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Through deep single cell RNA sequencing of regenerating corticospinal neurons, Kim et al. 

identify antioxidant response gene NFE2L2 as a new regulator of axon regeneration and develop a 

Regeneration Classifier that can be broadly applied to predict the regenerative potential of diverse 

neuronal types based on their single cell transcriptomes.

SUMMARY

Despite substantial progress in understanding the biology of axon regeneration in the CNS, our 

ability to promote regeneration of the clinically important corticospinal tract (CST) after spinal 

cord injury remains limited. To understand regenerative heterogeneity, we conducted patch-based 

single cell RNA sequencing on rare regenerating CST neurons at high depth following PTEN 
and SOCS3 deletion. Supervised classification with Garnett gave rise to a Regeneration Classifier, 

which can be broadly applied to predict the regenerative potential of diverse neuronal types 

across developmental stages or after injury. Network analyses highlighted the importance of 

antioxidant response and mitochondrial biogenesis. Conditional gene deletion validated a role 

for NFE2L2 (or NRF2), a master regulator of antioxidant response, in CST regeneration. Our 

data demonstrate a universal transcriptomic signature underlying the regenerative potential of 

vastly different neuronal populations, and illustrate that deep sequencing of only hundreds of 

phenotypically identified neurons has the power to advance regenerative biology.

INTRODUCTION

After spinal cord injury, axons from the corticospinal tract (CST) do not regenerate 

spontaneously to a significant extent. Extensive research has been conducted on the neuron 

intrinsic and extrinsic control of axon regeneration after CNS injury1,2. One of the first 

and more robust neuronintrinsic pathways manipulated to promote regeneration is the 

PTEN/mTOR pathway: genetic knockout or shRNA knockdown of PTEN, a negative 

regulator of mTOR signaling, promotes CST regeneration3–5. However, even with such 
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molecular interventions, only a few percent of CST axons regenerate, and this regeneration 

further declines with age6. Therefore, understanding the regenerative heterogeneity could 

be key to unlocking the mechanism of regeneration under a variety of pathophysiological 

conditions. In the retinal system, different retinal ganglion cell (RGC) subtypes are known 

to possess different regenerative capabilities and can differentially respond to molecular 

interventions7,8. Such regenerative heterogeneity has not been explored in the CST.

Single cell RNA sequencing (ScRNA-Seq) is a powerful tool to dissect the molecular 

heterogeneity among cells. Currently, most scRNA-Seq approaches involve tissue 

dissociation and random barcoding, sometimes aided by fluorescence-activated cell sorting 

(FACS) to purify the cells of interest9. Single cells in suspension are then sequenced using 

microfluidic devices such as the Chromium controller (10x Genomics)10. These methods 

are particularly suited to profile large numbers of cells in an unbiased manner, followed by 

bioinformatic analyses that define cell type taxotomy11,12.

However, there are several drawbacks with these approaches when probing a very small, 

specific neuronal population with a particular phenotype, such as in the case of regenerating 

CST neurons. First, a very large number of cells need to be sequenced to reach a sufficient 

number of rare cells with the desired phenotype. With their somas residing in layer 5 of 

the sensorimotor cortex, CST neurons already represent a small portion of all cells through 

the cortical layers in the sensorimotor cortex. Assuming ~ 3% of CST neurons regenerating, 

we estimated that regenerating CST neurons in PTEN-deleted mice represent ~0.0118% of 

all cells in the cortical tissue harvested for scRNA-Seq [3% × 4K retrogradely labeled CST 

neurons / (6.8 mm3 × 150K cells/mm3)]13. Thus, for every 100 regenerating CST neurons 

profiled, one would need to sequence ~0.85 million cells, the vast majority of which would 

not provide directly relevant information. Second, with a relatively low sequencing depth, 

the 10x Genomics-based methods may not detect subtle differences (e.g., on rare transcripts) 

among individual neurons of the same type. Third, cell dissociation and FACS may distort 

the transcriptome, especially for projection neurons with long processes14.

These challenges can be addressed with a Patch-based scRNA-Seq method, which allows 

for high sequencing depth while its inherently low throughput does not present a barrier 

since our target neuronal population is very small. Patch-Seq was developed to capture 

the electrophysiological and morphological traits along with single cell transcriptomes on 

the same neurons, where the patch clamp pipette is repurposed to collect single cells from 

acute tissue slices15,16. Microscopy imaging can be integrated into the workflow to include 

morphological information, further expanding the multimodal capabilities of Patch-seq17,18.

To this end, we have applied Patch-based scRNA-Seq to interrogate the transcriptomic 

profiles of regenerating vs non-regenerating CST neurons following PTEN and SOCS3 
deletion. Here we primarily used Patch-Seq as a method to collect neurons under visual 

guidance without employing its electrophysiological capabilities. To minimize PCR biases, 

we adopted a previously published linear amplification method that allows for high quality, 

deep sequencing of high complexity transcriptomes19. We show that deep sequencing even 

on as few as hundreds of CST neurons identified new candidates for regeneration regulators, 

and led to the development of a Regeneration Classifier that can be broadly applied to 
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predict the regenerative potential of diverse neuronal populations based on their single cell 

transcriptomes.

RESULTS

Experimental setup to differentially label regenerating CST neurons

We applied PTEN and SOCS3 co-deletion to induce CST regeneration, as their co-deletion 

had previously been shown to synergistically promote axon growth (regeneration or 

sprouting) from RGCs and CST neurons20,21. To differentially label regenerating vs non-

regenerating CST neurons, we applied two different retrograde viral tracers: one before and 

the other after a dorsal hemisection spinal cord injury (Figure 1A). Specifically, we applied 

the following surgeries on PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice along with tdTomatofl/fl 

control mice. First, we injected AAV-retro-Cre into the thoracic cord at low T8 level at 

8 weeks of age to induce PTEN and SOCS3 deletion and simultaneously activate the 

Rosa26-lsl-tdTomato reporter22. After 4 weeks, we applied dorsal hemisection injury 500 

μm above the first injection site at T8. After another 6 weeks, we injected AAV-retro-GFP 

at low T8 (at the original AAV-retro-Cre injection level, 500 μm below injury). We expected 

that, in PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice, no more than a few percent of CST axons 

would regenerate ~500 μm beyond the injury site within the 10-week post-injury survival 

time and consequently pick up the 2nd tracer in green (GFP), whereas tdTomato would 

label both regenerating and non-regenerating neurons. Accordingly, green/red doubly (i.e., 

yellow) fluorescent CST neurons would have regenerated, while red (tdTomato) only CST 

neurons would most likely have not regenerated (Figure 1B,C).

Histological analyses on brain sections (Figure 1C, S1A) confirmed that GFP/tdTomato 

doubly fluorescent (regenerating) neurons represented only a small subpopulation of all 

CST neurons that were labeled in two PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice (559/15,451 

= 3.6%); in contrast, no GFP labeled neurons were found in two tdTomatofl/fl control mice 

(0/22,849 = 0%), verifying no detectable CST regeneration without molecular intervention 

(Figures 1D; S1B,C). The apparent difference in the total number of retrogradely traced 

CST neurons between WT and PTENfl/fl;SOCS3fl/fl mice (Figure S1B) was likely due to 

tracing variability and the low number (N = 2 / genotype) of mice assessed for histology 

only (Figure S1D). Despite tracing variability, it was clear that only PTEN;SOCS3 deleted 

(but not WT) mice exhibited CST regeneration (Figure S1E).

Patch-based single cell sequencing

We used patch pipette to collect cytoplasmic material of 326 CST neurons 

(123 regenerating, 203 non-regenerating) from acute brain slices of 29 

PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice. Cell collection was visually guided with both 

tdTomato and GFP fluorescent signals, although the setup we used did not allow for high 

resolution reconstruction of neuronal morphology (Figure 1E–J). These cells were processed 

using a modified aRNA linear amplification protocol19, followed by standard Illumina 

TruSeq Stranded mRNA Library Prep. This method enabled us to conduct high quality, high 

depth sequencing of single cells. We targeted to sequence 5 million reads per cell, mapped 

uniquely to exons at ~1 million read pairs, which is ~100 times the depth of high quality 
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10x Genomics data (average 10K read pairs with sequencing saturation starting at 20K). 

The high sequencing depth allowed us to analyze the data using both single cell methods 

(Seurat, Garnett, SingleR) and bulk RNA-Seq methods (DESeq2, EdgeR). Because both 

regenerating and non-regenerating CST neurons underwent PTEN;SOCS3 gene deletion, 

their transcriptomic differences do not necessarily reflect differences in PTEN/mTOR 

or SOCS3/STAT3 signaling. In the following, we describe our analyses with single cell 

methods first, followed by bulk-Seq analyses.

Seurat cluster analysis

For single cell methods, we analyzed the data using SingleR, Seurat, and Garnett. 

Following quality control (which removed 19 cells, resulting in 114 regenerating 

and 193 non-regenerating neurons), we applied SingleR23 to transform our data into 

SingleCellExperiment objects, which classified the vast majority of the samples as neurons 

(304/307 = 99%) (Figure 2A). Only three cells exhibited astrocyte expression profile and 

were excluded from further analysis.

We conducted unsupervised clustering to determine whether regenerating and non-

regenerating neurons would self-segregate based on their transcriptomes. UMAP-based 

Seurat analysis on all data yielded two strong clusters (number of marker genes=1780, 

FDR<0.05). (Figure 2B). DESeq2 analysis on Cluster 1 yielded 731 differentially expressed 

(DE) genes (661 overexpressed, 70 underexpressed) in regenerating neurons. While Cluster 

1 is more balanced between regenerating and non-regenerating neuron, Cluster 2 is enriched 

in non-regenerating neurons (43 non-regenerating, 10 regenerating) (Figure 2C). There were 

no significant DE genes between regenerating and non-regenerating neurons within Cluster 

2.

Building a Regeneration Classifier with Garnett

Unsupervised clustering above may not capture all transcriptomic features due to the 

relatively low sample size and the unusually high sequencing depth24. To gain further 

insights, we turned to an R package called Garnett, a supervised clustering tool to generate 

custom cell type classifier based on scRNA-Seq data25. Using both clusters found from 

Seurat and the regeneration phenotype within only Cluster 1 (i.e., without distinguishing 

the regeneration phenotype within Cluster 2), we trained the program to specifically detect 

regenerating CST neurons. Based on the p-value and logFC of markers found from DE 

genes in each cluster and between regenerating and non-regenerating neurons, we generated 

the marker file. With the marker file (initial marker genes listed in Figure 2D) and scRNA-

Seq data, we trained the program to generate a Regeneration Classifier, which includes 4 

groups: Regenerator, Non-regenerator, Unknown, and Cluster 2 (Figure 2C).

To start to assess the utility of the Regeneration Classifier, we applied it to a recent 10x 

v3 scRNA-Seq dataset on adult mouse primary motor cortex, which represents the cognate 

anatomical site for CST neurons12. Although a majority of glutamatergic neurons were 

classified as Non-regenerators, a substantial subset remained as Regenerators (Figure 2E,F). 

Subdividing glutamatergic neurons revealed cortical layer and neuronal projection-specific 

classifications (Figure 2G,H). Layer 5 (L5) extratelencephalically projecting neurons, 
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which include CST neurons, were among the least regenerating, with <20% classified as 

Regenerators (Figure 2I). (Note that regeneration ratio plots simply show the proportion of 

each group within the neuronal population: Regenerator, Non-regenerator, Unknown, and 

occasionally Cluster 2.) In comparison, a substantially higher proportion (~60–80%) of L6 

intratelencephalically projecting neurons and L6b neurons were classified as Regenerators. 

L2/3 and L5 intratelencephalically projecting neurons fell in between. These observations 

are consistent with a previous in vivo imaging study indicating that L6 neurons exhibit 

a higher frequency of regeneration than L2/3/5 following laser axotomy26. Applying the 

Regeneration Classifier to scRNA-Seq data from adult raphe nuclei27 classified most of the 

neurons (~96%) as Regenerators (Figure 2J), consistent with the observation in the literature 

that raphe nucleus-derived serotonergic (5-HT) axons regrow extensively after chemical or 

physical injury28.

Regeneration classification reflects neurodevelopment stage across neuronal 
types—To systematically assess the validity of the Regeneration Classifier, we applied it 

to 21 published scRNA-Seq datasets on different neuron populations across developmental 

stages (Table S1; Figures 3, 4; S2–S4). There are two predictions for a valid Regeneration 

Classifier: 1) when applied to available scRNA-Seq data, it would delineate a general 

development-dependent decline in the regenerative potential of CNS neurons; 2) the exact 

temporal pattern of such a decline will vary depending on the specific neuronal type 

involved. Each dataset was analyzed for all cell types as well as for neurons only.

Applying the Regeneration Classifier to RGC data through different developmental stages 

(E13, E14, E16, P0, P5, P56)29,30 indicates that: 1) most embryonic RGCs were classified 

as Regenerators, 2) most adult RGCs were classified as Non-regenerators, 3) there was 

a rapid conversion from Regenerators to Non-regenerators between P0 and P5, indicating 

a sharp decline in the regenerative potential (Figure 3A–G). Remarkably, this rapid drop 

in transcriptome-based regeneration potential closely mirrored the pattern of a precipitous 

decline in axon growth capacity at an early postnatal stage from previous in vitro studies31 

(Figure 3H).

We next extended this analysis to other regions of the nervous system from embryonic, 

postnatal, juvenile and adult stages, including forebrain/hindbrain, prefrontal cortex, 

sensory cortex, motor cortex, visual cortex, ventral midbrain, raphe nucleus, hypothalamus, 

cerebellum, spinal cord, and dorsal root ganglia (DRG)12,27,32–48. A detailed description of 

the specific datasets taken from each reference is listed in Table S1. Results indicate that, 

similar to RGCs, many neuronal types and CNS regions lose their regenerative potential 

between birth and postnatal day 23, roughly corresponding to the juvenile stage. This overall 

trend is best captured in Figure 4, where the percent of regeneration is calculated as the 

number of Regenerators over the sum of Regenerators and Non-regenerators (with the 

error bars representing extreme cases where Unknowns are either all Regenerators or all 

Non-regenerators).

Neurons in the ventral midbrain exhibit an earlier partial decline by around E15.5 (Figures 

4; S2A–C). Sensory cortex, hypothalamus, prefrontal cortex, and visual cortex in turn 

lose their regenerative potential between P17–21 and P56 (Figures 4; S2D–H, S3). Note 
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that the precision of this timeline for any particular neuronal type was limited by the 

sampling frequency (e.g., postnatally for ventral midbrain, visual cortex). Motor cortex 

does not completely lose its regenerative potential by P56, reflecting some regenerative 

heterogeneity within cortical layers as discussed above (Figures 4, 2E–I). Likewise, spinal 

cord neurons exhibit an incomplete loss of their regenerative potential by P56, likely 

reflecting spontaneous regenerative ability of some spinal interneurons49 (Figures 4; S4A–

F). Cerebellum retains most of its regenerative potential by P17–21, the latest timepoint for 

which data were available (Figures 4; S4G–I). Raphe nuclei and DRG neurons retain most of 

their regenerative potential even by P56, a full adult stage (Figures 4, 2J; S4J–L, S7A,D).

Compared with adult CNS neurons, adult CNS non-neuronal cells tend to be classified 

more as Regenerators, sometimes displaying a salt-and-pepper pattern between Regenerators 

and Non-regenerators (e.g., Figures S2D, 3D,H). Together, these results illustrate that our 

Regeneration Classifier has strong predictive power for the regenerative potential across 

neuronal types, anatomical regions, and developmental timeline.

Applying Regeneration Classifier to other axon injury studies

Applying the Regeneration Classifier to scRNA-Seq data from published CNS injury studies 

revealed a partial transition from Non-regenerators to Regenerators that is accelerated by 

molecular interventions (Figures 5; S5, S6). Adult spinal neurons exhibit a notable baseline 

regenerative potential36, again likely reflecting that of some interneurons (Figures 5A; 

S5A,B)49. Following spinal cord injury, a gradual transition occurred from Non-regenerators 

to Regenerators within the first 7 days post injury (Figure 5A). In the retinal system, 

adult RGCs exhibited a very low baseline regenerative potential, yet the same transition 

towards a high regenerative potential occurred within 7 days after optic nerve crush 

(Figure 5B; S5C–H)30. These data are consistent with a previous study indicating that 

neurons revert to a transcriptional growth state soon after injury without any molecular 

or cellular intervention50. With molecular interventions such as single, double or triple 

gene manipulations (involving PTEN;SOCS3 loss of function and CNTF gain of function), 

this reversion is accelerated in RGCs, most notably with PTEN;CNTF double molecular 

intervention (Figures 5C; S6)51. While some of the unknown group may be due to 

insufficient transcriptomic information, the temporal pattern of transition after injury 

suggests that the unknown group may reflect a transitional state between Regenerators and 

Non-regenerators. In contrast, applying the Regeneration Classifier to DRG neuron data with 

multiple CNS and PNS injury models (including sciatic nerve injury, dorsal root crush, and 

spinal cord injury)39,41 revealed a high pre-injury regenerative potential that sustained after 

injury (Figures 5D; S7).

Of all the published scRNA-Seq datasets we analyzed, Cluster 2 neurons were only 

identified in two studies, including one study involving PTEN;SOCS3 deletion on RGCs51, 

suggesting that Cluster 2 may bear features unique to PTEN;SOCS3 gene deletion. We 

also developed a separate Regeneration Classifier by comparing regenerating and non-

regenerating neurons from both clusters (instead of only Cluster 1). A limited analysis on 

two datasets44,46 yielded similar results (data not shown), likely because the contribution 

from Cluster 2 was limited.
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Limitations on applying Regeneration Classifier

Some variations exist between different published datasets (sometime even from the same 

research team), likely due to differences in the exact experimental paradigms / conditions, 

and the sequencing technologies used. Results from two DRG studies exhibited some 

discrepancies with other studies (Figures 5D; S4J–L, S7). Usoskin et al 2015 on adult 

DRGs40 and Zeisel et al 2018 on juvenile DRGs37 used the older technologies, while 

Avraham et al. 202039 used newer technologies, leading to some inconsistencies in the 

graph plotted for DRGs in Figure 4. Likewise, results from two injured RGC studies30,51 

also exhibited some differences, particularly notable at 7 days post injury without genetic 

manipulation (Figure 5B,C; S5G, S6C). Thus, intra-study comparisons are likely more 

accurate than inter-study comparisons.

Applying the Regeneration Classifier to published single nucleus RNA sequencing (snRNA-

Seq) data of adult CNS neurons generated inconclusive data on three out of four datasets. 

Most neurons were unexpectedly classified as unknown in these three studies52–54, which 

used the drop-seq (earlier version than Chromium 10x) or the 10x v2 kit (Figure S8A–

C). The 4th study used the 10x v3 kit and generated distinct classifications, including 

retrogradely traced CST neurons that were classified mostly as Non-regenerators55 (Figure 

S8D–F). Therefore, while the Regeneration Classifier is compatible with all scRNA-Seq 

datasets tested, it is less compatible with snRNA-Seq datasets likely due to the lack of 

cytoplasmic RNAs coupled with the older technologies that led to insufficient sequencing 

complexity56.

Differential expression and gene network analyses

For bulk RNA-Seq methods, we analyzed differential gene expression with DESeq2 and 

EdgeR. DESeq2 gave 862 DE genes, with 711 overexpressed and 151 underexpressed genes 

in regenerating neurons as compared with non-regenerating neurons (FDR corrected p-value 

< 0.05, |log2 Fold change| > 1) (Figure 6A,B). Gene ontology (GO) analysis revealed that 

overexpressed genes (in regenerating neurons, as below) were enriched in ATP metabolic 

process (FDR = 7.51E-10), oxidative phosphorylation (FDR = 1.80E-08) and cellular 

respiration (FDR = 1.05E-7), indicating that mitochondrial activities are heavily involved 

in CST regeneration (Table S2).

Two top differentially overexpressed genes (based on log2 fold change, or logFC) include 

ATP5A1 and ATPIF1, which are regulators of mitochondrial ATP synthesis, likely reflecting 

the requirement for high energy production during regeneration (Table S3A, Figure 6A). 

Other top differentially overexpressed genes include SETD3, ATF4 and EIF3F. SETD3 
is an actin-specific histidine methyltransferase contributing to cytoskeleton integrity, and 

was recently found to mediate PTEN suppression-induced neuroprotection in an ischemia-

reperfusion injury model by promoting actin polymerization and preserving mitochondrial 

function57. ATF4 (Activating Transcription Factor 4) encodes a transcription factor of the 

cAMP response element-binding (CREB) protein family, which has another member, ATF3, 

extensively studied in peripheral axon regeneration. EIF3F (eukaryotic initiation factor 3F) 

is part of the EIF3 complex that functions in the initiation of protein translation. Ingenuity 

Pathway Analysis (IPA) identified EIF2 signaling as the top overexpressed canonical 
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pathway (Figure 6C), reaffirming the importance of protein synthesis. Other top pathways 

included oxidative phosphorylation, regulation of eIF4 and p70S6K signaling (related 

to mTOR and protein translation), Huntington’s disease signaling, and mitochondrial 

dysfunction, among others.

Through gene network analyses on all DE genes (FDR<0.05, fold change>2), we found 

gene hubs that control large numbers of DE genes. Two hub genes that repetitively emerged 

from these analyses and regulate large numbers of DE genes were NFE2L2 and PPARGC1A 
(Figure 6D,E). NFE2L2 (nuclear factor erythroid-derived 2-like 2, also known as nuclear 

factor erythroid 2-related factor 2, or NRF2; not to be confused with another gene, nuclear 

respiratory factor 2, or NRF-2) encodes a transcription factor that activates antioxidant 

genes under oxidative stress in response to injury and inflammation58,59. PPARGC1A 
(peroxisome proliferator-activated receptor gamma coactivator 1-alpha, or PGC-1α) encodes 

a transcriptional co-activator that serves as a master regulator of mitochondrial biogenesis60. 

The Graphical Summary of IPA Core Analysis indicates that overexpression of NFE2L2 
(along with PPARGC1B, a homologue of PPARGC1A) is related to an increase in “Size 

of body” function, a decrease in cell death of tumor or cancer cells, and transport of 

molecules and vesicles (Figure 6F). Additional hub genes include regeneration promoters 

MYC and IGF1R. Direct upstream regulators included RICTOR (Inhibited, p=1.58E-33), 

MLXIPL (activated, 2.06E-24) and MYC (activated, p= 1.07E-21) (Table S4). RICTOR 

(Rapamycin-insensitive companion of mTOR) is a component of the mTORC2 complex, 

which has been shown to inhibit axon regeneration61.

EdgeR, a weighted mean of log transformed method, detected 7751 DE genes (4813 

overexpressed and 2948 underexpressed) in regenerating neurons (FDR p-value<0.05, |log2 

fold change|>1) (Table S5A). GO analysis indicates that overexpressed genes are enriched 

in cytoplasmic translation, various metabolic processes, ATP biosynthetic process, and 

oxidative phosphorylation, among others (Table S5B), while underexpressed genes are 

enriched for localization functions such as cellular macromolecule localization and protein 

localization (Table S5D).

The top 20 differentially overexpressed genes (based on logFC) include BCL11A and 

SNX4. BCL11A (also known as CTIP1) interacts with calcium/calmodulin-dependent serine 

kinase (CASK) to regulate axon outgrowth and branching62. In yeast, the evolutionarily 

conserved SNX4 fine-tunes the autophagic response via regulating intracellular trafficking 

following TORC1 inhibition63. Top 20 differentially underexpressed genes (based on logFC) 

in regenerating neurons include KLF17 and FOXG1 (Table S5C). KLF17 suppresses 

epithelial-mesenchymal transition and metastasis in a model of breast cancer64, and 

members of the KLF family of transcriptional factors are known to regulate axonal growth 

and regeneration, with some promoting and others suppressing growth65. FOXG1 encodes 

a transcriptional repressor highly expressed during neural development that functions in 

establishing neocortical organization and callosal projections66.

Of the two different models (DESeq2 and EdgeR), there was an overlapping set of 609 DE 

genes (474 overexpressed, 135 underexpressed in regenerating neurons, representing ~67% 

and ~89% of DE genes detected with DESeq2). Overlapping genes proved to be strongly 
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significant in both EdgeR (FDR<0.01) and DESeq2 (FDR<0.001). The GO biological 

processes of overlapping overexpressed genes were enriched in oxidative phosphorylation 

and cellular respiration (Table S6A). GO biological process of overlapping underexpressed 

genes were enriched in neuron differentiation and macromolecule localization (Table S6B).

We compared our data with a published bulk RNA-Seq dataset on regenerating CST neurons 

following neural stem cell (NSC) transplant into a spinal cord injury site50. Despite the 

differences in the experimental paradigms including methods to induce CST regeneration, 

time after injury, and RNA-Seq techniques, we still found similarities between the two 

studies. From NSC transplant study, 2175 genes (38%) (E12 VS IP in three time points after 

injury) out of 5708 DE genes and 812 genes (36%) (Naïve VS IP in three time points after 

injury) out of 2228 were overlapped with our study based on EdgeR analysis. Among the 

7751 DE genes in our data (FDR<0.05), the overlapping genes were 28% (E12 samples) 

and 10% (naïve samples). Similarly, 36% of the genes expressed differently in the injury 

only samples compared to the naïve sample overlapped with the published data (as shown 

in Table S7). These overlaps indicate that some regenerative pathways are shared even with 

vastly different regenerative interventions. Notably, our data also identified Huntington’s 

Disease Signaling as a top canonical pathway (Figure 6C) and Huntingtin (HTT) as a top 

upstream regulator of DE genes (Table S4), as HTT was found to be a central hub in the 

NSC transplant study50.

NFE2L2 deletion diminishes CST regeneration induced by PTEN deletion

Both NFE2L2 and PPARGC1A emerged as central hubs of gene network and upstream 

regulators of DE genes in regenerating vs. non-regenerating CST neurons (Figure 6D,E). We 

thus pursued these as top candidates of new regeneration regulators, starting with NFE2L2. 

Because NFE2L2 was hypothesized to positively regulate regeneration, we assessed the 

effect of NFE2L2 deletion in PTEN deletion background, which provides an elevated level 

of baseline regeneration so that any reduction in regeneration could be detected.

We injected AAV-Cre to the sensorimotor cortex of NFE2L2fl/fl;PTENfl/fl mice along with 

PTENfl/fl mice and wild-type (WT) control mice (Figure 7A). Four weeks later, mice were 

subjected to dorsal hemisection spinal cord injury. Six weeks later, BDA was injected into 

the sensorimotor cortex to anterogradely trace CST axons, and mice were sacrificed 2 weeks 

later. In injured mice of all three genotypes, transverse spinal cord sections 4–5 mm rostral 

to the T8 injury site exhibited anticipated CST axon patterns; 4–5 mm caudal to injury, no 

CST axons were detected, indicating lesion completeness (Figure S9A–F). There were no 

significant differences in the number of BDA-labeled CST axons in the medulla among the 

genotypes (Figures S9G–I, 7G).

As expected, WT mice exhibited no or little regeneration (Figure 7B), whereas PTEN 
deleted mice exhibited significant CST regeneration (Figure 7C)3. Strikingly, PTEN and 

NFE2L2 co-deletion abrogated CST regeneration that is normally seen in PTEN deleted 

mice (Figure 7D). To quantify CST regeneration, axon densities at defined distances rostral 

to injury were normalized against the axon density at 1.5 mm rostral to injury; axon 

numbers at defined distances caudal to injury were normalized against total axon counts 

in the medulla, as described67 (see Methods for details). This quantitative analysis verified 
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the qualitative observation: rostral to injury, PTEN;NFE2L2 doubly deleted mice exhibited 

a modest decrease in CST axon density indices as compared to PTEN deleted mice, but 

did not reduce to WT levels; caudal to injury, double gene deletion abolished any CST 

regeneration induced by PTEN deletion (Figure 7E,F). Therefore, deleting NFE2L2 reduces 

regeneration rostral to injury and regenerating axons especially have difficulty navigating 

beyond the injury site.

RNAscope in situ hybridization confirmed a substantial reduction of NFE2L2 mRNA levels 

in mouse brains (Figure S10). As a control, we assessed CST axon pattern and total labeled 

axon counts in the medulla in a limited number of uninjured WT, PTEN and PTEN;NFE2L2 
conditional gene deletion mice, and found no overt differences among different genotypes 

(Figure S11). The number of mice examined for uninjured controls were low, at N = 2 

per genotype; ideally, a minimum of N = 3 per genotype is desirable. Previous spinal cord 

regeneration studies examined N = 2–3 per genotype for uninjured controls of germline 

knockouts68, or no uninjured controls for conditional knockouts50 where there is less of 

a concern for developmental defects. The current study involves inducible, conditional 

knockout mice. This potential caveat is further mitigated by the normal looking CST axon 

patterns in injured PTEN;NFE2L2 deletion mice in the medulla and the spinal cord rostral 

to the injury site (Figures S9, 7G). Together, these results identify NFE2L2 as a positive 

regulator of CST regeneration, and validate our Patch-Seq approach in discovering new 

regeneration regulators.

DISCUSSION

In this study, we adapted a Patch-seq workflow to conduct single cell sequencing on 

regenerating CST neurons following PTEN;SOCS3 gene deletion. The unusually high 

sequencing depth afforded by this approach allowed us to conduct both single cell analyses 

such as Seurat and Garnett and bulk-Seq analyses on differential gene expression. The 

former led to the development of a Regeneration Classifier that exhibits predictive power 

for the regenerative abilities of a wide spectrum of neuronal types based on their single cell 

profiles. The latter led to the identification of new candidates of regeneration regulators, one 

of which, NFE2L2 (also known as NRF2), has been validated by genetic analyses with an 

in vivo injury model. Thus, deep sequencing of even hundreds of neurons may reveal new 

biological insights into neuronal regeneration following spinal cord injury.

We used the Garnett R package to train a Regeneration Classifier based on DE genes 

within Cluster 1. We found that our Regeneration Classifier can be applied in an unbiased 

manner to characterize any published scRNA-Seq dataset. This generated a pattern of 

regeneration classification for various neuronal populations that remarkably reflects prior 

knowledge on their regenerative potential based on the neuronal type and developmental 

stage. Overall, embryonic neurons tend to be classified as Regenerators while adult neurons 

exhibit the opposite trend. Within adult neurons, while RGCs and many other CNS neuronal 

types exhibit a low regenerative potential, DRG and serotonergic neurons in the raphe 

nuclei exhibit a high regenerative potential based on the Regeneration Classifier, with other 

neuronal types falling in between. Applying the Regeneration Classifier to CNS injury 

datasets (CST neurons and RGCs) supports an emerging hypothesis that CNS neurons 
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revert to a regenerative state after injury50, and further indicate that this reversion can be 

accelerated with molecular intervention. Because our Regenerative Classifier was developed 

based solely on data from CST neurons following PTEN;SOCS3 deletion, these results 

indicate the existence of a broadly applicable transcriptomic signature underlying the 

regenerative abilities of diverse neuronal populations.

It has been extensively shown in the literature that neurons undergo a developmental 

stage-dependent decline in regenerative abilities. However, our data provide for the first 

time to our knowledge a transcriptomic basis for this phenomenon across vastly different 

neuronal types. Previous studies typically focused on one neuronal type at a time. Our 

study illustrates a broadly—potentially universally—applicable transcriptomic signature 

underlying the regenerative abilities of a diversity of neuron types as reflected by the 

Regeneration Classifier. Future studies will refine its predictive power. The Regeneration 

Classifier may be applied to pinpoint the critical transition time in development when 

neurons rapidly lose their regeneration abilities, as exemplified by RGCs (Figure 3G,H). The 

Regeneration Classifier may also be used to predict the regeneration-enhancing effects of 

various molecular and/or cellular interventions based on scRNA-Seq data given that these 

data are becoming widely available. This is especially useful when assessing many different 

experimental conditions such as combinatorial treatment or many different time points 

after injury and/or intervention. Because transcriptomic changes often precede phenotypic 

changes, prediction of regeneration based on scRNA-Seq data will provide a more sensitive 

way to capture a regenerative response than physiological readouts. For preclinical studies, 

a Regeneration Classifier may serve as a biomarker to predict the likelihood of success 

for candidate regenerative therapies. In this regard, our approach will likely have broad 

applicability in studying many other neurological conditions.

The Regeneration Classifier does not readily make predictions on whether a more 

regenerative neuronal type will be more amenable to regeneration-promoting manipulations, 

especially one targeting PTEN;SOCS3. For instance, 5-HT neurons in the raphe nuclei 

exhibit robust spontaneous regeneration28 and are classified as such in the current study 

(Figures 2J, 4). Previous work indicates that targeting PTEN pharmacologically enhances 

5-HT axon growth after spinal cord injury69. However, genetically targeting PTEN;SOCS3 
has not been tested on 5-HT axon regeneration. While this would be an interesting 

experiment to pursue in its own right, either positive or negative outcome will not validate 

or invalidate the Regeneration Classifier. Manipulations developed for the regeneration-

resistant CST neurons may or may not work well on the robustly regenerating 5-HT neurons. 

In our Patch-seq experiments, both regenerating and non-regenerating neurons underwent 

PTEN;SOCS3 deletion. Thus, the difference in their regenerative abilities may not rely 

on their PTEN;SOCS3 status. The observation that the Regeneration Classifier can be 

broadly applied to many neuronal types covering 22 published scRNA-Seq studies (Table 

S1, Figures 3–5, S2–S7) strongly suggest that the different regenerative abilities detected 

by Regeneration Classifier are not dependent on PTEN;SOSC3. Future studies are required 

to untangle the complexity involving scRNA-Seq data based regeneration prediction and 

neuron type-specific molecular interventions to promote regeneration.
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There are instances where the Regeneration Classifier appears to break down either 

biologically or technically. Biologically, it is well known that DRG neurons exhibit 

different regenerative outcomes (i.e., robust regeneration after PNS injury, but only limited 

regeneration after CNS injury); however, our Regeneration Classifier uniformly predicted 

DRG neurons to be robustly regenerating regardless of CNS or PNS injuries (Figure 5D). 

This could mean that the Regeneration Classifier, developed on a regeneration-resistant 

CNS neuronal type, works well for CNS but not PNS neurons. Meanwhile, it could also 

mean that the Classifier only captures neuron-intrinsic ability to regenerate, while neuron-

extrinsic factors additionally influence the regenerative outcome. In reality, this is likely 

more complex, as DRG neurons have been shown to elicit different transcriptional programs 

after CNS vs PNS injuries. Technically, three out of four snRNA-Seq datasets analyzed 

did not generate useful predictions (Figure S8A–C), likely due to the low transcriptomic 

complexity resulting from the lack of cytoplasmic RNAs in conjunction with the older 

generation 10x Genomics platforms. One snRNA-Seq study with the newer 10x Genomics 

v3 platform (Beine et al., 2022) generated useful predictions (Figure S8D–F). As more 

labs adopt the newer 10x Genomics platforms with higher transcriptomic complexities, the 

current Regeneration Classifier will likely be sufficient to make useful predictions on new 

snRNA-Seq data. Its predictive power may be further improved by sequencing more CST 

neurons, CST neurons with different regenerative interventions, or other neuronal types 

following molecular intervention.

The GO and IPA analyses illustrated the importance of protein translation, oxidative 

stress response, and mitochondrial biogenesis/function in CST regeneration. Regenerating 

CST neurons differentially overexpress genes and pathways involved in protein translation 

including eIF2, eIF3F, eIF4 and p70S6K. This is in line with the published literature 

on PTEN/mTOR and other pathways demonstrating the importance of protein synthesis 

in CNS axon regeneration3,70. Other genes/pathways known to regulate axon growth and 

regeneration were also captured in our study, such as MYC, IGF1R and HTT (Table S4). 

MYC overexpression synergizes with PTEN;SOCS3;CNTF manipulations to promote robust 

retinal axon regeneration after optic nerve crush71. Administration of IGF1R antibodies 

blocks CST axon extension in the postnatal spinal cord72. HTT (Huntingtin) mediates host 

CST axon regeneration into neural stem cell graft implanted at a spinal cord injury site50.

Compared with protein translation, much less is known about the role of antioxidant 

response and mitochondrial biogenesis in CNS axon regeneration. In our study, NFE2L2 and 

PPARGC1 emerged as two top upstream regulators of pathways enriched in regenerating 

neurons. It should be noted that signaling pathways involving NFE2L2 and PPARGC1
— and not necessarily their own expression levels—were predicted be upregulated in 

regenerating neurons. NFE2L2 (NRF2) encodes a master regulator of the antioxidant 

defense system73. Upon oxidative stress, NRF2 enters the nucleus and mediates the 

transcription of antioxidant genes through binding to an enhancer element called antioxidant 

response element (ARE). Extensive studies have shown a cytoprotective role for NRF2 

in a variety of pathological conditions including inflammation, cancer, cardiovascular 

and neurodegenerative diseases. NFE2L2;PTEN double gene deletion abolishes CST 

regeneration induced by PTEN deletion, pointing to an important role for NRF2-mediated 

antioxidant response in CST regeneration. As aging reduces the expression level of NRF274, 
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this may partially account for the age-dependent decline in CST regeneration previously 

reported with PTEN deletion6. Conversely, a previous study indicates that reactive oxygen 

species (ROS) is required for peripheral and dorsal column sensory axon regeneration75. 

Thus, the complex roles of ROS, oxidative stress and antioxidant defense system, including 

any neuronal type-specific regulation, remain to be fully elucidated.

Another top candidate, PPARGC1A (or PGC-1α), encodes a master regulator of 

mitochondrial biogenesis76. The role of PGC-1α in CST regeneration awaits to be 

validated in vivo with function perturbation experiments. Nevertheless, our observation 

that these two genes (NFE2L2, PPARGC1A) sit at the top of the regulatory network 

in regenerating neurons highlights the importance of both antioxidative response and 

mitochondrial biogenesis. Indeed, mitochondrial function and dysfunction are intimately 

linked to oxidative stress and redox state within the cells. There is evidence that NFE2L2 
cross-regulates with genes involved in mitochondrial biogenesis and function77. Conversely, 

PGC-1α has a role in antioxidant response78, and can co-activate the transcription of 

NFE2L259; PGC-1α and NFE2L2 may even cross regulate79. Thus, resolving oxidative 

stress and maintaining healthy mitochondria function are likely two important and related 

aspects of CST axon regeneration. Previous studies stressed a role for mitochondrial 

motility and energy metabolism in CNS regeneration80–82. The current study emphasizes the 

importance of countering the negative consequences of mitochondrial dysfunction. While 

our initial in vivo validation focused on loss of function analyses as they tend to better 

reflect the physiological functions of endogenous genes, future studies are required to 

ascertain whether overexpressing NFE2L2 (or PGC-1α) will promote regeneration. Other 

top candidates of positive regulators such as SETD3 may lead to additional biology insights. 

In addition, candidate negative regulators of regeneration can be suppressed to enhance 

regeneration.

Our work highlights the value of deep sequencing on a relatively small number of neurons 

in studying the biology of CNS axon regeneration. As such, deep sequencing of even 

hundreds of CST neurons may lead to the identification of new regeneration regulators 

and the development of a widely applicable Regeneration Classifier, which has likely 

benefited from the Patch-Seq work flow and a linear amplification method resulting in 

an unusually high sequencing complexity19. A recent study applying high depth SMART-

Seq2 to hundreds of FACS-purified RGCs demonstrated that high depth, low sample 

size sequencing can distinguish two rare, transcriptionally similar neuronal subtypes that 

could not be distinguished with droplet-based scRNA-Seq83. Therefore, high depth, low 

throughput scRNA-Seq methods have a unique niche in distinguishing transcriptionally 

similar neuronal subtypes or even states. In our study, the differential gene expression 

between regenerating and non-regenerating CST neurons reflected the different regenerative 

states rather than neuronal subtypes. High depth, low throughput scRNA-Seq methods will 

continue to complement low depth, high throughput methods in understanding new biology.
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STAR METHODS

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Binhai Zheng (bizheng@health.ucsd.edu).

Materials availability

Request for resources and reagents should be directed to the lead contact. This study did not 

generate new unique reagents.

Data and code availability

• Single-cell RNA-seq data have been deposited at GEO and are publicly 

available as of the date of publication. Accession numbers are listed in the key 

resources table. Raw histological data were deposited on Mendeley at: https://

data.mendeley.com/v1/datasets/10.17632/fywzyvgnkb.1

• All original code has been deposited at GitHub and is publicly available as of the 

date of publication. DOIs are listed in the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental model and study participant details

Mice—We used PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice for Patch-Seq experiments and 

tdTomtatofl/fl mice for control. Cre mediated recombination induces gene deletion for 

PTEN and SOCS3, and simultaneously activates the tdTomato reporter gene targeted to 

the ROSA26 locus. PTENf/f; SOCS3f/f;tdTomatof/f line was inherited from previously 

published studies85. The age of mice used were 8 weeks after birth. For NFE2L2 function 

validation experiment using genetic loss of function, we used NFE2L2fl/fl mice from 

Jackson Laboratory (C57BL6-Nfe2l2tm1.1Sred/SbisJ ,Strain #: 025433) and bred this line 

to PTENfl/fl mice to obtain NFE2L2fl/fl;PTENfl/fl mice. The age of mice used were 6 weeks 

after birth. In all experiments, both males and females were used in approximately 1:1 ratio, 

and we did not observe any overt sexual dimorphism in this study. All mice were assessed in 

C57BL/6 background. All procedures were approved by the Institutional Animals Care and 

Use Committee at University of California San Diego and at VA San Diego.

Method details

Mouse surgeries—We performed three mouse surgeries prior to Patch-Seq based cell 

collection. At the age of 8 weeks, AAV-retro-Cre (10^13 gc/ml titer, Boston Children’s 

Hospital Viral core; same below) was injected to low T8 level of the spinal cord. Using 

a 10 μl Hamilton Syringe with a glass pipette attachment, we injected 0.8 μl virus at 0.1 

μl/min to 0.5 mm left from the center of the spinal cord and 0.5 mm deep unilaterally. Four 

weeks after the first injection, dorsal hemisection (0.7 mm depth) was performed 0.5 mm 

above the injection site at T8, as previously described to lesion the main and dorsolateral 

CST axons6,67. A pair of superfine straight vannas scissors (Cat # 501778, WPI) were 
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used to cut the dorsal half of the spinal cord in multiple cuts at 0.7 mm depth, and the 

injury completeness was ensuring by passing a microfeather blade at 0.7 mm depth (Cat # 

200300715, pfm medical) once in both directions. After 6 weeks, AAV-retro-GFP (10^13 

gc/ml titer) was injected at the same injection site for the first injection. Four weeks after 

the second injection, we sacrificed the mice and collected single cells using a patch clamp 

setup. The contralateral hemispheres were kept in 4% Paraformaldehyde (PFA). In addition, 

a small number of mice (2 tdTomatofl/fl control and 2 PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl 

mice) underwent the same procedures but were perfused with 4% PFA and used solely for 

immunohistochemical examination and quantification of retrogradely labeled CST neurons.

For NFE2L2 function validation experiment, we performed three mouse surgeries prior to 

the terminal procedures. At the age of 8 weeks, we injected AAV-Cre (10^13 gc/ml titer) 

Virus at a rate of 0.1 μl/min for 4 min, total 0.4 μl per injection unilaterally at 0.5mm 

depth to the hindlimb-projecting sensorimotor cortex after craniotomy (Coordinate: 1.4 mm 

lateral, 0.1 mm posterior; 1.0 mm lateral, 0.6 mm posterior; and 1.4 mm lateral, 1.1 mm 

posterior from bregma) as previously described6,67 After 4 weeks, we perform the dorsal 

hemisection spinal cord injury at T8. After 6 weeks, biotinylated dextran amine (BDA, Cat 

# D1956, Invitrogen) was injected into the same coordinates of the cortex as AAV-Cre above 

to trace CST axons. Mice were sacrificed 2 weeks after the BDA injection with pentobarbital 

followed by PFA perfusion. For uninjured mice, we injected AAV-Cre into the cortex at the 

same coordinates, waited 3 weeks and performed PFA perfusion.

Immunostaining and microscopy imaging—For quantification of retrogradely 

labeled CST neurons, the perfused brain blocks from 2 tdTomatofl/fl (control) and 2 

PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice were cut in 20 μm coronal sections from rostral 

to caudal in 1X PBS, and DAPI (1:5000) was applied to stain the nuclei and sections 

were mounted on Superfrost Plus slides and Fluoromount-G was used as the mounting 

medium. The slides were visualized under a Zeiss AxioImager M1 fluorescence microscope 

using separate filters for GFP, tdTomato and DAPI. GFP and tdTomato were visualized 

with their native signals without immunostaining. Images were taken and the numbers 

of neurons carrying GFP and/or tdTomato signals were quantified. Three additional 

contralateral hemispheres from PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice (with the ipsilateral 

side previously used for Patch-Seq collection) were processed in the same way for 

quantification.

For NFE2L2 function validation experiment, sagittal spinal cord and transverse 

medulla sections were stained with rat anti-GFAP primary antibody (Cat # 13–0300, 

ThermoFisher) and anti-Rat secondary antibody conjugated with Alexa 488 (Cat # A-11006, 

ThermoFisher). BDA was stained with ABC kit (PK-4000 , Vector Labs) and TSA reagent 

Cy3.5 (NEL744001KT, Perkin Elmer), as described67. Tissue sections were imaged with 

10x and 20x objectives. To assess CST regeneration, we quantified the rostral axon density 

indices and the caudal axon number indices as previously described67,85. Specifically, 

labeled CST axon densities measured at defined distances rostral to the injury site were 

averaged over ~10 sagittal sections and then normalized against the axon density at 1.5 

mm rostral to injury; labeled CST axon numbers counted at defined distances caudal to the 

injury site were averaged over ~10 sagittal sections and then normalized against total axon 
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counts in the medulla. All quantifications were conducted by experimenters blinded to the 

genotypes, sometimes by multiple experimenters independently to check the results. The 

same procedure on medulla counts was performed for the uninjured mice.

RNAscope—To confirm conditional NFE2L2 gene deletion in brain tissue, a custom 

fluorescent RNAscope Multiplex Fluorescent V2 Assay (ACD Biotechne, Cat #323100) 

was used to detect mRNA. Probes targeting NFE2L2 (exon 5) and Bcl11b (marker for 

CST neurons) were used. For each experimental or control condition, coronal brain sections 

measuring 20 μm in thickness from three mice per genotype were selected spanning the 

region of AAV-Cre injections. The sections were mounted and baked onto Superfrost 

Plus slides (Thermo Fisher Scientific) and blocked for endogenous peroxidase activity; 

subsequently slides underwent antigen retrieval treatment and allowed to dry overnight. On 

the following day, sections underwent protease treatment, and probes were hybridized and 

amplified. Signal was detected with TSA Vivid™ Fluorophore Kit 570 (Tocris, Cat #7526) 

and TSA Vivid™ Fluorophore Kit 520 (Tocris, Cat #7523), and counterstained with DAPI 

for nuclei; 10× images were taken spanning the entire cerebral cortex, and 20× images were 

taken at Layer 5.

Patch clamping and single cell extraction—Mice were sacrificed with Ketamine/

Xylazine mix followed by perfusion with bubbling sucrose cutting solution and decapitation. 

Mouse brains were sliced with VT1000 vibratome (Leica) into 200–400 μm slices. Neurons 

in acute brain slices were visually identified under illumination with an infrared Dodt 

Gradient Contrast system (Scientifica) and fluorescence (488 and 594 nm). Patch pipettes 

(6–10 MOhm; 1.2 mm O.D.) were filled with intracellular solution (K-gluconate 130 mM; 

KCl 2 mM; CaCl2 1 mM; MgATP 4 mM; GTP 0.3 mM; phosphocreatine 8 mM; HEPES 

10 mM; EGTA 11 mM; pH 7.25 and 300 mOsm) containing 0.4 U/μl recombinant RNase 

inhibitor (Clontech).

Under the Dot contrast, the suction pipette was used to remove the top layer of the tissue 

slice including dead debris and connective tissue to expose CST neurons. Then, the patch 

pipette tip was lowered. Using red fluorescence (tdTomato), CST neurons were identified, 

and patch pipette was approached to the cell to form a giga seal. After making whole cell 

configuration, using the strong attachment, the entire cell on patch pipet was lifted straight 

out of the solution. The content was expelled into a PCR tube containing 5 μl of lysis buffer 

(made using NaCl 350 mg, Triton 500 μl, NP-40 500 μl, deoxy 2.5 ml, Tris HCl pH 8.8 

1 ml, Tris HCl pH 6.8 1.5 ml, HEPES 240 mg, pH adjusted to 8) by breaking the end of 

pipette tip and immediately flash frozen using liquid nitrogen. The cellular material was 

centrifuged followed by 1 to 2 freeze thaw cycles to ensure complete lysis of the material.

Modified aRNA protocol—We processed collected single cells using the modified aRNA 

protocol previously described19 followed by Illumina TruSeq Stranded mRNA library prep 

(Cat # 20020594, Illumina).

Sequencing and data processing—Size distribution of sequencing libraries was 

assessed by Agilent D1000 Screen Tape (5067–5582) on an Agilent 2200 TapeStation, and 

library concentrations were measured by Qubit from the IGM Genomics Center at UC San 
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Diego. Libraries were multiplexed and sequenced on an Illumina NovaSeq System with 150 

bp pair-ended reads and trimmed to 100 bp reads.

Sequencing reads were further trimmed from both ends based on quality score. The trimmed 

reads were mapped to mouse genome (Release M22, GENCODE) using STAR aligner 

(STAR - 2.5.3a) at the Triton Shared Computing Cluster (TSCC), UC San Diego95. Mapped 

samples were processed using HTSeq and made into read tables.

Data analysis and developing Regeneration Classifier—Because our Patch-Seq 

data with linear amplification is different from regular 10x based single call data or bulk 

RNA, we used both DESeq2 and EdgeR to identify differentially expressed (DE) genes. 

We conducted Gene Ontology (GO) analysis using the gene list and p-values from our data 

using topGO package. For clustering, we generated a Seurat object from the data and ran 

through the Seurat workflow. Cell types were initially classified using SingleR package. 

Upon publication, we will share our code in the following GitHub page: https://github.com/

neurohugo/SingleCellPatchseqAnalysis.

We generated the Regeneration Classifier from the DE genes in regenerating neurons of 

Cluster 1 using Garnett25. We used Garnett to train cell type classifier using the dataset 

we obtained in this study, and applied it to other datasets from the scRNAseq package 

(Bioconductor)96 and published papers (listed in Supplemental Table 1). All data were 

transformed into Seurat objects97 and classified using the Regeneration Classifier. Using 

the Regeneration Classifier, we also generated the package “RegenOrNoRegen”, which is 

available in the same GitHub page.

The Ingenuity Pathway Analysis (IPA) was done with two different methods. First, for 

the independent network analysis, we applied all DE genes to the field and connected 

them together. Then we applied the Grow function to expand the network, limited only 

one step upstream. We removed all the unconnected genes and organized hierarchically to 

find the hub genes. In addition, we independently applied the Core Analysis and Graphical 

Summary.

Quantification and Statistical Analysis—We assumed that all the data are following 

normal distribution. For the brain counts, we performed the standard one-tailed t-test 

between two groups (PTENfl/fl;SOCS3fl/fl;tdTomatofl/fl mice along with tdTomatofl/fl 

controls) using GraphPad Prism 9.0 software. The GraphPad Prism software doesn’t allow 

us to perform t-test when all the values are the same (at zero), so we added 0.000001 to 

one of the samples. We separately applied t-test using Excel and obtained the same p-value 

(Figure 1).

For differential expression analysis, we used DESeq2 and EdgeR packages in R software. 

We used the FDR adjusted p-value calculated by the program and set 0.05 as the threshold 

for statistical significance (Figure 6, Supplementary Tables S2–S7). The network core 

analysis was performed using Ingenuity Pathway Analysis (IPA) with the adjusted p-values 

calculated by the software.
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For the PTEN;NFE2L2cKO regeneration cohort, we applied two-way RM ANOVA with 

GraphPad Prism in both rostral and caudal quantifications (Figure 7), as described 

previously67. Detailed description is provided in figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Applying Garnett to deep scRNA-Seq of CST neurons led to Regeneration 

Classifier

• Regeneration Classifier predicts regenerative potential of diverse neuronal 

types

• Network analyses implicate antioxidant response and mitochondrial 

biogenesis

• Deleting antioxidant response gene NFE2L2 blocks CST axon regeneration
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Figure 1. Patch-based deep scRNA sequencing of rate regenerating CST neurons following 
PTEN and SOCS3 deletion.
(A) Surgical timeline. SCI, dorsal hemisection spinal cord injury. (B) With dual retrograde 

AAV tracing with one virus before and another after injury, regenerating CST neurons would 

be labeled in both green and red (yellow) while non-regenerating neurons will be labeled 

in red only. (C) Representative immunohistochemical image of retrograde AAV traced CST 

neurons in cortical layer 5 illustrating the typically low incidence of regeneration by CST 

neurons (red + green = yellow) following PTEN and SOCS3 deletion. Scale Bar = 100 

μm; 20 μm (c’ high mag). (D) Quantification of regeneration frequency as the number 

of regenerating (red + green = yellow) neurons normalized against the total number of 

retrogradely labeled (red) neurons in wild-type (WT) and Pten;Socs3 conditional knockout 

(cKO) mice. N = 2 per genotype. **p < 0.01, one-tailed unpaired t-test. Dots represent 

individual mice. Error bar = SEM. (E-G) Patch clamp collection of a regenerating CST 

neuron marked by both tdTomato and GFP (white arrowhead) from an acute brain slice. 

In (G), tdTomato, GFP channels are merged with phase contrast taken from a patch rig at 

high magnification, where black arrowhead marks the patch pipette approaching the doubly 

labeled neuron. (H) Many tdTomato fluorescent CST neurons in the area of interest can be 

seen at low magnification in the brain slice. (I,J) tdTomato positive neurons neighboring a 
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tdTomato negative cell (white arrow). Scale Bar = 100 μm (H), 20 μm (E-G, I, J). See also 

Figure S1.
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Figure 2. Single cell clustering analysis on Patch-Seq’ed corticospinal neurons.
(A) Cell type analysis using SingleR. The most expressed markers were neuronal markers. 

The vast majority of cells were classified as neurons. (B) UMAP representation of 

unsupervised single cell clustering by Seurat. (C) Developing Regeneration Classifier 

(RC) with machine learning of single cell data with Garnett. (D) Main Markers used as 

initial categorization of Regeneration Classifier and ambiguity testing of regenerating/non-

regenerating markers on all clusters (Cluster 1,2 and Regen/Non-regen). (E-I) Applying 

RC to a published dataset on neurons from the mouse primary motor cortex (Yao et al., 

2021) illustrates regenerative heterogeneity. (E) UMAP plot after applying RC to all cells. 

(F) Original UMAP plot of all cells. (G) UMAP plot after applying RC to glutamatergic 

neurons only. (H) Original UMAP showing sub-classification of glutamatergic neurons 

based on cortical layers and axonal projections. ET, extratelencephalically projecting; IT, 

intratelencephalically projecting; NP, near-projecting; CT, corticothalamic. (I) Regeneration 
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ratio plot (including regenerating, non-regenerating and unknown) for different subtypes of 

glutamatergic neurons after applying the RC. (J) Applying RC to neurons from raphe nuclei 

(Okaty et al., 2020). Note most neurons from raphe nuclei are classified as regenerators.
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Figure 3. Applying Regeneration Classifier to retinal ganglion cells (RGCs) across developmental 
stages reveals transcriptomic basis for the precipitous decline of intrinsic axon growth ability of 
RGCs at an early postnatal age.
(A-F) UMAP plots of scRNA-Seq data on RGCs from different developmental stages in 

mice, color coded for regeneration classifications. (G) Regeneration ratio plot based on the 

regeneration classifications. Sc-RNA Seq data source: E13 – P5, Shekhar et al. 2022; P56, 

Tran et al., 2019 (both papers were published by the same research team). (H) Intrinsic 

axon growth ability of in vitro cultured RGCs isolated from rats of different ages reported 

by Goldberg et al., 2002. Note the striking resemblance on the developmental decline 

postnatally in (G) and (H).

Kim et al. Page 31

Neuron. Author manuscript; available in PMC 2024 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Applying Regeneration Classifier to published scRNA-Seq data generates cell type- and 
developmental stage-appropriate classifications.
Percent of regeneration is calculated as the number of regenerating neurons over the sum 

of regenerating and nonregenerating neurons, with the assumption that unknowns are in the 

same ratio as regenerating and non-regenerating neurons for the first approximation. Error 

bars mark the extreme cases where all the unknowns are non-regenerating at the low end or 

regenerating at the high end. There is a general trend for development-dependent decline in 

regeneration potential, with some neuronal populations being more resistant to this decline 

such as neurons in DRGs (dorsal root ganglia) and the raphe nuclei. For prefrontal, sensory, 

motor and visual cortices, the earlier data points were from the forebrain; for raphe nucleus, 

hypothalamus and cerebellum, the earlier data points were from the hindbrain. ScRNA-Seq 

data source: Prefrontal Cortex: Jessa et al., 2019 (E12.5-P3/Forebrain), Bhattacherjee et al 

2019 (P21, P28–56); Sensory Cortex: Jessa et al., 2019 (E12.5-P3/Forebrain), Zeisel et al. 

2015 (P21); Motor Cortex: Jessa et al., 2019 (E12.5-P3/Forebrain), Yao et al. 2022 (P56); 
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Visual Cortex: Jessa et al., 2019 (E12.5-P3/Forebrain), Tasic et al. 2015 (P56); Ventral 

Midbrain: La Manno et al., 2016 (E11.5-E18.5, P28–56); Raphe Nucleus: Jessa et al., 

2019 (E12.5-E16/Hindbrain), Okaty et al. 2020 (P35–70); Hypothalamus: Jessa et al., 2019 

(E12.5-P6 /Hindbrain), Romanov et al. 2017 (Juvenile), Campbell et al., 2017 (Adult), Chen 

et al., 2017 (P56); Cerebellum: Jessa et al. 2019 E12.5-E16/Hindbrain), Peng et al., 2019 

(P0,P8), Zeisel et al., 2018 (P20); Retina (RGCs): Shekhar et al. 2022 (E13-P5), Tran et 

al., 2019 (P56); Spinal cord: Delile et al., 2019 (E9.5–13.5), Liau et al., 2023 (E13.5), 

Hayshi et al., 2018 (P0–3), Zeisel et al., 2018 (P20), Hairing et al., 2018 (P21–28), Milich 

et al., 2020 (Adult); DRG (dorsal root ganglia): Zeisel et al., 2018 (P20), Zeisel et al., 2018 

(P20), Usoskin et al., 2015 (P42–56), Avraham et al., 2020 (P56-). Note that DRG neurons 

exhibit a dip and then recovers likely due to the small sample size and/or the use of older 

technologies in Zeisel et al., 2018 and Usoskin et al., 2015. Retina diagrams (top graph): 

modified from Beby and Lamonerie, 2013; brain diagrams (bottom graph): modified from 

Thompson et al., 2014. See also Figures S2–S4.
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Figure 5. Applying Regeneration Classifier to neurons after injury reveals neuron typespecific 
responses.
(A-D) Regeneration ratio plots on scRNA-Seq data from spinal neurons around a spinal 

cord injury site (A), retinal ganglion cells (RGCs) after optic nerve crush without molecular 

interventions (B), RGCs after optic nerve crush with molecular interventions including 

PTEN/SOCS3 conditional knockout, and/or CNTF overexpression (C), dorsal root ganglion 

(DRG) neurons after various injuries (D). Note that the control RGC profile especially at 7 

days after optic nerve crush in (C) appears different from that in (B), likely reflecting some 

inter-study variability even within the same research team. SNC, sciatic nerve crush; DRC, 

dorsal root crush; SCI, spinal cord injury. ScRNA-Seq data source: Milich et al. 2021 (A); 

Tran et al., 2019 (B); Jacobi et al., 2022 (C); Avraham et al. 2021 (D). See also Figures 

S5–S7, which show the corresponding UMAP plots.
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Figure 6. Bioinformatic analyses of differentially expressed genes identify NFE2L2 and 
PPARGC1A as two central hubs in gene network.
(A) Volcano plot of differentially expressed (DE) genes. Large number of genes were 

significantly (adjusted p-value<0.05) overexpressed in regenerating neurons. (B) Heatmap of 

DE gene expression of regenerating and non-regenerating neurons (yellow: low; brown: high 

in regenerating neurons). (C) Top canonical pathways identified from DE genes between 

regenerating and non-regenerating CST neurons. EIF2 Signaling is the most significantly 

activated pathway followed by Oxidative Phosphorylation. (D) Gene network analysis with 

IPA using main genes with overexpressed and underexpressed genes indicates that NFE2L2 

and PPARGC1A are represented as central regulators of these genes. Red: overexpressed 

genes; Green: underexpressed genes. Non-hub upstream genes are not shown. (E) Full 

network analysis illustrates NFE2L2 and PPARGC1A as two top regulators of DE genes. (F) 

Graphical summary of core analysis also implicates NFE2L2 as a hub in the network. Note 

that PPARGC1B (instead of PPARGC1A) is a node in this network.
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Figure 7. NFE2L2 gene deletion substantially diminishes PTEN deletion-induced CST axon 
regeneration.
(A) Experimental timeline (B-D) Representative sagittal thoracic spinal cord sections 

showing BDA-traced CST axons at and around the T8 dorsal hemisection spinal cord injury 

site (arrow) from wild-type (WT), PTEN conditional knockout (cKO), and PTEN;NFE2L2 
double cKO mice. Rostral is to the left; caudal is to the right. Selected areas in dotted 

boxes in low magnification images on the left are shown at high magnification on the right. 

Scale bar = 300 μm (B-D, low mag), 100 μm (B’-D”, high mag). (E) Quantification of 

axon density indices rostral to injury. Axon density indices were calculated as the average 

axon intensity at defined distances rostral to injury, and then normalized to axon density at 

1.4–1.5 mm rostral to injury (mean ± SEM). Two-way RM ANOVA revealed significant 

differences across genetic conditions. Multiple comparisons with Bonferroni correction 

revealed elevated densities in PTENcKO multiple distance from injury site. **p < 0.01 

at 600–300 μm; ***p < 0.001 at 200–100 μm. PTEN;NFE2L2cKO showed significantly 
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elevated densities at 300 μm, *p < 0.05. (F) Quantification of axon number indices caudal 

to the injury site. Axon number indices were calculated as the average axon numbers at 

defined distances caudal to injury and then normalized to total axon count labeled in the 

medulla. Two-way RM ANOVA revealed statistically significant differences across genetic 

conditions. Multiple comparisons with Bonferroni correction revealed significantly elevated 

regeneration for PTENcKO: ***p < 0.001 at 50–200 μm, *p < 0.05 ; at 250 μm. Annotations 

for statistics for E and F: *p < 0.05, **p < 0.01, ***p < 0.001. (G) Quantification of 

total number of BDA labeled CST axons in medulla. N = 7 (WT), 10 (PTENcKO), 7 

(PTEN;NFE2L2cKO). See also Figures S9–S11.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti mouse GFAP
Thermo 
Fisher 
Scientific

Cat# 130300; RRID: AB 
2532994

Bacterial and virus strains

AAV/retro-CAG-CRE-WPRE
Boston 
Children’s 
Hospital

N/A

AAV/retro-CAG-GFP-WPRE
Boston 
Children’s 
Hospital

N/A

AAV2.CAG-CRE-WPRE
Boston 
Children’s 
Hospital

N/A

Biological Samples

Normal Horse Serum Vector 
Laboratories Cat# S-2000

Triton X-100 Bio-Rad Cat# 1610407

Cryo OCT Fisher 
scientific Cat# 1437365

Critical commercial assays

Biotinylated Dextran, 10,000 MW,
Thermo 
Fisher 
Scientific

Cat# D1956

Superscript III
Thermo 
Fisher 
Scientific

Cat# 18080085

MEGAscript® T7 Transcription Kit
Thermo 
Fisher 
Scientific

Cat# AMB13345

RNasin (Promega) From VWR VWR Cat# PAN2515

Clean XP Beads Beckman 
Coulter Cat# A63987

TruSeq Stranded mRNA Sample Prep Kit Illumina Cat# RS-122–2101

AMPure Beads Beckman 
Coulter Cat# A63881

Superscript II
Thermo 
Fisher 
Scientific

Cat# 18064071

TSA Vivid™ Fluorophore Kit 520 Biotechne Cat# 7523

TSA Vivid™ Fluorophore Kit 570 Biotechne Cat# 7526

TSA™ Plus Fluorescein System Perkin Elmer Cat# NEL741001KT

VECTASTAIN® Elite® ABC-HRP Kit
Vector 
Laboratory Cat# PK-6100

Deposited data

Single cell sequencing data This paper GEO: GSE205769

Neuron. Author manuscript; available in PMC 2024 December 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 39

REAGENT or RESOURCE SOURCE IDENTIFIER

Mendeley data for histology This paper

https://
data.mendeley.com/v1/
datasets/10.17632/
fvwzyvgnkb.1

Experimental models: Organisms/strains

Mouse: PTENf, B6.129S4-Ptentm1Hwu/J The Jackson 
Laboratory Strain#: 006440

Mouse: SOCS3f, B6129S4- The Jackson
Strain#: 010944

Socs3tm1Ayos/J Laboratory

Mouse: tdTomato, B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J The Jackson 
Laboratory Strain#: 007914

Mouse:NFE2L2f, C57BL6-Nfe2l2tm1.1SredSbisJ The Jackson 
Laboratory Strain#: 025433

Oligonucleotides

dT-T7 oligo: 
GGAGGCCGGAGAATTGTAATACGACTCACTATAGGGAGACGCGTGTTTTTTTTTTTTTTTTTTTTTTTTV

Li and 
Eberwine84 N/A

PTEN Forward: CAAGCACTCTGCGAACTGAG The Jackson 
Laboratory Strain#: 006440

PTEN Reverse: AAGTTTTTGAAGGCAAGATGC The Jackson 
Laboratory Strain#: 006440

SOCS3 Forward: CGGGCAGGGGAAGAGACTGT The Jackson 
Laboratory Strain#: 010944

SOCS3 Reverse: GGAGCCAGCGTGGATCTGC
Geoffroy et 
al.,85 N/A

ROSA26 Forward: AGGGAGCTGCAGTGGAGTA The Jackson 
Laboratory Strain#: 007914

ROSA26 Reverse: CCGAAAATCTGTGGGAAGTC The Jackson 
Laboratory Strain#: 007914

tdTomato Forward: CTGTTCCTGTACGGCATGG The Jackson 
Laboratory Strain#: 007914

WPRE Reverse: GGCATTAAAGCAGCGTATCC The Jackson 
Laboratory Strain#: 007914

NFE2L2 Forward: TCATGAGAGCTTCCCAGACTC The Jackson 
Laboratory Strain#: 025433

NFE2L2 Reverse: CAGCCAGCTGCTTGIIIIC The Jackson 
Laboratory Strain#: 025433

Recombinant DNA

RNAscope® Probe - Mm-Nfe2l2 - musculus nuclear factor erythroid derived 2 like 2 (Nfe2l2) transcript variant 1 
mRNA

Biotechne Cat# 475571

RNAscope® Probe - Mm-Bcl11b-C3 - Mus musculus B cell leukemia/lymphoma 11B (Bcl11b) transcript variant 
2 mRNA

Biotechne Cat# 413271-C3

Random Primers (Promega) From VWR VWR Cat# PAC1181

Software and algorithms

Codes for data processing including the application package for Regeneration Classifier This paper
https://github.com/
neurohugo/
SingleCellPatchseqAnalysis

Zen Blue Zeiss N/A

R 3.6.2 R project https://www.r-project.org/
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REAGENT or RESOURCE SOURCE IDENTIFIER

STAR 2.7.10b Dobin et al.,86 https://github.com/
alexdobin/STAR

Samtools Li H et al.,87 http://www.htslib.org/

htseq Putri et al.,88
https://
htseq.readthedocs.io/en/
master/

DESeq2 Love et al.,89
https://bioconductor.org/
packages/release/bioc/html/
DESeq2.html

EdgeR
Robinson et 
al.,90

https://bioconductor.org/
packages/release/bioc/html/
edgeR.html

Ingenuity Pathway analysis Qiagen

https://
digitalinsights.qiagen.com/
products-overview/
discovery-insights-
portfolio/analysis-and-
visualization/qiagen-ipa/

Seurat 2.3.4 / 4.0 Butler et al.,91 https://satijalab.org/seurat/

Garnett Pliner et al.,25 https://cole-trapnell-
lab.github.io/garnett/

scRNAseq Bioconductor

https://bioconductor.org/
packages/release/
data/experiment/html/
scRNAseq.html

SingleR Aran et al.,23 https://www.nature.com/
articles/s41590-018-0276-y

Scater
McCarthy et 
al.,92

https://bioconductor.org/
packages/release/bioc/html/
scuttle.html

Panther Gene ontology
Ashburner et 
al.,93 http://geneontology.org/

ImageJ 2.9.0
Schneider et 
al.,94

https://github.com/imagej/
imagej1

GraphPad Prism version 9.0 GraphPad 
software Inc. https://www.graphpad.com/

Other

Fluoromount-G Southern 
Biotechnology Cat# 0100–01

dNTP’s (10 mM)
Thermo 
Fisher 
Scientific

Cat# R0193

5X Second strand buffer
Thermo 
Fisher 
Scientific

Cat# 10812014

DNA polymerase I
Thermo 
Fisher 
Scientific

Cat# 18010025

T4 DNA polymerase (5U/jl)
Thermo 
Fisher 
Scientific

Cat# 18005025

RNase H (2U/|jl)
Thermo 
Fisher 
Scientific

Cat# 18021071
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