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Gliomas are the most frequent type of brain cancers and characterized by continuous proliferation, inflammation, angiogenesis, invasion and dedifferentiation, which are also among the initiator and sustaining factors of brain regeneration during restoration of tissue integrity and function. Thus, brain regeneration and brain cancer should share more molecular mechanisms at early stages of regeneration where cell proliferation dominates. However, the mechanisms could diverge later when the regenerative response terminates, while cancer cells sustain proliferation. To test this hypothesis, we exploited the adult zebrafish that, in contrast to the mammals, can efficiently regenerate the brain in response to injury. By comparing transcriptome profiles of the regenerating zebrafish telencephalon at its three different stages, i.e., 1 day post-lesion (dpl)-early wound healing stage, 3 dpl-early proliferative stage and 14 dpl-differentiation stage, to those of two brain cancers, i.e., low-grade glioma (LGG) and glioblastoma (GBM), we reveal the common and distinct molecular mechanisms of brain regeneration and brain cancer. While the transcriptomes of 1 dpl and 3 dpl harbor unique gene modules and gene expression profiles that are more divergent from the control, the transcriptome of 14 dpl converges to that of the control. Next, by functional analysis of the transcriptomes of brain regeneration stages to LGG and GBM, we reveal the common and distinct molecular pathways in regeneration and cancer. 1 dpl and LGG and GBM resemble with regard to signaling pathways related to metabolism and neurogenesis, while 3 dpl and LGG and GBM share pathways that control cell proliferation and differentiation. On the other hand, 14 dpl and LGG and GBM converge with respect to developmental and morphogenetic processes. Finally, our global comparison of gene expression profiles of three brain regeneration stages, LGG and GBM exhibit that 1 dpl is the most similar stage to LGG and GBM while 14 dpl is the most distant stage to both brain cancers. Therefore, early convergence and later divergence of brain regeneration and brain cancer constitutes a key starting point in comparative understanding of cellular and molecular events between the two phenomena and development of relevant targeted therapies for brain cancers.
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INTRODUCTION
Despite decades of research, primary brain tumors are still the most difficult-to-treat and deadliest types of cancer. They can occur due to the continual uncontrolled proliferation of brain cells including neurons and glial cells. About 240,000 cases of brain and nervous system-related cancers are diagnosed worldwide every year (Boffetta et al., 2014). Among these, gliomas, arising from glial tissue, are the most frequently occurring type of tumors in the central nervous system (CNS) and responsible for 80% of all malignant primary brain and CNS cancers (Schwartzbaum et al., 2006; Agnihotri et al., 2013; Ostrom et al., 2013; Boffetta et al., 2014; Messali et al., 2014; Hanif et al., 2017). Gliomas are classified into grade I to IV by WHO according to their histopathological and immunohistochemical similarities to the putative cell of origin. Whereas grade I gliomas are less aggressive and slow-growing, grades II to IV are more aggressive, malignant and invasive (Louis et al., 2016; Hanif et al., 2017; Louis et al., 2021). Grade IV gliomas, also known as glioblastoma (GBM), are the most aggressive diffuse forms of all gliomas and account for more than 50% of adults diagnosed with glioma (Louis et al., 2016; Tamimi and Juweid, 2017; Louis et al., 2021). Genetic and environmental factors including age, gender, ethnicity, inherited susceptibility, immune factors and prior radiation have been associated with the risk of developing glioma (Bondy et al., 2008; Prasad and Haas-Kogan, 2009; Ostrom et al., 2013; Tamimi and Juweid, 2017; Ladomersky et al., 2019). While some types of gliomas such as pilocytic astrocytoma are more prevalent in children and young adults, the incidence of GBM increases with advancing age (Merchant et al., 2010; Das and Kumar, 2017; Jones et al., 2017; Ladomersky et al., 2019). In addition to common mutations in the genes isocitrate dehydrogenase (IDH) 1 and 2, and telomerase reverse transcriptase (TERT), progression of glioma has been associated with alterations in various pathways that are crucial to today’s treatments for glioma/glioblastoma (Idilli et al., 2017): 1) alterations in the PI3K-PTEN-Akt-mTOR signaling pathway regulated by epidermal growth factor (EGF) and its receptor EGFR (Zoncu et al., 2011; Li et al., 2016), 2) mutations in the p53 pathway that promote excessive cell cycle progression and prevent apoptosis (Ohgaki and Kleihues, 2007; Viotti et al., 2014; Speidel, 2015), 3) mutations in NF1, BRAF, RAF1, MEK, PDGFR and RTK genes that affect RAS/MAPK signaling pathways (Venkatesan et al., 2016; Nasser and Mehdipour, 2018) and 4) changes in the genes regulating cell cycle and cell growth such as retinoblastoma protein (pRB), cyclin-dependent kinase 4 (cdk4) and cyclin-dependent kinase inhibitor 2A (cdkn2A) (Mao et al., 2012; Idilli et al., 2017; Nasser and Mehdipour, 2018).
Despite the modern therapies, curing brain tumors is still a considerable challenge due to the tumor heterogeneity, presence of blood-brain barrier (BBB) and missing pieces in the underlying molecular mechanisms. Among these tumors, GBM remains one of the deadliest cancer types, having a very poor prognosis with a median survival of about 15 months from the diagnosis and a 5-year survival rate of only 5% in adults (Ohka et al., 2012; Fernandes et al., 2017; Tamimi and Juweid, 2017; Wang et al., 2021). GBM treatment consists of a complex multidisciplinary approach including maximal surgical resection followed by radiation therapy and chemotherapy. After resection, applying radiotherapy together with temozolomide (TMZ) is the most effective combinatorial treatment that has been shown to extend survival (Stupp et al., 2005; Fernandes et al., 2017). Combinations of conventional therapies and new approaches targeting several molecular events, such as triggering of apoptosis and suppression of angiogenesis, can improve the prognosis of patients with GBM (Fernandes et al., 2017; Tamimi and Juweid, 2017). Nevertheless, for over 4 decades, the outcomes of GBM treatment have remained stable, necessitating rapid development of new therapeutic approaches.
Cancer and regeneration have been historically linked as both processes are triggered with the same biological phenomenon, i.e. cell proliferation. Historically, cell proliferation had first been proposed as a mechanistic link between development, regeneration and cancer by Waddington in the early 1930s (Waddington 1935; Stern, 2000). Due to the cellular similarities between tumor stroma and granulation tissue, which forms at the wound site, cancers have long been described as wounds that do not heal (Haddow, 1972; Dvorak, 1986; Schafer and Werner, 2008). A proper regeneration process is terminated in a controlled manner so that the regenerating tissue does not transform into a mass of cells that undergo uncontrolled proliferation. If regeneration cannot be processed or terminated properly, the tissue might -as in the case of cancer-undertake continuous proliferation due to chronic injury, hypoxia and inflammation and cannot re-establish tissue integrity (Dvorak, 1986; Coussens and Werb, 2002; Beachy et al., 2004; Gurtner et al., 2008; Schafer and Werner, 2008; Oviedo and Beane, 2009; Verkhratsky and Butt, 2013). In contrast to the limited ability of the human brain to regenerate, the non-mammalian vertebrate zebrafish can regenerate the CNS throughout its life (Grandel et al., 2006; Diotel et al., 2020). This ability of the adult zebrafish brain is maintained by the existence of stem/progenitor cells that can continuously proliferate and a permissive environment for neurogenesis (Kizil et al., 2012b). While mammalian adult neurogenesis is restricted to only two regions of the forebrain, i.e., the subventricular zone (SVZ) of the lateral ventricles in the telencephalon and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus, zebrafish has sixteen distinct proliferative niches located in the ventricular zone and deeper in the brain parenchyma with self-renewing neural progenitors (Kriegstein and Alvarez-Buylla, 2009; Bonfanti and Peretto, 2011; Kaslin et al., 2017; Zambusi and Ninkovic, 2020). Thus, this high regenerative capacity of the zebrafish brain constitutes a unique platform to compare the transcriptome of a healing brain at its different stages with that of continuously growing/metastasizing brain tumors. To address this striking issue, we have first set out to identify the genes that are differentially expressed in the adult zebrafish telencephalon at the following three stages of brain regeneration in response to stab wound injury: the early wound healing stage at 1 day post-lesion (dpl), the early proliferative stage at 3 dpl and the late differentiation stage at 14 dpl. We have identified 6,123, 4,662 and 1954 differentially expressed genes (DEGs) at 1, 3 and 14 dpl, respectively. A vast majority of the DEGs identified at all three stages were upregulated. Using Gene Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, we have identified that neurogenesis-related genes were prominent among DEGs at 1 dpl. While 3 dpl was marked by the genes related to immune response, cell proliferation and apoptosis, genes with key roles in neuronal differentiation and the Notch pathway were abundant among DEGs at 14 dpl. Weighted gene co-expression network analysis (WGCNA) of three regeneration stages revealed twelve distinct co-expression modules, nine of which were specific to a particular stage. Moreover, gene modules and gene expression profiles at 1 dpl and 3 dpl were unique, while those at 14 dpl are rather similar to the control group. Next, we have compared the whole transcriptomes of the regenerating brain at the three stages to those of the human adult brain tumors low-grade glioma (LGG) and glioblastoma (GBM). The early wound healing stage was similar to brain cancer with respect to activation of metabolic responses and neurogenesis-related signaling pathways. The early proliferative stage and brain cancers shared DEGs related to cell proliferation. The differentiation stage was similar to cancer with respect to activation of developmental and morphogenetic processes. Finally, our comparative transcriptomics and functional analyses of the genes that are differentially expressed in at least one stage of brain regeneration and shared with at least one type of brain cancer have revealed that the stage that most resembled the brain cancer was the early wound healing stage (1 dpl) and that the similarity decreased at the later stages of brain regeneration. Overall, by revealing the stage-dependent similarities and discrepancies between brain regeneration and brain cancer, our study paves the way to test the potential of specific molecular mechanisms of regeneration to stop cancer.
MATERIALS AND METHODS
Stab Wound Assay and Sample Collection
Stab injury was performed in 6–10 month-old wild-type (wt) AB zebrafish as previously described (Kroehne et al., 2011; Baumgart et al., 2012). Before generating a lesion, fish were anaesthetized with 0.02% (w/v) of tricaine methanesulphonate (Supelco, PA, United States) (Schmidt et al., 2014). Stab wound injury was generated by inserting a 30-gauge needle through the left nostril up to the caudal end of the telencephalon (Figure 1A). Following injury, the fish were transferred into a tank of freshwater. At 1, 3 or 14 dpl of stab injury, zebrafish were re-anaesthetized with 0.02% (w/v) of tricaine solution and euthanized by submersion in ice water for 5 min (Schmidt et al., 2014). After extracting the whole telencephalon tissue, lesioned (left) hemispheres were dissected and collected individually in RNAprotect tissue reagent (Qiagen, Germany) to prevent RNA degradation. The left hemispheres of healthy zebrafish telencephalons were used as control samples. All stab lesions were performed on the same day, and fish were sacrificed at corresponding time points from that moment (1, 3 or 14 dpl). Control fish were sacrificed on the day of the stab lesion. Experiments were carried out in quadruplets for each group. Zebrafish were raised and handled in accordance with the guidelines of the Izmir Biomedicine and Genome Center’s Animal Care and Use Committee. Animal experiments were inspected and approved by the Animal Experiments Local Ethics Committee of Izmir Biomedicine and Genome Center (IBG-AELEC).
[image: Figure 1]FIGURE 1 | Sample preparation from three different stages of zebrafish brain regeneration and initial analyses of the transcriptome data. (A) Generation of the stab lesion and preparation of the RNA samples from lesioned hemispheres at 1, 3 and 14 dpl. Transcriptomes of the regenerating brain were compared to those of human adult LGG and GBM. (B) Principal component analysis (PCA) of three brain regeneration stages and their controls. Different colors of circle, square or rectangle dots represent the four groups of samples. Four or five dots with the same color refer to the biological replicates of a sample group. Four sample groups were well clustered among their replicates and well separated from other sample groups. (C) Sample-to-sample distance heatmap generated by using normalized counts for overall gene expression patterns for three stages of brain regeneration and control brain samples generated by the DESeq2 package. Different colors of dots represent the four groups of samples. (D) UpSet plot shows the comparison of DEG sets between regeneration stages. Total number of DEGs as Up or Down and time points are shown on x and y axes, respectively. Green bars represent the genes unique to a time point, blue bars the intersection of genes between two different time points and red bars the intersection of genes between three different time points. Black dots connected by lines correspond to the time point and Up/Down state. Numbers of overlapping genes are shown above each bar. dpl: days post-lesion, ctrl: control, LGG: low-grade glioma, GBM: glioblastoma, Up: upregulated, Down: downregulated.
RNA Isolation and cDNA Preparation
Following removal of RNAprotect, 700 µL of Qiazol reagent (Qiagen, Germany) was added on the brain tissues and the tissues were homogenized by using a sterile disposable pestle. Total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, Germany) according to the manufacturer’s instructions and quantified with a NanoDrop 2000 spectrophotometer (Thermo Scientific, MA, United States). RNA integrity and quality was measured by using an Agilent RNA 6000 Pico kit in a 2,100 Bioanalyzer (Agilent Technologies, CA, United States) following the manufacturer’s instructions.
Library Construction and RNA Sequencing (RNA-Seq)
The samples with an RNA Integrity Number (RIN) ≥ 8 were selected for RNA sequencing (RNA-seq). RNA quality was further tested by performing quantitative reverse transcription PCR (RT-PCR) with a primer pair producing an 812-bp product for zebrafish beta actin 1 (actb1) as a housekeeping gene. To work with equal amounts, RNA samples were adjusted to 100 ng. Samples that passed the quality control steps were sent to the Genomics Core Facility (GeneCore, EMBL Heidelberg, Germany) for library preparation and RNA-seq. Libraries were prepared with an Illumina TruSeq RNA Library Preparation Kit v2 (Illumina, San Diego, CA, United States) according to the manufacturer’s instructions. 500 ng of cDNA was used for each reaction. A paired-end, strand-specific sequencing platform was used on an Illumina NextSeq 500 (Illumina, CA, United States) with a read length of 75 bp.
Quantitative Polymerase Chain Reaction
To validate the differentially expressed genes obtained via RNA-seq analysis within the original RNA samples, RNA was converted to cDNA by using the ProtoScript II First Strand cDNA Synthesis kit (New England Biolabs, MA, United States). qPCR was performed in triplicates by using GoTaq qPCR Master Mix (Promega, WI, United States) in an Applied Biosystems 7,500 Fast Real-Time PCR machine (Thermo Fisher Scientific, MA, United States). Expression values of each sample were normalized to Danio rerio ribosomal protein L13a (rpl13a). The efficiency of each primer pair was assessed by using the standard curve assay according to the relevant program of the machine. Standard curve with CT values were generated by using the ABI software and a correlation coefficient (R2) was calculated for each primer pair. Primer pairs with the R2 values equal to or greater than 0.99 and an efficiency falling in the acceptable range (90–110%) were used in the qPCR reactions. Data were analyzed with the GraphPad Prism 8 software (Graphpad Software Inc., CA, United States). The values are indicated as mean ± SEM (Standard Error of Mean) of triplicates. Primer sequences for the tested zebrafish genes are provided in Supplementary Table S1.
Transcriptomic Analyses of Zebrafish Brain Regeneration and Human Brain Cancers
Read quality control of each zebrafish brain RNA-seq sample was initially performed by using the FastQC tool (Andrews, 2010). The reads were aligned to the zebrafish reference genome GRCz11 (danRer11) using HISAT2 (version 2.1.0) (Kim et al., 2015). After mapping, transcripts were counted with HTSeq 0.6.0 tool by using the annotation file Danio_rerio.GRCz11.93. gtf obtained from the Ensembl (Anders et al., 2015). Normalization and transformation (vst) of the read counts, as well as differential expression analysis, were performed by using DESeq2 package (version 1.28.1) of Bioconductor (Love et al., 2014). Principal component analysis (PCA) and sample-to-sample distance analysis were conducted to check data and plots were visualized by using ggplot2 (version 3.3.2) and pheatmap package (version 1.0.12) (Kolde, 2012; Wickham, 2016) (Figures 1B,C). To find differentially expressed genes (DEGs), Wald tests were performed on DESeq2 for the following comparisons: 1) 1 dpl lesioned hemisphere vs. control, 2) 3 dpl lesioned hemisphere vs. control, and 3) 14 dpl lesioned hemisphere vs. control. Secondly, to analyze human brain cancer data, a count matrix was generated using the count data of low-grade glioma (LGG) and glioblastoma (GBM) samples downloaded from The Cancer Genome Atlas (TCGA). To identify DEGs, the samples of TCGA-LGG and/or TCGA-GBM projects were compared with the normal tissue samples (control) of the same project. Genes were tested for differential expression using a Wald test with DESeq2 for the following comparisons: 1) TCGA-LGG vs. control and 2) TCGA-GBM vs. control. For all comparisons, genes were marked as upregulated for the fold change >1.5 and downregulated for the fold change <0.67 (= 1/1.5) and for Benjamini–Hochberg adjusted p-value (FDR) < 0.05, which will thereafter be referred to as “FC > 1.5 in either directions”.
Weighted Gene Co-Expression Network Analysis
We ran WGCNA on a filtered and transformed expression matrix of the zebrafish brain regeneration dataset. Raw counts were transformed using the variance-stabilizing transformation (vst) of the R package DESeq2 (Love et al., 2014) as recommended by the WGCNA manual (Langfelder and Horvath, 2008). Genes with less than 10 counts in more than 90% of the samples were filtered for subsequent analysis. After this filtering, 22,853 genes were fed to WGCNA for the regeneration dataset. Network was constructed using unsigned co-expression similarities between genes. As opposed to signed co-expression, unsigned co-expression conserves similarity between highly correlated genes, even in the case of negative correlation. Unsigned co-expression similarity between two genes i and j is defined as the absolute value of their sample correlation: [image: image]. A soft threshold (also called power) of 9 was picked due to the sample size (n = 18) accepted as small according in order to construct a co-expression network. The soft threshold [image: image] expresses the way the co-expression similarity translates into an adjacency weight in the network: [image: image]. The higher the soft threshold, the further weak co-expressions are pushed towards 0, although without being made equal to 0, i.e., soft thresholding. For zebrafish brain regeneration data, a power of 9 was chosen by default, due to the sample size (n = 18) accepted as small according to the WGCNA manual (Langfelder and Horvath, 2008). A weighted co-expression network was constructed using these parameters. Gene modules were then delineated from the clustering using the dynamic hybrid tree cut algorithm with a deep split parameter of 2 and a minimum cluster size of 100. In other words, modules are defined by pruning the hierarchical clustering dendrogram and grouping the genes that fall in the same branch together. Depending on the parameters, WGCNA merges modules that show similar patterns.
Collection of Brain Cancer Samples’ Data from The Cancer Genome Atlas
RNA-seq data of adult human GBM and LGG samples were obtained from the TCGA data portal (National Cancer Institute, 2020). TCGA defines LGG as tumors of grades II and III based on standards set by the World Health Organization (WHO). The “Level 3” gene expression data for all TCGA-LGG (529 LGG samples and 4 control samples) and TCGA-GBM (165 GBM samples and 5 control samples) samples were downloaded from the TCGA database.
Ortholog Conversion
To compare the events measured in the zebrafish and human models, a table of unambiguous orthologous genes was generated between Homo sapiens and Danio rerio by using BioMart annotations (Smedley et al., 2009). The orthology table obtained from BioMart was first filtered to keep only the pairs of genes indicated with high confidence or with similarities in genes names. The resulting table was further filtered to resolve ambiguities so that each zebrafish gene is assigned a unique human ortholog. For a given zebrafish gene that does not have a human ortholog with the same gene name, a unique human ortholog is selected by ranking the orthology metrics with the following order of priority: gene order conservation score, whole genome alignment coverage, percentage of identity of zebrafish gene to human gene, percentage of identity of human gene to zebrafish gene. Finally, to reduce the number of human genes matched to multiple zebrafish genes, only high confidence pairs were retained (Supplementary Table S7).
Functional Annotation
The lists of significantly altered genes acquired from individual comparisons were used as inputs of functional analyses for the database for Annotation, Visualization and Integrated Discovery (DAVID version 6.8) (Huang da et al., 2009). When comparing stages of zebrafish brain regeneration and human cancers, lists of shared or exclusive genes were built using human orthologs of zebrafish genes (Supplementary Table S7). For comparisons within the zebrafish model, the original gene identifiers were used. For functional enrichment, the ease score, a modified one-tailed Fisher’s exact test, was used to determine the enriched Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by means of a user-defined gene list for each annotated DAVID GO term and KEGG pathway. Functional enrichment was performed according to biological domains of GO terms with respect to three aspects: biological process (BP), molecular function (MF), and cellular component (CC). Gene lists obtained from the AmiGO database (Carbon et al., 2009) and manually curated as related to the selected functions (Figure 2A) were plotted using the R package pheatmap (version 1.0.12) (Kolde, 2012). Gene lists related to the selected KEGG pathways were obtained from the KEGG database and plotted using the GOplot package (Walter et al., 2015). Significantly enriched GO terms and KEGG pathways were plotted using the package ggplot2 (Wickham, 2016).
[image: Figure 2]FIGURE 2 | Transcriptome profiling and functional annotation of the telencephalon during early wound healing (1 dpl), early proliferative (3 dpl) and differentiation (14 dpl) stages of zebrafish brain regeneration. (A) Heatmaps of log2 fold changes of selected genes across three stages of brain regeneration. Each column represents a time point and each row shows a single gene. The scale bar shows red for Up, blue for Down, yellow for weak regulation (FC < 1.5 in either direction) or statistically non-significant (Benjamini–Hochberg adjusted p-value (FDR) > 0.1). (B–D) GO-BP terms enriched at 1 dpl (B), 3 dpl (C) and 14 dpl (D) by using all DEGs. DAVID was used to show the most significantly enriched GO-BP terms. All DEGs (1 dpl: 6,123, 3 dpl: 4,662, 14 dpl: 1954) were used for the analyses. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. (E) Relative expression levels of genes that are Down or Up at different stages of regeneration. bdnf is Down at 3 dpl and 14 dpl, while syt2a and epha6 are Down at all stages. capgb is Up at all stages, while gfap is Up at 1 dpl and 3 dpl. Statistical significance was evaluated using unpaired t-test. *p < 0.05, **p < 0.01 and ***p < 0.001. ns: non-significant. Error bars represent ±standard error of mean (SEM, n = 3). Up: upregulated, Down: downregulated, dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological Process.
RESULTS
Transcriptome Profiling of Brain Regeneration During Early Wound Healing, Proliferation and Differentiation Stages
Brain regeneration has been analyzed at the transcriptional level in the zebrafish traumatic brain injury model at 5 dpl (Gourain et al., 2021). Moreover, we have recently conducted a comparative transcriptomic profiling of the regenerating zebrafish telencephalon at two early stages of regeneration (Demirci et al., 2020). However, there exists no study that compares the gene expression profiles at the early and late stages of regeneration. Thus, we set out to unravel the dynamic alterations in gene expression that occur from the early wound healing stage (1 dpl), through the proliferative stage (3 dpl) to the late differentiation stage (14 dpl) of brain regeneration (Kroehne et al., 2011; Lindsey et al., 2017; Demirci et al., 2020). To this purpose, we dissected the lesioned (left) hemispheres of the injured zebrafish brain at 1, 3 and 14 dpl, and compared with the equivalent hemispheres of the uninjured control brains. PCA showed clear separation of the samples between control and regeneration stages, which clustered in distinct zones of the principal plane of variance (Figure 1B). The sample-to-sample distance heatmap further supported that the samples exactly matched the main ramifications of the hierarchical clustering (Figure 1C). Among the regeneration stages, samples of 14 dpl positioned most closely to the control samples in both analyses, suggesting that the transcriptome of the late differentiation stage converged to that of the control. Next, we performed differential gene expression analysis. We have detected 6,123 genes (3,330 upregulated [Up] and 2,793 downregulated [Down]), 4,662 genes (3,678 Up, 984 Down) and 1954 genes (1,330 Up, 624 Down) that were differentially expressed in response to injury at 1, 3 and 14 dpl, respectively (Supplementary Figures S1A,C). Differential expression at all stages was asymmetrical in favor of Up genes, with 1 dpl having the highest number of DEGs (Supplementary Table S2). 3,983 DEGs (1,642 Up, 2,341 Down) were unique to 1 dpl (Figure 1D). Heatmaps of selected genes undertaking specific roles during regeneration showed that the Down group at 1 dpl consisted of several neurogenesis-related genes such as neurod2, olig1, notch3, foxo3a, amigo1 and a large number of semaphorin genes, encoding for a family of secreted and membrane proteins involved in axonal growth (Supplementary Table S2, Figure 2A). Interestingly, several neural stem/progenitor cell markers including gfap, nes and s100b were Up, as a sign of reactive neurogenesis (Supplementary Table S2, Figure 2A). At 3 dpl, 1796 DEGs (1,398 Up, 398 Down) were unique (Figure 1D) and mostly consisted of genes related to regulation of apoptosis, cell cycle and cell proliferation (Supplementary Table S2, Figure 2A). Genes related to immune response, chemotaxis and angiogenesis as well as markers of neurogenesis such as gfap, s100b, fabp7a, neurod4, olig4 and gli were prominently Up at 3 dpl (Supplementary Table S2, Figure 2A). At 14 dpl, the number of unique DEGs decreased dramatically to 373 (208 Up, 165 Down) (Figure 1D), including the Up neuronal differentiation genes gli1, foxd3, her4.2, otpb, fzd1 and fzd4 (Supplementary Table S2, Figure 2A). Strikingly, several members of Notch signaling including notch1a, notch1b, notch2, notchl, her15.1, dla, dlb, dlc, dld, jag1a, and jag1b, were Up at 14 dpl while being Down at 1 dpl (Supplementary Table S2), in accordance with the key roles of Notch signaling in regulation of neuronal differentiation (Imayoshi and Kageyama, 2011).
To investigate the function of the DEGs, we performed GO term enrichment analysis for all three regeneration stages (Supplementary Table S3, Figures 2B–D). At 1 dpl, biosynthetic processes, immune system development and regulation of nervous system development were in the top 50 GO-BP terms (Supplementary Table S3, Figure 2B). KEGG pathways at 1 dpl were also enriched mainly in biosynthetic metabolic pathways as well as several signaling pathways such as mTOR and MAPK (Supplementary Table S4, Supplementary Figure S2). At 3 dpl, top 50 GO-BP terms were enriched mainly in cell cycle, activation of immune response and apoptosis (Supplementary Table S3, Figure 2C). KEGG pathways were likewise enriched in cell cycle, apoptosis, cytokine activation, apoptosis-related p53 signaling and immune response-related JAK-STAT pathway (Supplementary Table S4, Supplementary Figure S2). At 14 dpl, most prominent GO-BP terms were related to organ morphogenesis, neurogenesis, CNS development and vasculogenesis as well as Wnt and Notch signaling pathways (Supplementary Table S3, Figure 2D), which were also enriched in the KEGG pathways (Supplementary Table S4, Supplementary Figure S2). To validate differential gene expression, we selected DEGs that are related to neurogenesis and regulated differently at 1, 3 and 14 dpl. bdnf, encoding for a neurotrophic factor, was strongly and selectively Down at 3 dpl and 14 dpl, while the synaptic vesicle protein encoding syt2a and ephrin receptor gene epha6 were Down at all three stages (Figure 2E). On the other hand, regeneration-related capgb was Up at all stages, whereas the glial marker gfap was selectively Up at 1 dpl and 3 dpl (Figure 2E). These results were collectively compatible with the RNA-seq results (Supplementary Table S2).
Gene Co-Expression Network Analysis Reveals Divergence from Control in Early Stages of Brain Regeneration and Convergence to Control at Late Stages
Next, to explore the co-expression relationship between different gene sets, we performed weighted gene co-expression network analysis (WGCNA) on 1, 3 and 14 dpl samples and identified twelve distinct groups of co-expressed genes, the so-called modules (Supplementary Figure S3, Supplementary Table S5). Expression of the genes clustered in nine modules (M1-M5 and M7-M10) showed a stage-specific component (Figure 3A, Supplementary Figure S3B), i.e., the genes in these modules revealed expression patterns that distinguished one stage of regeneration from the others, indicating a grouped response peaking at that particular stage. Notably, GO term enrichment analyses performed by using the genes clustered in these nine modules showed a similar pattern with that performed by using the DEGs for each stage in BP category (Figure 3B, Supplementary Table S6). For example, genes enriched in M1 (turquoise) and M3 (brown) showed an expression pattern specific to 1 dpl (Figure 3A). GO terms of these two modules were associated with translation and ribosome biogenesis, similar to GO-BP terms obtained from analysis of all DEGs at 1 dpl (compare Figure 3B to Figure 2B). Genes enriched in M5 (green) and M10 (purple) likewise showed a pattern specific to 3 dpl (Figure 3A) and had GO terms enriched in immune response and cell cycle that are compatible with the GO-BP terms generated from all DEGs at 3 dpl (compare Figure 3B to Figure 2C). Genes that were affected at both 1 dpl and 3 dpl were enriched in M2 (blue) and M7 (black) (Figure 3A) and consisted of GO terms related with immune response, cell cycle and apoptosis, which were significantly enriched in GO terms and KEGG pathways performed with genes differentially expressed at one of these stages (compare Figure 3B to Figures 2B,C and Supplementary Figure S2). Interestingly, there was no module specific to 14 dpl, which mostly displayed modules similar to control. Moreover, clustering of regeneration-related GO-BP terms enriched at all three stages further supports that biological events occurring during adult brain regeneration display stage-specific patterns (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Network analysis of zebrafish brain regeneration at three stages reveals stage-specific modules. (A) Heatmap representing relative expression (z-score) of genes that are enriched in each module for the three stages of the adult zebrafish brain regeneration. Each row represents a sample, and each column shows a single gene. Red and green shades show high or low relative expressions, respectively. (B) DAVID was used to show the most significantly enriched GO-BP terms based on the transcriptional changes of each significant module and their associated enrichment p-values for Top 10 GO-BP terms. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. dpl: days post-lesion, ctrl: control.
To understand the changes in gene expression profiles during adult brain regeneration at a global level, we drew heatmap plots using all DEGs (9,136 genes, Supplementary Table S7) identified at three stages by using variance-stabilized counts normalized as z-scores for all samples (Supplementary Figure S5). Control samples showed the lowest variability. Samples of 1 dpl and 3 dpl displayed a high variability, probably due to activation of intense regeneration events such as reactive proliferation, which can vary significantly between individuals. In contrast, the variability decreased in samples of 14 dpl and gene expression patterns became similar to the control, most likely because neuronal circuits are partially re-established at this stage (Kroehne et al., 2011). These data collectively indicate that while 1 dpl and 3 dpl were unique with respect to their gene modules and gene expression profiles, 14 dpl is rather similar to the control group, suggesting that gene expression patterns in later stages of regeneration converge to those of the uninjured state.
The Early Wound Healing Stage of Brain Regeneration is More Similar to Glioblastoma than to Low-Grade Glioma in Terms of Activation of Metabolic and Neurogenic Pathways
Due to the growing evidence that bridge the mechanisms of regeneration and cancer, we hypothesize that regeneration and cancer must share some molecular mechanisms at the early stages of regeneration where proliferation is the prominent event. However, the mechanisms must diverge later when the regenerative response terminates precisely, while cancer cells keep proliferating. To test whether this hypothesis holds true for the brain, we set out to compare the transcriptome of the regenerating adult brain to that of the brain with cancer. As a first step, we compared LGG/GBM samples from TCGA with normal tissue to identify the DEGs. Expression of 7,992 genes (4,036 Up, 3,956 Down) and 15,469 genes (8,451 Up, 7,018 Down) were significantly altered in LGG and GBM, respectively (Supplementary Figures S6A,B, Supplementary Table S2).
To investigate the shared genes between early wound healing stage of brain regeneration with LGG and GBM, we intersected unique human orthologs of DEGs at 1 dpl with the DEGs in LGG and GBM. Out of the 6,123 genes that were differentially expressed at 1 dpl, 1,610 genes were shared with LGG and 1,246 of them were altered in the same direction, i.e., both Up or both Down (Figure 4A, Supplementary Table S7). Among shared genes, tp53, gfap, and pcna were Up, while neurod2, braf, kras, pten and akt3 were Down (Figure 4C, Supplementary Table S7). Interestingly, 4,513 genes (2,609 Up, 1904 Down) were unique to 1 dpl. Between 1 dpl and GBM, the number of shared genes increased to 2,380, 2056 of which were regulated in the same direction and included majority of the genes shared between 1 dpl and LGG (Figures 4B,D; Supplementary Table S7). Here, 3,743 genes (2,211 Up, 1,532 Down) were unique to 1 dpl (Figure 4B). Thus, early wound healing stage of regeneration is more similar to GBM than to LGG at the transcriptional level, most likely due to the high number and variation of DEGs detected in GBM.
[image: Figure 4]FIGURE 4 | Early wound healing stage (1 dpl) of brain regeneration is similar to brain cancer with respect to induction of metabolism- and neurogenesis-related signaling responses. (A, B) Venn diagrams showing the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 1 dpl (turquoise) and (A) LGG (pink) and (B) GBM (blue). (C, D) Heatmaps show the expression of genes shared between 1 dpl (turquoise) and (C) LGG (pink) and (D) GBM (blue). Each column represents a condition (1 dpl, LGG or GBM) and each row shows a single gene. The scale bar shows log2 fold changes from high to low regulation, represented by a color gradient from red to purple, respectively. (E, F) DAVID was used to show the most significantly enriched GO-BP (top 50), CC (top 5), and MF (top 5) terms based on transcriptional changes in comparison of 1 dpl with (E) LGG and (F) GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological Process, MF: Molecular Function, CC: Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
Next, we performed functional annotation of shared genes by using human gene identifiers (Figures 4E,F, Supplementary Figure S7A; Supplementary Tables S7–S9). 39 terms were shared between top 50 GO-BP terms enriched in the comparisons of shared DEGs in 1 dpl-LGG and 1 dpl-GBM (Figures 4E,F, Supplementary Table S8). These terms included various processes related to protein metabolism and neurogenesis. Furthermore, KEGG pathway enrichment of shared DEGs showed that various neurogenesis-related pathways including mTOR, ErbB, MAPK and oxytocin signaling as well several synapse and axonal pathways were shared between 1 dpl and LGG (Supplementary Figure S7A, Supplementary Table S9). Strikingly, glioma was enriched in shared DEGs of 1 dpl with both LGG and GBM (Supplementary Figure S7A, Supplementary Table S9). To identify KEGG pathways that were specific to the very early stage of brain regeneration, we exploited the DEGs unique to 1 dpl with respect to LGG or GBM. Among the unique top 30 KEGG pathways, apoptosis and the JAK-STAT signaling pathway were prominent (Supplementary Figure S7B, Supplementary Table S10). In summary, our results indicate that the early wound healing stage of brain regeneration is similar to brain cancer with respect to induction of metabolism- and neurogenesis-related signaling responses and different from cancer mainly via induction of apoptosis during early regeneration.
The Early Proliferative Stage of Brain Regeneration is Similar to Low-Grade Glioma/Glioblastoma with Respect to Active Proliferation
Next, to reveal the shared genes between the early proliferative stage of brain regeneration and brain cancer, we overlapped human orthologs of DEGs at 3 dpl with the DEGs in LGG and GBM. 952 out of 4,662 DEGs determined at 3 dpl were shared with LGG and 796 out of 952 were Up/Down in both 3 dpl and LGG (Figure 5A, Supplementary Table S7). Shared genes involved the proliferation and glial markers mki67, pcna, several mcm genes and gfap, which were all Up (Figure 5C, Supplementary Table S7). The percentage of unique genes at 3 dpl were greater than that at 1 dpl and reached a total number of 3,710 (2,939 Up, 771 Down) (Figure 5A). When compared to GBM, 1,513 DEGs were shared with 3 dpl and 1,288 of them were altered in the same direction (Figure 5B, Supplementary Table S7). Among the shared Up genes were many proliferative and cancer-related genes such as angpt1, vim, brca2, pcna, mcm2, and mki67 (Figure 5D). Here, we found 3,149 DEGs (2,484 Up, 665 Down) that were unique to 3 dpl (Figure 5B).
[image: Figure 5]FIGURE 5 | Early proliferative stage (3 dpl) of brain regeneration resembles brain cancer with regard to activation of cell proliferation. (A,B) Venn diagrams showing the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 3 dpl (yellow) and (A) LGG (pink) and (B) GBM (blue). (C,D) Heatmaps showing the expression of genes shared between 3 dpl (yellow) and (C) LGG (pink) and (D) GBM (blue). Each column represents a condition (3 dpl, LGG or GBM) and each row shows a single gene. The scale bar shows log2 fold changes from high to low regulation, represented by a color gradient from red to purple, respectively. (E,F) DAVID was used to show the most significantly enriched GO-BP (top 50), CC (top 5), and MF (top 5) terms based on transcriptional changes in comparison of 3 dpl with (E) LGG and (F) GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological Process, MF: Molecular Function, CC: Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
Functional annotations of shared DEGs revealed that 31 terms out of the top 50 GO-BP terms were mutual between 3 dpl-LGG and 3 dpl-GBM (Figures 5E,F, Supplementary Figure S7A, Supplementary Tables S8, S9). The mutual GO-BP terms contained a number of proliferation-related ones such as various mitotic cell cycle processes, nuclear division processes and DNA replication. GO terms were supported by the KEGG pathway enrichment analysis, which showed that shared DEGs were enriched in various pathways related to proliferation and DNA repair as well as p53, MAPK and calcium signaling pathways (Figure 7B, Supplementary Table S9). Here, several cancer-related pathways were enriched in shared DEGs of 3 dpl with both LGG and GBM (Figure 7A, Supplementary Table S9). Next, we determined the KEGG pathways that are specific to the early proliferative stage of brain regeneration and found that DEGs unique to 3 dpl were enriched in immune response-related processes and apoptosis, p53, Toll-like receptor and JAK-STAT signaling pathways, within the top 30 KEGG pathways (Supplementary Figure S7B, Supplementary Table S10). These data suggest that the early proliferative stage of brain regeneration resembles brain cancer mainly by promotion of cell proliferation, while differing from cancer by the active immune response and apoptosis.
Developmental and Morphogenetic Signaling Pathways are Commonly Activated During the Differentiation Stage of Brain Regeneration and Low-Grade Glioma/Glioblastoma
Next, to compare the differentiation stage of adult brain regeneration with brain cancer, we intersected human orthologs of DEGs at 14 dpl with the DEGs in LGG and GBM. Among 1954 DEGs detected at 14 dpl, 380 were shared with LGG and 319 of the shared DEGs were regulated similarly at 14 dpl and LGG (Figure 6A, Supplementary Table S7). Shared DEGs contained several mcm genes and differentiation-related genes (Figure 6C, Supplementary Table S7). 1,574 genes (1,073 Up, 501 Down) were unique to 14 dpl (Figure 6A). 14 dpl and GBM shared 629 genes, 504 of which were regulated in the same direction and mostly overlapped with those shared between 14 dpl and LGG (Figures 6B,D; Supplementary Table S7). 1,325 genes (901 Up, 424 Down) were unique to 14 dpl when compared to GBM (Figure 6B).
[image: Figure 6]FIGURE 6 | Differentiation stage (14 dpl) of brain regeneration and brain cancer share mechanisms related to developmental and morphogenetic processes. (A,B) Venn diagrams showing the number of upregulated (Up) or downregulated (Down) DEGs and the overlap between 14 dpl (purple) and (A) LGG (pink) and (B) GBM (blue). (C,D) Heatmaps showing the expression of genes shared between 14 dpl (purple), and (C) LGG (pink), and (D) GBM (blue). Each column represents a condition (14 dpl, LGG or GBM) and each row shows a single gene. The scale bar shows their log2 fold changes from high to low regulation, represented by a color gradient from red to purple, respectively. (E,F) DAVID was used to show the most significantly enriched GO-BP (top 50), CC (top 5), and MF (top 5) terms based on transcriptional changes in comparison of 14 dpl with (E) LGG and (F) GBM by using human identifiers of shared DEGs. The heatmap scale shows log10 of the ease p-values for the most significantly enriched GO terms. dpl: days post-lesion, DAVID: database for Annotation, Visualization and Integrated Discovery, GO: Gene Ontology, BP: Biological Process, MF: Molecular Function, CC: Cellular Component, dpl: days post lesion, LGG: low-grade glioma, GBM: glioblastoma.
Our functional annotation of genes shared between the differentiation stage of brain regeneration and brain cancer demonstrated that 31 of the top 50 GO-BP terms were shared between 14 dpl-LGG and 14 dpl-GBM (Figures 6E,F, S7A, Supplementary Tables S8, S9). A number of GO-BP terms related to development and morphogenesis including nervous system development, neuron differentiation and angiogenesis were remarkable. Moreover, Notch, Wnt, Hippo and calcium signaling pathways were enriched in the top 30 KEGG pathways (Supplementary Figure S7A). Interestingly, several cancer-related pathways were enriched in DEGs between 14 dpl and LGG/GBM (Supplementary Figure S7A, Supplementary Table S9). The Wnt signaling pathway was also enriched in the KEGG pathways that are unique to 14 dpl with respect to LGG/GBM along with p53 and Toll-like receptor signaling (Supplementary Figure S7B, Supplementary Table S10). Thus, signaling pathways that control certain developmental and morphogenetic processes are commonly activated during the differentiation stage of brain regeneration and brain cancer.
The Early Wound Healing Stage of Brain Regeneration is More Similar to Low-Grade Glioma and Glioblastoma than the Proliferation and Differentiation Stages
While individual comparisons of the regenerative stages to LGG and GBM are informative about particular similarities of these stages to gliomas, a global comparison is necessary to reveal which stage of brain regeneration is most comparable to brain cancer. To this purpose, we drew heatmaps of log2 fold changes of the 3,615 genes that are differentially expressed in at least one stage of brain regeneration and shared with at least one type of brain cancer (Supplementary Figure S8). The genes obtained from the KEGG database included a substantial number of genes involved in glioma, pathways in cancer, as well as Wnt, p53, JAK-STAT Notch, apoptosis, RAS, MAPK, mTOR and PI3K-Akt signaling pathways (Figures 7A,B, Supplementary Figure S9). To compare the changes in gene expression associated with these selected pathways in three regenerative stages and two brain cancers, we intersected the genes annotated in these pathways with the DEG sets. Strikingly, the majority of the DEGs of the early wound healing stage showed an expression pattern that is similar to the both human brain cancers, but mostly to GBM (Figures 7A,B, Supplementary Figure S9). In general, if a gene is Up at 1 dpl, it is generally Up in LGG/GBM and if a gene is Down at 1 dpl, it is likewise Down in LGG/GBM (Supplementary Figure S8). The number of significantly altered genes was highest at 1 dpl and decreased at 3 dpl and 14 dpl for all pathways. While most Wnt signaling-related genes were Down or absent across DEG sets, p53 signaling-related genes were mainly Up or absent across DEG sets (Figure 7B). Interestingly, the expression of several genes in the KEGG pathway “pathways in cancer”, such as ptk2, kit, lpar1, notch1, rasgrp4, ifngr1, ptch1, apaf1 and dll1, and Wnt pathway-related genes, such as wif1, rspo3, nkd2, sfrp1, smad3, wnt7a, wnt7b and axin1, showed opposite expression patterns between brain regeneration and brain cancers, suggesting that these genes may play key roles in preventing the cells from undergoing carcinogenesis (Figures 7A,B). In conclusion, among the three stages of brain regeneration, the early wound healing stage was the most similar one to the brain cancers LGG and GBM with respect to their transcriptomes, while the similarity decreased as regeneration proceeded to the proliferation and differentiation stages.
[image: Figure 7]FIGURE 7 | Early wound healing stage of brain regeneration is more similar to LGG and GBM than the proliferation and differentiation stages. (A,B) GOChord plots show log2 fold changes of the genes annotated in selected KEGG pathways (A) “Glioma” and “Pathways in cancer” and (B) “Wnt”, “p53”, “Jak-STAT”, “Notch” and “Apoptosis” for three stages of the zebrafish brain regeneration and two types of human brain cancers. The genes are linked to their assigned pathways by ribbons and ordered according to their log2 fold change values from high to low regulation, represented by a color gradient from blue to red, respectively. log2 fold changes are shown from the outer to the inner annulus in the following order: 1, 3, 14 dpl, LGG and GBM. An asterisk was appended to human genes associated as orthologs to several zebrafish genes in the list. dpl: days post-lesion, LGG: low-grade glioma, GBM: glioblastoma.
DISCUSSION
Despite the studies investigating the common and distinct molecular mechanisms underlying regeneration and cancer, how brain regeneration and brain cancer compare with each other at the level of gene expression has been overlooked. This study has two novel aspects. First, it unravels the gene expression profiles of the regenerating adult zebrafish telencephalon at two early (1 dpl and 3 dpl) and one relatively late (14 dpl) stage of regeneration: 1 dpl as the early wound healing stage, 3 dpl as the early proliferative stage and 14 dpl as the differentiation stage. Second, this study is the first that compares gene expression profiles of the three different stages of adult brain regeneration with two different brain cancers: low-grade glioma (LGG) and glioblastoma (GBM). Based on our detailed analyses, we have drawn the following conclusions: 1) the total number of DEGs at 1 dpl are higher than those at 3 dpl and 14 dpl. 65, 38.5 and 19% of the total DEGs are unique to 1, 3 and 14 dpl, respectively. 2) The more distinctive expression pattern of 1 dpl, and to a lesser extent 3 dpl, is further supported by the unique gene modules that are detected within the transcriptomes of 1 dpl and 3 dpl and by the gene expression profiles that are more divergent from the control. In contrast, the transcriptome of 14 dpl is rather similar to the control group and converges to the transcriptome of the uninjured brain. 3) 1 dpl of brain regeneration is similar to LGG/GBM with respect to activation of metabolism- and neurogenesis-related signaling pathways and different from cancer in the way of activating apoptosis (Figure 8). 4) 3 dpl and LGG/GBM are similar with regard to elevated cell proliferation and differentiation (Figure 8). 5) 14 dpl resembles LGG/GBM because of induced developmental and morphogenetic processes (Figure 8). 6) 1 dpl is more similar to LGG/GBM than 3 dpl and 14 dpl are. Thus, brain regeneration and brain cancer appear to share higher number of molecular mechanisms in the early stages of regeneration, while the similarity decreases at its later stages.
[image: Figure 8]FIGURE 8 | Summary of the shared cellular mechanisms between brain regeneration at three different stages of regeneration and brain cancer.
The Immune Response is Induced Early After Injury and Starts to Decline After the Proliferative Stage
Tissue damage triggers a cascade of early regenerative processes including initiation of wound closure and activation of immune response that is necessary for clearance of tissue debris and deposition of extracellular matrix (Marques et al., 2019). Because of bleeding and inflammation, the lesion site is infiltrated by platelets and immune cells, which are controlled by numerous signaling molecules (Krafts, 2010; Kroehne et al., 2011; Marques et al., 2019). For example, a variety of cells including fibroblasts, macrophages and monocytes, which are primed by mesenchymal stem/stromal cells, are essential for regeneration and activated by the platelet-derived growth factors (PDGFs) to enhance proliferation, chemotaxis and gene expression (Pierce et al., 1991; Andrae et al., 2008; Krafts, 2010). PDGFs have also been shown to be important for myelin regeneration in CNS by stimulating proliferation, differentiation and survival of the cells in the oligodendroglial lineage (Webster, 1997; Watzlawik et al., 2013). Our data showed significant upregulation of PDGF and PDGF receptor (PDGFR) genes such as pdgfba selectively at 3 dpl, pdgfd and pdgfaa at 1 dpl and 3 dpl, and pdgfrl, pdgfra and pdgfrb at 3 dpl and 14 dpl. In addition to the growth factors, cytokines secreted by cells of the immune system act as immunomodulators to regulate the acute inflammatory response that is necessary for functional regeneration of the zebrafish CNS after injury (Krafts, 2010; Kyritsis et al., 2012; Elsaeidi et al., 2014; Fuller-Carter et al., 2015; Tsarouchas et al., 2018). We found several anti-inflammatory cytokines and their receptors including il6st, il11a, il11b, il13, il21, il21r.1 and il34 to be significantly upregulated at the two early stages (1 dpl and 3 dpl) of brain regeneration. Moreover, the signature cytokines, including il12rb2, il7r, ifng1 and stat4 (3 dpl) and il13 and irf1b (1 dpl and 3 dpl), for T helper1 (Th1) cell subset are upregulated at the early stages of regeneration (Hamalainen et al., 2001; Duhen et al., 2014; Raphael et al., 2015). Th2 signature cytokines such as il4 (1 dpl) and il13 (1 dpl and 3 dpl) were likewise upregulated at the early stages and ifngr1l was downregulated at 14 dpl. These findings suggest that both Th1- and Th2-mediated immune responses are activated mainly at the early stages of brain regeneration. Moreover chemokines, a specific type of cytokines, and their receptors play key roles in the activation and infiltration of the immune cells to the injury site in CNS (Jaerve and Muller, 2012). Chemokines have been shown to control immune and progenitor cell homeostasis and thereby regeneration in several zebrafish tissues (Kizil et al., 2012a; Xu et al., 2014; Bussmann and Raz, 2015; Iribarne, 2021). Notably, a number of chemokine and chemokine receptor genes including cxcl20, cxcl11.5, ccl39.2, cxcl11.6, ccl19a.1 and ccl36.1 were upregulated at 3 dpl and almost vanished at 14 dpl of brain regeneration. Another group of signaling molecules consists of the members of the tumor necrosis factor superfamily (TNFSF) that are expressed mainly by the immune cells and act as cytokines to regulate neuroinflammation and autoimmunity in the CNS (Sonar and Lal, 2015; Fresegna et al., 2020). Several TNFSF and its corresponding TNFSF receptor superfamily (TNFRSF) genes, such as tnfb, tnfsf10, tnfsf12, tnfsf13b, tnfrsf9a and tnfrsf1a, were significantly upregulated during early regeneration, especially at 3 dpl. The number of altered TNFSF and TNFRSF genes reduced dramatically at 14 dpl. Overall, the parallel activation of PDGFs, cytokines, chemokines and TNF-related factors at the early wound healing stage, their peaking at the proliferative stage and their depletion at the differentiation stage suggest that the immune response is induced early after injury, remains strongly active during establishment of a proliferative response in regeneration and dampens as tissue differentiation starts.
Activation of Apoptosis Is Regulated in Parallel to Proliferation
Apoptosis is another prominent event that is activated in the early phases of brain regeneration for effective wound healing (Wilson et al., 2007; Guerin et al., 2021). Apoptosis has been shown to be activated twice during early regeneration processes in different organisms. For example, Hydra and Planaria appear to have the first peak of apoptosis very early after bisection and the second peak at 3 days after the injury (Chera et al., 2009; Pellettieri et al., 2010; Beane et al., 2013). The adult zebrafish fin regeneration follows a similar route in activation of apoptosis at 12 h post-amputation (hpa) and 72 hpa (Gauron et al., 2013). However, in the Xenopus tail regeneration, apoptosis is absent during wound healing, activated at 12 hpa and remains active until 48 hpa (Tseng et al., 2007). We noted a significant upregulation of the apoptosis-related genes tp53, apaf1, caspa, casp7 and baxb at both early regenerative stages, 1 dpl and 3 dpl. Strikingly, the number of apoptosis-related genes doubled at 3 dpl. Apoptosis is considered to have a critical role in resolving inflammation by converting the immune response in early stages of tissue repair into a wound healing response (Brown et al., 1997; Wu and Chen, 2014). Besides, multiple studies have proposed that apoptosis can stimulate proliferation within the regenerating tissues of Hydra, Planaria, Xenopus and zebrafish (Gargioli and Slack, 2004; Jopling et al., 2010; Morata et al., 2011; Diwanji and Bergmann, 2018; Kha et al., 2018; Stocum, 2019; Guerin et al., 2021). Mainly at 3 dpl, we observed strong activation of apoptosis-related gene expression with a concomitant elevation of cell proliferation. Thus, the capability of the zebrafish telencephalon to convert an early inflammatory reaction into a healing capacity could be reinforced by the parallel elevation in expression level of genes associated with apoptosis at the early wound healing and proliferation stages (Demirci et al., 2020).
Angiogenic Activity and Proliferation During Brain Regeneration
Angiogenic sprouting into the wound site has been revealed as another essential event of the regeneration process and observed 15 h after injury during heart regeneration in zebrafish (Marin-Juez et al., 2016). Vascular endothelial growth factor Aa (vegfaa), which is actively involved in angiogenesis, vasculogenesis and endothelial cell growth, is upregulated during heart regeneration of zebrafish (Marin-Juez et al., 2016). Our results revealed upregulation of vegfaa specifically at 1 dpl, suggesting that injury triggers a rapid angiogenic sprouting at early brain regeneration. While angiogenesis was strongly promoted at 1 dpl, a massive rise in the number of angiogenesis-related genes was detected at 3 dpl. Angiopoietin-1 (angpt1) has been shown essential to mouse vasculature during response to injury (Jeansson et al., 2011). We found that angpt1 was upregulated at 3 dpl and 14 dpl. Angiogenesis has been demonstrated to be activated within 4–7 days after cerebral ischemia and contribute to neuronal remodeling and functional recovery via first providing guidance to the sprouting axons through VEGF signaling and second enhancing proliferation, migration and differentiation of neural stem/progenitor cells (Wang et al., 2007; Ruan et al., 2015; Kanazawa et al., 2017; Hatakeyama et al., 2020). Thus, early activation and continued maintenance of angiogenesis during brain regeneration imply a similar role for angiogenesis in the repair of traumatic brain injury.
Adult zebrafish brain regeneration is achieved by injury-induced proliferation of the radial glial cells (RGCs) that gives rise to new neurons (Ghosh and Hui, 2016). RGCs express the glial fibrillary acidic protein (Gfap), an intermediate filament marker of the mammalian astrocytes (Jurisch-Yaksi et al., 2020). Moreover, proliferating cell nuclear antigen (Pcna), a cell proliferation marker, is released by actively dividing RGCs as an indicator of constitutive neurogenesis (Zacchetti et al., 2003). We identified a remarkable increase in the expression of gfap and pcna during both early stages of regeneration. Besides, s100b and fabp7a, enriched in quiescent RGC genes, as well as mki67 (only at 1 dpl) and mcm2, markers of dividing cells, were upregulated at the early stages of brain regeneration (Zhang and Jiao, 2015; Kaslin et al., 2017; Lange et al., 2020).
Brain Regeneration Resembles Brain Cancer at its Earlier Stages and Diverges from Cancer with Regard to Opposite Regulation of Key Cancer-Related Genes
There is growing evidence that associates regeneration with cancer. For example, melanomas have been demonstrated to express genes that have important functions in development of the melanocyte lineage and regeneration of the melanocytes, strongly suggesting that human cancers share features with both development and tissue regeneration (White and Zon, 2008). A previous study in zebrafish has likewise revealed that 40% of the genes that were upregulated during blastema formation in regeneration of the caudal fin are also overexpressed in human melanoma (Hagedorn et al., 2016). However, the underlying mechanistic connection between regeneration and cancer has not been analyzed so far at the molecular level as regard to comparative analysis of the transcriptomes of regenerating brain and brain cancer. The comparison of the three stages of brain regeneration (1, 3 and 14 dpl) with two different brain cancers (LGG and GBM) showed that the number of shared and unique DEGs were the highest in the comparison of 1 dpl with GBM. This is most likely a consequence of the total DEG numbers being highest at 1 dpl and in GBM. Furthermore, the global comparison of the three regeneration stages with two cancers revealed that 1 dpl was the most similar regenerative stage to both LGG and GBM. The DEGs shared between 1 dpl and LGG/GBM were enriched in the KEGG pathway “glioma”. The majority of the genes in this pathway were regulated in the same direction (both Up or both Down) at 1 dpl and LGG/GBM. For example, Camk2 genes have been found to be strongly downregulated in GBM compared to the normal brain tissue (Johansson et al., 2005; Xiong et al., 2019; He and Li, 2021). Shc3 and kras are likewise downregulated in primary cultures and patient samples of GBM, while shc1, gadd45a and tgfbr2 are strongly upregulated (Magrassi et al., 2005; Lymbouridou et al., 2009; Guo et al., 2018; Hirakata et al., 2021). Moreover, the tumor suppressors pten and tp53 are frequently mutated and non-functional in GBM (Benitez et al., 2017; Zhang et al., 2018). Strikingly, the expression of those genes did not change significantly at 3 dpl, nor at 14 dpl. This means that while these genes are essential for the early initiation of a regenerative response upon injury, they need to be suppressed later for the regeneration to be terminated precisely and prevent the transformation of a normal cell into a cancer cell. Thus, the fact that expression of glioma-related genes is similarly regulated exclusively in the early stages of regeneration but not in later stages mark them as drug-targetable candidates for GBM treatment.
Among the shared genes between brain regeneration and brain cancer, a wide range of genes that are related with apoptosis, proliferation, angiogenesis and invasion and have been associated with glioma showed opposite directions of expression regulation. For example, the transcription factor SRY-related HMG-box 7 (Sox7), which acts as a tumor suppressor, has been found to be downregulated in a variety of cancers including GBM and its downregulation has been associated with poor prognosis (Katoh, 2002; Stovall et al., 2013; Liu et al., 2014; Zhao et al., 2016; Oh et al., 2017; Kim et al., 2018). Similarly, apoptosis protease-activating factor-1 (Apaf1), a key molecule in the apoptotic pathways, is downregulated in different cancer types (Soengas et al., 2006; Tanase et al., 2015). In accordance with these findings, we observed downregulation of both sox7 and apaf1 in LGG/GBM. However, they were both upregulated at 1 dpl and apaf1 also at 3 dpl of brain regeneration. In contrast, Hypoxia inducible factor 1 (HIF-1), a key regulator of hypoxia, has been demonstrated to promote the migratory and invasive behavior of glioma cells as well as to induce angiogenesis by regulating the expression of VEGF, PDGFs and PDGFRs (Mendez et al., 2010; Peng et al., 2021). The cell cycle regulator cyclin-dependent kinase 6 (Cdk6) is also known to be significantly upregulated in glioma cells, and its elevated expression correlates with the grades of glioma malignancy and glioma resistance to chemotherapy (Lu et al., 2018). While expression of both hif-1 and cdk6 increased in both LGG and GBM, we found them to have decreased in at least one stage of brain regeneration. A recent study showed that overexpression of Annexin A2 (Anxa2) increased the expression of Glypican 1 (Gpc1) via c-Myc, creating a positive feedback loop that enhances proliferation of glioma cells (Li et al., 2021). Anxa2 expression increased during early regeneration and GBM. Interestingly, while being upregulated in GBM, gpc1 expression was strongly downregulated at 1 dpl, proposing that the feedback loop activated by Gpc1 in cancer cannot be activated during regeneration. Altogether, these findings strongly suggest that while early brain regeneration is more similar to brain cancer than late regeneration, it also diverges from cancer due to important differences with regard to opposite regulation of key genes related to cancer progression and activation of signaling mechanisms that prevent carcinogenesis.
Glioblastoma stem-like cells (GSCs) are a highly tumorigenic cell group in GBMs and mediate cancer progression, resistance to traditional treatment and recurrence of glioma (Hemmati et al., 2003; Singh et al., 2004; Bao et al., 2006; Gilbert and Ross, 2009; Zhou et al., 2009; Chen et al., 2012). The sustainability of GSCs and progression of glioma rely on the gene that encodes for the Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2) (Suvà et al., 2009). The transcription factor Signal Transducer and Activator of Transcription 3 (STAT3) is also a key player for propagation and sustainability of multipotency in GSCs (Rahaman et al., 2002; Sherry et al., 2009). EZH2-STAT3 interaction has been shown in GSCs by knockdown of EZH2 using shRNA that causes reduced expression of STAT3 by decreasing H3K27 trimethylation (Kim et al., 2013). EZH2 is also necessary for proliferation of progenitor cells in hippocampal and cortical neurogenesis in mice (Pereira et al., 2010; Zhang et al., 2014). We found that ezh2 and stat3 were remarkably elevated during early brain regeneration and LGG/GBM. This suggests that the stem cell characteristics are maintained during early regeneration until cues that direct differentiation are received later.
Semaphorins act as guidance cues during axonal development, and control proliferation, migration and differentiation of neurons during nervous system during development as well as maintenance and function of neuronal circuitries in adult neurogenesis (Carulli et al., 2021). A wide spectrum of roles have been defined for various Semaphorin molecules from regenerative reinnervation to the control of adult neuronal plasticity. For example, Sema3g is necessary for establishment of neural circuit stability and cognitive functions (Tan et al., 2019). On the other hand, glioma patients who expressed lower levels of Sema3g showed shortened survival (Karayan-Tapon et al., 2008). We observed a parallel pattern in our analysis where sema3gb was upregulated at 3 dpl and 14 dpl while being downregulated in GBM. Interestingly, a large number of semaphorin genes were exclusively downregulated at 1 dpl and were not altered at later stages. Several semaphorins including Sema3a, Sema3f, Sema3g and Sema6a have been reported to exert tumor growth-inhibiting activities while several others such as Sema4d and Sema6d have been associated with tumor-promoting functions in various cancer types (Law and Lee, 2012; Angelucci et al., 2019). Thus, detailed functional analyses for individual semaphorins are essential to compare their roles in brain regeneration and brain cancer.
CONCLUSION AND FUTURE DIRECTIONS
In conclusion, our comparative analyses of the transcriptomes of the regenerating zebrafish brain at three different regenerative stages with those of two different brain cancers reveal the common and distinctive mechanisms that operate during regeneration and cancer of the brain. Characterization of cellular signals that ensure timely cessation of proliferation, a key step of regeneration, at the correct and controlled termination of regeneration might indeed be exceptionally helpful to identify candidate signals that can stop abnormal proliferative responses to chronic injury or inflammation, stop tumor growth and, perhaps, even direct tumor cells to a regeneration-like route. At this point, the zebrafish represents an excellent model with its organs that show high homology to those of mammals, regenerate and can be induced to develop cancer. Future studies that compare regeneration and cancer using their zebrafish models will not only contribute to our understanding of differential mechanisms of both phenomena but also open new avenues in development of novel anti-cancer therapies. Moreover, an elegant work has presented a comprehensive approach for the DNA methylation-based classification of central nervous system tumors (Capper et al., 2018). Thus, we believe that identification of the genome-wide DNA methylation profiles of the regenerating zebrafish brain and comparison of these cohorts to the human brain tumor classifiers will reinforce our understanding of regulation of brain regeneration mechanisms.
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