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Abstract 35 

Current treatments for neurodegenerative diseases and neural injuries face major challenges, 36 

primarily due to the diminished regenerative capacity of neurons in the mammalian central 37 

nervous system (CNS) as they mature. Here, we investigated the role of Ezh2, a histone 38 

methyltransferase, in regulating mammalian axon regeneration. We found that Ezh2 declined in 39 

the mouse nervous system during maturation but was upregulated in adult dorsal root ganglion 40 

neurons following peripheral nerve injury to facilitate spontaneous axon regeneration. In addition, 41 

overexpression of Ezh2 in retinal ganglion cells in the CNS promoted optic nerve regeneration via 42 

both histone methylation-dependent and -independent mechanisms. Further investigation 43 

revealed that Ezh2 fostered axon regeneration by orchestrating the transcriptional silencing of 44 

genes governing synaptic function and those inhibiting axon regeneration, while concurrently 45 

activating various factors that support axon regeneration. Notably, we demonstrated that GABA 46 

transporter 2 encoded by Slc6a13 acted downstream of Ezh2 to control axon regeneration. 47 

Overall, our study underscores the potential of modulating chromatin accessibility as a promising 48 

strategy for promoting CNS axon regeneration.  49 
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Introduction 50 

Axon degeneration and neuronal cell death are common consequences of neurodegenerative 51 

diseases and neural injuries. Unfortunately, current clinical therapeutics for neural injuries and 52 

neurodegenerative diseases still fall short of success. In the mammalian central nervous system 53 

(CNS), the inability of mature neurons to regenerate axons after injury or neurodegeneration 54 

results in poor functional recovery and permanent disabilities. Therefore, understanding why 55 

mature neurons in the mammalian CNS cannot regrow axons has been a longstanding challenge 56 

for the field. Research over the past decades revealed that the low intrinsic axon growth 57 

competency of mature CNS neurons (1-3), together with extrinsic inhibitory molecules (4-6), are 58 

the major contributors to unsatisfactory regenerative outcomes. During development, young 59 

neurons are intrinsically competent in axon growth to establish neural circuits, whereas adult 60 

neurons possess poor axon growth ability to maintain circuit stability. Moreover, the inhibitory 61 

extracellular environment also limits unnecessary axon sprouting, acting as another factor to 62 

stabilize the neural circuits (7). 63 

 64 

During maturation, the cellular state of neurons changes from favoring to limiting axon growth, 65 

likely regulated by modifications of the epigenomic and subsequent transcriptomic landscapes in 66 

neurons. Unlike CNS neurons, the axon regeneration ability of neurons in the peripheral nervous 67 

system (PNS) can be reactivated upon peripheral nerve injury by initiating a transcription-68 

dependent regenerative response (8, 9). Recent studies demonstrated that such a response also 69 

involves massive changes in the epigenome and transcriptome of PNS neurons (10-12). It has 70 

been revealed that nerve injuries induce a common developmental-like transcriptional program in 71 

sensory neurons (12-14). Similar reversal to an embryonic transcriptomic state also occurs in 72 

mature corticospinal neurons at an early stage following spinal cord injury, although it cannot be 73 

sustained (15). Thus, it is vital to unveil the epigenomic changes that occur during neuronal 74 

maturation and PNS axon regeneration. The knowledge gained may be useful for epigenetically 75 
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remodeling the transcriptomic landscape of mature CNS neurons and enhancing their axon 76 

regeneration ability.  77 

 78 

In this study, we investigated the role of Ezh2 histone methyltransferase in mammalian axon 79 

regeneration. Ezh2 is the catalytic core of the polycomb repressive complex 2 (PRC2), which 80 

catalyzes trimethylation of lysine 27 on histone H3 (H3K27me3). H3K27me3 condenses nearby 81 

chromatin to downregulate transcription (16). Although most studies focus on the role of Ezh2 as 82 

a histone methyltransferase, a number of studies clearly showed that Ezh2 can also methylate 83 

non-histone substrates (17, 18) or exert methylation-independent functions (19-21), suggesting 84 

its versatility. 85 

 86 

Here, we showed that Ezh2 loss-of-function impaired spontaneous axon regeneration of dorsal 87 

root ganglion (DRG) neurons. In addition, overexpression of Ezh2 in retinal ganglion cells (RGCs) 88 

significantly promoted optic nerve regeneration in both histone methylation-dependent and -89 

independent manners. Mechanistic exploration revealed that Ezh2 orchestrated mammalian axon 90 

regeneration by targeting both the intrinsic regenerative ability and the extrinsic hostile 91 

environment.  92 
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Results 93 

Ezh2 is developmentally downregulated in the nervous system and upregulated in adult 94 

DRG neurons following peripheral nerve injury. 95 

To evaluate how Ezh2 expression was regulated during neural development, we first examined 96 

Ezh2 protein levels in the mouse DRG and cerebral cortex at different developmental stages. We 97 

found that Ezh2 was abundantly expressed in DRGs and the cortex at the late embryonic stage, 98 

remained high during the first several postnatal days, and then gradually declined to become 99 

hardly detectable at three to four weeks after birth (Figure 1A, B, D, E). DRG neurons extend a 100 

single axon that bifurcates into two branches, a peripheral branch that readily regenerates upon 101 

injury in a transcription-dependent manner (8), and a central branch lacking the spontaneous 102 

regenerative ability. Sensory axons in the mouse sciatic nerve are primarily comprised of 103 

peripheral branches of lumbar 4 and 5 (L4/5) DRG neurons. A sharp increase of Ezh2 in L4/5 104 

DRGs was detected three days after sciatic nerve transection (Figure 1C, F). Other PRC2 105 

subunits were not discernibly altered (Supplemental Figure 1A-E). Immunofluorescence of DRG 106 

sections showed significantly increased neuronal H3K27me3 following the injury (Figure 1G, H), 107 

suggesting cell-autonomous upregulation of Ezh2 in DRG neurons. These results were consistent 108 

with a previous study showing increased Ezh2 and H3K27me3 in the DRG after spinal nerve 109 

ligation (22), which also injures peripheral axons of DRG neurons. During development, neurons 110 

lose axon growth capacities after reaching their targets, correlating with the decline of Ezh2. On 111 

the other hand, the upregulation of Ezh2 in DRG neurons after peripheral nerve injury 112 

accompanies the robust regenerative response, suggesting that Ezh2 might facilitate axon 113 

regeneration.  114 

 115 

Upregulation of Ezh2 contributes to spontaneous axon regeneration of DRG neurons in 116 

vitro and in vivo. 117 
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To test our hypothesis, we first investigated if Ezh2 loss-of-function would impair regenerative 118 

axon growth of cultured DRG neurons. Using in vitro electroporation (23), siRNAs targeting Ezh2 119 

mRNA (siEzh2) were transfected into DRG neurons. Control neurons were electroporated with 120 

non-targeting siRNAs (siNT). Immunoblotting confirmed that Ezh2 was efficiently knocked down 121 

three days after the electroporation (Supplemental Figure 1F, H). Thus, on the 4th day, we replated 122 

the neurons and cultured them for another 24 hours, as described in our earlier study (9). The 123 

results showed that Ezh2 knockdown significantly reduced regenerative axon growth by ~25% 124 

(Supplemental Figure 1J, L). To rule out the possibility that the phenotype was caused by off-125 

target effects of the siRNAs, we crossed Ezh2f/f mice with Advillin-Cre mice (24) to generate 126 

Advillin-Cre; Ezh2f/f mice, in which Ezh2 was specifically deleted in sensory neurons. We 127 

performed a peripheral nerve conditioning lesion in Advillin-Cre; Ezh2f/f and Ezh2f/f (control) mice 128 

and waited for three days, and then cultured L4/5 DRG neurons for 24 hours. Successful knockout 129 

of Ezh2 was confirmed by immunoblotting of protein extracted from the cultured cells 130 

(Supplemental Figure 1G, I). The remaining Ezh2 signal likely came from non-neuronal cells in 131 

the culture. We found that Ezh2 deletion significantly impaired regenerative axon growth of 132 

conditioning lesioned DRG neurons by ~20% (Supplemental Figure 1K, M). These results 133 

demonstrated that Ezh2 supported regenerative axon growth of sensory neurons in vitro.  134 

 135 

To further explore if Ezh2 was also required for axon regeneration of DRG neurons in vivo, we 136 

knocked down Ezh2 in L4/5 DRGs by in vivo electroporation of siEzh2, a technique widely used 137 

in our previous studies (25, 26). CMV-GFP plasmid was simultaneously electroporated to label 138 

the axons. Control mice were electroporated solely with the CMV-GFP plasmid, as our previous 139 

study demonstrated that electroporation of siNT had no impact on axon regeneration of sensory 140 

neurons (26). Two days after the electroporation, the sciatic nerve was crushed. Three days later, 141 

we found that Ezh2 knockdown in DRGs significantly impaired axon regeneration of sensory 142 

neurons in vivo by ~20% (Figure 2A, D). To rule out off-target effects of the siRNAs, we 143 



 7 

electroporated CMV-Cre and CMV-GFP plasmids into L4/5 DRGs of Ezh2f/f mice to knockout 144 

Ezh2. Ezh2f/f mice electroporated with the CMV-GFP plasmid only were the control group. To 145 

allow sufficient time for Cre-mediated recombination, the sciatic nerve was crushed three days 146 

later. Five days after the crush, we found that axon regeneration was significantly impaired by 147 

Ezh2 knockout (Figure 2B, E). To further rule out the possibility that the observed phenotype 148 

resulted from Ezh2 loss-of-function in non-neuronal cells in the DRG, we electroporated the CMV-149 

GFP plasmid in Advillin-Cre; Ezh2f/f and Ezh2f/f (control) mice and two days later, we crushed the 150 

sciatic nerve. Three days after the crush, we found that specific deletion of Ezh2 in sensory 151 

neurons significantly reduced axon regeneration in vivo by ~20% (Figure 2C, F). Successful 152 

knockout of Ezh2 and decrease of H3K27me3 in DRG neurons of Advillin-Cre; Ezh2f/f mice were 153 

confirmed by immunoblotting (Figure 2G-I). Collectively, these results demonstrated that Ezh2 154 

upregulation contributed to spontaneous axon regeneration of DRG neurons triggered by 155 

peripheral nerve injury both in vitro and in vivo. 156 

 157 

Ezh2 overexpression enhances optic nerve regeneration via both histone methylation-158 

dependent and -independent mechanisms. 159 

Since upregulation of Ezh2 contributed to axon regeneration of regenerative DRG neurons, we 160 

questioned whether forced overexpression of Ezh2 would similarly promote axon regeneration in 161 

non-regenerative adult RGCs. We first examined if Ezh2 and other PRC2 subunits in RGCs were 162 

changed by optic nerve crush (ONC). By analyzing a single-cell RNA sequencing (RNA-seq) 163 

dataset of RGCs (27), we found that their mRNA levels remained relatively stable (Supplemental 164 

Figure 2A, B), consistent with the non-regenerative characteristic of RGCs. We then 165 

overexpressed Ezh2 in RGCs by intravitreal injection of AAV2-Ezh2. Control mice were injected 166 

with AAV2-GFP. Previously, we showed that this approach could successfully transduce ~90% of 167 

RGCs (26, 28). Successful overexpression of Ezh2 two weeks post-virus injection was confirmed 168 

by immunoblotting of whole retinas or RGCs enriched from dissociated retinal cells by 169 
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fluorescence-activated cell sorting (FACS) (Supplemental Figure 3A-D). In addition, 170 

immunofluorescence of retinal sections showed that H3K27me3 levels in RGCs consequently 171 

increased (Figure 3A, B). Therefore, the optic nerve was crushed two weeks after virus injection. 172 

Ezh2 overexpression improved RGC survival by ~50% two weeks after the ONC (Figure 3C, D 173 

and Supplemental Figure 3E). In a different retinal injury model induced by intravitreal injection of 174 

N-methyl-D-aspartate (NMDA) (29), Ezh2 overexpression almost doubled RGC survival one week 175 

after the excitotoxic injury to the retina (Figure 3E, F), suggesting that Ezh2 could protect RGCs 176 

against various types of injury.  177 

 178 

Optic nerve regeneration was also assessed two weeks after the ONC. Regenerating axons were 179 

labeled by Alexa Fluor-conjugated cholera toxin subunit B (CTB) intravitreally injected two days 180 

before tissue harvesting. Optic nerves were tissue-cleared and imaged as previously described 181 

(26, 28). Compared to the control group, where only a limited number of axons crossed the crush 182 

site, overexpression of Ezh2 induced markedly enhanced optic nerve regeneration (Figure 4A, 183 

C). Some axons grew over 1,250 μm in two weeks. 184 

 185 

To investigate if the histone methyltransferase activity of Ezh2 was required for promoting optic 186 

nerve regeneration and RGC survival, we overexpressed a mutant form of Ezh2 with the 726th 187 

amino acid mutated from a tyrosine to an aspartic acid (Ezh2-Y726D) in RGCs (Supplemental 188 

Figure 3A, C). Previous studies reported that this single amino acid mutation eliminated the 189 

methyltransferase activity of human and mouse Ezh2 (30, 31). Immunostaining of retinal sections 190 

confirmed that overexpression of Ezh2-Y726D did not increase H3K27me3 levels in RGCs 191 

(Figure 3A, B). Surprisingly, this catalytically dead Ezh2 mutant exhibited comparable ability to 192 

enhance RGC survival as wild type Ezh2 two weeks after the ONC (Figure 3C, D and 193 

Supplemental Figure 3E), suggesting histone methylation-independent neuroprotective role of 194 

Ezh2. Moreover, Ezh2-Y726D also induced optic nerve regeneration, albeit to a much lesser 195 
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extent (Figure 4A, C), indicating that both histone methylation-dependent and -independent 196 

mechanisms contributed to promoting axon regeneration.  197 

 198 

To explore the translational potential of Ezh2 gain-of-function in CNS axon regeneration, we 199 

tested if post-injury overexpression of Ezh2 in RGCs could also promote optic nerve regeneration. 200 

AAV2-GFP or AAV2-Ezh2 was intravitreally injected one day after the ONC. Three weeks later, 201 

we found that post-injury Ezh2 overexpression still evidently promoted optic nerve regeneration 202 

(Figure 4B, D), albeit weaker than that induced by pre-injury overexpression of Ezh2. Specifically, 203 

more regenerating axons could be observed at 500 to 1,250 μm from the crush site after Ezh2 204 

overexpression. However, the numbers of regenerating axons at 250 μm from the crush site were 205 

equivalent between the two conditions. This was likely caused by the extended regeneration 206 

period in the control group (three weeks in Figure 4B, D vs. two weeks in Figure 4A, C) and 207 

delayed Ezh2 expression in RGCs. These results demonstrated the translational potential of Ezh2 208 

gain-of-function for enhancing axon regeneration in the CNS. 209 

 210 

Ezh2 modifies the RGC transcriptome to regulate multiple categories of target genes. 211 

To gain mechanistic insights into how Ezh2 supports RGC axon regeneration, we profiled the 212 

transcriptomic and epigenomic changes in RGCs induced by Ezh2 or Ezh2-Y726D 213 

overexpression with RNA-seq and assay for transposase-accessible chromatin with sequencing 214 

(ATAC-seq). We intravitreally injected AAV2-GFP (control), AAV2-Ezh2, or AAV2-Ezh2-Y726D 215 

and crushed the optic nerve after two weeks. Three days after the ONC, RGCs were enriched 216 

from dissociated retinal cells by FACS to construct RNA-seq and ATAC-seq libraries. All 217 

sequencing libraries exhibited high quality (Supplemental Figure 4A-F and Supplemental Figure 218 

5A-S), except for one RNA-seq library from the Ezh2 overexpression condition, which was 219 

excluded from subsequent data analysis based on results of principle component analysis (PCA) 220 

and hierarchical clustering (Supplemental Figure 4B, C). Chromatin accessibility at the promoter 221 
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region moderately correlated with RNA expression within each condition (Supplemental Figure 222 

6A-D), suggesting consistency between the RNA-seq and ATAC-seq.  223 

 224 

We identified 669 differentially expressed genes (DEGs) in the RNA-seq between control and 225 

Ezh2 overexpression conditions at the threshold of adjusted P < 0.05 and fold change > 1.5 226 

(Figure 5A, Supplemental Figure 4G, and Supplemental Table 1). Surprisingly, despite being a 227 

catalytically dead form of Ezh2, Ezh2-Y726D overexpression resulted in more DEGs (1,103, 228 

Figure 5B and Supplemental Table 1). This was consistent with our ATAC-seq results, in which 229 

considerably more differentially accessible regions were found after Ezh2-Y726D overexpression 230 

(Supplemental Table 2), suggesting that unknown transcriptional regulatory activities of Ezh2 231 

independent of the methyltransferase function remain to be discovered. We then examined how 232 

the 669 DEGs induced by Ezh2 overexpression were regulated by Ezh2-Y726D overexpression. 233 

Although not all of them were significantly regulated by Ezh2-Y726D, most showed opposite 234 

patterns of regulation after Ezh2 or Ezh2-Y726D overexpression (Supplemental Figure 4G). 235 

Indeed, among the 236 common DEGs regulated by both Ezh2 and Ezh2-Y726D, 203 (86%) 236 

changed in opposite directions (Supplemental Figure 4H and Supplemental Table 1). Gene 237 

ontology (GO) analysis of the DEGs further revealed that Ezh2 and Ezh2-Y726D inversely 238 

modified the RGC transcriptome (Figure 5C and Supplemental Table 3). Specifically, Ezh2 239 

overexpression downregulated a series of ion transport and synaptic transmission-related genes 240 

and upregulated many immune response programs, both of which were oppositely regulated by 241 

Ezh2-Y726D overexpression (Figure 5C-E). Similarly, in the ATAC-seq, a large number of GO 242 

terms (immune response genes) were shared between genes whose promoter regions became 243 

more open after Ezh2 overexpression and those whose promoter regions became more closed 244 

after Ezh2-Y726D overexpression (Supplemental Figure 6E and Supplemental Table 4). These 245 

results implied that Ezh2-Y726D might inhibit functions of endogenous Ezh2 in a dominant-246 

negative manner.  247 
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 248 

Because Ezh2 primarily functions to repress gene transcription through H3K27me3, we first 249 

focused on genes downregulated by Ezh2 overexpression. GO analysis showed that Ezh2 250 

overexpression decreased transcription of many genes coding for ion channels and transporters 251 

as well as neurotransmitter receptors and transporters (Figure 5C, D, F), which are all important 252 

regulators of neuronal excitability and synaptic transmission. Except for a few genes, most of 253 

them were upregulated by Ezh2-Y726D (Figure 5F), consistent with its dominant-negative role. 254 

Because neuronal excitability and synaptic transmission are fundamental biological functions of 255 

mature neurons, these results suggested that Ezh2 might turn mature RGCs to a developmental-256 

like state at the transcriptomic level favoring axon regeneration. 257 

 258 

Close examination of the downregulated genes further revealed that Ezh2 suppressed 259 

transcription of multiple axon regeneration inhibitory factors or their receptors, including ephrin 260 

receptors (encoded by Epha4, 6, 7, 8; note that Epha4 was not among the 669 DEGs but had an 261 

adjusted P < 0.05), tenascin-R (encoded by Tnr), Lingo3, and oligodendrocyte myelin glycoprotein 262 

(OMgp, encoded by Omg) (Figure 5G). The available single-cell RNA-seq dataset of RGCs (27) 263 

or immunostaining of retinal sections confirmed their expression in RGCs (Supplemental Figure 264 

7A-H). Moreover, Ezh2-Y726D did not transcriptionally downregulate these genes (Figure 5G), 265 

suggesting H3K27me3-dependent regulation. 266 

 267 

In addition to suppressing the above genes, Ezh2 overexpression also upregulated many positive 268 

regulators of axon regeneration (Figure 5H). Among them, Atf3, Jun, Npy, Sprr1a, Gadd45g, and 269 

Sox11 are well-known regeneration-associated genes (32-37). Others, including Myc, Spp1 270 

(codes for osteopontin), Igf1, and Thbs1 (codes for thrombospondin-1), have been well 271 

documented to promote CNS axon regeneration (38-42). In contrast, Ezh2-Y726D 272 

overexpression downregulated many of these genes (Figure 5H), indicating that their upregulation 273 
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by Ezh2 overexpression was largely H3K27me3 dependent. Since H3K27me3 is associated with 274 

transcriptional suppression of its targets, these changes were likely secondary to increased 275 

H3K27me3.  276 

 277 

Ezh2 overexpression enhances optic nerve regeneration by downregulating GABA 278 

transporter 2 (Gat2). 279 

To determine if genes regulated by Ezh2 functionally acted downstream to regulate axon 280 

regeneration, we first examined the function of Slc6a13 (codes for Gat2) which was one of the 281 

most significantly downregulated genes after Ezh2 overexpression (see Figure 5F and 282 

Supplemental Table 1). We verified that Slc6a13 was broadly expressed by RGCs (Supplemental 283 

Figure 7I, J). Additionally, employing the cleavage under targets and tagmentation (CUT&Tag) 284 

method (43) followed by quantitative polymerase chain reaction (qPCR), we showed H3K27me3 285 

enrichment at Slc6a13 promoter region (Figure 6A), indicating its transcription could be directly 286 

regulated by Ezh2 via H3K27me3. Functionally, when Slc6a13 was overexpressed along with 287 

Ezh2 in RGCs by intravitreal injection of AAV2-Slc6a13, the strong optic nerve regeneration 288 

stimulated by Ezh2 overexpression was partially blocked, whereas Slc6a13 overexpression per 289 

se had no effect (Figure 6B, C). These results demonstrated that Slc6a13 downregulation was 290 

required, at least in part, by Ezh2 to enhance optic nerve regeneration, and suggested a pivotal 291 

role of extracellular GABA levels in regulating axon regeneration, in line with insights from several 292 

prior studies (44-46). Slc6a13 overexpression also had a mild but significant inhibitory effect on 293 

regenerative axon growth of DRG neurons (Supplemental Figure 8A, B), indicating its broadly 294 

consistent role in inhibiting axon regeneration.  295 

 296 

Based on these results, we wondered if downregulation of Slc6a13 could sufficiently induce optic 297 

nerve regeneration. We knocked down Slc6a13 in RGCs by intravitreal injection of AAV2 vectors 298 

encoding an shRNA against Slc6a13 mRNA. The transduction efficiency in RGCs was 92.65 ± 299 
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2.743% (Figure 7A, C). We found that Slc6a13 loss-of-function effectively induced optic nerve 300 

regeneration (Figure 7B, D). Together, these results demonstrated that Slc6a13 was a key 301 

downstream target of Ezh2 mediating axon regeneration. 302 

 303 

Ezh2 overexpression enhances optic nerve regeneration by suppressing major axon 304 

regeneration inhibitory signaling. 305 

Next, we tested if downregulation of axon regeneration inhibitory signaling contributed to Ezh2 306 

overexpression-induced optic nerve regeneration. Overexpression of Omg or Lingo3 per se had 307 

no effect on optic nerve regeneration, but almost completely blocked Ezh2 overexpression-308 

induced regeneration (Figure 8A, B). Only at 250 μm from the crush site were more axons 309 

observed in the co-overexpression groups than in the control group. CUT&Tag followed by qPCR 310 

revealed H3K27me3 binding at Lingo3 promoter region (Figure 8C), suggesting H3K27me3-311 

mediated transcriptional repression of Lingo3. Unlike Slc6a13, Lingo3 loss-of-function did not 312 

promote optic nerve regeneration (Figure 7B, D). In contrast, no binding of Omg promoter region 313 

by H3K27me3 was detected (Figure 8C), suggesting that Omg downregulation might be a 314 

secondary effect of elevated H3K27me3. Collectively, these results suggested that 315 

downregulation of Lingo3 and Omg contributed to optic nerve regeneration induced by Ezh2 316 

overexpression, and that Ezh2 might be a key suppressor of signaling pathways that impede CNS 317 

axon regeneration (see Discussion). 318 

 319 

Ezh2 activates multiple axon regeneration enhancing pathways. 320 

Ezh2 overexpression in RGCs resulted in upregulation of osteopontin (encoded by Spp1, see 321 

Figure 5H and Supplemental Table 1), which selectively promotes axon regeneration of αRGCs 322 

(40). In addition to retinal repair, increased osteopontin expression was also shown to underlie 323 

the enhanced tissue repair induced by knocking out Wfdc1 (47), known as a tumor suppressor 324 

(48) and a wound repair inhibitor (47). Interestingly, mRNA levels of Wfdc1 in RGCs were also 325 
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reduced by Ezh2 in our RNA-seq (see Supplemental Table 1), suggesting that it might regulate 326 

Ezh2-induced optic nerve regeneration via osteopontin. Indeed, overexpression of Wfdc1 327 

completely blocked the optic nerve regeneration induced by Ezh2 overexpression (Figure 9A, B), 328 

suggesting that Wfdc1 was a strong axon regeneration inhibitor transcriptionally suppressed by 329 

Ezh2. CUT&Tag followed by qPCR showed that the Wfdc1 promoter region was bound by 330 

H3K27me3 (Figure 9C), again suggesting histone methylation-dependent regulation by Ezh2. 331 

These results provided a potential mechanism of how Ezh2 indirectly upregulated axon 332 

regeneration enhancing factors.  333 

 334 

Among other upregulated genes (Supplemental Table 1), Ascl1 and Neurog2 are important 335 

regulators of neurogenesis and axon guidance during development and direct reprogramming 336 

factors converting glial cells into neurons (49). Moreover, Ascl1, Neurog2, and Ezh2 were 337 

identified as key factors driving neuronal differentiation in a Crispr-based screening (50), 338 

suggesting similar or cooperative functions. Interestingly, Ascl1 was shown to support PNS axon 339 

regeneration in mice (51) and CNS axon regeneration in zebrafish and rats (52). We therefore 340 

investigated if Neurog2 could also regulate optic nerve regeneration. To our surprise, 341 

overexpression of Neurog2 in RGCs had little effect on optic nerve regeneration (Supplemental 342 

Figure 9A, B), suggesting that distinct mechanisms mediate neurogenesis and axon regeneration. 343 

 344 

Ezh2 overexpression does not alter the epigenetic aging clock of RGCs. 345 

A recent study discovered that ONC increased the DNA methylation age of RGCs, and that 346 

polycistronic expression of reprogramming factors Oct4, Sox2, and Klf4 counteracted the aging 347 

effect of ONC and promoted optic nerve regeneration (53). Ezh2 is also critical for efficient cellular 348 

reprogramming (54, 55), and was shown to participate in shaping the aging epigenome (56). 349 

Moreover, we showed that Ezh2 overexpression specifically silenced transcription of many genes 350 

functionally involved in synaptic activities of mature neurons, in some way turning adult RGCs to 351 
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a developmental-like state at the transcriptomic level. We thus wondered if Ezh2 overexpression 352 

could also reverse the aging effect of ONC on the RGC epigenome. We intravitreally injected 353 

AAV2-GFP, AAV2-Ezh2, or AAV2-Ezh2-Y726D into mice of exactly the same age, performed 354 

ONC two weeks after the injection, and extracted DNA from FACS-enriched RGCs three days 355 

after the ONC. Uninjured groups only received AAV2 injection but did not undergo ONC. Reduced 356 

representation bisulfite sequencing (RRBS) libraries were constructed from RGC DNA and 357 

sequenced to obtain the DNA methylation landscape. A predictive PCA model (53) was used to 358 

estimate changes in the DNA methylation age of RGCs. The results confirmed that ONC 359 

accelerated epigenetic aging of RGCs, but neither wild type Ezh2 nor Ezh2-Y726D could reverse 360 

the changes (Supplemental Figure 10A). Consistently, our RNA-seq did not detect significant 361 

changes in mRNA levels of most 5mC DNA methyltransferases or demethylases (Supplemental 362 

Figure 10B, C). These results indicated that Ezh2 overexpression was not able to rejuvenate 363 

mature RGCs epigenetically. 364 

 365 

Collectively, our study not only revealed a role of Ezh2 in coordinating axon regeneration via 366 

regulation of multiple key regenerative pathways, but also identified chromatin accessibility as a 367 

promising target to promote CNS axon regeneration.  368 
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Discussion 369 

Developmental decline of axon regeneration ability with transcriptomic changes regulated 370 

by Ezh2. 371 

Axon regeneration ability of mammalian neurons declines as they mature. While PNS neurons 372 

can reactivate their regenerative ability upon peripheral axonal injury, most adult CNS neurons 373 

permanently lose their ability to regenerate axons. Given that every single cell in an organism has 374 

completely the same genome, and so does a neuron in different states (e.g., developmental vs. 375 

mature, healthy vs. injured), it is conceivable that the tuning of the axon regeneration ability in 376 

neurons is largely regulated by changes in the epigenomic and transcriptomic landscapes. Here 377 

we found that Ezh2, an epigenetic regulator that controls chromatin accessibility and gene 378 

transcription via histone methylation, was developmentally downregulated in both the PNS and 379 

CNS and could be upregulated in PNS neurons by peripheral nerve injury. Thus, Ezh2 levels in 380 

the nervous system and the axon growth and regeneration potential of neurons rise and fall in 381 

parallel. Indeed, we found that Ezh2 loss-of-function impaired spontaneous axon regeneration of 382 

mature PNS neurons, while Ezh2 gain-of-function promoted axon regeneration in non-383 

regenerative adult CNS neurons. Mechanistic exploration revealed that Ezh2 overexpression in 384 

RGCs suppressed transcription of a large number of genes regulating synaptic transmission and 385 

neuronal excitability, which are housekeeping functions of mature neurons. Therefore, our study 386 

suggested that Ezh2 upregulation might turn mature neurons into a developmental-like cellular 387 

state at the transcriptomic level to empower them with stronger axon regeneration ability. In 388 

support of this, several previous studies also found a negative correlation between synaptic 389 

functions and axon regeneration ability (44, 57-59). On the other hand, Ezh2 overexpression also 390 

resulted in upregulation of many factors known to enhance axon regeneration, some of which are 391 

highly expressed in developing neurons (60-62).  392 

 393 
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When the epigenetic aging biomarker, the DNA methylation clock, was examined in RGCs (53), 394 

we confirmed that optic nerve injury significantly accelerated RGC epigenetic aging. However, 395 

Ezh2 overexpression was not able to reverse it. These results indicated that physiological aging 396 

at the transcriptomic level could be uncoupled from the DNA methylation aging clock. The 397 

discrepancy between DNA methylation-based aging clock and transcriptomic landscape-based 398 

cellular state was not surprising. A recent study (63) of naked mole rats (NMR), which live an 399 

exceptionally long life and are considered a nonaging mammal, showed a normal aging progress 400 

in many tissues at the epigenetic level without significant overlap with age-related transcriptomic 401 

changes. Interestingly, iPS reprogramming was able to rejuvenate the DNA methylation clock of 402 

NMR cells, consistent with a recent study in which partial reprogramming of RGCs with three 403 

reprogramming factors, Oct4, Sox2, and Klf4, reversed the DNA methylation aging induced by 404 

optic nerve injury (53). Collectively, we think that Ezh2 overexpression in mature RGCs switched 405 

their transcriptomic landscape to a developmental-like state with stronger axon growth ability. 406 

 407 

Ezh2 is a master suppressor of CNS axon regeneration inhibitory signaling. 408 

Here, we demonstrated that Ezh2 overexpression transcriptionally silenced OMgp (one of the 409 

three major MAIs), Lingo3, tenascin-R, and several ephrin receptors. OMgp and other MAIs (MAG 410 

and Nogo) act through the Nogo receptor 1 (NgR1) complex or PirB to inhibit axon growth (64-411 

66). Lingo3 is a paralog of Lingo1 that codes for a critical component of the NgR1 complex (67), 412 

which blocks axon regeneration via RhoA when activated by MAIs and CSPGs (68). Lingo1 loss-413 

of-function also promotes axon regeneration and neuronal survival in various CNS injury and 414 

disease models (69-71). Additionally, Lingo family receptors can form heteromers with one 415 

another in the mouse brain (72), strongly suggesting functional overlap between the paralogs. 416 

Tenascin-R, an extracellular matrix molecule, is a repulsive guidance cue in zebrafish during 417 

development (73) and an inhibitor of mouse optic nerve regeneration (74). Ephrin receptors are 418 

chemorepellent axon guidance molecules that can cause growth cone collapse when activated 419 
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by their ligands, ephrins (75). MAIs, CSPGs, and repulsive axon guidance cues are three major 420 

classes of extracellular axon regeneration inhibitors in the mature CNS (76). Ezh2 downregulated 421 

transcription of regeneration inhibitors or their receptors associated with all three classes. 422 

Functionally, we found that overexpression of Omg or Lingo3 blocked optic nerve regeneration 423 

induced by Ezh2 overexpression to a great extent. Thus, Ezh2 might be a master suppressor of 424 

CNS axon regeneration inhibitory signaling pathways. Notably, our study indicated that besides 425 

glial cells, neurons per se could also contribute to the production of extracellular CNS 426 

regeneration inhibitors, such as OMgp and tenascin-R. It would be interesting for future studies 427 

to investigate the mechanisms of neuron-secreted axon regeneration inhibitors. 428 

 429 

Ezh2 enhances optic nerve regeneration via both methylation-dependent and -430 

independent pathways. 431 

Most previous studies of Ezh2 focused on H3K27me3-mediated transcriptional repression in 432 

various biological processes. Evidence has been, however, emerging to suggest that Ezh2 also 433 

has protein methylation-unrelated activities. For example, Ezh2 can transactivate the androgen 434 

receptor by directly binding to its promoter region (20). Similarly, a ternary complex of Ezh2, RelA, 435 

and RelB bind to promoters of Il6 and Tnf to enhance their transcription (19). Furthermore, Ezh2 436 

can even regulate protein translation via interacting with fibrillarin and controlling rRNA 437 

methylation, completely independent of its methyltransferase function (77). In our study, an Ezh2 438 

mutant lacking the methyltransferase activity, Ezh2-Y726D, was still able to modestly promote 439 

optic nerve regeneration, clearly indicating that methyltransferase-independent activities of Ezh2 440 

also contributed to the enhanced axon regeneration.  441 

 442 

In the current study, we did not further investigate these methyltransferase-independent 443 

mechanisms. Our RNA-seq results implied that Ezh2-Y726D acted in a dominant-negative 444 

manner of wild type Ezh2 to control gene transcription. Such results appeared perplexing, as 445 
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Ezh2-Y726D still promoted RGC survival and optic nerve regeneration. One likely explanation is 446 

that the overall effect of Ezh2-Y726D overexpression was to enhance the maturation state of 447 

RGCs, which was unlikely to further reduce the already very low intrinsic axon growth ability. 448 

However, Ezh2-Y726D did regulate some genes in the same way as Ezh2. For example, both 449 

Ezh2 and Ezh2-Y726D overexpression significantly upregulated Jun, Npy, and Igf1, all of which 450 

have been shown to support axon regeneration (78-80). Likewise, both Ezh2 and Ezh2-Y726D 451 

downregulated mRNA levels of corticotropin releasing hormone binding protein (encoded by 452 

Crhbp) and Slc6a13 (see Figure 5F and Supplemental Table 1). Crhbp is selectively expressed 453 

in RGC subtypes susceptible to ONC, and its loss-of-function significantly promotes RGC survival 454 

and optic nerve regeneration (27). Similarly, our current study showed that knocking down 455 

Slc6a13 induced optic nerve regeneration (see Figure 7B, D). Upregulation of axon regeneration 456 

enhancers and downregulation of Crhbp and Slc6a13 might be methylation-independent 457 

mechanisms by which Ezh2-Y726D modestly promoted optic nerve regeneration. Future studies 458 

are needed to further explore the roles non-canonical pathways of Ezh2 play in mammalian axon 459 

regeneration.  460 

 461 

Although AAV2 also transduces other retinal cells besides RGCs, our data indicated that Ezh2 462 

overexpression-induced increase of H3K27me3 was mostly observed in cells within the ganglion 463 

cell layer of the retina (see Figure 3A), which contains mainly RGCs and some displaced amacrine 464 

cells. However, we cannot exclude the possibility that non-RGC-autonomous factors also 465 

contributed to the optic nerve regeneration observed here (80). Future studies using Vglut2-Cre 466 

mice to restrict Ezh2 expression in RGCs would provide a clearer answer.  467 
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Methods 468 

Mice. Adult C57BL/6J mice (6-10 weeks) of both sexes were used unless otherwise stated. The 469 

Ezh2f/f (stock# 015499-UNC) mouse strain was obtained from the Mutant Mouse Resource and 470 

Research Center (MMRRC) at University of North Carolina at Chapel Hill, an NIH-funded strain 471 

repository, and was donated to the MMRRC by Alexander Tarakhovsky, Ph.D., The Rockefeller 472 

University. The Advillin-Cre mouse line (JAX stock# 032536) was a gift from Dr. Fan Wang at 473 

Duke University in Durham, North Carolina, and was crossed with Ezh2f/f to obtain Advillin-Cre; 474 

Ezh2f/f conditional knockout mice. Because female Advillin-Cre mice have weak Cre expression 475 

in oocytes, only male Advillin-Cretg/+; Ezh2f/f mice and female Ezh2f/f mice were used for breeding. 476 

Therefore, the resulting offspring was either heterozygous or negative for Advillin-Cre. Both male 477 

and female Advillin-Cretg/+; Ezh2f/f mice were used for experiments. Genotypes of the mice were 478 

determined by PCR using primers and programs provided by the MMRRC and the Jackson 479 

Laboratory. All mouse surgeries were performed under anesthesia induced by intraperitoneal 480 

injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) diluted in sterile saline. Details of 481 

surgeries are described below. 482 

 483 

Immunoblotting. Total protein was extracted from mouse DRGs, cultured DRG cells, retinas, or 484 

FACS-enriched RGCs using the RIPA buffer (MilliporeSigma R0278) containing the protease 485 

inhibitor cocktail (MilliporeSigma 11836153001) and phosphatase inhibitor cocktail 486 

(MilliporeSigma 4906845001). Identical amount of total protein from each condition was 487 

separated by SDS-PAGE on 4-12% Bis-Tris gels and transferred onto polyvinylidene difluoride 488 

membranes. Membranes were blocked with TBST containing 5% blotting-grade blocker (Bio-Rad 489 

1706404), incubated in primary antibodies against target molecules overnight at 4 °C, washed 4 490 

times (5, 5, 10, 10 min) with TBST, incubated in corresponding HRP-linked secondary antibodies 491 

(1:2,000, Cell Signaling Technology 7074 or 7076) for 1 hour at room temperature, and washed 492 

4 times (5, 5, 10, 10 min) again with TBST. All antibodies were diluted with TBST containing 493 
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5% blotting-grade blocker. Primary antibodies used for immunoblotting in this study include rabbit 494 

anti-Ezh2 (1:1,000, Cell Signaling Technology 5246), rabbit anti-H3 (1:1,000, Cell Signaling 495 

Technology 9715), mouse anti-H3K27me3 (1:10,000, MilliporeSigma 05-1951), rabbit anti-Ezh1 496 

(1:2,000, MilliporeSigma ABE281), rabbit anti-Suz12 (1:1,000, Cell Signaling Technology 3737), 497 

rabbit anti-Eed (1: 1,000, MilliporeSigma 09-774), rabbit anti-Rbap46/48 (1:1,000, Active Motif 498 

39199), mouse anti-β-actin (1:10,000, MilliporeSigma A1978), and mouse anti-Gapdh (1:20,000, 499 

MilliporeSigma G8795). 500 

 501 

in vivo DRG electroporation. Under anesthesia, a small dorsolateral laminectomy was performed 502 

on the left side to expose left L4/5 DRGs. Using a pulled glass micropipette (World Precision 503 

Instruments TW100-4) connected to a Picospritzer III (pressure: 20 psi, pulse duration: 6 ms, 504 

Parker Hannifin), 1 μl plasmid vectors (2 μg/μl) and/or siEzh2 (100 μM, Horizon Discovery L-505 

040882-00-0005, see Supplemental Table 5 for target sequences) containing 0.05% fast green 506 

FCF (MilliporeSigma 68724) were injected into each DRG. After injection, in vivo electroporation 507 

was performed by applying five electric pulses (voltage: 35 V, pulse duration: 15 ms, pulse interval: 508 

950 ms) using a platinum tweezertrode (BTX) powered by an ECM 830 Electro Square Porator 509 

(BTX). The wound was then closed with sutures.  510 

 511 

Sciatic nerve crush or transection. Under anesthesia, sciatic nerves were exposed right below the 512 

pelvis and crushed with Dumont #5 forceps (Fine Science Tools 11254-20) for 15 s or cut with 513 

scissors, and the wound was closed by sutures. In sham surgeries, sciatic nerves were only 514 

exposed but not injured. Both sciatic nerve transection and sciatic nerve crush result in axotomy 515 

of all axons in the sciatic nerve. Sciatic nerve crush was performed in in vivo DRG neuron axon 516 

regeneration experiments and was only done on the left side. The crush site was marked with 10-517 

0 nylon epineural sutures that are identifiable during dissection and imaging data analysis. Sciatic 518 
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nerve transection was performed in other experiments to ensure completeness of the axotomy 519 

and was done bilaterally. 520 

 521 

Analysis of in vivo DRG neuron axon regeneration. Three or five days after sciatic nerve crush, 522 

mice were anesthetized and transcardially perfused with PBS followed by 4% PFA. Sciatic nerve 523 

segments (proximal end: 5 mm proximal to the crush site, distal end: the point where the sciatic 524 

nerve branches into three nerves) were dissected and post-fixed in 4% PFA overnight at 4°C. On 525 

the next day, nerve segments were mounted in Fluoroshield (MilliporeSigma F6182) onto 526 

microscope slides, covered with coverslips, and flattened by applying a heavy weight on 527 

coverslips. Tiled fluorescent images of whole-mount nerve segments were obtained with a Zeiss 528 

inverted fluorescence microscope controlled by the AxioVision software using a 5× objective. 529 

Nerve segments were imaged from ~1 mm proximal to the crush site to ~0.5 mm distal to the end 530 

of the longest axon. Using the built-in “measure/curve spline” function of the AxioVision software, 531 

GFP-labeled axons were manually traced from the crush site to axonal tips to determine the 532 

lengths. The mean length of all axons traced in one nerve segment was used as the average 533 

axon length of this nerve. Nerves whose epineural sutures were missing or with less than 10 534 

identifiable GFP-labeled axons were excluded from data analysis. Measurement was done by 535 

experimenters blinded to experimental conditions. Nerve images were put on a black background 536 

when figures were generated. 537 

 538 

ONC and regeneration. Intravitreal virus injection, ONC and RGC axon labeling were performed 539 

as previously described (28). Briefly, under anesthesia, 1.5 μl AAV2 virus (~1×1013 genome 540 

copies/ml) was injected into the vitreous humor with a Hamilton syringe (33-gauge needle, 7803-541 

05). The position and direction of the needle were well controlled to avoid injury to the lens. Two 542 

weeks after the virus injection, under anesthesia, a small incision was made in the skin right 543 

behind the eye and the conjunctiva was incised to expose the extraocular muscles. The muscles 544 
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were pushed aside with forceps to expose the optic nerve, and the optic nerve was crushed with 545 

Dumont #5 forceps (Fine Science Tools 11254-20) for 5 s at approximately 0.5 mm behind the 546 

optic disc. Care was taken to avoid damage to the ophthalmic artery. For the post-injury treatment 547 

model, ONC was done 1 day prior to virus injection. To label RGC axons in the optic nerve, under 548 

anesthesia, 1.5 μl Alexa Fluor 555 or 647-conjugated CTB (1 μg/μl, Thermo Fisher Scientific 549 

C22843 or C34778) was injected into the vitreous humor with a Hamilton syringe (33-gauge 550 

needle, 7803-05) 2 days before tissue harvesting. Mice with lens injury, hemorrhage, or 551 

incomplete crush evidenced by continuous CTB labeling through the chiasm were excluded from 552 

data analysis. 553 

 554 

Analysis of optic nerve regeneration. Z-stacked (step size: 2 μm) and tiled fluorescent images of 555 

tissue-cleared whole-mount optic nerves were obtained with a Zeiss LSM 800 confocal 556 

microscope using a 20× objective. Optic nerves were imaged from ~0.5 mm proximal to the crush 557 

site to ~0.5 mm distal to the end of the longest axon. To quantify the number of regenerating 558 

axons in each optic nerve, every 8 consecutive planes were Z-projected in maximum intensity to 559 

generate a series of Z-projection images of 16-μm-thick optical sections. At each 250-μm interval 560 

from the crush site, the number of CTB-labeled axons was counted in each Z-projection image 561 

and summed over all optical sections. Nerve images were put on a black background when figures 562 

were generated. 563 

 564 

NMDA-induced excitotoxicity model. Under anesthesia, 1.5 μl AAV2 virus (~1×1013 genome 565 

copies/ml) was injected into the vitreous humor with a Hamilton syringe (33-gauge needle, 7803-566 

05). Two weeks after the virus injection, under anesthesia, 1.5 μl NMDA (20 mM, MilliporeSigma 567 

M3262) was injected into the vitreous humor with a Hamilton syringe (33-gauge needle, 7803-05). 568 

The position and direction of the needle were well controlled to avoid injury to the lens. 569 

 570 
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RGC enrichment. Retinas were dissected from euthanized mice, digested with papain (Thermo 571 

Fisher Scientific 88285) containing 0.005% DNase (Worthington LK003170) at 37°C for 8 min, 572 

washed 3 times with HBSS, and dissociated into cell suspension by trituration in NeuroBasal 573 

medium containing 1% BSA. Cells were filtered with a 40-μm cell strainer, pelleted by 574 

centrifugation (500 g, 5 min, room temperature), resuspended in NeuroBasal medium containing 575 

1% BSA, blocked with rat anti-mouse CD16/CD32 (1:50, BD Biosciences 553141) for 5 min on 576 

ice, and labeled with PE-conjugated rat anti-CD90.2 (1:100, Thermo Fisher Scientific 12-0902-81) 577 

for 30 min on ice. After that, cells were washed twice with HBSS containing 1% BSA, pelleted by 578 

centrifugation (500 g, 5 min, room temperature), and again resuspended in Neurobasal medium 579 

containing 1% BSA. Propidium iodide (PI) or DAPI was mixed with the cell suspension to label 580 

dead cells 2 min before cells were loaded into a Beckman Coulter MoFlo Legacy Cell Sorter. 581 

CD90.2-positive and PI or DAPI-negative cells were sorted into NeuroBasal medium containing 582 

1% BSA with a 70-μm nozzle.  583 

 584 

CUT&Tag and qPCR. ChIP-seq libraries were constructed from FACS-enriched RGCs (100,000 585 

cells for each library) using rabbit anti-H3K27me3 (1:50, Active Motif 39155) or normal rabbit IgG 586 

(1:50, MilliporeSigma NI01) and the CUT&Tag-IT Assay Kit (Active Motif 53160) following the 587 

manufacture’s manual. Identical amount of DNA from each library was used in qPCR to determine 588 

the enrichment of H3K23me3 in the promoter region of each gene. Two pairs of primers were 589 

designed for each gene. One pair for Lingo3 promoter region resulted in no amplification and was 590 

excluded from data analysis. Sequences of primers used in qPCR are in Supplemental Table 5. 591 

Positive control (71020) and negative control primers (71013) were purchased from Active Motif. 592 

Fold enrichment of H3K27me3 binding was determined using the ddCt method and normalized 593 

to IgG. All qPCR experiments were done in triplicate. 594 

 595 
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Immunofluorescence of whole-mount retinas. Retinas were dissected from transcardially 596 

perfused mice and post-fixed in 4% PFA overnight at 4°C. On the next day, retinas were post-597 

fixed in ice-cold methanol for 20 min, washed 3×5 min with PBS, radially cut into a petal shape, 598 

and blocked with PBST (1%) containing 10% goat serum for 1 hour at room temperature. After 599 

blocking, retinas were incubated in primary antibodies against target molecules overnight at 4°C, 600 

washed 4×15 min with PBST (0.3%), incubated in corresponding Alexa Fluor-conjugated 601 

secondary antibodies (1:500, Thermo Fisher Scientific) for 2 hours at room temperature, and 602 

washed 4×15 min again with PBST (0.3%). All antibodies were diluted with PBST (1%) containing 603 

10% goat serum. Retinas were flat-mounted in Fluoroshield (MilliporeSigma F6182) onto 604 

microscope slides and covered by coverslips. Fluorescent images of whole-mount retinas were 605 

obtained with a Zeiss LSM 800 confocal microscope using a 20× objective. 606 

 607 

Analysis of RGC survival rate. To quantify RGC survival rate, mice were transcardially perfused 608 

2 weeks after ONC or 1 week after NMDA injection and both retinas of each mouse were 609 

dissected. Retinas were stained with guinea pig anti-Rbpms (1:100, MilliporeSigma ABN1376) 610 

following the steps described above (see Immunofluorescence of whole-mount retinas). 6-9 fields 611 

were randomly taken from the peripheral regions of each retina. For each mouse, RGC survival 612 

rate was calculated by dividing the average number of Rbpms-positive cells in one field in the 613 

injured retina by that in the uninjured retina. Only cells in the ganglion cell layer were counted. 614 

 615 

Analysis of RGC transduction efficiency. To quantify RGC transduction efficiency, mice were 616 

transcardially perfused 2 weeks after intravitreal injection of AAV2-shSlc6a13-EGFP. Retinas 617 

were stained with guinea pig anti-Rbpms (1:100, PhosphoSolutions 1832-RBPMS) and chicken 618 

anti-GFP (1:100, Thermo Fisher Scientific A10262) following the steps described above (see 619 

Immunofluorescence of whole-mount retinas). 8 fields were randomly taken from the peripheral 620 

regions of each retina. For each mouse, RGC transduction efficiency was calculated by dividing 621 
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the total number of GFP and Rbpms double-positive cells in all fields by the total number of 622 

Rbpms-positive cells in all fields. Only cells in the ganglion cell layer were counted. 623 

 624 

Immunofluorescence of retinal sections. Fixed retinas were immersed in 30% sucrose overnight 625 

at 4°C. On the next day, retinas were embedded in OCT compound, frozen, and cut into 10-μm 626 

sections with a cryostat. Sections were transferred onto microscope slides and warmed on a slide 627 

warmer for 1 hour at 37°C. Sections on slides were rinsed once in PBS, soaked in 100°C citrate 628 

buffer (pH 6) for 15 min, cooled down in the buffer to room temperature, washed 2×5 min with 629 

PBS, and blocked with PBST (0.3%) containing 10% goat serum for 1 hour at room temperature. 630 

After blocking, sections were incubated in primary antibodies against target molecules overnight 631 

at 4 °C, washed 4 times (5, 5, 10, 10 min) with PBST (0.3%), incubated in corresponding Alexa 632 

Fluor-conjugated secondary antibodies (1:500, Thermo Fisher Scientific) for 1 hour at room 633 

temperature, and washed 4 times (5, 5, 10, 10 min) again with PBST (0.3%). All antibodies were 634 

diluted with PBST (0.3%) containing 10% goat serum. Sections were mounted in Fluoroshield 635 

(MilliporeSigma F6182) and covered by coverslips. Fluorescent images of retinal sections were 636 

obtained with a Zeiss inverted fluorescence microscope controlled by the AxioVision software 637 

using a 20× objective. 638 

 639 

Analysis of H3K27me3 levels in RGCs. To analyze H3K27me3 levels in RGCs, retinas were 640 

dissected from transcardially perfused mice 2 weeks after intravitreal injection of AAV2-GFP, 641 

AAV2-Ezh2, or AAV2-Ezh2-Y726D and sectioned with a cryostat. Retinal sections were stained 642 

with guinea pig anti-Rbpms (1:500, MilliporeSigma ABN1376) and mouse anti-H3K27me3 (1:100, 643 

MilliporeSigma 05-1951) following the steps described above (see Immunofluorescence of 644 

retinal sections). 645 

 646 
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To quantify H3K27me3 levels in RGCs, fluorescence intensity of H3K27me3 immunoreactivity of 647 

at least 150 Rbpms-positive cells from 10-12 non-adjacent retinal sections acquired with identical 648 

imaging configurations was analyzed for each retina. Fluorescence intensity was measured using 649 

the “outline spline” function of the AxioVision software and the background fluorescence intensity 650 

was subtracted. 651 

 652 

Statistics. Statistical analysis was done with GraphPad Prism 10 and the significance level was 653 

set as P < 0.05. Data represent mean ± SEM unless otherwise stated. For comparisons between 654 

two conditions, two-tailed unpaired or paired t test was used. For comparisons among three or 655 

more conditions, one-way ANOVA followed by Tukey’s multiple comparisons was used to 656 

determine the statistical significance. All details of statistics, including tests used, P values, and 657 

sample sizes, are described in figure legends. P values of post hoc analyses are illustrated in 658 

figures. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 659 

 660 

Study approval. All animal experiments were conducted in accordance with animal care and use 661 

protocols approved by the Johns Hopkins University Animal Care and Use Committee. 662 

 663 

Data availability. Raw and processed sequencing data are available in the Gene Expression 664 

Omnibus (GSE247320). Values for all data points in graphs are reported in the Supporting Data 665 

Values file.  666 

667 
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Figure 1. Ezh2 is developmentally downregulated in the nervous system and upregulated 906 
in DRG neurons following peripheral nerve injury. 907 
(A, B) Representative immunoblotting showing that Ezh2 is developmentally downregulated in the 908 
DRG (A) and cerebral cortex (B). 909 
 910 
(C) Immunoblotting showing that Ezh2 is significantly increased in lumbar 4 and 5 DRGs 3 days 911 
after sciatic nerve transection. 912 
 913 
(D) Quantification of relative protein levels of Ezh2 in (A) (n = 2 independent experiments). 914 
 915 
(E) Quantification of relative protein levels of Ezh2 in (B) (one-way ANOVA followed by Tukey’s 916 
multiple comparisons; P < 0.0001; n = 3 independent experiments). 917 
 918 
(F) Quantification of relative protein levels of Ezh2 in (C) (two-tailed t test, unpaired; P = 0.0092; 919 
n = 3 for sham, n = 5 for sciatic nerve transection). 920 
 921 
(G) Representative immunofluorescence of DRG sections showing increased H3K27me3 levels 922 
in nuclei of DRG neurons one or three days after sciatic nerve transection. DRG sections were 923 
stained with anti-H3K27me3 (green) and anti-β-tubulin III (red). The rightmost column displays 924 
enlarged images of areas in white, dashed boxes. Yellow arrows indicate H3K27me3 in nuclei of 925 
DRG neurons. Scale bar, 100 μm (30 μm for enlarged images). 926 
 927 
(H) Quantification of fluorescence intensity of H3K27me3 immunoreactivity in DRG neurons in (G) 928 
(one-way ANOVA followed by Tukey’s multiple comparisons; P < 0.0001; n = 3 mice for all). 929 
 930 
L4/5, lumbar 4 and 5. SNT, sciatic nerve transection. 931 
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Figure 2. Upregulation of Ezh2 contributes to spontaneous axon regeneration of DRG 933 
neurons in vivo. 934 
(A-C) Top: Experimental timeline. Bottom: Representative images of sciatic nerves showing that 935 
Ezh2 knockdown (A) or knockout (B) in lumbar 4 and 5 DRGs or sensory neuron-specific knockout 936 
of Ezh2 (C) impairs spontaneous axon regeneration of DRG neurons in vivo. The right column 937 
displays enlarged images of the areas in white, dashed boxes on the left. The crush sites are 938 
aligned with the yellow line. Scale bar, 1 mm (0.5 mm for enlarged images). 939 
 940 
(D) Quantification of lengths of regenerating axons in (A) (two-tailed t test, unpaired; P < 0.0001; 941 
n = 9 mice for control, n = 10 mice for Ezh2 knockdown). 942 
 943 
(E) Quantification of lengths of regenerating axons in (B) (two-tailed t test, unpaired; P = 0.0011; 944 
n = 9 mice for control, n = 18 mice for Ezh2 knockout). 945 
 946 
(F) Quantification of lengths of regenerating axons in (C) (two-tailed t test, unpaired; P = 0.0003; 947 
n = 6 mice for both). 948 
 949 
(G) Representative immunoblotting showing successful knockout of Ezh2 and downregulation of 950 
H3K27me3 in DRG neurons of Advillin-Cre; Ezh2f/f mice. 951 
 952 
(H) Quantification of relative protein levels of Ezh2 in (G) (two-tailed t test, unpaired; P = 0.0436; 953 
n = 3 independent experiments). 954 
 955 
(I) Quantification of relative levels of H3K27me3 in (G) (two-tailed t test, unpaired; P = 0.0137; n = 956 
3 independent experiments). 957 
 958 
siEzh2, siRNAs targeting Ezh2 mRNA. 959 
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 40 

Figure 3. Ezh2 overexpression enhances RGC survival after optic nerve crush or 961 
excitotoxic injury. 962 
(A) Representative immunofluorescence of retinal sections showing increased H3K27me3 levels 963 
in RGCs two weeks after intravitreal injection of AAV2-Ezh2, but not AAV2-Ezh2-Y726D. Retinal 964 
sections were stained with anti-H3K27me3 (green) and anti-Rbpms (red). Insets display enlarged 965 
images of RGCs in white, dashed boxes. Scale bar, 50 μm (10 μm for enlarged images). 966 
 967 
(B) Quantification of fluorescence intensity of H3K27me3 immunoreactivity in RGCs in (A) (one-968 
way ANOVA followed by Tukey’s multiple comparisons; P < 0.0001; n = 3 mice for all; at least 969 
150 RGCs from 10-12 non-adjacent sections were analyzed for each mouse). 970 
 971 
(C) Top: Experimental timeline. Bottom: Representative immunofluorescence of whole-mount 972 
retinas showing that overexpression of Ezh2 or Ezh2-Y726D improves RGC survival two weeks 973 
after optic nerve crush. Whole-mount retinas were stained with anti-Rbpms (green). Scale bar, 50 974 
μm. 975 
 976 
(D) Quantification of RGC survival rate two weeks after optic nerve crush in (C) (one-way ANOVA 977 
followed by Tukey’s multiple comparisons; P = 0.0025; n = 3 mice for all; 6-9 fields were analyzed 978 
for each mouse). 979 
 980 
(E) Top: Experimental timeline. Bottom: Representative immunofluorescence of whole-mount 981 
retinas showing that overexpression of Ezh2 improves RGC survival one week after NMDA-982 
induced excitotoxic injury. Whole-mount retinas were stained with anti-Rbpms (green). Scale bar, 983 
50 μm. 984 
 985 
(F) Quantification of RGC survival rate one week after NMDA-induced excitotoxic injury in (E) 986 
(two-tailed t test, unpaired; P = 0.0042; n = 3 mice for both; 6-8 fields were analyzed for each 987 
mouse). 988 
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Figure 4. Ezh2 overexpression enhances optic nerve regeneration via both histone 990 
methylation-dependent and -independent mechanisms. 991 
(A, B) Top: Experimental timeline. Bottom: Representative images of optic nerves showing that 992 
pre- (A) or post-injury (B) overexpression of Ezh2 induces strong optic nerve regeneration two (A) 993 
or three weeks (B) after optic nerve crush. Pre-injury overexpression of Ezh2-Y726D also 994 
modestly promotes optic nerve regeneration (A). Columns on the right display enlarged images 995 
of the areas in white, dashed boxes on the left, showing axons at 250, 500, 750, and 1,250 μm 996 
distal to the crush sites, which are aligned with the yellow line. Yellow arrows indicate longest 997 
axons in each nerve. Scale bar, 100 μm (50 μm for enlarged images). 998 
 999 
(C) Quantification of optic nerve regeneration in (A) (one-way ANOVA followed by Tukey’s 1000 
multiple comparisons; P < 0.0001 at 250, 500, 750, and 1,000 μm, P = 0.0126 at 1,250 μm; n = 7 1001 
mice for all). 1002 
 1003 
(D) Quantification of optic nerve regeneration in (B) (two-tailed t test, unpaired; P = 0.5305 at 250 1004 
μm, P = 0.0004 at 500 μm, P < 0.0001 at 750 and 1,000 μm, P = 0.0003 at 1,250 μm; n = 7 mice 1005 
for both). 1006 
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 44 

Figure 5. Ezh2 modifies the RGC transcriptome to regulate multiple categories of target 1008 
genes. 1009 
(A, B) Volcano plots showing differences in gene expression between control and Ezh2 1010 
overexpression conditions (A) or between control and Ezh2-Y726D overexpression conditions (B). 1011 
Note that 12 genes with -log10(p.adj) > 50 and 3 genes with -log10(p.adj) > 100 are not plotted in 1012 
(A) and (B), respectively. 1013 
 1014 
(C) Gene ontology (GO) analysis of differentially expressed genes (DEGs) induced by Ezh2 or 1015 
Ezh2-Y726D overexpression. A subset of most significantly enriched GO terms in the biological 1016 
process category are shown here. 1017 
 1018 
(D, E) Volcano plots described in (A, B) with DEGs in four enriched GO terms labeled.  1019 
 1020 
(F, G) Heatmaps of mRNA levels of neuronal excitability and synaptic transmission regulators (F) 1021 
and axon regeneration inhibitory factors (G) downregulated by Ezh2 overexpression in the control 1022 
vs. Ezh2 overexpression RNA-seq (left) and the control vs. Ezh2-Y726D overexpression RNA-1023 
seq (right). 1024 
 1025 
(H) Heatmaps of mRNA levels of axon regeneration positive regulators upregulated by Ezh2 1026 
overexpression in the control vs. Ezh2 overexpression RNA-seq (left) and the control vs. Ezh2-1027 
Y726D overexpression RNA-seq (right). 1028 
 1029 
Note that the control vs. Ezh2 overexpression RNA-seq and the control vs. Ezh2-Y726D 1030 
overexpression RNA-seq were performed separately. Therefore, control (GFP) libraries in one 1031 
RNA-seq are independent of those in the other one. 1032 
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Figure 6. Ezh2 overexpression enhances optic nerve regeneration by transcriptionally 1034 
suppressing Slc6a13. 1035 
(A) CUT&Tag followed by qPCR showing H3K27me3 enrichment in the promoter region of 1036 
Slc6a13 (two-tailed t test, paired; P = 0.0161 between negative control and Slc6a13 R1, P = 1037 
0.0306 between negative control and Slc6a13 R2; n = 3 independent experiments). 1038 
 1039 
(B) Top: Experimental timeline. Bottom: Representative images of optic nerves showing that 1040 
Slc6a13 overexpression partially blocks Ezh2 overexpression-induced optic nerve regeneration. 1041 
Columns on the right display enlarged images of the areas in white, dashed boxes on the left, 1042 
showing axons at 250, 500, 750, and 1,000 μm distal to the crush sites, which are aligned with 1043 
the yellow line. Yellow arrows indicate longest axons in each nerve. Scale bar, 100 μm (50 μm 1044 
for enlarged images). 1045 
 1046 
(C) Quantification of optic nerve regeneration in (B) (one-way ANOVA followed by Tukey’s 1047 
multiple comparisons; P < 0.0001 at 250, 500, 750, and 1,000 μm, P = 0.0010 at 1,250 μm; n = 8 1048 
mice for control, n = 10 mice for Slc6a13 overexpression, n = 7 mice for others). 1049 
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Figure 7. Slc6a13 loss-of-function promotes optic nerve regeneration. 1051 
(A) Representative immunofluorescence of whole-mount retinas showing high transduction 1052 
efficiency of AAV2-shSlc6a13-EGFP in RGCs by intravitreal injection. Whole-mount retinas were 1053 
stained with anti-GFP (green) and anti-Rbpms (red). Scale bar, 50 μm. 1054 
 1055 
(B) Top: Experimental timeline. Bottom: Representative images of optic nerves showing that 1056 
knockdown of Slc6a13, but not Lingo3, modestly promotes optic nerve regeneration two weeks 1057 
after optic nerve crush. Columns on the right display enlarged images of the areas in white, 1058 
dashed boxes on the left, showing axons at 250 and 500 μm distal to the crush sites, which are 1059 
aligned with the yellow line. Yellow arrows indicate longest axons in each nerve. Scale bar, 100 1060 
μm (50 μm for enlarged images). 1061 
 1062 
(C) Quantification of the percentage of GFP-positive RGCs in (A). The average transduction rate 1063 
was 92.65 ± 2.743% (n = 3 mice; 8 fields were analyzed for each mouse). Data represent mean 1064 
± SD. 1065 
 1066 
(D) Quantification of optic nerve regeneration in (B) (one-way ANOVA followed by Tukey’s 1067 
multiple comparisons; P < 0.0001 at 250 and 500 μm, P = 0.0248 at 750 μm, P = 0.0263 at 1,000 1068 
μm; n = 8 mice for all). 1069 
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 50 

Figure 8. Ezh2 overexpression enhances optic nerve regeneration by transcriptionally 1071 
suppressing Lingo3 and Omg. 1072 
(A) Top: Experimental timeline. Bottom: Representative images of optic nerves showing that 1073 
Lingo3 or Omg overexpression almost completely blocks Ezh2 overexpression-induced optic 1074 
nerve regeneration. Columns on the right display enlarged images of the areas in white, dashed 1075 
boxes on the left, showing axons at 250, 500, 750, and 1,000 μm distal to the crush sites, which 1076 
are aligned with the yellow line. Yellow arrows indicate longest axons in each nerve. Scale bar, 1077 
100 μm (50 μm for enlarged images). 1078 
 1079 
(B) Quantification of optic nerve regeneration in (A) (one-way ANOVA followed by Tukey’s 1080 
multiple comparisons; P < 0.0001 at 250, 500, 750, 1,000, and 1,250 μm, P = 0.0003 at 1,500 μm; 1081 
n = 10 mice for control and Lingo3 overexpression, n = 9 mice for Ezh2 and Lingo3 co-1082 
overexpression, n = 7 mice for others). 1083 
 1084 
(C) CUT&Tag followed by qPCR showing H3K27me3 enrichment in the promoter region of Lingo3, 1085 
but not that of Omg (two-tailed t test, paired; P = 0.0197 between negative control and Lingo3 R1, 1086 
P = 0.1010 between negative control and Omg R1, P = 0.2329 between negative control and 1087 
Omg R2; n = 3 independent experiments). Note that the negative control and positive control are 1088 
identical to those in Figure 6A. 1089 
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Figure 9. Ezh2 overexpression enhances optic nerve regeneration by transcriptionally 1091 
suppressing Wfdc1. 1092 
(A) Top: Experimental timeline. Bottom: Representative images of optic nerves showing that 1093 
Wfdc1 overexpression completely blocks Ezh2 overexpression-induced optic nerve regeneration. 1094 
Columns on the right display enlarged images of the areas in white, dashed boxes on the left, 1095 
showing axons at 250, 500, 750, and 1,000 μm distal to the crush sites, which are aligned with 1096 
the yellow line. Yellow arrows indicate longest axons in each nerve. Scale bar, 100 μm (50 μm 1097 
for enlarged images). 1098 
 1099 
(B) Quantification of optic nerve regeneration in (A) (one-way ANOVA followed by Tukey’s 1100 
multiple comparisons; P < 0.0001 at 250, 500, 750, 1,000, and 1,250 μm, P = 0.0015 at 1,500 μm; 1101 
n = 10 mice for control, n = 7 mice for Ezh2 overexpression, n = 9 mice for Wfdc1 overexpression, 1102 
n = 8 mice for Ezh2 and Wfdc1 co-overexpression). Note that the control and Ezh2 1103 
overexpression conditions are identical to those in Figure 8B. 1104 
 1105 
(C) CUT&Tag followed by qPCR showing H3K27me3 enrichment in the promoter region of Wfdc1 1106 
(two-tailed t test, paired; P = 0.0357 between negative control and Wfdc1 R1, P = 0.0478 between 1107 
negative control and Wfdc1 R2; n = 3 independent experiments). Note that the negative control 1108 
and positive control are identical to those in Figure 6A. 1109 


