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Meta-Analysis Reveals Transcription Factor Upregulation in Cells of Injured Mouse Sciatic Nerve
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Following peripheral nerve injury, transcription factors upregulated in the distal nerve play essential roles in Schwann cell reprogramming, fibroblast activation and immune cell function to create a permissive distal nerve environment for axonal regrowth. In this report, we first analysed four microarray data sets to identify transcription factors that have at least twofold upregulation in the mouse distal nerve stump at day 3 and day 7 post-injury. Next, we compared their relative mRNA levels through the analysis of an available bulk mRNA sequencing data set at day 5 post-injury. We then investigated the expression of identified TFs in analysed single-cell RNA sequencing data sets for the distal nerve at day 3 and day 9 post-injury. These analyses identified 55 transcription factors that have at least twofold upregulation in the distal nerve following mouse sciatic nerve injury. Expression profile for the identified 55 transcription factors in cells of the distal nerve stump was further analysed on the scRNA-seq data. Transcription factor network and functional analysis were performed in Schwann cells. We also validated the expression pattern of Jun, Junb, Runx1, Runx2, and Sox2 in the mouse distal nerve stump by immunostaining. The findings from our study not only could be used to understand the function of key transcription factors in peripheral nerve regeneration but also could be used to facilitate experimental design for future studies to investigate the function of individual TFs in peripheral nerve regeneration.
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INTRODUCTION

Transcription factors (TFs) are DNA binding proteins that drive various biological processes such as embryonic development, tissue identity maintenance and tissue repair following injury (Zhou et al., 2017; Lambert et al., 2018). The effects of TFs are amplified as one TF may bind to multiple promoter and enhancer regions and control the up- or downregulation of a large number of target genes (Zhou et al., 2017; Lambert et al., 2018). TFs constitute the second largest gene family in the mammalian genome, but so far only a few of them have been studied in relation to their role in peripheral nerve regeneration (Arthur-Farraj et al., 2012; Fontana et al., 2012; Patodia and Raivich, 2012; Quintes et al., 2016; Mindos et al., 2017; Roberts et al., 2017; Dun et al., 2019). Injury to a peripheral nerve results in a rapid Schwann cell reprogramming, mesenchymal cell activation and resident macrophage phenotype transition in the distal nerve stump (Jessen and Mirsky, 2016, 2019; Carr et al., 2019; Toma et al., 2020). Immune cells such as neutrophils, macrophages, mast cells, T cells, NK cells, and B cells are all recruited into the distal nerve stump follow injury (Martini et al., 2008), and recruited immune cells are reprogrammed into a repair immune cell phenotype by the distal nerve regenerative microenvironment (Ydens et al., 2012, 2020; Davies et al., 2019). The upregulation TFs in cells of the distal nerve play key roles in cell reprogramming, activation and phenotype transition to create a permissive distal nerve environment for axonal regrowth (Jessen and Mirsky, 2008; Arthur-Farraj et al., 2012; Doddrell et al., 2012; Fontana et al., 2012; Patodia and Raivich, 2012; Mindos et al., 2017; Roberts et al., 2017). One of the best-studied TFs in peripheral nerve regeneration is Jun and studies have shown that the upregulation of Jun in Schwann cells plays an essential role in reprograming adult Schwann cells into repair Schwann cells following peripheral nerve injury (Parkinson et al., 2008; Arthur-Farraj et al., 2012; Fontana et al., 2012).

Previous gene expression profiling studies using cDNA microarray and bulk mRNA sequencing technologies have identified hundreds of genes including TFs that are upregulated in the distal nerve following mouse sciatic nerve injury (Barrette et al., 2010; Arthur-Farraj et al., 2012; Clements et al., 2017; Pan et al., 2017; Norrmen et al., 2018). However, cDNA microarray and bulk mRNA sequencing studies are unable to map upregulated genes to different cell types in the distal nerve stump. Therefore, immunohistochemistry or in situ hybridisation techniques are often used to identify the cell types of an upregulated gene (Carr et al., 2017; Dun et al., 2019; Chen et al., 2020). Recent advances in single-cell RNA sequencing (scRNA-seq) technologies and the development of bioinformatic pipelines have enabled us to rapidly obtain cell type specific gene expression profiles in large numbers of individual cells (Chen et al., 2019). scRNA-seq technologies have been widely used in different research fields to reveal cell populations, to uncover regulatory relationships between genes, and to track the trajectories of distinct cell lineages (Hwang et al., 2018). However, this technology has only recently been applied to study cell types and gene expression profiles in the mouse distal nerve stump (Carr et al., 2019; Toma et al., 2020; Ydens et al., 2020). So far, only the expression profile of extracellular signalling molecules have been mapped to cells in the distal nerve stump by scRNA-seq data analysis (Toma et al., 2020).

One of our research interests is to study the function of TFs in peripheral nerve regeneration (Doddrell et al., 2012, 2013; Mindos et al., 2017; Roberts et al., 2017; Dun et al., 2019). In this report, we first analysed microarray and bulk mRNA sequencing data sets and identified 55 TFs with at least twofold upregulation in the mouse distal nerve stump at day 3 and day 7 post-injury. Next, we examined their expression profile in cells of injured mouse sciatic nerve using analysed scRNA-seq data sets for the mouse distal sciatic nerve at day 3 and day 9 post-injury (Carr et al., 2019; Toma et al., 2020). Following this analysis, we validated the expression pattern of Jun, Junb, Runx1, Runx2, and Sox2 in the mouse distal nerve stump by immunostaining, and performed transcription factor network and functional analysis in Schwann cells on the scRNA-seq data. The findings from our analysis could not only be used to understand cell specific functions of key transcription factors in peripheral nerve regeneration but also could be used to identify the function of individual TFs in peripheral nerve regeneration.



MATERIALS AND METHODS


Data Mining of Transcription Factor Upregulation in the Mouse Distal Sciatic Nerve

Differentially expressed genes in the mouse distal sciatic nerve at day 3 and day 7 post-injury were obtained by analysing four microarray data sets from the NCBI gene expression omnibus (GEO) using NCBI online tool GEO2R. Affymetrix gene chip microarray data sets used in this study are GSE22291 (Barrette et al., 2010), GSE38693 (Arthur-Farraj et al., 2012), GSE74087 (Pan et al., 2017), and GSE146958 (Toma et al., 2020). Differentially upregulated genes were selected with a cut off value of LogFC ≥ 1. TFs were then manually searched within differentially expressed genes using a mammalian TF library reported by Lambert et al. (2018). Relative mRNA expression levels were analysed from the bulk mRNA sequencing data set GSE108231 (Norrmen et al., 2018).



Computational Analysis of Single-Cell RNA Sequencing Datasets

scRNA-seq data GSE147285 for intact mouse sciatic nerve and day 3 post-injury distal nerve (Toma et al., 2020), and data set GSE120678 for day 9 post-injury distal nerve (Carr et al., 2019) were downloaded from the NCBI GEO database. Datasets were analysed using the Seurat v.3.2.11 and sctransform v.0.3 R packages using R v.4.0.2. Quality control plots of number of features, counts and percentage mitochondrial content per cell were plotted for each data set and used to determine filtering conditions. For the quality control of intact mouse sciatic nerve data set, cells were filtered using the following conditions: number of features per cell 200–6000 and percent mitochondrial DNA content per cell <8%. For the quality control of the 3 days post-injury nerve data set, cells were filtered using the following conditions: number of features per cell 200–6000 and percent mitochondrial DNA content per cell <6%. For the quality control of 9 days post-injury nerve data set, cells were filtered using the following conditions: number of features per cell 200–4000 and percent mitochondrial DNA content per cell <8%.

Filtered cell data were normalised, variable genes identified and data scaled using SCTransform, a recently published highly effective method for removing technical artefacts from scRNAseq data while retaining biological heterogeneity (Hafemeister and Satija, 2019). The dimensionality of the dataset was determined using elbow plots to identify the appropriate number of principal components used for clustering. Cell clustering was performed using the FindNeighbors and FindCluster functions in Seurat. Differentially expressed genes were identified using the FindAllMarkers Seurat function using the Wilcoxon rank sum test for genes with a minimum 0.25 log fold change between clusters and expression in at least 10% of cells within the clusters. To annotate the clusters, genes differentially expressed in a one vs. all cluster comparison were queried for known expression in a literature search and gene expression plotted. Cell clustering was visualised using t-distributed stochastic neighbour embedding (tSNE) using the FeaturePlot function in Seurat. Dot plots for TFs were also plotted using Seurat specific functions. Gene expression abundance was calculated by Seurat to show the percentage of cell expression in a cluster and the average expression value of a gene in the same cell cluster. Transcription factor network analysis was performed on the scRNA-seq data using an R package SCENIC. Gene enrichment analysis was performed using Ingenuity.



Marker Genes for the Identification of Cell Clusters

Cell clusters were identified based on the use of the following established marker genes for cell types of mouse sciatic nerves (Evrard et al., 2018; Zhao et al., 2018; Carr et al., 2019; Renthal et al., 2020; Toma et al., 2020; Wolbert et al., 2020; Xie et al., 2020; Ydens et al., 2020). Egfl7, Ecscr, Pecam1/Cd31, Tie1, Emcn, Cdh5, and Esam for endothelial cells. Lyve1, Mmrn1, Flt4, and Prox1 for lymphatic endothelial cells. Des, Tpm2, Myh11, Acta2, Mylk, Myom1, and Myocd for vascular smooth muscle (VSM) cells. Rgs5, Kcnj8, and Pdgfrb for pericytes. Sox10, Plp1, and S100b for Schwann cells. Mbp, Mpz, Mag, and Egr2 for myelinating Schwann cells. Dcn, Mfap5, Serpinf1, and Gsn for fibroblasts. Sfrp2, Dpt, Pcolce2, Adamts5, Pi16, Sfrp4, Prrx1, Comp, and Ly6c1 for epineurial fibroblasts. Cldn1/claudin-1, Lypd2, Ntn4, Msln, Ntng1, Slc2a1/Glut1, and Mpzl2 for perineurial cells. Sox9, Osr2, Wif1, Abca9, Cdkn2a, Cdkn2b, and Plxdc1 for endoneurial fibroblasts. Dlk1, Mest, Cilp, Tnc, Plagl1, and Ptn for differentiating fibroblasts. Ptprc/CD45 and Cd52 as general markers for immune cells. Aif1/Iba1, Cd68, Mrc1/Cd206, and Adgre1/F4/80 for macrophages. S100a8, S100a9, Cxcr2, and Cxcl2 for neutrophils. Cma1, Mcpt4, Mcpt1, and Kit for mast cells. Cd3g, Cxcr6, Trac, and Cd3e for T cells. Nkg7, Klrk1, and Ncr1 for natural killer (NK) cells. Bank1, Cbfa2t3, Taok3, Ms4a1, Cd19, and Cd79a for B cells (Evrard et al., 2018; Zhao et al., 2018; Carr et al., 2019; Renthal et al., 2020; Toma et al., 2020; Wolbert et al., 2020; Xie et al., 2020; Ydens et al., 2020).



Peripheral Nerve Surgery

Six two-month old PLP-GFP mice were used in the study, Schwann cells express GFP in PLP-GFP mice (Mallon et al., 2002; Dun et al., 2019). All work involving animals was carried out according to Home Office regulations under the United Kingdom Animals (Scientific Procedures) Act 1986. Ethical approval for all experiments was granted by the Plymouth University Animal Welfare and Ethical Review Board. Mice were housed in a controlled laboratory environment (temperature 22 ± 2°C, humidity 50–60%, 12−h light/dark cycle), and fed with standard rodent diet and water ad libitum. For sciatic nerve transection injury, six male mice were anaesthetised with isoflurane, the right sciatic nerve was exposed and transected at approximately 0.5 cm proximal to the nerve trifurcation site and no re-anastamosis of the severed nerve was performed. Overlying muscle was sutured and the skin was closed with an Autoclip applier. Mice undergoing surgery were given appropriate post-operative analgesia, an 0.05% bupivacaine solution, topically applied above the muscle suture before applying surgical clips. Meloxicam injections (5 mg/kg) were given just before recovery from anaesthetic. Mice undergoing surgery were given nesting material and cage enrichment to minimise risk of autotomy. Animals under surgery were monitored daily. At day 3 and day 9 post-surgery, animals were euthanased humanely using carbon dioxide in accordance with United Kingdom Home Office regulations and nerve tissue removed for analysis.



Immunohistochemistry

Sciatic nerves were dissected out and fixed for 5 h in 4% paraformaldehyde (in PBS, PH7.2) at 4°C. Nerves were then washed in PBS (3 × 10 min) and dehydrated in 30% sucrose (in PBS) overnight at 4°C. Subsequently, nerves were embedded in OCT medium, frozen, and sectioned on a cryostat at a thickness of 12 μm. Sections were permeabilised with 0.25% Triton X-100 plus 1% bovine serum albumin (BSA) in PBS for 45 min and then blocked with blocking buffer (3% BSA plus 0.05% Triton X-100 in PBS) for 1 h at room temperature. Sections were incubated with Jun (Cell Signalling, #9165S), Junb (Cell Signalling, #3753S), Sox2 (Cell Signalling, #2748), Runx2 (Cell Signalling, #8486), or Runx1 (Cell Signalling, #4334) primary antibody (1:100 diluted in blocking buffer) overnight at 4°C. The next day, sections were washed with PBS (3 × 10 min) and then incubated with donkey anti-rabbit secondary antibody conjugated with Alexa Fluor 568 (1:300 diluted in blocking buffer) 1 h at room temperature. Hoechst dye (1:500) was also added into secondary antibody solution in order to label cell nuclei. Finally, sections were washed with PBS (3 × 10 min) and mounted with Citifluor (Agar Scientific, R1320) for imaging with a LeicaSPE confocal microscope.



Statistical Analysis

p values for genes of microarray data set analysis were obtained following online GEO2R tool analysis. Statistical significance for data set GSE108231 was analysed using the Student’s t-test by comparing the control group with the 5 day crush group (n = 3). The value of mRNA counts (normalised count) are represented in the Figure as mean value ± SEM.




RESULTS


Identification of Transcription Factors With at Least Twofold Upregulation in the Mouse Distal Nerve Stump at Day 3 and Day 7 Post-injury

Affymetrix gene chip microarray data sets GSE22291 (Barrette et al., 2010), GSE38693 (Arthur-Farraj et al., 2012), GSE74087 (Pan et al., 2017), and GSE146958 (Toma et al., 2020) were analysed using the NCBI online tool GEO2R to obtain differentially expressed genes at day 3 and day 7 post-injury. LogFC ≥ 1 was used as the cut off value to select genes with at least a twofold upregulation. TFs with at least a twofold upregulation were then manually searched and identified using a mammalian TFs library (1639 TFs) reported by Lambert et al. (2018). We analysed three microarray data sets for each time point, a TF showing upregulation at least in two data sets was selected for further analysis (Supplementary Tables 1, 2). This analysis identified 31 TFs that are upregulated in the mouse distal nerve stump at both day 3 and day 7 post-injury, 10 TFs that are upregulated only at day 3 post-injury and 15 TFs that are upregulated only at day 7 post-injury (Table 1). In total, 56 TFs were identified with at least a twofold upregulation in the distal nerve following mouse sciatic nerve injury.


TABLE 1. TFs with at least twofold upregulation post-injury in the mouse distal sciatic nerve.
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Expression Levels of Identified Transcription Factors in the Distal Nerve

While scRNA-seq data for injured and intact peripheral nerves is available, it takes several hours to obtain single cell suspensions from peripheral nerves for subsequent scRNA-seq analysis (Carr et al., 2019; Toma et al., 2020; Wolbert et al., 2020). The in vitro tissue enzyme digestion and single cell separation procedures could alter the levels of in vivo gene expression (Vanlandewijck et al., 2018; Xu et al., 2019). We therefore analysed the bulk RNA-seq data set GSE108231 to compare the relative mRNA levels for the above identified 56 TFs in injured mouse sciatic nerve. The GSE108231 data set performed bulk mRNA sequencing to analyse gene expression in intact mouse sciatic nerve and in the distal nerve at day 5 following sciatic nerve crush injury (Norrmen et al., 2018). Analysing the bulk mRNA sequencing data set revealed that mRNA of 50 of the identified 56 TFs above are detectable in the distal nerve, but Glis3, Myod1, Nfe2, Olig1, Tcfl5, and Tfec mRNA are undetectable in this data set for both intact nerves and the distal nerve stump at day 5 post-injury (Figure 1). All of these 50 TFs (except Irf7) show upregulation in the distal nerve stump at day 5 post-injury compared to their mRNA levels in intact nerve (Figure 1). The above microarray data analysis showed that Irf7 was only upregulated at day 3 post-injury. Therefore, Irf7 mRNA levels may decrease rapidly between 3 and 5 days post-injury. This analysis also indicates that Glis3, Myod1, Nfe2, Olig1, Tcfl5, and Tfec are either not expressed in the distal nerve stump at day 5 post-injury or they have a very low level of expression that could be excluded during data normalisation.
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FIGURE 1. Comparison of normalised mRNA counts for above identified TFs in mouse distal nerve following sciatic nerve crush injury by the analysis of bulk mRNA sequencing data set GSE108231. TFs are arranged according to their normalised mRNA count from highest to lowest in the distal nerve at day 5 post-injury. (A) mRNA counts for TFs bigger than 460 at day 5 post-injury. (B) mRNA counts for TFs smaller than 460 at day 5 post-injury. Con (in blue): control contralateral nerve. 5D (in yellow): distal nerve at 5 day post-crush injury. Glis3, Myod1, Nfe2, Olig1, Tcfl5, and Tfec mRNAs were all undetectable in this data set (n = 3, all p values < 0.05).


In the distal nerve at day 5 post-injury, Aebp1, Hmga1, Jun, Zeb1, Hmga2, and Fosl2 have very high levels of expression and their normalised mRNA counts are greater than 2000 (Figure 1A). Atf3, Foxm1, Sox4, Runx2, Dnmt1, Mafb, and Fos show the next highest levels of expression with their normalised mRNA counts between 1000 and 2000 (Figure 1A). The normalised mRNA counts for Bach1, E2f1, Ets1, Nfya, Sox2, Klf10, Tgif1, Cenpa, Fosl1, Myc, Tead2, Cenpt, E2f8, Irf8, Runx1, Junb, Zbed4, Fli1, Spi1, E2f7, Plagl1, Nr1h4, Irf5, Mxd3, Thyn1, E2f3, Ikzf1, and Hivep3 range between 200 and 1000 (Figures 1A,B). However, the normalised mRNA counts for Foxq1, Cebpb, Crem, Tfap2a, Trps1, Bach2, Egr3, Hhex, and Irf7 are all below 200 despite their significant upregulation (Figure 1B), indicating that their mRNA levels are very low within injured nerve at day 5 post-injury.



Expression of Identified Transcription Factors in Different Cell Types of Mouse Distal Sciatic Nerve Stump

Recently, we reported our analysis of publicly available scRNA-seq data for injured mouse sciatic nerve at day 3 and day 9 post-injury (Carr et al., 2019; Toma et al., 2020; Chen et al., 2021). We then examined the expression of above 56 TFs in our analysed scRNA-seq data. This analysis revealed that 51 of the 56 TFs are expressed in the scRNA-seq data GSE147285 at day 3 post-injury (Figure 2), Foxq1, Myod1, Nfe2, Olig1, and Tfap2a were undetectable in this data set. 55 TFs are expressed in the scRNA-seq data GSE120678 at day 9 post-injury (Figure 3), only Myod1 was undetectable in this data set. Next, we investigated their expression in cells of mouse distal sciatic nerve stump using analysed scRNA-seq data sets at both day 3 and day 9 post-injury. Among all the identified TFs, Aebp1, Fos, Jun, and Junb are upregulated in most cell types of the distal nerve stump at both day 3 and day 9 post-injury (Figures 2, 3). Aebp1 shows strong up-regulation in fibroblast and Schwann cells. Fos shows strong up-regulation in immune cells and cells associated with blood vessels. Jun shows high up-regulation in Schwann cells and mast cells, and Junb is highly expressed in neutrophils (Figures 2, 3).
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FIGURE 2. Dotplots and heatmap showing 51 TFs that are up-regulated in the distal nerve at day 3 post-injury. (A) Dotplots for Aebp1, Fos, Jun, Junb, Cebpb, Sox4, Ets1, Mafb, Fli1, Sox2, Atf3, Spi1, Runx2, Zeb1, Bach1, Fosl2, and Cenpa which have more than 25% expression at least in one cell cluster. (B) Dotplots for Plagl1, Irf8, Runx1, Hhex, Ikzf1, Hmga1, Hmga2, Irf5, Tgif1, Dnmt1, Trps1, Crem, Klf10, Fosl1, Irf7, and Tead2 which have expression between 8 and 25% at least in one cell cluster. (C) Dotplots for Myc, Cenpt, Thyn1, Foxm1, E2f1, Nfya, E2f3, Mxd3, Bach2, Hivep3, Glis3, E2f7, E2f8, Tfec, Nr1h4, Zbed4, Egr3, and Tcfl5 which have expression below 8% in any cell cluster. (D) Heatmap for Aebp1, Atf3, Cebpb, Cenpa, Ets1, Fli1, Fos, Fosl2, Hhex, Hmga2, Ikzf1, Irf5, Irf7, Irf8, Jun, Junb, Mafb, Nr1h4, Plagl1, Runx1, Runx2, Sox2, Sox4, Spi1, and Trps1. Diff: Differentiating fibroblasts; Endo: Endoneurial fibroblasts; Peri: Perineurial fibroblasts; Epi: Epineurial fibroblasts; SC: Schwann cells; EC: Endothelial cells; VSM/P: Vascular smooth muscle cells and pericytes; Neutro: Neutrophils; Macro: Macrophages; BC: B cells; T/NK/M: T cells, NK cells, and mast cells.
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FIGURE 3. Dotplots and heatmap showing 55 TFs that are up-regulated in the distal nerve at day 9 post-injury. (A) Dotplots for Jun, Junb, Fos, Aebp1, Cebpb, Sox4, Ets1, Mafb, Plagl1, Atf3, Fli1, Irf8, Sox2, Fosl2, Ikzf1, Spi1, Hhex, Bach1, Runx2, and Runx1 which have more than 20% expression at least in one cell cluster. (B) Dotplots for Olig1, Crem, Tgif1, Myc, Zeb1, Tead2, Dnmt1, Irf5, Bach2, Hmga2, Trps1, Thyn1, Cenpa, Irf7, Klf10, Tfap2a, Hmga1, Cenpt, Nfya, and Hivep3 which have expression between 5 and 20% at least in one cell cluster. (C) Dotplots for E2f3, E2f1, Glis3, Fosl1, Tfec, E2f8, Mxd3, Nfe2, E2f7, Foxm1, Nr1h4, Zbed4, Egr3, Tcfl5, and Foxq1 which have expression below 5% in any cell cluster. (D) Heatmap for Aebp1, Atf3, Bach2, Cebpb, Cenpa, Crem, Ets1, Fli1, Fos, Fosl2, Foxq1, Hhex, Hmga2, Ikzf1, Irf5, Irf7, Irf8, Jun, Junb, Mafb, Myc, Nfe2, Nr1h4, Olig1, Plagl1, Runx2, Sox2, Sox4, Spi1, Tgif1, and Zbed4. Diff: Differentiating fibroblasts; Endo: Endoneurial fibroblasts; Peri: Perineurial fibroblasts; Epi: Epineurial fibroblasts; SC: Schwann cells; EC: Endothelial cells; VSM/P: Vascular smooth muscle cells and pericytes; Neutro: Neutrophils; Macro: Macrophages; BC: B cells; TC: T cells; NK: NK cells; and Mast: mast cells.


Schwann cells are the most abundant cell type in the peripheral nerves, and TFs play a key role in re-programming adult Schwann cells into repair Schwann cells to promote peripheral nerve regeneration (Jessen and Mirsky, 2016). Our examination revealed that Bach1, Fosl1, Hmga1, Hmga2, Sox4, and Runx2 are all highly expressed in Schwann cells at both day 3 and day 9 post-injury (Figures 2, 3). Sox2 shows exclusively Schwann cell expression at day 3 and day 9 post-injury (Figures 2, 3). Olig1 and Tfap2a are not expressed in nerves at day 3 post-injury but both are solely upregulated in Schwann cells at day 9 post-injury (Figure 3). The microarray data set analysis also showed that Olig1 and Tfap2a are only upregulated in the distal nerve at day 7 post-injury. Our analysis also showed that Cepna, E2f1, E2f3, Jun, Tcfl5, and Tgif1 have their highest expression in Schwann cells at day 3 post-injury comparing to other cell types in the distal nerve stump (Figure 2). At day 9 post-injury, Atf3, Bach1, Cepna, Foxm1, Mdx3, and Tead2 have their highest expression in Schwann cells comparing to other cell types in the distal nerve stump (Figure 3).

Fibroblasts are the second most abundant cell population in the peripheral nerves (Carr et al., 2019; Toma et al., 2020; Wolbert et al., 2020). According to their anatomical location and gene expression profile in the injured nerve, they have been sub-grouped into endoneurial, perineurial, epineurial, and differentiating fibroblasts (Carr et al., 2019; Toma et al., 2020; Chen et al., 2021). Among all the TFs that expressed in fibroblasts, only Glis3 and Plagl1 show fibroblast specific expression at both day 3 and day 9 post-injury. More fibroblasts express Plagl1 than Glis3 at both day 3 and day 9 post-injury (Figures 2, 3). Glis3 and Plagl1 have their highest expression in differentiating fibroblasts at both at day 3 and day 9 post-injury comparing to other cell types in the distal nerve stump (Figures 2, 3). Our analysis shows that Zeb1 at day 3 post-injury (Figure 2), Hivep3 and Tcfl5 at day 9 post-injury (Figure 3) have their highest expression in differentiating fibroblasts. Although it is not at their highest level of expression, Aebp1, Fos, Jun, Junb, and Sox4 at both day 3 and day 9 post-injury are highly expressed in differentiating fibroblasts at both day 3 and day 9 post-injury (Figures 2, 3 and Supplementary Tables 3, 4).

Aebp1 has the highest level of expression in endoneurial fibroblasts at both day 3 and day 9 post-injury (Figures 2, 3). Thyn1 at day 3 following injury (Figure 2) and Zeb1 at day 9 (Figure 3) following injury also show their highest expression in endoneurial fibroblasts. Cebpb, Fos, Jun, and Junb at both day 3 and day 9 post-injury are highly expressed in endoneurial fibroblasts (Figures 2, 3 and Supplementary Tables 3, 4). Hivep3, Zbed4, Nr1h4, and Myc show their highest expression in epineurial fibroblasts at day 3 post-injury (Figure 2). E2f1 shows its highest expression in epineurial fibroblasts at day 9 following injury (Figure 3). Aebp1, Fos, Jun, and Junb at both day 3 and day 9 post-injury are highly expressed in epineurial fibroblasts (Figures 2, 3 and Supplementary Tables 3, 4). Zeb1 is highly expressed in the injured nerves (Figure 1) and it is the only TF that shows high expression in perineurial fibroblasts (Figures 2, 3).

Cells of the blood supply system in the peripheral nerves include endothelial cells, VSM and pericytes (Stierli et al., 2018; Carr et al., 2019; Toma et al., 2020; Wolbert et al., 2020). Cenpt, E2f7, Fli1, Klf10, and Nfya have their highest expression in endothelial cells at both day 3 and day 9 post-injury comparing to other cell types in the distal nerve stump (Figures 2, 3). Egr3, Ets1, Hhex, and Tead2 show their highest expression in endothelial cells at day 3 post-injury (Figure 2), and E2f3, Fos, and Foxq1 show their highest expression in endothelial cells at day 9 post-injury (Figure 3). Despite not being at their highest level of expression in endothelial cells, Aebp1, Fos, Fosl2, Jun, Junb, and Sox4 at day 3 post-injury (Figure 2 and Supplementary Table 3) and Atf3, Ets1, Fil1, Fosl2, Jun, Junb, and Sox4 at day 9 post-injury (Figure 3 and Supplementary Table 4) are all highly expressed in endothelial cells. Dnmt1, Foxm1, and Mxd3, have their highest expression in VSM/pericytes at day 3 post-injury (Figure 2).

Immune cells that are recruited into the distal nerve stump following injury include neutrophils, macrophages, mast cells, T cells, NK cells, and B cells (Carr et al., 2019; Toma et al., 2020). Neutrophils are the earliest immune cells to be recruited into the injury site and the distal nerve stump (Lindborg et al., 2017). Cebpb, Fosl2, and Junb have their highest expression in neutrophils at both day 3 and day 9 post-injury (Figures 2, 3). Fos at day 3 post-injury also shows its highest expression in neutrophils (Figure 2). Macrophages including both resident macrophages and infiltrated macrophages are the largest immune cell population in the distal nerve stump (Zigmond and Echevarria, 2019). Mafb shows high macrophage specific expression at both day 3 and day 9 post-injury compared to other TFs that are expressed in macrophages (Figures 2, 3). Irf5, Tfec, and Trps1 also show high expression in macrophages at both day 3 and day 9 post-injury (Figures 2, 3). Atf3 at day 3 (Figure 2), Spil and Zebd4 at day 9 (Figure 3) post-injury also show their high expression in macrophages. Bach2, E2f8, Ikzf1, Irf7, Irf8, Runx1, and Spi1 have the highest expression in B cells at day 3 post-injury (Figure 2). In contrast, Bach2, Dnmt1, Egr3, Myc, and Tgif1 have highest expression in B cells at day 9 post-injury (Figure 3).

T cells, NK cells, and mast cells are not separated from each other in nerves at day 3 post-injury due to either their similar gene expression profile or low cell numbers in day 3 injured nerves (Chen et al., 2021). At day 3 post-injury, Crem shows high expression in the cluster of T, NK, and mast cells (Figure 2). T cells, NK cells, and mast cells were placed into three individual cell clusters at day 9 post-injury (Chen et al., 2021), Crem shows its high expression in T cells at day 9 post-injury (Figure 3). E2f8, Hhex, Ikzf1, Jun, Mxd3, Nfe2, Runx1, and Thyn1 all show their highest expression in mast cells at day 9 post-injury (Figure 3). Irf7 and Irf8 have their high expression in NK cells at day 9 post-injury (Figure 3). Cepna, Crem, and Ets1 have their highest expression in T cells at day 9 post-injury (Figure 3). At day 9 post-injury, Fil1, Fos, and Junb are also expressed in mast cells, Fos, Jun, Junb, and Tgif1 are also expressed in T cells and Ets1, Fos, Jun, and Junb are all highly expressed in NK cells (Figure 3 and Supplementary Table 4).

We summarise the cell types that show the highest level of expression at day 3 post-injury and day 9 post-injury for the identified 55 TFs in Table 2. We also provide Supplementary Tables to summarise their expression abundance in each cell type at day 3 (Supplementary Table 3) and day 9 post-injury (Supplementary Table 4).


TABLE 2. Cell types showing the highest level of expression.

[image: Table 2]


Validation of Jun, Junb, Runx1, Runx2, and Sox2 Expression in Cells of the Distal Nerve Stump

We are interested in studying the function of TFs in Schwann cell biology (Parkinson et al., 2008; Doddrell et al., 2012, 2013; Mindos et al., 2017; Roberts et al., 2017; Dun et al., 2019). Our analysis revealed that the upregulation of Bach1, Fosl1, Hmga1, Hmga2, Sox2, and Runx2 are highly Schwann cell specific at both at day 3 and day 9 post-injury (Figures 2, 3). To validate this finding, we examined Runx2 and Sox2 expression on day 3 and day 9 post-injury mouse sciatic nerve sections from PLP-GFP mice, in which Schwann cells are GFP labelled (Mallon et al., 2002; Dun et al., 2019). The immunostaining results confirmed that both Runx2 and Sox2 are upregulated in Schwann cells at day 3 and day 9 following peripheral nerve injury (Figures 4A–L). Quantification of Runx2 and Sox2 expressing Schwann cells against the total number of Schwann cells in the distal nerve stump after immunostaining revealed that more than 90% Schwann cells express Sox2 at day 3 post-injury, and 73.3 ± 6.0% Schwann cells express Sox2 at day 9 post-injury (Figure 4P). About 50.1 ± 6.1% Schwann cells express Runx2 at day 3 post-injury, and 66.8 ± 7.7% Schwann cells express Runx2 at day 9 post-injury (Figure 4Q).
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FIGURE 4. Immunostaining validates Sox2 and Runx2 expression in Schwann cells. (A–C) Sox2 expression in Schwann cells at day 3 post-injury. (D–F) Sox2 expression in Schwann cells at day 9 post-injury. (G–I) Runx2 expression in Schwann cells at day 3 post-injury. (J–L) Runx2 expression in Schwann cells at day 9 post-injury. (M–O) Runx1 expression in non-Schwann cells (GFP negative) at day 9 post-injury. (P,Q) Quantification of Runx2 and Sox2 expressing Schwann cells against the total number of Schwann cells in the distal nerve stump. (R) Quantification of Runx1 expressing cells against the total number of GFP negative cells in the distal nerve stump. For all panels, sections of distal nerve following injury were prepared from PLP-GFP transgenic mice that label Schwann cells with GFP. Scale bars in C, F, I, L, and O: 20 μm. Quantification data in (P–R) was shown as Mean ± SEM, n = 3.


The microarray data analysis showed that Runx1, another Runx family transcription factor (Cohen, 2009; Otalora-Otalora et al., 2019), is also upregulated in the distal nerve stump (Table 1). In contrast to Runx2 expression in Schwann cells, Runx1 showed high expression in B cells at day 3 post-injury (Figure 2). At day 9 post-injury, Runx1 has the highest expression in mast cells (Figure 3). Because of the low number of mast cells in the nerve at day 3 post-injury (Carr et al., 2019; Toma et al., 2020; Chen et al., 2021), we then stained Runx1 on sciatic nerve sections from PLP-GFP mice at day 9 post-injury. The staining showed that Runx1 localizes in the cell nuclei but these cells are GFP negative cells (Figures 4M–O), confirming our finding from scRNA-seq data analysis that Runx1 is not expressed in Schwann cells. Quantification of Runx1 expressing cells against the total number of GFP negative cells in the distal nerve stump showed that 13.6 ± 4.2% none Schwann cells express Runx1 at day 9 post-injury (Figure 4R).

We further performed immunostaining for Jun and Junb on sciatic nerve sections from PLP-GFP mice at day 3 and day 9 post-injury (Figure 5). Previous studies have shown a critical function of Jun in Schwann cells to promote peripheral nerve regeneration (Arthur-Farraj et al., 2012; Fontana et al., 2012). Our analysis indicated that Jun has the highest expression level in Schwann cells of the distal nerve at day 3 post-injury (Figure 2). Staining for Jun on the sciatic nerve sections from PLP-GFP mice at day 3 post-injury revealed that Jun is largely expressed in GFP positive Schwan cells at day 3 post-injury. Quantification data at day 3 post-injury showed that 84.8 ± 6.2% Schwan cells express Jun and only 16.4 ± 3.1% none Schwan cells express Jun (Figures 5A–C,M). At day 9 post-injury, our analysis showed that Jun retains its expression in Schwann cells but it is also highly expressed in B cells (Figure 3). The staining results for Jun also showed that 36.2 ± 4.7% Schwann cells continue to express Jun at day 9 post-injury, and 18.9 ± 2.9% none Schwann cells (GFP negative) express Jun (Figures 5D–F,N). Our analysis indicated that Junb is mainly expressed in immune cells of the distal nerve at both day 3 and day 9 post-injury (Figures 2, 3), and the staining results for Junb confirmed that Junb is expressed in GFP negative cells of the distal nerve. 14.2 ± 2.1% GFP negative cells at day 3 post-injury and 10.5 ± 1.7% GFP negative cells at day 9 post-injury express Junb (Figures 5G–L,O). Thus, the staining results for Jun, Junb, Runx1, Runx2, and Sox2 are all closely aligned to their expression pattern revealed by the scRNA-seq data analysis.
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FIGURE 5. Immunostaining validates Jun and Junb expression in cells of the distal nerve stump. (A–C) Jun is primarily expressed in Schwann cells of the distal nerve at day 3 post-injury. (D–F) Jun expression in cells of the distal nerve at day 9 post-injury. (G–I) Junb expression in GFP negative cells of the distal nerve at day 3 post-injury. (J–L) Junb expression in GFP negative cells of the distal nerve at day 9 post-injury. (M,N) Quantification of Jun expressing in Schwann cells against the total number of Schwann cells in the distal nerve stump at day 3 and day 9 post-injury. (O) Quantification of Junb expressing cells against the total number of GFP negative cells in the distal nerve stump. For all panels, sections of distal nerve following injury were prepared from PLP-GFP transgenic mice that label Schwann cells with GFP. Scale bars in C, F, I, and L: 50 μm. Quantification data in (M–O) was shown as Mean ± SEM, n = 3.




Transcription Factor Network and Functional Analysis in Schwann Cells

It is well known that Schwann cells are the most important cell type in the distal nerve to promote peripheral nerve regeneration (Jessen and Mirsky, 2016), and our recent scRNA-seq data analysis showed that Schwann cells in the distal nerve have the highest amount of gene expression changes in response to injury (Chen et al., 2021). Here we focused on the analysis of the transcription factor network and functional analysis in Schwann cells on the scRNA-seq data using an R package SCENIC. Following SCENIC analysis, we selected TFs that belong to above 55 identified TFs for further network and functional analysis. This analysis has identified eight high confidence TFs (Bach1, E2f1, E2f3, Fosl1, Jun, Runx2, Sox2, and Sox4) in the day 3 scRNA-seq data set (Figures 6, 7), and identified six high confidence TFs (Atf3, Fosl1, Hmga1, Hmga2, Sox2, and Sox4) in the day 9 scRNA-seq data set (Figures 8, 9). Fosl1, Sox2, and Sox4 have been identified as high confidence TFs in Schwann cells at both day 3 and day 9 data sets. Next, we created transcription factor regulatory networks using SCENIC for Bach1, E2f1, E2f3, Fosl1, Jun, Runx2, Sox2, and Sox4 in Schwann cells at day 3 post-injury (Supplementary Figure 1), and created transcription factor regulatory networks for Atf3, Fosl1, Hmga1, Hmga2, Sox2, and Sox4 in Schwann cells at day 9 post-injury (Supplementary Figure 2). Finally, we performed gene enrichment analysis on the scRNA-seq data using Ingenuity software to look at the functional role of target genes in Schwann cells for each TF, and the most significant 12 functions were plotted (Figures 10, 11). This analysis showed that the up-regulation of Atf3, Bach1, E2f1, E2f3, Fosl1, Hmga1, Hmga2, Jun, Runx2, Sox2, and Sox4 in Schwann cells could regulate gene expression in Schwann cells that are important to control cell survival, proliferation, migration, myelination, and axonal guidance during peripheral nerve regeneration.
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FIGURE 6. tSNE plots overlayed with regulon activity and histograms showing the distribution of regulon activity of Jun, Bach1, Sox2, and Sox4 in day 3 scRNA-seq data set.
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FIGURE 7. tSNE plots overlayed with regulon activity and histograms showing the distribution of regulon activity of E2f1, E2f3, Fosl1, and Runx2 in day 3 scRNA-seq data set.
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FIGURE 8. tSNE plots overlayed with regulon activity and histograms showing the distribution of regulon activity of Atf3, Sox2, and Sox4 in day 9 scRNA-seq data set.
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FIGURE 9. tSNE plots overlayed with regulon activity and histograms showing the distribution of regulon activity of Fosl1, Hmga1, and Hmga2 in day 9 scRNA-seq data set.
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FIGURE 10. Pathway and functional enrichment analysis of Bach1, E2f1, E2f3, Fosl1, Jun, Runx2, Sox2, and Sox4 in Schwann cells at day 3 post-injury.
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FIGURE 11. Pathway and functional enrichment analysis of Atf3, Fosl1, Hmga1, Hmga2, Sox2, and Sox4 in Schwann cells at day 9 post-injury.





DISCUSSION

In recent years, scRNA-seq technologies have been widely applied to different tissues of various species to reveal cell types and meaningful gene expression profiles (Hwang et al., 2018; Chen et al., 2019). However, this technology has only recently been applied onto healthy and injured mouse sciatic nerve to study the cell types present and their gene expression profiles (Carr et al., 2019; Kalinski et al., 2020; Toma et al., 2020; Wolbert et al., 2020). So far, only two scRNA-seq data sets are publicly available for this analysis that have studied cell types and gene expression profiles in the distal nerve stump at day 3 and day 9 following mouse sciatic nerve transection injury (Carr et al., 2019; Toma et al., 2020). A number of scRNA-seq technologies such as Drop-seq and Smart-seq2 have been developed and these methods possess their own unique features with distinct advantages and disadvantages (Hwang et al., 2018; Chen et al., 2019). Due to the complexity of single cell preparation procedures and the low amount of mRNA for some genes in individual cells, studies have shown that scRNA-seq data are often “noisier” and more complex than microarray data and bulk RNA-seq data (Hwang et al., 2018; Chen et al., 2019). Both data sets that we used in this study were generated by Drop-seq technology (Carr et al., 2019; Toma et al., 2020). The process of tissue dissociation and single cell separation of Drop-seq could not only alter the level of gene expression but could also induce gene expression not found in vivo (Vanlandewijck et al., 2018). Therefore, we first analysed TF upregulation in the mouse distal sciatic nerve from published microarray data sets.

Searching published microarray data sets revealed that there are three data sets available for analysis at day 3 post-injury but there is no data set available at day 9 post-injury. We therefore chose day 7 post-injury for analysis, which is a time point that not only is close to day 9 post-injury but also has four data sets available for analysis. Analysing four microarray data sets identified 56 TFs in the mouse distal sciatic nerve that have at least twofold upregulation at day 3 and day 7 post-injury. Although we identified Myod1 up-regulation in our microarray data analysis, our scRNA-seq data analysis showed that Myod1 is not expressed in the distal nerve following mouse sciatic nerve injury at either day 3 or day 9 post-injury. Furthermore, Myod1 mRNA was undetectable in the bulk mRNA sequencing data (Figure 1). Thus, only 55 TFs have been further examined for their expression in different cell types of the distal nerve stump at day 3 and day 9 post-injury.

Our microarray analysis showed that Irf7 was only upregulated at day 3 post-injury, and the bulk mRNA analysis indicated that the Irf7 mRNA level at day 5 post-injury is significantly lower than its mRNA level in the intact nerve (Figure 1C). scRNA-seq analysis revealed that Irf7 is highly expressed in recruited B cells at day 3 post-injury (Figure 2), but at day 9 post-injury B cells in the distal nerve express little Irf7 (Figure 3). IRF7 is a lymphoid-specific factor, which is constitutively expressed in the cytoplasm in B cells (Ning et al., 2011). This indicates that the Irf7 upregulation in the distal nerve at day 3 post-injury may result from B cell recruitment. The distal nerve environment actually appears to downregulate Irf7 in B cells following recruitment. Thus, the upregulation of some TFs in the distal nerve stump may result from immune cell recruitment.

So far, among the 55 identified TFs, only the function of Jun, Sox2, and Fos in Schwann cells have been studied during peripheral nerve regeneration (Arthur-Farraj et al., 2012; Fontana et al., 2012; Roberts et al., 2017; Ko et al., 2018; Dun et al., 2019). The function of other identified TFs in peripheral nerve regeneration remains to be characterised. Jun is the best-studied TF for its function in Schwann cells during peripheral nerve regeneration and plays important roles in Schwann cell reprogramming, myelin clearance and the production of Schwann cell derived growth factors (Arthur-Farraj et al., 2012; Fontana et al., 2012). Our analysis revealed that Jun is highly expressed in Schwann cells, endoneurial fibroblasts and endothelial cells at day 3 following injury, while at day 9 following injury, it has its highest expression in mast cells. Thus, the function of Jun in endoneurial fibroblasts, endothelial cells and mast cells remains to be characterised. Our analysis also revealed that Junb has the highest expression in neutrophils of the injured peripheral nerves and a function for Junb in neutrophils during peripheral nerve regeneration remains to be elucidated. A previous study showed that the expression of Fos was increased in Schwann cells following peripheral nerve injury (Ko et al., 2018). Ko et al. investigated the relationship between hepatocyte growth factor (HGF) and Fos in Schwann cells. They showed that HGF increased Fos expression in cultured rat primary Schwann cells, and Fos not only regulates Schwann cell migration but also induced glial cell-derived neurotrophic factor (GDNF), leukemia inhibitory factor (LIF) and Myc expression in Schwann cells (Ko et al., 2018). Our analysis in this study showed that Fos has its highest expression in endothelial cells and immune cells; therefore, it will be interesting to investigate the function of Fos in endothelial cells and immune cells during peripheral nerve regeneration.

Our analysis revealed that Sox2 is exclusively upregulated in Schwann cells of the distal nerve stump. Our research group previously used both Schwann cell specific Sox2 overexpressing mice and Schwann cell specific Sox2 knockout mice and studied its role in Schwann cells during peripheral nerve regeneration (Roberts et al., 2017; Dun et al., 2019). We showed that Sox2 regulates Schwann cell proliferation, migration and re-myelination during peripheral nerve repair. Functional recovery is impaired in both Sox2 overexpressing and Sox2 knockout mice following peripheral nerve crush injury (Roberts et al., 2017; Dun et al., 2019). Our analysis revealed that Olig1 is upregulated in Schwann cells of the distal nerve after day 3 post-injury. In oligodendrocytes, Olig1 interacts with Sox10 synergistically to drive myelin basic protein transcription (Li et al., 2007). Cultured primary mouse Schwann cells express Olig1 and forskolin treatment of cultured primary mouse Schwann cells induces the expression of myelin-related genes but strongly inhibits Olig1 expression (Schmid et al., 2014). Olig1 is expressed in non-myelinating Schwann cells of postnatal peripheral nerves (Schmid et al., 2014). Thus, Olig1 appears to not be required for myelin gene expression in Schwann cells, and further investigations are required to understand the role of Olig1 in Schwann cells during development and regeneration. In the Runx TF family, Runx2 shows Schwann cell-specific upregulation at both day 3 and day 9 post-injury. Currently, we are using a Schwann cell specific Runx2 knockout mouse model and studying its function in peripheral nerve regeneration.

Using droplet-based single-nucleus RNA sequencing technology, Renthal et al. (2020) recently mapped the transcriptomes of individual mouse DRG cells across a range of nerve injury models. One of the most dramatic findings in their study was that peripheral axonal injury resulted in a profound transcriptional reprogramming of DRG neurons. They found that axonal injury induces a common transcriptional program across all neuronal subtypes. At least 24 upregulated TFs have been identified in their study, and they showed that these TFs not only upregulate injury-response genes but also downregulate neuronal subtype-specific genes that are expressed in uninjured neurons. Over half of these 24 transcription factors have been previously detected in neurons after axonal injury (Herdegen et al., 1992; Tsujino et al., 2000; Patodia and Raivich, 2012; Chandran et al., 2016; Mahar and Cavalli, 2018). Renthal et al. also observed that the activating protein (AP-1) family members such Atf3, Jun, Jund, and Fosl2 were highly associated with the motifs for the expression of injury-induced genes (Renthal et al., 2020). Jun and Atf3 are important injury-induced TFs to activate the neuronal intrinsic regeneration program following axon damage (Tsujino et al., 2000; Parsadanian et al., 2006; Hunt et al., 2012; Xu et al., 2019). Our analysis in this study revealed that the AP-1 TF family members Atf3, Jun, Junb, Fos, Fosl2, and Mafb are all highly expressed in different cell types of the distal nerve following mouse sciatic nerve injury, and these are important TFs that are all activated in response to tissue injury (Xu et al., 2019). Early studies have already shown that their expression in adult peripheral nerve is very low but is rapidly induced in the distal nerve following injury (Arthur-Farraj et al., 2012, 2017; Fontana et al., 2012; Patodia and Raivich, 2012; Blom et al., 2014; Ko et al., 2018). Thus, the AP-1 family TF members such Jun, Junb, Fos, Fosl2, and Atf3 could be important TFs regulating the distal nerve microenvironment following peripheral nerve injury, and further investigations are required to fully characterise their function in the distal nerve during regeneration.

In summary, we identified 55 TFs that are upregulated in the distal nerve following mouse sciatic nerve injury. Among all the identified TFs, Aebp1, Fos, Jun, and Junb are highly expressed in most cell types within distal injured nerve. Bach1, Fosl1, Hmga1, Hmga2, Olig1, Runx2, Sox2, Sox4, and Tfap2a show strong expression in Schwann cells. Aebp1, Glis3, and Plagl1 are highly expressed in fibroblasts. Mafb is expressed in macrophages and Nfe2 is expressed in mast cells. The remaining TFs show expression in more than one cell type of the mouse distal nerve. We validated Jun, Runx2, and Sox2 expression in Schwann cells of the mouse distal nerve stump by immunostaining using PLP-GFP mice, we also showed by immunostaining that Junb and Runx1 are expressed in GFP negative cells. However, further studies at spatial resolution (multiplexing or spatial transcriptomics) are needed to validate the expression other TFs in specific cell types of the injured peripheral nerves. We created a cell type expression map for the 55 identified TFs to reveal their possible regulatory function on gene expression in different cell types of the distal injured nerve. The map could not only be used to facilitate the understanding of cell-specific functions of key transcription factors in peripheral nerve regeneration but may guide experimental design for researchers who are interested in studying the function of individual TFs in peripheral nerve regeneration and repair.
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