibitor-LDN-193189) will help confirm the
association between Tppp3 and BMP4 signaling in RGC
survival and regeneration.

While inflammation is expected after ONC, previous
studies show that neuroinflammation creates an environ-
ment that supports axonal regeneration and improves

Tppp3 overexpression improves RGC survival and axon regeneration:
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RGC survival [2, 7, 23, 58, 63]. For example, CXCL12,
also known as SDF-1, is an inflammatory mediator that
significantly promotes axon regeneration [60]. Interest-
ingly, another study demonstrated that inhibiting micro-
glia activation effectively prevents the loss of RGCs,
possibly by suppressing pro-inflammatory cytokines
within the microenvironment [42]. Since we observed
enhanced axon regeneration after Tppp3 overexpression,
inflammatory genes might provide a protective environ-
ment and mediate the regenerative effects of Tppp3.

Injury to CNS neurons results in the formation of
a retraction bulb at the tip of the injured axon [13, 52].
Retraction bulbs have disassembled and disoriented
microtubules [13]. Unlike peripheral nervous system
axons that develop growth cones and exhibit regenera-
tion, CNS axons fail to regenerate after retraction bulb
formation [13]. Modulation of microtubule polymeriza-
tion has been shown to help develop a growth cone and
promote regeneration of CNS axons [18, 46]. TPPP3
binds to tubulin and stabilizes and polymerizes micro-
tubules [33]. It acts as a microtubule-associated protein,
affecting microtubule structure and dynamics by increas-
ing acetylation levels [51]. Tubulin polymerization has
been shown to increase following neurofilament loss
after axotomy [26]. Since axon regeneration relies on
cytoskeleton remodeling [6], modulating cytoskeleton
dynamics in injured axons facilitates the transformation
of the retraction bulb into a growth-competent growth
cone. Therefore, an alternative mechanism underlying
axon regeneration following Tppp3 overexpression might
involve in its impact on microtubulin dynamics. Since
Tppp3 treatment promotes RGC axon regeneration, it
may play a role in microtubule aggregation by tubulin
polymerization and/or acetylation upon ONC. Further
investigation is necessary to understand the effects of
Tppp3 overexpression on microtubules after ONC.

To achieve clinically promising gene therapies to treat
neural injuries, it is vital to achieve long-distance axon
regeneration with functional connectivity. Although
Tppp3 overexpression indeed improves axon regen-
eration, it’s only short-distance regeneration. Tppp3
treatment should be continued for longer periods after
injury to further evaluate the long term neuroregenera-
tive effects. To achieve long-distance axon regeneration,
a combination of genetic and molecular interventions
is necessary. In a recent study, RNA sequencing analy-
sis was performed on purified RGCs following ONC
using a pro-regenerative combination treatment involv-
ing PTEN knock-down, neutrophil-derived growth fac-
tor oncomodulin (Ocm), and the non-hydrolyzable,
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membrane-permeable cAMP analog CPT-cAMP (a co-
factor of Ocm) [12]. Interestingly, we found that the log
fold change of Tppp3 increased after this combinato-
rial treatment, suggesting that Tppp3 might be a down-
stream molecule of Pten signaling for promoting axon
regeneration. Notably, one of the most robust effects on
axon regeneration was observed through the co-deletion
of PTEN and SOCS3 compared to a single deletion [48].
Thus, a combination therapy using PTEN deletion and
Tppp3 overexpression would hold the promise of improv-
ing long-distance axon regeneration. Conversely, investi-
gating the effects of Tppp3 on axonal degeneration would
provide valuable insights into whether, in addition to
promoting regeneration, it also plays a protective role by
delaying axonal degeneration. Future experiments, utiliz-
ing Tppp3 and other pro-regenerative combination treat-
ments are imperative to unravel the precise role of Tppp3
in the regulatory cascade governing axon regeneration.
TPPP3 expression is also elevated in various cancer
types, and knockdown of Tppp3 transcripts suppresses
tumor cell proliferation and migration [24, 43, 47, 62, 66,
67]. Interestingly, many tumor-relevant genes such as
PTEN [28] and KLF9 [27] are associated with axon regen-
eration [29, 38]. As elevated Tppp3 levels can promote
cell proliferation and migration, the long-term effects
of Tppp3 overexpression remain unknown. Future stud-
ies need to investigate whether overexpressing Tppp3
induces an oncogenic-like state. Furthermore, it’s impor-
tant to conduct a thorough assessment of Tppp3’s poten-
tial oncogenic role before advancing to preclinical trials.

Conclusions

Our study utilizes acute optic neuropathy to investigate
the effects of Tppp3 overexpression on RGC survival
and axon regeneration. Tppp3 could potentially serve as
a therapeutic agent to enhance optic nerve regeneration
and preserve RGC function in CNS injuries. To enhance
our understanding of Tppp3 in glaucoma, incorporating
chronic injury models [36] such as intraocular pressure
elevation and reperfusion would be an important future
work. Further investigations into the underlying mecha-
nisms of Tppp3 may reveal additional therapeutic targets
and pathways for interventions in other CNS injuries and
neurodegenerative diseases.

Abbrevations

CNS Central nervous system

CTB-555 Cholera toxin subunit B (CTB)-conjugated Alexa Fluor 555
(CTB-555)

GDF Growth and differentiation factors

ONC Optic nerve crush
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RGCs Retinal ganglion cells
scRNA-seq  Single-cell RNA sequencing
Tppp3 Tubulin polymerization promoting protein family member 3
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