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16  ABSTRACT
17 Retinal ganglion cells (RGCs) are the projection neurons of the retina. In early retinal progenitor cells
18 (RPCs), Atoh7 orchestrates the developmental RGC program and regulates the expression of critical
19 downstream targets, including Pou4f factors. The absence of Pou4f2 or more POU4F family genes
20 results in defects in RGC differentiation, aberrant axonal elaboration and ultimately RGC death,
21 confirming the requirement of POU4F factors for RGC development and survival, with a critical role
22 in regulating RGC axon outgrowth and pathfinding. Here, we investigated in vivo whether ectopic
23 Pou4f2 expression in late retinal progenitor cells (late RPCs) is sufficient to induce the generation of
24 cells with RGC properties, including projecting axons to the brain. Using a strong ubiquitous promoter
25  toinduce Pou4f2 overexpression in neonates, we observed a change in targeted cell distribution in
26  the retinal tissue, including the presence of cells in the ganglion cell layer and inner plexiform layer
27 with high density of GFP* processes along the retina. Similar results on the induction of neuron
28  processes were obtained when we overexpressed Poudf2 in Atoh7 knockout mice, suggesting that
29 POU4F2 is sufficient to induce them. Single-cell RNA sequencing (scRNA-seq) analysis shows that
30 several RGC-genes (such as Rbpms, Gap-43, Hs6st3, and Foxp2) are upregulated after Pou4f2
31  overexpression. Additionally, gene ontology analysis indicates the induction of genes related to
32 axonogenesis and neuronal differentiation. Imaging throughout the visual pathway revealed high
33 density of axons projecting toward the optic nerve head and extending to brain regions, such as the
34  superior colliculus and geniculate nucleus. Thus, Pou4f2 induced neurons with specific RGC
35 characteristics that share similarities with resident RGCs and notably project axons that reach brain
36  targets. In conclusion, these results showed that POU4F2 alone was sufficient to promote critical
37 properties of projection neurons from retinal progenitors outside their developmental window.
38
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43  INTRODUCTION

44 Retinal ganglion cells (RGCs) constitute a unique cell population of the retina capable of
45 extending long axons that reach specific brain regions and establish connections. At least 40 subtypes
46 of RGCs have been described based on their transcriptional profile and functions (Rheaume et al,,
47  2018). The ability to project long distance axons is one of the most critical characteristics of RGCs that
48 must be attained in regenerative strategies aimed at restoring vision. Several neuropathies lead to
49 RGC death, such as glaucoma, optic nerve traumas and diabetic retinopathy (Fechtner & Weinreb,
50 1994; Quigley, 1995; 1999; Halpern & Grosskreutz, 2002; Gupta & Yucel, 2007; Danesh-Meyer &
51 Levin, 2015; Gossman et al., 2016; Killer & Pircher, 2018). RGC degeneration in glaucoma alone is
52  expected to blind 111.8 million people worldwide in 2040 (Tham et al., 2014).

53 To mitigate the damage from these neuropathies, current research seeks to either decelerate
54 cell loss through RGC neuroprotection or to restore vision via the generation of new RGCs. The
55 potential regenerative cell sources are either manipulated endogenous retinal cells or exogenously
56  generated from embryonic or induced pluripotent stem cells (Gossman et al., 2016; Tanaka et al.,
57 2016; Chao et al.,, 2017; Oliveira-Valenca et al., 2020; Luo & Chang, 2023; Sharma et al., 2023; Soucy
58 etal, 2023; Tribble et al., 2023). Mdller glia (MG), the main endogenous cell source currently under
59 investigation, share epigenetic and transcriptional profiles with the late retinal progenitor cells (late
60 RPCs) (Blackshaw et al., 2004; Ooto et al., 2004; Roesch et al., 2008; Dvoriantchikova et al., 2019).
61 During retinal development in rodents, late RPCs give rise to most rod photoreceptors (RPs),
62  andalsoto bipolar cells (BCs), subpopulations of amacrine cells (ACs), and MG in the postnatal period.
63 On the other hand, early RPCs generate RGCs, horizontal cells (HCs), some ACs and cone
64  photoreceptors (CPs) during the embryonic period (Finlay et al., 1989; Saha et al., 1992; Hu et al.,
65 1999; Chow et al., 2001; Bassett & Wallace, 2012; Clark et al., 2019).

66 Specific molecular programs are activated and restricted to establish the competence of
67 retinal progenitors (RPCs) to differentiate into distinct cell populations and build the mature,
68 functional retina (Young, 1985; Rapaport et al., 2004; Heavner & Pevny, 2012; Centanin & Wittbrodt,
69 2014; Zechner et al., 2020). Thus, any strategy designed to regenerate functional RGCs will have to
70 reactivate key steps of this gene regulatory network (GRN).

71 Atoh7 is an essential competence factor that induces the RGC molecular program (Yang et
72 al., 2003; Mu et al., 2005; Le et al., 2006; Yao et al., 2007; Gao et al., 2014; Maurer et al., 2018; Wu
73 et al., 2021). Crucial downstream effectors of Atoh7 in the RGC gene regulatory network are the POU
74 domain, class 4, transcriptional factors (POU4F1-3) (Liu et al., 2001; Mu et al., 2005). Several studies
75 have demonstrated that the absence of POU4F2 compromises axonogenesis, as RGCs exhibit
76  aberrant projection along the retina and a thinner or absent optic nerve. Additionally, knockout
77  experiments have shown that even when some RGCs differentiate, they eventually die due to failure
78  to stabilize connections to the brain, thereby demonstrating the role of Pou4f2 in axonogenesis and
79 survival (Erkman et al., 1996; Gan et al., 1996; Xiang et al., 1996; Gan et al., 1999; Erkman et al.,
80  2000). Some studies also suggest that Pou4f2 could have a role in RGC specification by suppressing
81 genes required for alternative cell fates including amacrine cells and cones (Qiu et al., 2008; Feng et
82 al., 2011). Shietal. (2013) demonstrated that besides repressing some cell fates, Pou4f2 is important
83  to induce the generation of POU4F1*/3* and melanopsin RGC subtypes. Moreover, Rasheed et al.
84 (2014) show that Pou4f2 is expressed in two distinct waves regulated by miRNAs during retinal
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85 development and theorize that in early stages it would play a role in RGC specification and, later, in

86  survival and axon guidance.

87 POU4F2 does not solely work with POU4F members but can also act in conjunction with ISL1

88 to promote RGC differentiation (Pan et al., 2008; Li et al., 2014; Wu et al., 2015), as well as with

89 DLX1/2 (de Melo et al., 2005; Zhang et al., 2017) and EOMES for RGC development and formation of

90 the optic nerve (Mao et al., 2008). Liu et al. (2000) tested the overexpression of Poudf2 during the

91 window of RGC generation in chick (thus in the presence of Atoh7) and observed an increase in RGC

92 genesis, suggestive of the sufficiency of this factor to induce RGCs. Moreover, Wu et al. (2015)

93 showed that the combination of POU4F2 with ISL1 was enough to induce RGC specification even in

94  the absence of Atoh7, demonstrating that this factor could also play a role for RGC specification when

95 combined with other factors. Interestingly, Todd et al. (2022) demonstrated the in vivo conversion of

96 murine Mdller glia into RGC-like cells after the combined overexpression of Ascl1, Pou4f2 and Is/1.

97  These neurons acquired an immature RGC transcription profile, similar to RGCs in the beginning of

98 their specification, however they did not observe axons in the optic nerve.

99 Given that Pou4f2 plays essential roles in RGC development and axonogenesis, our goal in
100  this study was to test whether its overexpression as a single transcription factor in late RPCs could
101 reactivate aspects of the RGC molecular program relevant for RGC differentiation, especially axon
102 growth and pathfinding, outside of their development window. We show that Pou4f2 overexpression
103 indeed induces the generation of RGC-like cells from late RPCs, which migrate to the inner retina and
104  project axons toward the optic nerve head, along the entire visual pathway and to multiple brain
105  targets. Single cell RNA sequencing (scRNA-seq) reveals the generation of cells expressing RGC genes
106 upon Pou4f2 overexpression, including genes involved in axonogenesis.

107 Overall, these data demonstrate that overexpression of Pou4f2 is sufficient to induce the
108 expression of several RGC features in late progenitors, remarkably axonogenesis, as projections
109 innervate appropriate central visual targets in adult mice.
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110  MATERIALS AND METHODS

111 Experimental animals

112 All experiments were performed according to international rules and were approved by the Ethics
113 Committee on Animal Experimentation of the Health Sciences Center from Federal University of Rio
114  de Janeiro (CEUA/CCS/UFRJ) and within the guidelines of the Institutional Animal Care and Use
115  Committee of the University of Utah. Both sexes of neonatal (PO, postnatal day 0) Lister hooded rats
116  (RRID:RGC 2312466), C57BI6/) mice (RRID:IMSR_JAX:000664) and B6J.129-Atoh7tmiclk/Mmucd
117 (MGI2159015, mentioned here as Atoh7KO), were used for in vivo electroporation and analyzed 10
118 or 30 days post electroporation.

119

120  Plasmids

121 Plasmids pUb::CST (pUb- human ubiquitin C promoter) and pUb::GFP (Matsuda & Cepko, 2004) were
122 kindly provided by Dr. Michael A. Dyer (St. Jude Hospital, Tennessee, USA). POU4F2 sequence was
123  obtained from CMV::Brn3b plasmid (CAT#:MR223071, Origene) using the restriction enzymes Notl
124 and EcoRl. This fragment was inserted into pUb::GFP vector (previously digested with Notl and Age1)
125 to generate the pUb::Pou4f2 using the oligonucleotide sequences: 5’-
126  GGCCGCTGTAAGCCGTAACGACTAACTCTGC—3"and 5" - CGACATTCGGCATTGCTGATTGAGACGAGCT -
127 3’ to introduce appropriate cut sites. The final concentration of plasmid solution was 5 pug/ulL either
128  forcontrol (pUb::CST 70% pUb::GFP 30%) or POU4F2 (pUb::Pou4f2 70% pUb::GFP 30%) experimental
129 groups.

130

131  Invivo electroporation and EdU incorporation

132  This procedure was performed as described previously (Matsuda & Cepko, 2007; Rocha-Martins et
133 al., 2019). Briefly, PO Lister hooded rats or mice were anesthetized by hypothermia and the plasmid
134  solution was injected into the subretinal space with a Hamilton syringe with 33G blunt end needle (1
135 uL or 0.5 plL, respectively to rats or mice, of a 5.0 pg/uL solution containing 0.1% Fast Green Dye (cat#
136 14335, Cayman Chemical)). Five 99V pulses were applied for 50 ms with 950 ms intervals using a
137  forceps-type electrode (Nepagene, CUY650P7) with Neurgel (Spes Medica). After temperature
138  recovery, pups were returned to the original cage. To avoid variability, both control and experimental
139 groups were from the same litter. Pups received EdU by subcutaneous injection (10ul 2.5mM
140 EdU/gram of body weight, Invitrogen #C10637) at PO and P1 after the electroporation procedure.
141

142  Immunofluorescence

143 Protocols used were described previously (Rocha-Martins et al., 2019). Eyes were fixed by immersion
144  in 4% paraformaldehyde in phosphate buffered saline (PBS) overnight, cryoprotected in 30% sucrose
145 in PB, and then immersed in OCT for the preparation of transversal cryosections (10um) that were
146 mounted on microscope slides treated with 6% silane (cat#440140, Sigma). Electroporated retinas,
147  optic nerves (14um) and brain cryosections (35um) were immunoreacted with different primary
148 antibodies (RBPMS, #1830-RBPMS/Phosphosolution, Lot#NB1117g; CHX10, X1180P/Exalpha,
149 Lot#13877; SOX9, AB5535/Milipore, Lot#3063352; NEUN/RBFOX3/Milipore, MAB377, Lot#2453249;
150 RHO, ab98887/Abcam; GAP-43, sc-1086/Santa Cruz) combined with anti-GFP (mAB3E6/Invitrogen
151 Lot#2094035 or A11122/ Invitrogen Lot# 2273763). For the analyses of wholemount retinas, the eyes
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152 were fixed overnight in 4% paraformaldehyde and retinas dissected and immersed in 0.5% Triton X-
153 100 for at least 30 minutes. The retinas were then incubated in blocking solution (5% horse serum in
154 2% Triton X-100) for 1 hour and incubated with primary antibodies for at least 2 days, with slow
155 shaking at 4°C. EdU labelling was performed following the guidelines of the kit (Click-iT™ EdU Cell
156 Proliferation Kit for Imaging, Alexa Fluor™ 647 dye, C10340, Invitrogen).

157

158  Image acquisition

159 For transverse sections from rat retinas immunostained with antibodies for GFP and specific cell
160 markers, images were acquired using a structural illumination microscope (Imager M2, ApoTome,
161 Zeiss) with Plan-Apochromat 20x/0.8 objective and AxioCam MRm camera. EdU and GAP43 labelling,
162  as well as mouse brains were imaged using a 20x/0.8 by confocal microscopy (Nikon A1, Eclipse Ti2).
163 Wholemount retinas were imaged using oil 40x/1.15 objective by confocal microscopy (Leica TCS-SPE
164 with an AOBS system). Image acquisition settings were maintained across replicate experiments.
165  Software used for image acquisition were Zen Blue, LasX and NIS-Elements. Image processing
166 included the use of maximum intensity projection (MIP) tool and color change and adjustments in
167 brightness in Image J/Fiji. GAP-43 insets (Figure 2E) represent one slice of 0.8 um thickness and the
168  main image was generated using the MIP tool. In the wholemount analysis from Atoh7KO mice
169 (Figure 3), we defined the layers using the DAPI staining (and looking at the distance between two
170 nuclei) followed by MIP processing. Images were cut and rotated in Adobe illustrator, which was also
171 used for the manual reconstruction of the optic nerve and optic chiasm from images acquired by
172 structured illumination microscopy.

173

174  Quantitative and statistical analyses

175 Representative images from retinal cryosections were selected for quantitative analyses. In
176 electroporated retinas, 200 to 500 GFP* cells were counted in all the three nuclear layers for each
177  animal analyzed using Zen Blue software or Imagel 1.54f. The results were plotted as mean + SEM
178  with adjusted p value. The statistical analyses were performed using Two-way ANOVA with multiple
179 comparisons and corrected using Sidak’s test (graphs from Figure 1C, E and Figure S1 D). For the
180  graph in Figure 1G, unpaired t-test (two-tailed p value) was performed. Alpha value used was 5.0%.
181 For all analyses, GraphPad Prism software version 8.0.2 was used.

182

183 SCRNA-seq sample preparation

184  Wild type mice at PO or P1 were electroporated with the plasmid preparations Pou4f2-GFP or GFP
185 alone injected into the subretinal space. Ten days later, retinas were collected for dissociation.
186 Electroporated retinas were dissociated using papain as described before in Justin Brodie-Kommit et
187  al.(2021). Briefly, papain solution (100 pL papain — 10mg/mL—containing 110 uL of 50mM L-cysteine,
188 110 pL of 10mM EDTA, 10 pL of 60mM 2-Mercaptoethanol) was pre-incubated at 37°C for 30 minutes
189 before the dissociation. After that, two retinas were added to the papain solution and incubated for
190 10 minutes at 37°C. 50 pL of DNAse (1mg/mL) was added after 5 minutes of dissociation. To block
191  thereaction, 2.5 mL of neurobasal supplemented with 10% FBS and 500 L of ovomucoid (10mg/mL)
192  were added. Tubes were spun down for 5min, 300RCF at 4°C and resuspended in 500 plL of
193 neurobasal+10% FBS. Single, viable, GFP* cells were isolated by cell sorting with BD FACSAria 4 laser
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194 instrument using 70um nozzle size and collected into 20 uL DMEM + 5% FBS. Multiple retinas were
195 combined as necessary to obtain 30k GFP* cells for each condition.

196

197  scRNA-seq Library prep and Sequencing

198 Library generation and sequencing were performed by the Huntsman Cancer Institute High-
199  Throughput Genomics and Bioinformatics Analysis Shared Resource. Sorted cells were prepared with
200 the 10X Genomics Next GEM Single Cell 3’ Gene Expression Library prep v3.1 with UDI. The library
201  was chemically denatured and applied to an Illumina NovaSeq flow cell using the NovaSeq 150x150
202 bp XP workflow (20043131). Following transfer of the flow cell to an Illumina NovaSeq 6000
203 instrument, a 150 x 150 cycle paired end sequence run was performed using a NovaSeq 6000 S4
204 reagent Kit v1.5 (20028312). Sequencing was performed to a depth of at least 200M paired
205 reads/sample.

206

207  scRNA-seq Analysis

208 Fastq files were aligned to the mouse transcriptome index for mm10 and GFP using cellranger-7.0.1
209 with expected cells set to 5000. The final number of cells for each condition were: 7,722 control and
210 9,187 Pou4f2 overexpression (Poudf2 OE). The filtered matrix output from cellranger was imported
211 to Seurat v4.3.0.1 and further filtered for cells with less than 4% mitochondrial transcripts, more than
212 1,200 genes, and fewer than 25,000 transcripts. The control and Pou4f20E (OE- overexpression)
213 datasets were merged, and SCTransform v0.3.5 pipeline run with all default settings. Clusters were
214 annotated with known markers for retinal cells and combined as appropriate based on those markers
215 (Table S1 and Figure 2). Cluster markers and differentially expressed genes between the experimental
216  conditions were defined using the FindAllMarkers and FindMarkers functions respectively, using
217  default settings (Tables S4 and S5). Integration with developmental data was achieved using Clark et
218 al. Specifically, the developmental dataset was subset for only those cells used for pseudotime
219  analysis, as defined in the cell metadata, and merged with the Pou4f2 single cell dataset. These were
220 combined with the Seurat v5.1.0 Integratelayers function using CCA integration (Figure 4).

221

222  Gene Set Enrichment Analysis

223 Gene set enrichment analysis was run on the scRNA-seq Pou4f2 OE dataset using gene sets obtained
224  from the Molecular Signatures Database. Specifically, we used the mouse-M5 ontology gene sets
225  v2023.2. All detectable genes were ranked by average log2 fold change between all control and
226 Pou4f2 OE cells and analyzed with fgsea v1.27.0 using default settings. The results from this analysis
227  arein Table S3 and Figure 5.

228

229

230
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231  RESULTS AND DISCUSSION

232 Overexpression of Poudf2 impacts the fate of late RPCs

233 The loss of POU4F2 impacts RGC terminal differentiation and survival, through its significant
234 role in axon growth and pathfinding (Erkman et al., 1996; Gan et al., 1996; Xiang et al., 1996; Gan et
235 al., 1999; Erkman et al., 2000). To investigate whether overexpression of Pou4f2 in late RPCs can
236 promote aspects of RGC differentiation, we performed subretinal in vivo electroporation at postnatal
237  day 0 (P0) (Matsuda & Cepko, 2004). (Figure 1A). The mature retina is a stratified tissue composed of
238  three nuclear layers where specific cell types are precisely arranged (Dowling, 1987; Livesey & Cepko,
239 2001; Amini et al., 2017). In line with the known competence of late RPCs, analysis of control retinas
240 10 days after electroporation showed that the majority of GFP* cells were in the outer nuclear layer
241 (ONL) (81.58 + 3.76%), fewer were in the inner nuclear layer (INL) (18.56 + 3.71%), and none to the
242 ganglion cell layer (GCL) (Figure 1B and 1C). In comparison, retinas co-electroporated with plasmids
243 for Poudf2 and GFP showed fewer GFP* cells at the ONL (67.25 + 3.04%), a subtle increase in the INL
244  (28.82 + 3.14%, p=0.0484) and some GFP* cells localized to the ganglion cell layer/inner plexiform
245 layer (GCL-IPL) (3.93 £ 0.47%) (Figure 1B and C). These data suggest two major possibilities: i) Poudf2
246 promotes a change in the cell fate of late RPCs, or ii) Pou4f2 affects the migration of cells derived
247  from late RPCs.

248 To test the first hypothesis, we performed immunostaining to characterize the identity of
249 GFP* cells. Examining retinas 30 days after Pou4f2 co-electroporation, we identified GFP* cells which
250  were RBPMS® (a specific RGC marker) in wholemount retinas, while this was not observed after GFP
251  electroporation alone. These RBPMS*GFP* cells were in the GCL (left panel) and in the INL (right panel)
252 with some exhibiting complex branching (Figure 1D). Quantification 10 days after Pou4f2
253  electroporation revealed a significant increase in the proportions of RBPMS" and NEUN* (expressed
254 by both amacrine cells and RGCs) among the GFP* cells relative to controls (Figure 1E).

255 Besides RGC markers, we also immunostained against specific markers for late-born cell
256  types such as rod photoreceptors (RHO*), bipolar cells (CHX10*) and Mdller glia (SOX9*), to evaluate
257  whether Pou4f2 overexpression changes the fate of a specific cell population (Figure S 1 A-D). Pou4f2
258  significantly reduced the number of RHO*GFP* cells whereas no significant changes were found in the
259 numbers of bipolar cells (CHX10*) or Miller glia (SOX9*) (Figure S 1 D). These data suggest that the
260 change in gene expression occurs mostly in progenitors that would normally generate rod
261 photoreceptors.

262 To confirm whether these cells were derived from late retinal progenitors we performed
263 lineage-tracing experiments through EdU incorporation in cycling cells. EAU was injected at PO and
264 P1 (followed by electroporation in P1) to label some late RPCs and their daughter cells (Figure 1A).
265 Previously, we established that this experimental design resulted in EAU labeling of more than half of
266  GFP' late RPCs and their progeny (62.55 + 1.97%) after 10 days. Around 16.44 + 2.70% of this
267 population (GFP*EdU*) were RBPMS* cells (Figure 1F and G) showing that they are newborn cells
268  generated upon Poudf2 overexpression. Together, these changes in both gene expression and
269 laminar localization support that Pou4f2 overexpression induces a cell fate change in late RPC-derived
270 cells.

271

272
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273  Transcriptome analysis reveals induction of RGC and axonogenesis genes

274 To further characterize the gene expression profile of the Pou4f2-induced cells, we isolated
275  GFP-labeled cells by FACS after electroporation with plasmids for GFP alone (CTR) or together with
276 Pou4f2, then performed single cell RNA-sequencing (scRNA-seq). Uniform manifold approximation
277  and projection (UMAP) analysis enabled the identification of cells that share transcriptional profiles
278  and can be classified as specific cell types (Becht et al., 2019). Using previously reported cell type
279  specific markers (Table S1) (Macosko et al., 2015), we were able to define clusters of late-born cell
280  types among GFP* cells. Similar to the results of our immunostaining experiments (Figure S1 D), the
281 majority of control cells were identified as rod photoreceptors (67.2%), a smaller portion as bipolar
282  cells (19.4%), and the minority as Mller glia (6.6%), amacrine cells (4.4%) or cones (1.7%) (Figure 2B
283 and Figure S1 D and E). In addition, clusters unique to the Pou4f2 OE sample were identified (Figure
284 2A, blue dots), indicated as clusters 1, 2, 3 and 4 (Figure 2B and C). In these Pou4f2-clusters (1-4), we
285 detected enrichment of RGC-specific genes, such as Rbpms (HORNBERG et al., 2013; Rodriguez et al.,
286 2014), Hs6st3 (Conway et al., 2011), Foxp2 (Rousso et al., 2016; Sato et al., 2017) and Gap43 (Reh et
287 al., 1987; Kruger et al., 1998) (Figure 2D). Moreover, immunostaining for GAP-43 validated scRNA-
288  seqdata, showing GAP-43*GFP* cells after Pou4f2 overexpression, but not in control condition (Figure
289  2E). Again, consistent with our immunostaining the proportions of rod photoreceptors (34.2%) are
290  reduced in favor of novel POU4F2 cell clusters 1-4 (29.4%). There was a reduction in the proportion
291  of bipolar cells (15.5%) and an increase in Miller glia (16.6%) with the caveat that Muller glia and
292  cluster 2 share similarities at the transcriptional level (Figure S1 E). This data reinforces that Pou4f2
293  overexpression is sufficient to induce changes in the fate of late RPCs, allowing the generation of
294 RGC-like cells from a subset of these progenitors.

295 Since the role of POU4F2 on RGC specification is incompletely understood (Gan et al., 1996;
296 Xiang, 1998; Rasheed et al., 2014), we hypothesize that several mechanisms may be linked to the
297 genesis of RGC-like cells upon Pou4f2 overexpression (Figure 1D and Figure 2D). Pou4f2 may
298  reprogram a subset of late RPCs through an Atoh7-independent pathway (Justin Brodie-Kommit et
299 al., 2021) or induce RGC-related genes in a subset of ATOH7* late RPCs. Indeed, Miesfeld et al. (2018)
300 identified ATOH7" cells in the proliferative layer of the mouse retina at PO. Alternatively, Pou4f2 may
301 induce RGC characteristics in cells generated from late RPCs through the direct induction of a partial
302 repertoire of RGC genes, such as those responsible for axonogenesis.

303 To explore these hypotheses, we overexpressed Poudf2 in Atoh7 knockout mice (Atoh7KO)
304  andtested whether the generation of RGC-like cells and projections occur. We first analyzed the cell
305 distribution of GFP*among retinal layers and we found cells located at the ganglion cell layer when
306 Pou4f2 was overexpressed (Figure 3Ainset 6, B and D), which is not detected in the control condition
307 (we only detect GFP* MG-end feet, (Figure 3A inset 3). When we performed the immunostaining for
308 RBPMS after Pou4f2 overexpression, even though we could not clearly detect neither GFP*RBPMS*
309 nor GFP'RBPMS™ cells, we identified neurons with complex morphology and aberrant projections
310  which presented a random trajectory or even were directed to the periphery of the retina (Figure 3A
311 insets 5, 6 and B). GFP* projections were disorganized probably as a consequence of the absence of
312 axons from the resident RGCs and, consequentially, the optic nerve. These data suggest that, even in
313  the absence of Atoh7, Poudf2 can induce RGC properties, such as to project axons.
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314 To identify POU4F2-direct targets that could promote changes in the transcriptional profile,
315 we compared differentially expressed genes (DEGs) from our dataset with previously published
316 POU4F2 CUT&TAG data (Ge et al., 2023). Ge et al. identified 313 genes with one or more nearby
317 POU4F2 binding sites. When we compared these putative POU4F2 target genes to the 316
318 upregulated genes from our scRNA-seq dataset, we observed an intersection of 33 genes (Figure 2F),
319 indicating that POU4F2 could have directly induced the expression of these genes. UMAP visualization
320 of the overlapping 33 genes revealed that most of these direct POU4F2-targets were expressed
321 specifically in the new clusters exclusively generated after Pou4f2 overexpression (Figure S2 and
322  Table S2). Interestingly, many of the overlapping genes are regulators of axon growth, which is
323 consistent with previous studies (Gan et al., 1999; Erkman et al., 2000). These results show that
324 POU4F2 could directly induce changes in the transcriptional profile favoring axonogenesis.

325 Additionally, to test whether these RGC-like cells were transcriptionally similar to RGCs
326  generated during development, we integrated our scRNA-seq data with a previously published
327  dataset (Clark et al., 2019) encompassing all cell types during retinogenesis (E11-P14). This allowed
328 us to compare the new clusters generated upon Pou4f2 overexpression with early-born cell types, as
329 well as early and late RPCs (Figure 4A). Interestingly, we saw those cells from clusters 3 and 4, as well
330 assome cells from clusters 1 and 2, were close to the RGC cluster in UMAP representation, suggesting
331  thatthese newly generated cells shared transcriptional similarities with RGCs at a certain level (Figure
332  4AandB).

333 To represent the distribution of cells from clusters 1-4 that share similarities with RGCs in
334 Clark et al., we recolored these cells as dark gray (Figure 4C) and plotted them back onto the first
335 UMAP generated with only our control (CTR) and POU4F2 datasets (Figure 4D). This analysis revealed
336  that RGC-like cells from cluster 1 and cluster 2 are positioned at the tip of these clusters, with some
337 cells from cluster 2 closer to cluster 3. The results suggest that Pou4f2 overexpression was able to
338 induce an RGC-related fate in some cells from clusters 1-4, that are transcriptionally similar to RGCs
339  generated during development.

340 To define the biological processes induced by Pou4f2 overexpression, we performed gene
341  ontology (GO) analysis on our scRNA-seq results. This analysis revealed upregulation of genes
342 involved in several neurogenic processes, including axon development, neurogenesis, and synapse
343 organization. Conversely, phototransduction and photoreceptor maintenance genes were
344 downregulated, which could be attributed to the reduction in the population of rod photoreceptors
345 (Figure 5AB, Table S3). Further, volcano plot analysis highlights specific genes from the above-
346 regulated biological processes, demonstrating upregulated genes related to axonogenesis (red dots)
347 and downregulated phototransduction genes (blue dots). Notably, RGC-specific markers (SNCG and
348 FOXP2) were significantly upregulated in Pou4f2 OE (Figure 5B and Table S4).

349 UMAP visualization of the gene expression pattern of selected genes linked to axon
350 development by GO analysis, such as Olfm1 (Nakaya et al., 2008; Nakaya et al., 2012), Tubb3, Dclk1
351 (Nawabi et al., 2015) and Tenm4 (Young et al., 2023), showed their elevated expression in the new
352  clusters (1-4) generated by Poudf2 overexpression (Figure 5C), including GAP43 (Figure 2D).
353 Importantly, 12 of the 33 genes we’ve described as direct POU4F2-targets are in the axon
354  development GO category (Ge et al., 2023) (Figure S2).
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355 We also found in our scRNA-seq data other genes that may play important roles in
356 axonogenesis (Figure 2F and Table S2). For example, Nav2 (Neuron navigator 2) is responsible for
357 regulating normal cranial nerve development and neurite outgrowth (McNeill et al., 2010) and may
358 play an axonal outgrowth role in RGC-like cells. Additionally, Ebf1, Early B-Cell Factor 1, is important
359  for correct axonal topography in the optic chiasm (Jin & Xiang, 2011), in the same way as Tenm4 (Ten-
360 m/Odz/teneurin 4) was described to play a role in binocular circuits, while its absence impacts
361 contralateral projections to specific targets (Young et al., 2023). These genes are upregulated in one
362 or more of the new clusters generated upon Pou4f2 overexpression (Figure S2 and Table S5). In
363 conclusion, these data show that Pou4f2 induces genes which are critical for axon growth, and some
364 of them are described as direct targets of POU4F2.

365
366  Poudf2-induced RGC-like cells project axons that reach the brain
367 To verify if the axonogenesis genes induced by Pou4f2 would be sufficient for the RGC-like

368 cells to extend axons through the retina, we first analyzed the presence of GFP* processes in retinal
369  transversal sections and wholemounts 10 or 30 days after electroporation, respectively. Images of
370 central retinal sections showed GFP* projections extending to the optic nerve head (ONH) 10 days
371  after Poudf2 overexpression (Figure 5D). After 30 days, confocal images from retinal wholemounts
372 displayed high density of projections at the GCL+NFL, most of them organized and directed toward
373  the optic nerve head (Figure 5E). This result shows that Pou4f2 overexpression was able to induce
374  axonogenesis not only at the transcriptional but also at the cellular level, with GFP* projections
375  fasciculating together with the axons of resident RGCs.

376 Previously our group overexpressed Klf4 in late RPCs and showed the generation of induced
377 RGCs through the activation of an early RGC-program which included the induction of Eya2 and
378 Atoh7. However, those neurons were not able to extend axons over long distances. Indeed, we found
379 GFP* projections which reached only the initial segment of the optic nerve, failing to reach the optic
380 chiasm or brain regions (Rocha-Martins et al., 2019).

381 Image analysis of the rat visual pathway in longitudinal sections 30 days after Pou4f2
382 overexpression detected GFP* projections along the entire optic nerve and crossing the optic chiasm
383 (both ipsilateral and contralateral) (Figure 6A).

384 Further, to test whether these projections reached brain regions, we analyzed mouse brain
385 sagittal sections 30 days after Pou4f2 overexpression. We detected GFP* projections in the superior
386  colliculus, branchium of the superior colliculus, optic tract, and geniculate nucleus (Figure 6B). All of
387  these regions are known RGC targets in mice (Martersteck et al., 2017) and we did not see any off-
388 target projections.

389 In conclusion, our study demonstrates that Pou4f2 overexpression in late RPCs induces the
390 generation of RGC-like cells (RBPMS*) located at the GCL and INL, which extend axons toward the
391 optic nerve head, exit the eye, navigate throughout the optic pathway, and reach multiple RGC
392  targets. Additionally, our findings confirm the critical role of POU4F2 in axonogenesis, supported by
393  the identification of POU4F2-direct targets, gene ontology and morphological analyses (Figure 7).
394 Since Pou4f2 overexpression induces genes classified in biological processes related to
395  axonogenesis, we cannot rule out the possibility that in addition to RGC-like cells, other cell types,
396 not expressing RBPMS may have acquired the ability to project axons. This would explain why we


https://doi.org/10.1101/2024.06.08.597922
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597922; this version posted June 8, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

397 identified a high density of projections but a small number of RBPMS*GFP* cells, and why in some
398 cases we detect projections at the outer plexiform layer (OPL) (Figure 1B) and in the middle of the
399 inner nuclear layer (INL) in transversal sections of the retina. Indeed, some cells from cluster 2 overlap
400  with the RGC cluster (Figure 4C) suggesting that they acquired this identity despite maintaining Sox9
401 expression, traditionally known as a Miller glia (MG) marker (Figure S1 E). Moreover, given that SOX9
402 is expressed by both MG and late RPCs (Poche et al., 2008), we were unable to ascertain whether the
403 expression of Sox9 in cluster 2, is attributable to an increase in the number of MG or a persistence of
404 undifferentiated RPCs following Pou4f2 overexpression. Furthermore, comparative analysis revealed
405  that cells from cluster 2 were near the cluster of late RPC which could indicate a transitional stage
406  without a specific mature cell type identity caused by Pou4f2 overexpression (Figure 4B-D). These
407 data suggest that Pou4f2 overwrites an axonogenesis program in a subset of neurons allowing them
408  to efficiently extend axons up to the brain.

409 Our findings partially contrast with a previous study in which Pou4f2 was overexpressed in
410 late RPCs. In that study, the authors reported the generation of various cell types, including amacrine
411 cells (GABA*, GLYT1*, PAX6", CALBINDIN®), bipolar cells (CHX10*), rod photoreceptors (RECOVERIN®),
412 Miller glia (GS*) and some unidentified cells, in addition to the generation of RGCs (BRN3a*).
413 However, they did not highlight any RGC morphological features in the newly generated cells such as
414  the ability to extend projections up to the brain (Qiu et al., 2008). Regarding the differences between
415  the two studies, the authors did not describe the promoter that was used and employed a different
416  strategy for gene delivery (electroporation vs. lentivirus). Different levels of induced Pou4f2
417 expression in late RPCs may have contributed to the divergent outcomes observed in the two studies.
418 It is usually expected that in order to regenerate RGCs, certain characteristics need to be
419  achieved, which are: i) specific transcriptional profile; ii) electrophysiological properties; iii)
420 intraretinal connectivity; and iv) ability to project axons to RGC-targets in the brain (Soucy et al,,
421 2023).

422 In this study, we demonstrated that Pou4f2 overexpression alone is sufficient to efficiently
423 induce at least one critical property of retinal ganglion cells (RGCs): the ability to extend long-distance
424 axon projections. The RGC-like cells also exhibited transcriptional similarities with RGCs characterized
425 previously (Clark et al., 2019). Importantly, as mentioned before, POU4F2 was able to induce these
426 critical RGC features in an efficient manner, enabling projections to reach brain targets, even if the
427  cellsdid not possess a complete RGC transcriptional profile. Whether these induced neurons function
428  efficiently as RGCs, receiving and transmitting messages to the brain, remains to be fully elucidated.
429 Nonetheless, the generation of axons suggests a potential avenue for restoring vision through
430 communication between the retinal tissue and the brain.

431
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696  Figure legends
697

698  Figure 1: Poudf2 promotes the production of RGC-like neurons with complex morphology. (A)
699 Experimental design. Rats were electroporated in vivo on the date of birth (PO) to induce
700  overexpression of GFP (Control) or Pou4f2 and GFP (Pou4f2), followed by analysis after 10 or 30 days
701 (P10 or P30). For EdU labeling of proliferating cells, EdU injections were performed at PO and P1,
702  followed by eye electroporation at P1 and harvest after 10 days (design in pink). (B) Representative
703 images of radial retinal sections of Control and Pou4f2 conditions after 10 days. (C) Quantification of
704  the percentage of GFP* cells at each retinal cell layer (2way ANOVA with Sidak’s test n=4-5). (D)
705 Retinal wholemounts from 30 days after Pou4f2 electroporation showed GFP'RBPMS* cells (yellow
706  arrowhead) located at the GCL (left panel) and INL (right panel). Morphology of some Pou4f2-induced
707 neurons is complex with abundant dendrites and an axon. (E) Proportion of RBPMS* (RGC marker)
708 and NEUN* (RGC and AC marker) cells in the electroporated population analyzed after 10 days (2way
709  ANOVA with Sidak’s test, n=3-4). (F) Radial retinal sections showing EdU labelling used to trace late
710 RPCs and their progeny 10 days post electroporation. Some RBPMS*GFP* cells generated upon Pou4f2
711 overexpression were EdU* (yellow arrowhead), while others were RBPMS'GFP'EdU~ (white
712 arrowhead). (G) Proportion of RBPMS*GFP*EdU" cells among cycling, electroporated cells (GFP*EdU")
713 (unpaired t-test, two-tailed, n=3). For all bar plots each dot represents one animal, bars are mean
714  +SEM and p-values are shown above the bars. EPN — electroporation; ONL — Outer Nuclear Layer;
715 OPL — Outer Plexiform Layer; oINL- Inner nuclear layer, outer region; mINL- Inner nuclear layer,
716 middle region; iINL - Inner nuclear layer, inner region; IPL — Inner Plexiform Layer; GCL — Ganglion Cell
717 Layer; NFL — Nerve Fiber Layer. Scale bar 50um.

718

719  Figure 2: scRNA-seq analysis reveals that Pou4f2 overexpression induces several RGC-genes. Neonate
720 mice were electroporated in vivo (PO) with Gfp (Control) or Pou4f2+Gfp (Pou4f20E), and after 10
721 days, retinas were dissociated, GFP* cells collected by FACS, and analyzed by scRNA-seq. (A) UMAP
722 plot colored to distinguish control cells (gray) from Pou4f20E cells (light blue). (B) UMAP graph
723  colored by cluster. (C) Split UMAPs showing that the new clusters 1-4 are specific for Pou4f2 OE
724  retinas. (D) UMAP graphs showing the expression of four RGC-genes (Rbpms, Hs6st3, Foxp2 and
725 GAP43). Purple indicates high gene expression levels and gray the absence of gene expression. (E)
726 Immunostaining for GAP-43 validates the scRNA-seq result of Pou4f2 inducing the expression of this
727  gene in some GFP* cells (yellow arrowhead), which is not observed in control condition. (F)
728 Intersection between upregulated genes from Pou4f2 OE scRNA-seq (light blue) and previous
729 published CUT&TAG for POU4F2 targets (purple) (Ge et al., 2023).

730

731 Figure 3: Aberrant projections are detected after Poudf2 overexpression in the Atoh7KO mice.
732 Neonate Atoh7KO mice were electroporated in vivo (P1) with Gfp (Control; n=2) or Pou4f2+Gfp
733 (POU4F20E; n=2), and after 10 days, retinas were immunostained for GFP (green). (A) Wholemount
734 retinas from each condition (control in the left and Pou4f20E in the right panel) show electroporated
735 cells (GFP?) distributed in the retinal layers: ONL (first line), INL (middle line) and IPL+GCL (third line).
736 GFP+ cells are found in the IPL+GLC (A inset 6; yellow arrowhead indicates the putative axon) while
737  only MG endfeet are detected in Control (A inset 3, white arrowheads). (B) After Pou4f2
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738 overexpression random GFP* axons (yellow arrowheads) are found in the periphery of the retina. The
739 same is not observed in the control condition. ONL — Outer Nuclear Layer; INL- Inner nuclear layer;
740 IPL — Inner Plexiform Layer; GCL — Ganglion Cell Layer. Scale bar 50um.

741

742 Figure 4: RGC-like cells are clustered near endogenous RGCs. SCRNA-seq dataset from CTR and Pou4f2
743 overexpression conditions were integrated with published data from E11-P14 retinas (Clark et al.,
744 2019). (A) UMAP graph showing both datasets integrated. Clusters 1-4 are the new clusters identified
745 after Poudf2 overexpression. (B) UMAP graph showing cells from the dataset generated in this paper
746 (colored cells), overlapped with Clark et al (2019) dataset (gray). (C) Recoloring cells that are closest
747  tothe RGC cluster in dark gray reveals that cells from clusters 1-4 are found in this group. (D) Plotting
748 of these RGC-like cells in the UMAP generated from our dataset, using the same colors as in C, clearly
749 identifies subpopulations in clusters 1 and 2.

750

751 Figure 5: Pou4f2 overexpression induces axonogenesis. Retinas from mice (A-C) or rats (D-E) were
752  electroporated in vivo on the date of birth (PO) for the overexpression of Gfp (Control) or Pou4f2+Gfp
753 (Pou4f2 OE). After 10 and 30 days, tissues were harvested for dissociation for scRNA-seq or
754  immunostaining. (A) Gene ontology analysis of scRNA-seq data reveals the Pou4f2 induced (in red to
755  orange) and downregulated (in blue) processes. (B) Volcano plot shows the distribution of
756 differentially regulated genes in scRNA-seq. Genes of phototransduction (blue dots) and axon
757  development (red dots) are highlighted. (C) UMAPs show the expression of some axonogenesis
758  regulators (Olfm1, Tubb3, Dclk1l and Tenm4) in the Poudf2-induced clusters. Purple indicates high
759 gene expression levels and gray the absence of gene expression. Representative images from optic
760  nerve head (D) and wholemounted retinas (E) show a high density of GFP* projections in the Pou4f2
761  OE retina. Scale bar 50 um (D) and 100 um (E). ONH- optic nerve head. GCL — Ganglion Cell Layer, NFL
762  —Nerve Fiber Layer.

763

764  Figure 6: RGC-like cells project eye-to-brain axons. Analysis of GFP* axon extraretinal extension, 30
765 days after electroporation. (A) Optic nerve image reconstruction shows GFP* axons (green, yellow
766  arrowhead) present at the nerve and the chiasm in rats. Insets show high-magnification views at the
767 nerve (1-3) and chiasm (4). White arrowheads indicate non-specific labeling. (B) Mouse brain
768 orthogonal images from sagittal brain sections stained for Hoechst, showing GFP* axons (white) at
769  the optic tract, and reaching the superior colliculus and geniculate nucleus. Scale bar 500um (A) and
770 50um (B).

771

772 Figure 7: Pou4f2 induces neurogenesis and axonogenesis of RGC-like cells in a subset of late RPCs.
773 Schematic representation of Control and Pou4f2-overexpressed retinas and visual pathway. In
774 control condition, late RPCs generate rod photoreceptors, bipolar cells, Miller glia and some
775  amacrine cells. Pou4f2 overexpression induced the generation of RGC-like cells and a high density of
776 projections toward the optic nerve head up to RGC projection areas, such as geniculate nucleus (GN)
777 and superior colliculus (SC). OPT — optic tract.

778
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779  Figure S1: Poudf2 reduces the number of rod photoreceptors. Rats were electroporated in vivo on
780  the date of birth (P0O) to overexpress Gfp (Control) or Pou4f2+Gfp (Pou4f2) and analyzed 10 days later.
781 Images of representative radial retina sections immunostained for: (A) SOX9 (Mduller glia marker,
782  gray); (B) CHX10 (Bipolar cells, gray) and (C) Rhodopsin (RHO, rod photoreceptors, grey). Cells with
783 Late Marker*GFP* are indicated with a yellow arrowhead in all conditions. (D) Quantification of the
784  proportion of LateMarker*GFP* cells in the electroporated population (2way ANOVA with Sidak’s test
785 n=3-5). Fewer RHO*GFP* cells were detected in POU4F2 condition. (E) Graph shows the proportion
786 of each cell type identified in the scRNA-seq analysis between conditions. EPN — electroporation; ONL
787 — Outer Nuclear Layer; OPL — Quter Plexiform Layer; INL- Inner nuclear layer; IPL — Inner Plexiform
788 Layer; GCL — Ganglion Cell Layer. Scale bar 50um.

789

790  Figure S2: Most POU4F2 direct targets are expressed by the new cell clusters generated after Pou4f2
791 overexpression. UMAPs of the 33 genes found in the intersection from the upregulated genes from
792  our scRNA-seq and POU4F2 CUT&TAG data from Ge et al. (2023). Purple indicates high-gene

793 expression levels and gray the absence of gene expression.
794
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