

[image: image1]
Multi-Dimensional Transcriptome Analysis Reveals Modulation of Cholesterol Metabolism as Highly Integrated Response to Brain Injury
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Zebrafish is an attractive model to investigate regeneration of the nervous system. Despite major progress in our understanding of the underlying processes, the transcriptomic changes are largely unknown. We carried out a computational analysis of the transcriptome of the regenerating telencephalon integrating changes in the expression of mRNAs, their splice variants and investigated the putative role of regulatory RNAs in the modulation of these transcriptional changes. Profound changes in the expression of genes and their splice variants engaged in many distinct processes were observed. Differential transcription and splicing are important processes in response to injury of the telencephalon. As exemplified by the coordinated regulation of the cholesterol synthesizing enzymes and transporters, the genome responded to injury of the telencephalon in a multi-tiered manner with distinct and interwoven changes in expression of enzymes, transporters and their regulatory molecules. This coordinated genomic response involved a decrease of the mRNA of the key transcription factor SREBF2, induction of microRNAs (miR-182, miR-155, miR-146, miR-31) targeting cholesterol genes, shifts in abundance of splice variants as well as regulation of long non-coding RNAs. Cholesterol metabolism appears to be switched from synthesis to relocation of cholesterol. Based on our in silico analyses, this switch involves complementary and synergistic inputs by different regulatory principles. Our studies suggest that adaptation of cholesterol metabolism is a key process involved in regeneration of the injured zebrafish brain.
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INTRODUCTION

The capacity of the human brain to regenerate damaged tissue is very limited. In contrast, the central nervous system (CNS) of some fish species has a remarkable ability to regenerate with full restoration of functions (Becker et al., 2004; März et al., 2011; Kaslin et al., 2013; Diotel et al., 2020; Jurisch-Yaksi et al., 2020). For example, deep wounds inflicted by stabbing the brain of the zebrafish with a needle will fully heal. For this (März et al., 2011; Kaslin et al., 2013) and all its other experimental advantages (Kalueff et al., 2014; Marques et al., 2019), the zebrafish has become a powerful model for the analysis of regeneration of the CNS of vertebrates. Although many brain regions show strong cell proliferation and regenerative responses to injury (Kaslin et al., 2017), the telencephalon has emerged as a favored tissue to study regenerative neurogenesis in zebrafish. The everted structure of the teleost telencephalon presents proliferative cell bodies immediately below the skull and the thin tela choroidea at the dorsal surface (Lam et al., 2009; März et al., 2010a; Folgueira et al., 2015; Alunni and Bally-Cuif, 2016). The telencephalic hemispheres are thus easily accessible to wounding and observation without damaging other brain tissues (März et al., 2011; Kizil et al., 2012; Bardehle et al., 2013).

Radial glia cells (RGCs) are the stem cells driving the regenerative response in the zebrafish telencephalon (Pellegrini et al., 2007; Lam et al., 2009; März et al., 2010a). Their cell bodies are scattered at the periventricular surface from the everted dorsal aspects of the medial areas of the telencephalon. Their thin processes span the entire parenchyma. RGCs differentiate into either neuronal cells or, in self-renewing cycles, into more radial glial cells (Than-Trong and Bally-Cuif, 2015; Dray et al., 2021). In response to injury, RGCs undergo mostly symmetric divisions (Barbosa et al., 2015).

Cell death was an immediate reaction to damage of the tissue by 4 hours post lesion (hpl) followed by recruitment of microglia and peripheral immune cells to the lesion (März et al., 2010b; Kroehne et al., 2011; Baumgart et al., 2012; Kyritsis et al., 2012). Edema developed at 24 hpl (Kroehne et al., 2011). Oligodendrocytes and oligodendrocyte precursors accumulate at the site of the injury similar to what is observed in the mouse brain (März et al., 2011; Ghaddar et al., 2021). However, in contrast to the mouse brain, oligodendrocytes or their precursor did not proliferate significantly in the zebrafish (März et al., 2011; Baumgart et al., 2012). By 48 hpl, the RGCs start to divide at a higher rate above the baseline levels characteristic of constitutive neurogenesis (Lam et al., 2009; März et al., 2011; Kizil et al., 2012; Diotel et al., 2013). When only one hemisphere of the telencephalon is injured, this proliferative response as well as gene activation is entirely restricted to the injured hemisphere (März et al., 2011; Rodriguez-Viales et al., 2015). Thus, signals increasing proliferative responses are limited to the injured hemisphere despite the close juxtaposition of the ventricular surfaces in the medial region of the telencephalon. Proliferation of RGCs reaches a peak at 6–8 days after lesion (dpl) and then decreases steadily again reaching basal levels by 10 days (März et al., 2011; Diotel et al., 2020). This proliferation of RGCs can be triggered by inflammatory signals (Kyritsis et al., 2012).

Transcription is a tightly regulated process, where cross-talk between epigenetic marks, transcription factors and their cis-regulatory elements orchestrate gene expression. On top of these complex interconnected cis- and trans-regulatory processes, alternative splicing offers an additional layer to modulate transcriptional responses by increasing the functional diversity of proteins by exon inclusion or exclusion or affecting the stability of mRNAs and proteins (Beyer and Osheim, 1988). Expression levels are further fine-tuned by regulatory RNAs [microRNAs (miRNAs) and long non-coding RNAs (lncRNAs)]. Measuring changes in the repertoire of spliced isoforms and key regulators in relation to differentially expressed gene ontology groups can help deciphering the molecular processes underlying brain regeneration.

Previously, we identified by deep sequencing 252 transcription factor (TF) genes which were up-regulated and 27 TF genes that were down-regulated upon injury (Rodriguez-Viales et al., 2015). The expression pattern of these genes was mapped together with 1,202 constitutively expressed regulators of transcription (Diotel et al., 2015; Rodriguez-Viales et al., 2015). These previous studies focused on the response of transcription factor genes to injury and repair of the telencephalon. Here, we have broadened the analysis of our RNASeq data to all gene ontologies to identify pathways and biological processes that are activated or repressed in response to injury. Besides the expected processes such as neurogenesis and axonal growth, we identified, among many others, genes related to cholesterol metabolism to be differentially expressed in response to injury. This response was multi-tiered and highly coordinated. While mRNAs encoding synthesizing enzymes were down-regulated, transporters were up-regulated. Moreover, transcriptional changes indicated regulation of expression at multiple levels, from the down-regulation of the master TF of cholesterol synthesizing enzymes, Srebf2, to the up-regulation of miRNAs with target sequences in cholesterol synthesizing enzymes and Srebf2 itself. Finally, mRNAs of cholesterol transporters and synthesizing enzymes were differentially spliced suggesting alternative splicing as yet another mechanism for fine-tuning cholesterol metabolism. Our data strongly suggest that modulation of cholesterol metabolism is a key process in brain regeneration in the zebrafish. In addition, our study provides the first comprehensive analyses of basal and injury induced expression of miRNAs and long non-coding RNAs and the shifts in splice patterns in the transcriptome of the regenerating zebrafish telencephalon. We thus report here also valuable resources for follow-up studies.



MATERIALS AND METHODS


RNASeq Data Analysis

RNASeq data were generated as described previously (Rodriguez-Viales et al., 2015). Briefly, one telencephalic hemisphere was injured by inserting a syringe needle as described in detail in Schmidt et al. (2014). RNAs were extracted from uninjured and injured telencephalic hemispheres of the adult zebrafish at 5 dpl. Each telencephalic hemisphere was processed separately. The RNAs were then processed to prepare RNASeq libraries following instructions of the supplier of the reagents (Illumina). Samples were sequenced on an Illumina HiSeq1500. The resulting reads were mapped against the zebrafish reference genome GRCz11 with STAR (Dobin et al., 2013). For reads mapped at multiple loci, only the mapping with the highest quality score was outputted. The purpose was to more accurately quantify the expression of genes. Raw read counts at gene level were computed with HTSeq in union mode (Anders et al., 2015). Expression normalization and differential expression analysis were both carried out with DESeq2 (Love et al., 2014). Aberrant values of expression were flagged and corrected with a generalized linear model with DESeq2. Taken into account the high depth of sequencing, i.e., greater than 200,000,000 on average per sample, a gene was considered as expressed with an average normalized level of expression across all samples greater than 100. Differences in expression between control and injured telencephalic hemispheres were assessed also with DESeq2. The p-values of the Wald tests were adjusted with the Bonferroni method. A threshold of 0.05 was applied on adjusted p-value (adjp) to identify significant changes in expression in response to injury. No threshold was applied on fold change (FC) to exhaustively identify differentially expressed genes.

lncRNA genes transcribed in the adult zebrafish telencephalon were identified based on the tag “biotype” extracted from the annotation of the zebrafish reference genome. The biotype of RNAs was predicted with the alignment of genomic sequences against non-coding sequence of the RFAM database (Kalvari et al., 2018) with BLASTN (Altschul et al., 1990). The resulting alignments were then filtered applying thresholds on e-values and refined with a co-variance model as described on the Ensembl website1. The annotation of the neighboring genes directly upstream and downstream, with no threshold of distance, was carried out with the R packages GenomicRanges (Lawrence et al., 2013).

For the functional annotation of the zebrafish genome, the latest gene ontology terms (Ashburner et al., 2000), signaling pathways (Kanehisa and Goto, 2000), and metabolism pathways (Fabregat et al., 2018) were retrieved from their respective database. The enrichment was then tested with the one-tailed exact Fisher test, as previously published (Cato et al., 2017). The Fisher p-values were corrected with the False Discovery Rate (FDR) method as previously published (Cato et al., 2017). A threshold of 0.05 was applied on corrected p-values to identify significantly enriched biological functions.

The two binding motif of SREBF2 identified in vertebrates were retrieved from the database JASPAR 2018 (Khan et al., 2018) and were mapped, with HOMER (Heinz et al., 2010), in the promoter sequence of all genes with significant variation in the level of transcripts in response to injury. The promoter region was defined as 1-kb upstream of the transcription start site, provided by the annotation of the zebrafish reference genome. For the mapping of sterol regulatory element (SRE) with HOMER, a background set was created with the same number of sequence, i.e., 4,989, randomly extracted from the zebrafish reference genome GRCz11. The background sequences were also of the same size, i.e., 1 kb. Both forward and reverse strands were analyzed.

To investigate alternative splicing of polyadenylated RNAs, transcripts synthesized in the adult zebrafish telencephalon were first de novo reconstructed from mapped RNASeq reads with STAR. The mapping of the reads at splicing junction was refined with a second pass taken into account splicing junctions identified in both control and injured RNASeq samples. From the mapped reads, transcripts were de novo reconstructed, with Leafcutter (Li et al., 2018), with no limits in the number of introns per transcript and novel splice junctions supported by a minimum of 20 split reads. For each transcript differential splicing between control and injured telencephalic hemisphere was assessed with Leafcutter as well. The p-values were corrected with the FDR method as recommended. Significant alternative splicing of transcripts in response to injury were identified with two parameters: 1. applying a threshold of 0.05 on adjp, 2. the corresponding splicing junction was covered by at least 20 mapped reads. Results were visualized with the genome browser IGV (Thorvaldsdóttir et al., 2013) and transcript isoforms were manually reconstructed. The sequence of spliced exons was retrieved from Ensembl (Yates et al., 2020) and the corresponding protein domains were identified with the software InterPro (Mitchell et al., 2019) relying on annotation of protein domains present in the database UniProt (UniProt Consortium, 2019).



Sequencing of Small RNAs and MicroRNA Analysis

After an identical preparation of RNAs as described above and in Rodriguez-Viales et al. (2015) small RNA libraries were prepared from 1 μg of total RNAs with the Small RNA Library Preparation kit (Illumina) following the manufacturer’s protocol. Three libraries for control and injured telencephalic hemispheres were sequenced with a HiSeq1500 (Illumina). The adaptor sequence (Illumina) was trimmed from raw reads with Cutadapt (Martin, 2011) for a final insert size of 21, 22, or 23 nucleotides.

Passing all quality controls carried out with FASTX toolkit2, reads were mapped against the zebrafish reference genome GRCz11 with STAR (Dobin et al., 2013). No soft-clippings were allowed, only one mismatch was allowed and only mappings with a quality of 30 (Phred score) were outputted. Raw read counts were computed with HTSeq (Anders et al., 2015) in union mode and with an annotation file including all known miRNA loci in the annotation of the zebrafish reference genome GRCz11, as recommended by the ENCODE project (ENCODE Project Consortium, 2012). Expression normalization and differential expression analysis were both carried out with DESeq2 (Love et al., 2014), as described above. A threshold of 0.05 was applied on adjp to identify significant changes in steady state levels of miRNAs upon injury. To identify strong changes in levels of miRNAs upon injury, thresholds of 0.25 and 2 were applied on FC. A miRNA was considered as expressed with an average normalized level of expression across all samples greater than 10. Predicted target mRNAs, specific for the zebrafish, were retrieved from the database TargetScanFish (Ulitsky et al., 2012). No filters were applied on the tissue where the miRNAs were originally expressed.



Preparation of Biological Samples and qRT-PCR

Injury was inflicted to the telencephalon as described previously (März et al., 2011). For qRT-PCR, total RNA was isolated from injured and uninjured telencephalic hemispheres using Trizol (Life Technology). First strand cDNA was synthesized from 1 μg of total RNA with the Maxima First Strand cDNA kit (Thermo Fisher Scientific) and according to the manufacturer’s protocol. qRT-PCR was carried out with a StepOnePlus Real-time qRT-PCR system (Applied Biosystems) and SYBR Green I fluorescent dye (Promega). Expression levels of genes were normalized to β-actin expression and the relative expression levels were calculated using the 2-ΔΔCT method. Real-time qRT-PCR was carried out in triplicates of independently prepared samples and repeated once. Differences in relative expression between control and injured telencephalic hemispheres were tested with the one-tailed t-test. The sequence of the primers is provided in Supplementary Table 10.



RESULTS


Injury-Induced Changes in Steady State Levels of Polyadenylated RNAs in the Telencephalon

To get a comprehensive picture of the transcriptional changes caused by injury of the adult brain, we re-analyzed previously established RNASeq data (Rodriguez-Viales et al., 2015). The sequenced cDNA was derived from polyadenylated RNA isolated from injured telencephala of the adult zebrafish at 5 dpl, with the contralateral hemisphere as uninjured control (Rodriguez-Viales et al., 2015). We analyzed in total approximately 600,000,000 reads from injured telencephalic hemispheres and an equal number of reads from uninjured control hemispheres. The RNASeq samples from the three biological replicates of each condition were consistent as assessed by hierarchical clustering (Figure 1A). A total of 32,520 genes annotated in the zebrafish reference genome GRCz11 were tested and 17,301 were expressed in the adult zebrafish telencephalon (Figure 1B). The analysis of differential expression revealed 1,946 and 3,043 genes with significantly up- or down- regulated expression, respectively (adjusted p-value (adjp) < 0.05) (Figure 1B and Supplementary Table 1), relative to the transcriptome of the uninjured hemisphere.
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FIGURE 1. Injury-induced changes in level of polyadenylated RNAs. (A) Similarities between transcriptome of RNASeq samples were assessed by hierarchical clustering on the Euclidean distances computed between samples. The RNASeq samples were consistently grouped in their condition, control and injured. (B) RNAs were quantified for all annotated genes in the zebrafish reference genome GRCz11 (“Tested,” n = 32,520), genes expressed in the adult zebrafish telencephalon (“Expressed,” n = 17,301) or genes differentially expressed upon injury (“Differentially expressed”). The blue color depicts increased levels of transcript after injury (n = 1,946) and the yellow color decreased levels of transcript after injury (n = 3,043). (C) The sensitivity of the RNASeq analysis was further evaluated with significant changes in level of RNAs of relevant markers for regenerative neurogenesis. These markers were, selected based on literature, were grouped according to respective biological functions relative to the repair of damaged adult zebrafish telencephalon (color code). *adjp = 0.05, **adjp < 10– 02, ***adjp < 10– 04.


To assess the sensitivity of our analysis, we selected genes known from previous studies to be altered in their level of expression by injury of the telencephalon (Figure 1C). The transcription factor gata3 is a gene which responds to injury of the telencephalon very rapidly (Kizil et al., 2012), and is followed by the transcription regulator id1 (Rodriguez-Viales et al., 2015). In agreement, the level of transcripts coding for Gata3 and Id1 were significantly increased upon injury (Fold Change (FC) = 1.70 and 1.30, respectively; adjp < 10–04 and adjp < 10–02, respectively). Similarly, transcripts coding for proliferation cell nuclear antigen (PCNA), a marker of dividing cells (Romero-Alemán et al., 2004), were elevated after injury (FC = 1.37; adjp < 10–04), as well as mRNAs of the RGC-specific genes fabp7a, nestin, s100b, glial fibrillary acidic protein (gfap) (FC = 1.27, 1.58, 1.59, and 2.23, respectively; adjp < 0.05, < 10–05, < 10–05 and < 10–24, respectively) (Lam et al., 2009; Moullé et al., 2012). We also observed that mRNAs encoding Apoeb and Lcp1, markers for microglia (Nakai et al., 1996), were up-regulated upon injury (FC = 5.21 and 1.95, respectively; adjp < 10–67 and < 10–06, respectively) as were mRNAs of the cytokines cxcl8b.1 and cxcl12a (FC = 2.93 and 1.23, respectively; adjp < 10–35 and < 10–03, respectively) and the cytokine receptor cxcr4b (FC = 3.73; adjp < 10–02). The increased expression of these genes coding for cytokines and cytokine receptors reflects the activation of an inflammatory response by injury (Kyritsis et al., 2012). Taken together, all assessed genes whose expression levels are known to be regulated by injury were verified in our transcriptome analysis (Figure 1C). These results show that we detected variation of transcript levels in response to telencephalon injury with high sensitivity.



Gene Ontology Analysis

Next, we assessed the enrichment of specific ontologies among regulated genes to obtain information on the biological processes that are linked to the repair of the injured telencephalon. Three sources of data provided information on biological functions [Gene Ontology (GO), (Ashburner et al., 2000)], signaling pathways (Kyoto Encyclopedia of Genes and Genomes (KEGG), Kanehisa and Goto, 2000) and metabolic pathways (Reactome, Fabregat et al., 2018). A total of 192 GO terms, 34 KEGG pathways and 295 Reactome enzymatic reactions were significantly enriched among the genes with variation in level of transcripts upon injury (adjp < 0.05) (Supplementary Table 2).

A major response was generic transcription regulation comprising, among others, the GO terms “RNA polymerase II transcription factor activity” (associated with 63 differentially expressed genes; adjp < 10–02) and “Regulation of transcription” (represented by 230 differentially expressed genes; adjp < 10–21). This broad response of the transcription regulator genes is consistent with previous reports (Diotel et al., 2015; Rodriguez-Viales et al., 2015) and reflects the large-scale, injury inflicted changes of the transcriptome. Other GO terms–expected from the response of the genome–were “neurogenesis,” “angiogenesis,” “immune response” (Figure 2). Beside these expected functions among the regulated genes, we detected a large number of distinct enriched gene ontology terms including “mRNA splice site selection” (adjp = 0.025) and “cholesterol metabolism” (adjp < 10–04).
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FIGURE 2. Selected enriched biological functions. To gain information about functions of genes with significant changes in their levels of transcript, the enrichment of ontologies (GO terms), signaling pathways (KEGG pathways) and metabolism pathways (Reactome pathways) was tested and up-regulated genes (red) and down-regulated genes (green) were detailed. *adjp = 0.05, **adjp < 0.01, ***adjp < 0.001 (For complete list see Supplementary Table 2).




Expression of Enzymes and Transporters of Cholesterol Metabolism Are Co-ordinately Regulated in Response to Injury

There is no data available about a role of cholesterol in the regeneration of the zebrafish brain. We focused our analysis on genes linked to cholesterol metabolism. Cholesterol is a component of plasma membranes and is highly abundant in myelin sheaths (Björkhem and Meaney, 2004). The synthesis of cholesterol from acetyl-CoA is a multi-step process involving a large number of distinct enzymes (Sharpe and Brown, 2013). We found that, after injury, levels of transcripts coding for all but one of the enzymes involved in cholesterol synthesis were decreased (Figure 3A and Supplementary Table 3). Cholesterol synthesis is repressed by availability of external cholesterol (Eberlé et al., 2004). Besides synthesis, transport of cholesterol is an important process that contributes to the regulation of cholesterol levels. Upon brain injury, levels of mRNAs coding for 8 cholesterol transporters were significantly increased, i.e. npc1, NPC1L2, NPC2, apoeb, abca1, abcd1, abcg1, osbpl1a (Figure 3A and Supplementary Table 3). Taken together, our results indicate that cholesterol transport is increased while its synthesis is turned down.
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FIGURE 3. Alteration in cholesterol metabolism in response to brain injury. (A) Increases in level of transcripts coding for cholesterol synthesizing enzymes (green) and decreased level of transcripts coding for transporter involved in ferrying cholesterol through the body and across membrane (red) were identified. Products and substrates are represented in blue boxes and enzymatic reactions by blue arrows. The double black arrow represents flow across membrane. (B,C) Changes in levels of mRNA were validated comparing the quantification by qRT-PCR of mRNAs encoding three selected enzymes synthesizing cholesterol (B) and two transporters (C) in three independent control (yellow) and injured (blue) telencephalic hemispheres (n = 3). *p-value = 0.05, **p-value < 10– 03.


Although our RNASeq transcriptome analysis detects genes responsive to injury with a high sensitivity and fidelity, we wished to confirm these findings on the cholesterol pathway with an independent method and with different sample preparations. To this end, we carried out a qRT-PCR analysis with a number of selected genes (Figures 3B,C). The metabolic enzymes sqlea, cyp51, lss and dhcr7 yielded lower signals relative to the uninjured control (Figure 3B) as expected from the transcriptome analysis. Similarly, we detected increases of transporter cDNAs encoding apoeb and abca1a in the injured sample relative to uninjured control cDNA (Figure 3C). These qRT-PCR results verify our transcriptome analysis and support the hypothesis that cholesterol metabolism is modulated after telencephalon injury. Taken together, this response of the transcriptome suggests that injury results in an increase of available cholesterol, presumably as a result of release from damaged and dying cells.



Expression of the Master Regulator of Cholesterol Synthesizing Enzymes Srebf2 Is Reduced Upon Injury

Basic helix loop helix SREBF transcription factors regulate expression of cholesterol synthesizing enzymes in mammals (Wang et al., 1994; Eberlé et al., 2004). We thus explored expression of srebf. In the zebrafish genome as in that of mammals, two paralogous genes encode the Srebf1 and Srebf2 proteins, and both are expressed ubiquitously in the adult zebrafish telencephalon (AGETAZ database; Diotel et al., 2015). The level of transcripts coding for Srebf2 was significantly lower (FC = 0.63; adjp < 10–09) in the transcriptome of the injured zebrafish telencephalon, consistent with the observed lower expression of Srebf2-targeted genes encoding cholesterol synthesizing enzymes. These data suggest that Srebf2 might be the main regulator of cholesterol synthesis in zebrafish as in mammals (Sharpe and Brown, 2013).

We analyzed thus next the promoters of the genes differentially expressed after injury for potential enrichment of Srebf2 binding sites. Srebf2 interacts with a short target sequence, the Sterol Regulatory Element (SRE), in the promoter region of responsive genes (Sharpe and Brown, 2013). We analyzed whether the two related consensus sequences of mammalian SRE motifs listed in JASPAR (Figure 4A; left and middle panel) were present in the 1-kilobase (kb) promoter sequence of the genes with significant variations in level of transcripts after injury. As a control, we created a set of background 1-kb sequences obtained from randomly chosen loci.
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FIGURE 4. Sterol Regulatory Element (SRE) motif analysis. (A) Two mammalian SRE motifs were retrieved from the literature (left and middle panels). From the mapping of these two consensus sequences one SRE motif derived in the zebrafish genome (right panel). (B) The SRE motifs were mapped in the promoter of genes involved in cholesterol metabolism. The promoter sequence was defined from 1 kb upstream of the transcription start site and the SRE motif were mapped in both forward (+) and reverse (–) strands. (C) Genes harboring a SRE motif in their 1-kb promoter (underlined) were identified in the cholesterol synthesis pathway, including genes coding for two upstream regulators (srebf2 and insig1). For further details see also legend to Figure 3A.


In total, 1,145 genes with changes in expression levels upon injury harbor homologies of a SRE motif in the 1-kb promoter region. Relative to the control, this represents a significant enrichment with positive log odds scores and after correction for GC content and repeat of k-mers (Supplementary Table 6). Moreover, the GO term “cholesterol biosynthetic process” is enriched among these genes carrying a SRE motif (adjp < 0.05) (Supplementary Table 9). By additionally mining the list of SRE harboring genes manually, in total nine genes coding for enzymes involved in the synthesis of cholesterol: hmgcs1, mvda, fdft1, sqlea, tm7sf2, nsdhl, dhscr24, hsd17b7, and dhcr7 (Figure 4B and Supplementary Table 4) were found with SRE motifs in the 1-kb promoter region. These results partially overlap with SRE motifs mapped in the promoters of the human and mouse orthologous genes (Sharpe and Brown, 2013; Supplementary Table 4). SRE motifs were also identified in the promoter region of two key regulators of the cholesterol metabolism, srebf2 itself and insig1, a post-translational regulator of Srebf2 (Dong et al., 2012) (Figure 4C). The presence of a SRE binding site in the promoter of Srebf2 suggests an auto-regulatory feedback-loop of srebf2. The SRE motifs were also identified in the promoter of other differentially expressed genes involved in cholesterol metabolism (Figure 4B). For example, low-density lipoprotein (LDL) receptor a (ldlra), the alpha sub-unit of the retinoic X acid receptor (rxraa) (Repa et al., 2000) and cytochrome P450 family 39 subfamily A polypeptide 1 (cyp39a1) (Li-Hawkins et al., 2000), all involved in cholesterol metabolism, were detected as potential Srebf2 transcriptional targets. From the homology scores in the zebrafish genome (Figure 4A; left and middle panel) (Khan et al., 2018), a putative zebrafish Srebf2 sequence was derived (Figure 4A; right panel). The in silico predicted sequence is similar to the SREBF2 binding sequence identified in human genes by Selex (Jolma et al., 2013) rather than the Chromatin Immuno-Precipitation (ChIP) followed by Sequencing (ENCODE Project Consortium, 2012) derived consensus sequence (Figure 4A; middle panel).

Taken together, this significant enrichment of SRE motifs in cholesterol biosynthetic genes supports the notion that Srebf2 is also a regulator of the expression of these genes in the zebrafish genome.



miRNAs That Target Cholesterol Genes Are Increased Upon Injury

miRNAs are well established negative regulators of coordinated gene programs (Bartel, 2004). The changes in expression of miRNAs were thus investigated by small RNASeq in the injured telencephalic hemisphere in comparison to the uninjured hemisphere. Computation of Euclidean distances and hierarchical clustering between small RNASeq samples grouped the samples according to their respective experimental condition (Figure 5A). A total of 184 miRNAs annotated in the zebrafish reference genome (GRCz11) were detected in the transcriptome of the adult zebrafish telencephalon. The analysis of differential miRNA expression, identified 31 miRNAs regulated at least two fold after injury (adjp < 0.05). Among these, the level of 22 miRNAs increased upon injury while the level of 9 miRNA decreased (Figure 5B and Supplementary Table 7). For further analysis, we focused on the five miRNAs with the strongest variation in their level in response to injury. The level of four miRNAs increased in response to injury: miR-31 (FC = 4.92; adjp < 10–64), miR-146a (FC = 4.50; adjp < 10–62), miR-155 (FC = 2.58; adjp < 10–09) and miR-182 (FC = 2.28; adjp < 10–02). The level of miR-26b, decreased after injury (FC = 0.0050; adjp < 10–246). None of these five miRNAs were previously shown to be involved in the regulation of constitutive or regenerative neurogenesis.
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FIGURE 5. Injury-induced changes in levels of miRNAs. (A) The consistency of small RNASeq samples was tested by hierarchical clustering on Euclidean distances as for the RNASeq samples (see Figure 1A). The small RNASeq samples were consistently grouped into their respective condition, control or injured. (B) Changes in level of miRNAs were assessed comparing injured and uninjured telencephalic hemispheres. Significant differences in level of miRNA were tested (red; adjp < 0.05). (C) Targets of miR-182, miR155, miR-146a, and miR-31 were identified in the cholesterol synthesis pathway. For further details see also legend to Figures 3A, 4C.


We next assessed potential mRNA targets of these five miRNAs by screening for the presence of the seed sequence in the 3′UTR of differentially expressed mRNAs. Interestingly, we found the three miRNAs miR-31, miR-146a, and miR-155 target them RNAs of five down-regulated genes coding for enzymes of the synthesis of 7-dehydrocholesterol: ebp, cyp51, sc5d, hsdl7d7, and msmo1 (Figure 5C). In addition, the mRNAs encoding Insig1 (FC = 0.43; adjp < 10–23), Acat2 (FC = 0.75; adjp < 10–06), Dhcr24 (FC = 0.57; adjp < 10–05), Sc5d (FC = 0.66; adjp < 10–03) and Hmgcra (FC = 0.54; adjp < 10–12) were predicted targets of miR-182 (Figure 5C). Acat2, Dhcr24, Hmgcra, and Sc5d are enzymes participating in the synthesis of cholesterol (Sharpe and Brown, 2013) and Insig1 is a co-factor of Srebf2. Taken together, these data strongly suggest that, in addition to the transcriptional regulation via SREBF2, several miRNAs contribute to the adaptation of the cholesterol metabolism to the altered physiological needs of the injured telencephalon.



Injury-Induced Changes in Levels of Polyadenylated Long Non-coding RNAs

The vast majority of the known lncRNAs are polyadenylated (Dykes and Emanueli, 2017). Their expression levels can thus be extracted from our RNASeq data. After injury of the adult zebrafish telencephalon, we detected significant changes in the levels of 149 lncRNAs (77 increased and 72 decreased) (Supplementary Table 1). As the functional annotation of lncRNAs is still poor, we scored the putative target protein-coding genes next to the loci encoding lncRNAs, and carried out functional annotation enrichment on these nearby protein-coding genes.

Several lncRNAs with changed levels in the regenerating telencephalon were identified directly upstream or downstream of cholesterol-related protein-coding genes (Figure 6). The level of both oxr1a lncRNAs and its potential downstream target sqlea, known to convert squalene to lanosterol during cholesterol synthesis (Sharpe and Brown, 2013), significantly increased upon injury (Figure 3A). Other examples of potential lncRNA transcriptional target include pcsk9 and the lncRNA, dsg2.1 which were down and up-regulated, respectively. Pcsk9 is known to regulate cholesterol homeostasis (Poirier et al., 2008). Finally, although no significant change in level was observed for mRNAs coding for scap, the level of surrounding lncRNA BX511123.2 significantly changed in response to injury (Figure 6). Scap is a chaperone of Sreb transcription factors and forms a retention complex in the membrane of the endoplasmic reticulum (ER) (Lee et al., 2020).
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FIGURE 6. Differentially expressed lncRNAs selected for their association with cholesterol synthesis or transport. LncRNAs annotated in the zebrafish genome, and with significant changes in their respective levels upon injury, were localized in the direct vicinity of genes encoding cholesterol-related proteins. Color indicates pairs of coding and non-coding RNAs. *adjp = 0.05, **adjp < 10– 02, ***adjp < 10– 04, ns: not significant. See legend of Figure 7B for the position of the genes in the cholesterol pathway.


Although a regulatory role of any of the lncRNAs has not been established by functional experiments, our data support the hypothesis that lncRNAs are involved in orchestrating the response of the genome to injury of the telencephalon and that they may also more specifically contribute to the regulation of cholesterol metabolism.



Alternative Splicing of RNAs in Response to Injury of the Telencephalon Affects Cholesterol Metabolizing Enzymes and Transporters

Alternative splicing is a post-transcriptional modification of RNAs that increases the functional diversity of proteins by exon inclusion or exclusion or affects the stability of mRNAs and proteins (Beyer and Osheim, 1988). The enriched gene ontology terms among regulated genes included “mRNA splice site selection” (adjp < 0.05) suggesting that injury may alter the pattern of splicing of mRNAs (Supplementary Table 2). Alternative splicing events were identified by comparing de novo reconstructed transcripts present in uninjured and injured telencephalic hemispheres taking the annotation of the zebrafish reference genome (GRCz11) into account. FC and adjp were computed for each alternative splicing event. In total, 4,610 alternatively spliced variants were detected in response to injury (adjp < 0.05), affecting transcripts synthesized from 1,309 genes. Change of ratio of transcript isoforms was the most recurrent difference between uninjured and injured telencephalic hemispheres. We also identified novel isoforms of RNAs specific for the adult zebrafish telencephalon and which had not yet been annotated in the zebrafish reference genome (GRCz11) (Supplementary Table 8). Thus, brain injury results in a large change of splicing patterns.

These results were further refined according to the biological functions of genes from which alternatively spliced RNAs were synthesized. Mbpa (FC = 2.6; adjp < 10–08) and mpz mRNAs (FC = 7.08; adjp < 10–03) were alternatively spliced upon injury. These two genes code for components of the myelin sheath (Inouye and Kirschner, 2016). mRNAs encoded by col12a1a (FC = 4.5; adjp < 0.05), mcamb (FC = 3.59; adjp < 0.05), and myo9aa (FC = 3.6; adjp < 0.05) genes were also alternatively spliced after injury. These three protein-coding genes were associated with the development and the regeneration of axons (GO term). Transcripts synthesized from the transcription factor gene nfia were alternatively spliced comparing uninjured and injured telencephalic hemispheres (FC = 2.24; adjp < 0.05). The chicken homolog of nfia was implicated in the regulation of gliogenesis in the central nervous system (Kang et al., 2012). In response to telencephalon injury, the level of nfia transcripts decreased (FC = 1.25; adjp < 0.05), as well as levels of transcripts of its partners sox9a (FC = 1.20; adjp < 10–03) and sox9b (FC = 1.60; adjp < 10–17) (Supplementary Table 1).

We next focused specifically on the splicing patterns of genes involved in cholesterol metabolism (see Supplementary Figure for structures of spliced isoforms). In response to injury, the levels of mRNAs encoding the two related zebrafish splicing factors Ptbp1a and Ptbp1b significantly increased (FC = 1.57 and 1.20, respectively, adjp < 10–08 and < 0.05, respectively) (Supplementary Table 1). At the same time, the level of hmgcs1 and pcsk9 mRNAs decreased (FC = 1.60, 0.66, and 0.59, respectively, adjp < 10–06, < 10–06, and < 10–04, respectively) (Supplementary Table 1). These three genes are all involved in cholesterol metabolism in mammals (Sawicka et al., 2008; Medina and Krauss, 2013) and hmgcs1 mRNAs were alternatively spliced in response to injury (adjp < 10–04) (Figure 7A). A decrease in the number of mapped reads spanning the longest 5‘UTR (ENSDARE00001157036, FC = 1.41) was consistent with a significant increase in the number of reads spanning the shortest 5′UTR (ENSDARE00001149813, FC = 0.18). Given that in human liver cells PTBP1 splices mRNA encoding HMGCS1 (Sawicka et al., 2008; Medina and Krauss, 2013), Ptbp1a/b are hypothetically involved in the splicing of the 5′UTR of hmgcs1 transcripts in response to injury. This likely results in unstable isoforms thus contributing to the reduction of hmgcs1 mRNA levels in the injured telencephalon.
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FIGURE 7. Alternative splicing of RNAs related to cholesterol metabolism in response to injury. (A) Splicing isoforms of RNAs encoding proteins of the cholesterol synthesis and transport pathway were first reconstructed and then quantified in both uninjured and injured telencephalic hemispheres. The color blue depicts a decrease in the number of supporting reads while yellow an increase. A number of splice isoforms were not yet annotated in the genome (unannotated). *adjp = 0.05, **adjp < 10–02, ***adjp < 10–03. (B) All results about cholesterol metabolism were finally integrated, including up-regulated transporters (red) down-regulated synthesizing enzymes (green) and genes encoding mRNA affected by alternative splicing (indicated by +) or predicted targets of microRNA or lncRNA (indicated by *). Underlined names depict genes harboring the SRE motif in their 1-kbp promoter.


mRNAs encoding proteins involved in cholesterol transport were also alternatively spliced after injury (Figure 7A). mRNAs encoding the Very Low Density Lipoprotein Receptor vldlr (adjp < 0.05) were spliced to exclude an exon (ENSDARE00001166020). No specific protein domain/function was annotated to this exon (InterPro) (Mitchell et al., 2019). VLDLs are responsible for extracellular cholesterol transport through the blood stream (Khosravi et al., 2018). Interestingly in contrast to all other cholesterol transporters, the overall level of vldlr transcripts significantly decreased upon injury (FC = 1.12; adjp < 0.05). Two non-annotated splice sites were discovered in exons of anxa6 (ENSDARE00000906781, FC = 0.64 and 1.23, adjp < 0.05) and cadm1b (ENSDARE00000873208, FC = 1.07 and 2.66, adjp < 0.05). Anxa6 participates together with NPC proteins in the endosomal trafficking of cholesterol (Cubells et al., 2007), and Cadm1b has a predicted cholesterol 24-hydroxylase activity (GO term).

A total of four mRNAs encoding transporters of cholesterol metabolites of the OxySterol Binding (OSB) family (Yan et al., 2007) were also affected by splicing in response to telencephalon injury (Figure 7A). Two unannotated exons of osbp were discovered as newly emerging upon injury (adjp < 10–05). In response to injury, an exon was retained in mRNAs encoding osbpl10b (ENSDARE00000815047, adjp < 0.05) and osbpl3b (ENDARE00001041526, adjp < 0.05). No corresponding protein domain was annotated (InterPro). Two isoforms of mRNAs encoding Osbpl9b were alternatively spliced in response to injury, including an alternative 5’UTR (ENSDARE00000991106, adjp < 0.01) and a retained exon (ENSDARE00001127062, adjp < 0.01).

Taken together, our analysis identified alternative splicing as an important response to damage of the zebrafish telencephalon, suggesting distinct isoforms of proteins involved in the repair of the damaged tissue. The de novo reconstruction of the transcriptome also revealed novel isoforms of RNAs that emerged in response to injury of the telencephalon. Moreover, our data suggest that the mRNAs of cholesterol synthesizing and transporting proteins are subject to differential splicing thus contributing to the presumed adaptation of the cholesterol metabolism to the conditions in the injured brain (Figure 7B).



DISCUSSION

Unlike adult humans and other mammals, the adult zebrafish is able to efficiently repair injuries of the central nervous system. We analyzed here the transcriptome for changes in the expression of mRNAs, their splice variants and regulatory RNAs including analysis of the targets of regulated miRNAs and transcription factors in response to injuries of the telencephalon. We noted profound changes in genes belonging to a large number of distinct cellular and physiological processes. As exemplified by the coordinated regulation of the cholesterol synthesizing enzymes and transporters, the genome responded in a multi-tiered manner with distinct and interwoven changes in expression of regulatory molecules to the physiological demands created by tissue damage and its repair. This multi-level regulation of the expression of cholesterol metabolizing proteins uncovers an important process in the regenerating telencephalon. Our comprehensive analysis provides moreover an important source of information for future in-depth functional studies of specific genes and gene groups, regulatory molecules and splice variants in the regenerating zebrafish forebrain.


Large Scale Response of the Genome to Telencephalon Injury

The analysis of our sequencing data (Rodriguez-Viales et al., 2015) with more than 600,000,000 reads from polyadenylated RNAs of control and injured telencephala revealed a change in expression of 4,989 genes. This represents 15% of all genes analyzed and 29% of all genes detectably expressed in the samples. Thus, injury causes profound changes in the expression of information from the genome.

Regeneration of the adult zebrafish telencephalon is a complex process that entails many distinct physiological changes such as immune response, activation of glial cells, proliferation of stem cells, neurogenesis, axonogenesis etc. (Schmidt et al., 2013). These previously described processes were all detected in our gene ontology analysis of protein coding genes adding an independent verification of our data and their analysis. In total, we scored 521 gene ontology terms and pathways with significant overrepresentation (adjp < 0.05) in the transcriptome of the injured telencephalon relative to the uninjured control. These findings are in agreement with the large scale and complex demands of new proteins to cope with the inflicted injury. We had prepared cDNA from tissues at 5 dpl. At this time, the peak of proliferation of stem cells is reached (Rodriguez-Viales et al., 2015). Thus, the changes not only entail immediate early reactions to damage such as immune reaction but also genes with functions in repair of tissue function such as neurogenesis and axonogenesis.

Our findings on mRNA expression profiles are complementary to a recently published transcriptome study focusing on the immediate early changes in response to injury of the telencephalon (Demirci et al., 2020). Interestingly, this study reported activation of gene expression programs in both the injured and the uninjured hemispheres, even though the response was less pronounced and delayed in the injured hemisphere. In contrast, we never observed proliferation of stem cells or stem cell gene activation in the unlesioned hemisphere (März et al., 2010b). We systematically analyzed hundreds of transcription regulators for their expression in the injured telencephalon by in situ hybridization on sections. We did not observe gene activation in the uninjured hemisphere (Diotel et al., 2015; Rodriguez-Viales et al., 2015; Demirci et al., 2020). Demirci et al. (2020) inflicted lesions by inserting a needle into the nostril. In contrast, our protocol of injuring the telencephalon (Schmidt et al., 2014) involves the inserting the needle directly into one hemisphere of the telencephalon. Most likely the protocol used by Demirci et al. (2020) causes damage of the second hemisphere or some of the extending nerves thereby causing activation of regenerative programs also in the seemingly uninjured hemisphere.



Profound Changes in Splicing Patterns in Response to Injury

The term “mRNA splice site selection” was also enriched among the genes with altered expression in the injured brain,–with 8 genes down-regulated in response to injury. This observation is in agreement with our systematic analysis of splice variants. We detected changes of splice patterns in 4,610 transcripts representing 1,309 genes. Thus, not only the overall levels of mRNAs were adapted to the physiological demands imposed by injury and repair but also the posttranscriptional processing of the mRNAs. In support, alternative splicing was reported for the modulation of the function of specific genes during neurogenesis in mammals (Su et al., 2018; Lee et al., 2020). For example, in the developing mouse brain, the splicing factor PTBP2 targets mRNAs encoding DNM1 and modulates synaptic vesicle trafficking (Li et al., 2014). In the zebrafish, to our knowledges, no comprehensive study investigated alternative splicing of mRNAs in the CNS. Deficiency in Rnpc3 splicing factor results in multiple impairments during development of zebrafish embryos (Markmiller et al., 2014). Also Neuro-Oncological Ventral Antigen 1 and 2 are splicing factors required for the correct development of the zebrafish brain (Jelen et al., 2007). The mRNA isoforms were in most cases detected in both uninjured and injured telencephalic hemispheres. This suggests that injury causes a modulation of the function by shifting from one isoform to the other. Alternative splicing of mRNAs can also lead to the degradation of mRNAs (Lareau et al., 2007). Thus, alternatively, this shift of the predominant splice isoforms could thus be a means for adjusting the expression levels to the new physiological needs in the injured brain.

Taken together, our data suggest that alternative splicing represents another major response of the genome to cope with the physiological demands of the regenerating telencephalon. Since all splice variants were expressed in transcriptomes of controls and injured telencephala albeit at different levels, alternative splicing does not seem to control all-or-none effects but appears to be rather involved in the fine-tuning of the expression levels or functions of constitutively expressed genes.



Alteration in Cholesterol Metabolism in Response to Telencephalon Injury

“Cholesterol biosynthesis” is a prominent gene ontology term among the genes whose expression was altered in response to injury. Cholesterol synthesis involves a pathway that initiates with the multistep synthesis of lanosterol from acetyl-CoA as precursor. Lanosterol is then converted by a whole battery of enzymes into 7-dehydrocholesterol and ultimately into cholesterol. With the exception of fdps mRNA, the mRNAs encoding cholesterol synthesizing enzymes of each of the steps from acetyl-CoA to cholesterol are down-regulated in the injured telencephalon. This suggests that cholesterol synthesis is co-ordinately reduced in response to injury. Our results are supported by recent studies in rat and mouse. As, for example, the inhibition of cholesterol synthesis by statins results in an increase in the number of neurons and retinal ganglion cells reforming the optic nerve after injury (Shabanzadeh et al., 2021). In the zebrafish hindbrain, activation of SREBP promotes the myelination of neurons (Ashikawa et al., 2016).

Intriguingly, mRNAs encoding cholesterol transporters are elevated in the injured telencephalon. Transporters include also proteins associated with transport across endosomal membranes (Cubells et al., 2007) suggesting alteration of cholesterol fluxes both across the plasma membrane and also within the cell into the endosomal compartment. A recent study in the cerebellum in NPC1 deficient mouse reports an increase in cholesterol storage in microglial cells and impairment in myelination of neurons (Colombo et al., 2021). Another mouse model, deficient in ApoE, shows impaired formation of dendrites in injured adult hippocampus (Tensaouti et al., 2020). These studies suggest that storage of cholesterol and rebuilding of the injured tissue are tightly linked.

There is also a link between cholesterol metabolism and the inflammatory response. The transcription factor Liver-x-receptor regulates cholesterol metabolism and the inflammatory response (Bilotta et al., 2020). Moreover, the sterol metabolite 25-hydroxycholesterol modulates the inflammatory response (Gold et al., 2014). In light of the immune response being an important trigger of neurogenesis in the adult zebrafish telencephalon (Kyritsis et al., 2012), the observed expression changes may promote an immune response and thus regeneration.

Taken together, the regenerating telencephalon thus appears to systematically reprogram cholesterol metabolism from synthesis to relocation of cholesterol with three hypothetical purposes: (i) Provision of material for remyelination of damaged neurons, (ii) Efficient clearance of cell debris, (iii) Activation and the maintenance of the immune response.



Putative Regulation of Cholesterol Synthesizing Enzymes by Srebf2

In mammals, cholesterol synthesis is tightly regulated by posttranscriptional mechanisms involving the retention of the SREBF transcription factor in the ER (Wang et al., 1994). At high levels of available cholesterol, Srebf2 is associated with Insig1 and Scap at the membranes of the endoplasmic reticulum (ER) and Golgi apparatus. Upon cholesterol shortage, this repressive association is dissolved and Srebf2 moves to the nucleus where it binds to the promoters of genes encoding the various enzymes of the cholesterol synthesis pathway and thereby induces the expression of the enzymes. In mammalian genomes, there are two related Srebf genes, Srebf1, and Srebf2, with Srebf2 being predominantly involved in regulation of genes encoding cholesterol synthesizing enzymes (Wang et al., 1994; Eberlé et al., 2004; Sharpe and Brown, 2013). Similarly, the zebrafish genome harbors two srebf genes highly related to mammalian srebf1 and srebf2.

According to previous (AGETAZ database; Diotel et al., 2015) and current results, both Srebf1 and -2 are expressed in the adult zebrafish telencephalon. Our bioinformatic analysis of the 1-kb promoter upstream regions of genes encoding cholesterol synthesizing enzymes in the zebrafish genome revealed a strong enrichment of Srebf binding sites. Also insig1 and scap mRNAs are expressed in the zebrafish telencephalon and level of insig1 mRNA decreased upon injury.

Our comparative analysis of the injured and uninjured telencephalic hemisphere uncovered, however, in addition regulation of the srebf2 mRNA level: srebf2 mRNA was less abundant in the injured telencephalic hemisphere in agreement with the decreased expression of cholesterol synthesizing enzymes. Intriguingly, we detected a Srebf2 binding site in the promoter of the srebf2 gene suggesting auto-regulation via a positive feedback loop. Taken together, our in silico analysis suggests that the regulation of the level of srebf2 mRNA is a potential mechanism how cholesterol synthesis is adjusted to the needs of the regenerating zebrafish telencephalon. In view of the expression of the Srebf2 regulators insig1 and scap in the adult zebrafish telencephalon, it is, however, likely that Srebf2 activity is regulated by the canonical posttranscriptional mechanism in addition to abundance of the Srebf2 protein.



MicroRNAs as Additional Regulatory Mechanisms of Cholesterol Metabolism in the Injured Telencephalon

miRNAs are well known as regulators of large gene batteries (Barca-Mayo and De PietriTonelli, 2014). A total of 184 miRNAs annotated in the zebrafish reference genome (GRCz11) were detectable by small RNASeq in the transcriptome of the adult zebrafish telencephalon. Of these, 31 miRNAs varied in level of expression upon injury. These miRNAs are distinct from miRNAs implicated previously in constitutive neurogenesis (Rajman and Schratt, 2017) and regeneration of the zebrafish optic nerve (Fuller-Carter et al., 2015). Thus, the scale and type of damage of the telencephalon may trigger specific responses both with respect to clearance of dead tissue, neurogenesis and regenerative processes. Given the fact that we prepared small RNAs from entire injured and uninjured hemispheres, it cannot be totally excluded that we failed to detect changes in miRNA expression in low-abundant cells such as stem cells and neuroblasts (März et al., 2011). However, we detected constitutive expression of miR-9 which is expressed in neural stem cells in the telencephalon (Coolen et al., 2013). Our sensitivity of detection appears thus high and includes also stem-cell-specific miRNAs.

Potential targets of miRNAs were identified by the presence of the binding site of miRNAs in the 3’UTR of mRNAs expressed in the injured and uninjured telencephalic hemisphere. Intriguingly, the expression of the miRNAs, miR-182, miR-31, miR-155, and miR-146a, which were most strongly up-regulated in response to injury are all linked to the regulation of cholesterol synthesis. The miR-182 seed sequence was found in the mRNAs encoding the enzymes Acat2, Hmgcs1, and Dhcr24 of the cholesterol synthesis pathway. The level of these mRNA was consistently decreased upon injury. miR-182 targets also mRNAs coding for the Srebf2 co-regulator Insig1. Thus, miR-182 appears to affect cholesterol metabolism at two levels: (i) The regulator Insig1 (ii) Selected synthesizing enzymes. The seed sequences of miR-31, miR-155, and miR-146a were present in the 3′UTR of five mRNAs coding for enzymes of the conversion of lanosterol into 7-dehydrocholesterol, also with consistent decrease in their respective levels. In the mouse liver, depletion of miR-155 resulted in an increase in hepatic level of cholesterol (Miller et al., 2013). Similarly, miR-146a was shown to regulate the plasma level of cholesterol (Del Monte et al., 2018). These observations in mice are consistent with the inferred role of these miRNAs regulating cholesterol synthesis in the injured zebrafish telencephalon.

In summary, these miRNAs could provide additional regulatory inputs that act in parallel with the Srebf2 factor on cholesterol synthesizing enzymes. Curiously, the three miRNAs, miR-31, miR-155, and miR-146a target all one section of the cholesterol synthesis pathway, the conversion of lanosterol into 7-dehydrocholesterol (Figure 3A). This suggests that these may be key steps that need tight control.



Alternative Splicing as an Additional Mode of Regulation of Cholesterol Metabolism

Alternative splicing that can increase the diversity of proteins (Choi et al., 1980) or leads to degradation of mRNAs or proteins (Bartel, 2004) was noted for a number of genes involved both in synthesis and transport of cholesterol. In mammals, polypyrimidine tract binding protein 1 (PTBP1) splices mRNAs encoding several proteins of the cholesterol metabolism including the enzymes HMGCS1, and PCSK9 (Medina et al., 2011; Medina and Krauss, 2013). We found that the levels of mRNAs encoding the two zebrafish homolog Ptbp1a and Ptbp1b were significantly increased suggesting a role of Ptbp1a/b proteins in the regulation of cholesterol metabolism in the injured telencephalon of the zebrafish. In agreement, we observed a shift in the splice patterns of the zebrafish homolog of hmgcs1 mRNA in response to injury. In mammals, this shift in splice patterns of hmgcs1 was paralleled by an overall decrease of the three proteins (Medina and Krauss, 2013). This suggests that the action of increased ptp1a/b leads to isoforms that are less stable, thereby contributing to the systemic decrease in the expression of mRNAs encoding cholesterol synthesizing enzymes in the injured telencephalon. Together with the known role of PTBP2 in splicing of mRNAs encoding proteins of synaptic vesicle trafficking in the developing mouse brain (Li et al., 2014), our results strengthen a link between regulation of cholesterol efflux and functional repair of damaged adult zebrafish telencephalon.

Another protein with alternatively spliced mRNA is Cadm1b that has a predicted Cholesterol 24-hydroxylase activity (GO term). Cholesterol is esterified to 24-hydroxycholesterol to regulate cholesterol homeostasis via storage (Zhang and Liu, 2015). Interestingly we also found that the promoter of cyp39a1 harbors a SRE binding motif and that the level of cyp39a1 mRNA decreases upon injury. Cyp39a1 is a monooxygenase converting 24-hydroxycholesterol into precursor of steroids and other lipids (Li-Hawkins et al., 2000). These results suggest that downstream usage of cholesterol, as precursor, is limited to the benefits of its storage after injury of the telencephalon.

Several mRNAs encoding transporters of cholesterol were also alternatively spliced after injury. These include mRNAs of the Very Low Density Lipoprotein (LDL) Receptor vldlr which binds LDLs responsible for cholesterol transport through the blood stream (Khosravi et al., 2018). Together with ApoE receptor, VLDL receptor participates in brain development modulating the Reelin signaling pathway (Lane-Donovan and Herz, 2017). This latter is critical for synaptic formation and plasticity as well as morphogenesis of mouse cerebellum (Jossin, 2020). Anxa6 together with NPC proteins mediates endosomal trafficking of cholesterol (Cubells et al., 2007). Several transporter of the OSB family (Yan et al., 2007) were affected by alternative splicing. None of the alternatively spliced amino acid coding exons has a specific annotated function or structure in the InterPro database (Mitchell et al., 2019). It remains thus to be seen whether these alternatively spliced proteins have altered properties such as function, stability or subcellular locations. OSB proteins bind cholesterol and cholesterol derivatives, as 24- and 25-hydroxycholesterol, participating in the intracellular homeostasis of cholesterol by facilitating trafficking between the organelles (Raychaudhuri and Prinz, 2010). As cholesterol exerts a regulation of its own synthesis, OSB proteins also indirectly participate in the regulation of cholesterol synthesis. OSB proteins are also known to sense cholesterol and to mediate downstream cell signaling pathways such as JAK/STAT and ERK.

Taken together our results suggest that alternative splicing is an important process contributing to the altered expression/activity of cholesterol metabolizing proteins in response to injury.



Relevance of Modulation of Cholesterol Metabolism

Key questions are why cholesterol metabolism is so tightly regulated and why the down-regulation of it is a feature of the injured telencephalon. Cholesterol is an essential component of many cellular processes. It determines the biophysical and biochemical properties of membranes. It is a precursor of steroid hormones, and cholesterol derivatives are important secondary modifications of proteins such as Wnt receptors (Sheng et al., 2014) or Hedgehog ligands (Purohit et al., 2020). Thus and given its general hydrophobic property, free excess cholesterol has an impact on the functional integrity of membranes and the communication between cells. Debris from damaged axonal processes, in particular their membrane-rich myelin sheaths, may likely be abundant sources of extracellular cholesterol. It is probably very critical for cell survival and efficient repair of the brain to control free cholesterol levels very tightly. Moreover, as discussed above cholesterol may be involved as a proinflammatory cue to drive regenerative neurogenesis as well as myelination.

The coordinated down-regulation of expression of genes encoding cholesterol synthesizing enzymes and the up-regulation of transporters suggests that the injured telencephalon switches from synthesis of cholesterol to its import from the extracellular environment. In addition, the up-regulation of genes coding for cholesterol transporters (Npc1, Npc2), which are linked to endosomes (Cubells et al., 2007; Colombo et al., 2021) may reflect an additional switch to cholesterol storage in microglial cells or excretion rather than synthesis. In this context, it is important to note that the blood brain barrier prevents efficient exchange of cholesterol between the brain and the rest of the body (Björkhem and Meaney, 2004), possibly necessitating this tight control within the brain. In the injured brain of mice (Wong et al., 2020), cholesterol 25-hydroxylase levels are increased in microglial cells. This enzyme converts cholesterol into a more hydrophilic form and allows there by its crossing of the blood brain barrier, metabolism in the liver and excretion via the bile. We observed an elevated level of cholesterol 25-hydroxylase mRNA in the injured zebrafish brain suggesting that increased efflux to the liver may also be a mechanism to reduce cholesterol levels in the injured zebrafish brain. Furthermore, in the injured mouse and rat brain, APOE, a transporter of cholesterol, is increased upon injury (Castranio et al., 2018; Chong et al., 2019). Thus, also in the mouse, cholesterol metabolism and transport appears to be increased upon injury.

However transport to the liver may not be the only important transport route. Genes involved in cholesterol transport into vesicles for purposes of storage within the brain are also activated. These brain intrinsic stores may be instrumental for the ordered reassembly of damaged brain structures. In agreement, mice deficient in ApoE present impaired formation of dendrites (Tensaouti et al., 2020).

Despite several anecdotal lines of support in the literature, to our knowledge, the systemic regulation of cholesterol metabolizing enzymes which we observed in the injured zebrafish telencephalon was not reported so far for the mammalian brain. This control of cholesterol metabolism may be of medical relevance. It may open possibilities to combat the outcomes of conditions like stroke, injury and neurodegeneration in the human brain. In support, decreasing the level of circulating cholesterol in the rat improves the recovery after brain injury (Chong et al., 2019). Taken together, our comparative in silico analysis of the transcriptomes of the injured and uninjured telencephalon of the adult zebrafish suggests that regulation of cholesterol levels is an important process for brain regeneration.



Multi-Layer Regulation of Cholesterol Metabolism a Means of Robustness or a Mood of Evolution?

We showed here that, cholesterol metabolizing genes appear to be regulated at multiple levels in response to injury of the telencephalon. At the level of inferred protein functions, an overall switch from synthesis to transport and possibly also storage and metabolism/excretion of cholesterol is evident from the comparative analysis of the transcriptomes of the injured and uninjured telencephalon. When the putative regulatory mechanisms were explored, changes of expression of regulatory molecules suggested multiple synergistic and complementary regulatory networks controlling cholesterol synthesis and transport. These include a decrease of Srebf2 mRNA leading to reduction of the key transcription activator of most enzymes of the cholesterol synthesis pathway. Drawing from the mammalian literature (Ulitsky et al., 2012), the expression of key regulators (Insig1, Scap) in the zebrafish telencephalon and given the general high conservation of many regulatory mechanisms between fish and mammals, it is likely that the activity of zebrafish Srebf2 is also regulated by subcellular distribution. Thus, in addition to down-regulation of the srebf2 mRNA, the corresponding protein is likely not located in the nucleus in the injured telencephalon. Changes in splice patterns of cholesterol synthesizing enzymes and transporters may alter protein function or lead to degradation of the mRNA or encoded enzymes adding another principle of regulation. Further layers of regulation are conferred by changes in expression of regulatory RNAs. Up-regulation of miRNAs targeting the mRNAs of a subgroup of cholesterol synthesizing enzymes contributes to the decrease of the target RNAs. Changed expression of lncRNAs at the loci of several genes encoding cholesterol synthesizing or transporting proteins offer yet other layers of regulatory principle woven into the control of cholesterol metabolism.

A key question is why cholesterol metabolism requires such a complex multi-layered control. The transcriptional changes in cholesterol metabolizing genes and their multilevel regulation may be a reflection of the brain’s autonomy with respect to cholesterol metabolism. The crucial biological functions of cholesterol and the pathogenic effects of excessively high cholesterol levels may call for efficient and robust mechanisms. This robustness may be best achieved by complementary and synergistic modes of regulation. Alternatively, this architecture of regulatory mechanisms may be a reflection of how living systems evolve. By randomly recruiting and adapting components of the cells existing repertoire of gene regulatory mechanisms, this seemingly rather complex regulatory network architecture may have arisen. As the evolved mechanisms were effective, they were maintained. Thus, this complexity most likely reflects both evolutionary process and robustness in adaptation of cholesterol levels to the physiological state during injury and repair of the brain.
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Supplementary Table 5 | SRE motifs mapped in the promoter of genes with functions related to cholesterol biosynthesis in the zebrafish genome.

Supplementary Table 6 | Genes differentially expressed in response to injury with SRE motif(s) in the 1-kb promoter region.

Supplementary Table 7 | microRNAs with significant changes in level upon injury.
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Supplementary Table 9 | Significantly enriched biological functions among differentially expressed genes harboring the SRE motif in their promoters.

Supplementary Table 10 | Sequence of the primers for the validation by qRT-PCR.


ABBREVIATIONS

adjp, adjusted p-value; cDNA, complementary deoxyribonucleic acid; ChIP, chromatin immuno-precipitation; CNS, central nervous system; dpl, day post lesion; ER, endoplasmic reticulum; FC, fold change; FDR, false discovery rate; GO, gene ontology; hpl, hour post lesion; kb, kilobase; KEGG, Kyoto encyclopedia of genes and genomes; LDL, low density lipoprotein; mRNA, messenger RNA; miRNA, microRNA; lncRNA, long non-coding RNA; NSC, neuronal stem cell; OSB, oxy sterol binding; qRT-PCR, quantitative reverse transcription polymerase chain reaction; RGC, radial glial cell; RNA, ribonucleic acid; SRE, sterol regulatory element; SREBF, sterol regulatory element binding family; TF, transcription factor; UTR, untranslated region.

FOOTNOTES

1https://m.ensembl.org/info/genome/genebuild/ncrna.html

2http://hannonlab.cshl.edu/fastx_toolkit/index.html


REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410.

Alunni, A., and Bally-Cuif, L. (2016). A comparative view of regenerative neurogenesis in vertebrates. Development 143, 741–753.

Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics 31, 166–169. doi: 10.1093/bioinformatics/btu638

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. the gene ontology consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Ashikawa, Y., Nishimura, Y., Okabe, S., Sasagawa, S., Murakami, S., Yuge, M., et al. (2016). Activation of sterol regulatory element binding factors by fenofibrate and gemfibrozil stimulates myelination in zebrafish. Front. Pharmacol. 7:206. doi: 10.3389/fphar.2016.00206

Barbosa, J. S., Sanchez-Gonzalez, R., Di Giaimo, R., Baumgart, E. V., Theis, F. J., Götz, M., et al. (2015). Neurodevelopment. live imaging of adult neural stem cell behavior in the intact and injured zebrafish brain. Science 348, 789–793. doi: 10.1126/science.aaa2729

Barca-Mayo, O., and De PietriTonelli, D. (2014). Convergent microRNA actions coordinate neocortical development. Cell Mol. Life Sci. 71, 2975–2995. doi: 10.1007/s00018-014-1576-5

Bardehle, S., Krüger, M., Buggenthin, F., Schwausch, J., Ninkovic, J., Clevers, H., et al. (2013). Live imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation. Nat. Neurosci. 16, 580–586. doi: 10.1038/nn.3371

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi: 10.1016/s0092-8674(04)00045-5

Baumgart, E. V., Barbosa, J. S., Bally-Cuif, L., Götz, M., and Ninkovic, J. (2012). Stab wound injury of the zebrafish telencephalon: a model for comparative analysis of reactive gliosis. Glia 60, 343–357. doi: 10.1002/glia.22269

Becker, C. G., Schweitzer, J., Feldner, J., Schachner, M., and Becker, T. (2004). Tenascin-R as a repellent guidance molecule for newly growing and regenerating optic axons in adult zebrafish. Mol. Cell Neurosci. 26, 376–389. doi: 10.1016/j.mcn.2004.03.003

Beyer, A. L., and Osheim, Y. N. (1988). Splice site selection, rate of splicing, and alternative splicing on nascent transcripts. Genes Dev. 2, 754–765. doi: 10.1101/gad.2.6.754

Bilotta, M. T., Petillo, S., Santoni, A., and Cippitelli, M. (2020). Liver X receptors: regulators of cholesterol metabolism, inflammation, autoimmunity, and cancer. Front. Immunol. 11:584303. doi: 10.3389/fimmu.2020.584303

Björkhem, I., and Meaney, S. (2004). Brain cholesterol: long secret life behind a barrier. Arterioscler. Thromb. Vasc. Biol. 24, 806–815. doi: 10.1161/01.ATV.0000120374.59826.1b

Castranio, E. L., Wolfe, C. M., Nam, K. N., Letronne, F., Fitz, N. F., Lefterov, I., et al. (2018). ABCA1 haplodeficiency affects the brain transcriptome following traumatic brain injury in mice expressing human APOE isoforms. Acta Neuropathol. Commun. 6:69. doi: 10.1186/s40478-018-0569-2

Cato, L., Neeb, A., Sharp, A., Buzón, V., Ficarro, S. B., Yang, L., et al. (2017). Development of Bag-1L as a therapeutic target in androgen receptor-dependent prostate cancer. Elife 6:e27159. doi: 10.7554/eLife.27159

Choi, E., Kuehl, M., and Wall, R. (1980). RNA splicing generates a variant light chain from an aberrantly rearranged kappa gene. Nature 286, 776–779. doi: 10.1038/286776a0

Chong, A. J., Lim, S. W., Lee, Y. L., Chio, C. C., Chang, C. H., Kuo, J. R., et al. (2019). The neuroprotective effects of simvastatin on high cholesterol following traumatic brain injury in rats. World Neurosurg. 132, e99–e108. doi: 10.1016/j.wneu.2019.08.250

Colombo, A., Dinkel, L., Müller, S. A., Sebastian Monasor, L., Schifferer, M., Cantuti-Castelvetri, L., et al. (2021). Loss of NPC1 enhances phagocytic uptake and impairs lipid trafficking in microglia. Nat. Commun. 12:1158. doi: 10.1038/s41467-021-21428-5

Coolen, M., Katz, S., and Bally-Cuif, L. (2013). miR-9: a versatile regulator of neurogenesis. Front. Cell Neurosci. 7:220. doi: 10.3389/fncel.2013.00220

Cubells, L., Vilà de Muga, S., Tebar, F., Wood, P., Evans, R., Ingelmo-Torres, M., et al. (2007). Annexin A6-induced alterations in cholesterol transport and caveolin export from the Golgi complex. Traffic 8, 1568–1589. doi: 10.1111/j.1600-0854.2007.00640.x

Del Monte, A., Arroyo, A. B., Andrés-Manzano, M. J., García-Barberá, N., Caleprico, M. S., Vicente, V., et al. (2018). miR-146a deficiency in hematopoietic cells is not involved in the development of atherosclerosis. PLoS One 13:e0198932. doi: 10.1371/journal.pone.0198932

Demirci, Y., Cucun, G., Poyraz, Y. K., Mohammed, S., Heger, G., Papatheodorou, I., et al. (2020). Comparative transcriptome analysis of the regenerating zebrafish telencephalon unravels a resource with key pathways during two early stages and activation of Wnt/β-Catenin signalling at the early wound healing stage. Front. Cell Dev. Biol. 8:584604. doi: 10.3389/fcell.2020.584604

Diotel, N., Lübke, L., Strähle, U., and Rastegar, S. (2020). Common and distinct features of adult neurogenesis and regeneration in the telencephalon of zebrafish and mammals. Front. Neurosci. 14:568930. doi: 10.3389/fnins.2020.568930

Diotel, N., Rodriguez-Viales, R., Armant, O., März, M., Ferg, M., Rastegar, S., et al. (2015). Comprehensive expression map of transcription regulators in the adult zebrafish telencephalon reveals distinct neurogenic niches. J. Comp. Neurol. 523, 1202–1221. doi: 10.1002/cne.23733

Diotel, N., Vaillant, C., Gabbero, C., Mironov, S., Fostier, A., Gueguen, M. M., et al. (2013). Effects of estradiol in adult neurogenesis and brain repair in zebrafish. Horm. Behav. 63, 193–207. doi: 10.1016/j.yhbeh.2012.04.003

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). STAR: ultrafastuniversal RNA-seqaligner. Bioinformatics 29, 15–21. doi: 10.1093/bioinformatics/bts635

Dong, X. Y., Tang, S. Q., and Chen, J. D. (2012). Dual functions of Insig proteins in cholesterol homeostasis. Lipids Health Dis. 11:173. doi: 10.1186/1476-511X-11-173

Dray, N., Mancini, L., Binshtok, U., Cheysson, F., Supatto, W., Mahou, P., et al. (2021). Dynamic spatiotemporal coordination of neural stem cell fate decisions through local feedback in the adult vertebrate brain. Cell Stem Cell doi: 10.1016/j.stem.2021.03.014 [Epub ahead of print].

Dykes, I. M., and Emanueli, C. (2017). Transcriptional and post-transcriptional gene regulation by long non-coding RNA. Genomics Proteomics Bioinformatics 15, 177–186. doi: 10.1016/j.gpb.2016.12.005

Eberlé, D., Hegarty, B., Bossard, P., Ferré, P., and Foufelle, F. (2004). SREBP transcription factors: master regulators of lipid homeostasis. Biochimie 86, 839–848. doi: 10.1016/j.biochi.2004.09.018

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–74. doi: 10.1038/nature11247

Fabregat, A., Jupe, S., Matthews, L., Sidiropoulos, K., Gillespie, M., Garapati, P., et al. (2018). The reactome pathway knowledgebase. Nucleic Acids Res. 46, D649–D655. doi: 10.1093/nar/gkx1132

Folgueira, M., Bayley, P., Navratilova, P., Becker, T. S., Wilson, S. W., and Clarke, J. D. (2015). Morphogenesis underlying the development of the everted teleost telencephalon. Neural Dev. 7:32. doi: 10.1186/1749-8104-7-32

Fuller-Carter, P. I., Carter, K. W., Anderson, D., Harvey, A. R., Giles, K. M., and Rodger, J. (2015). Integrated analyses of zebrafishmiRNA and mRNA expression profiles identify miR-29b and miR-223 as potential regulators of optic nerve regeneration. BMC Genomics 16:591. doi: 10.1186/s12864-015-1772-1

Ghaddar, B., Lübke, L., Couret, D., Rastegar, S., and Diotel, N. (2021). Cellular mechanisms participating in brain repair of adult zebrafish and mammals after injury. Cells 10:391. doi: 10.3390/cells10020391

Gold, E. S., Diercks, A. H., Podolsky, I., Podyminogin, R. L., Askovich, P. S., Treuting, P. M., et al. (2014). 25-Hydroxycholesterol acts as an amplifier of inflammatory signaling. Proc. Natl. Acad. Sci. U.S.A. 111, 10666–10671. doi: 10.1073/pnas.1404271111

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., et al. (2010). Simple combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol. Cell 38, 576–589. doi: 10.1016/j.molcel.2010.05.004

Inouye, H., and Kirschner, D. A. (2016). Evolution of myelin ultrastructure and the major structural myelin proteins. Brain Res. 1641(Pt. A), 43–63. doi: 10.1016/j.brainres.2015.10.037

Jelen, N., Ule, J., Zivin, M., and Darnell, R. B. (2007). Evolution of Nova-dependent splicing regulation in the brain. PLoS Genet. 3:1838–1847. doi: 10.1371/journal.pgen.0030173

Jolma, A., Yan, J., Whitington, T., Toivonen, J., Nitta, K. R., Rastas, P., et al. (2013). DNA-binding specificities of human transcription factors. Cell 152, 327–339. doi: 10.1016/j.cell.2012.12.009

Jossin, Y. (2020). Reelin Functions, mechanisms of action and signaling pathways during brain development and maturation. Biomolecules 10:964. doi: 10.3390/biom10060964

Jurisch-Yaksi, N., Yaksi, E., and Kizil, C. (2020). Radial glia in the zebrafish brain: functional, structural, and physiological comparison with the mammalian glia. Glia 68, 2451–2470. doi: 10.1002/glia.23849

Kalueff, A. V., Stewart, A. M., and Gerlai, R. (2014). Zebrafish as an emerging model for studying complex brain disorders. Trends Pharmacol. Sci. 35, 63–75. doi: 10.1016/j.tips.2013.12.002

Kalvari, I., Nawrocki, E. P., Argasinska, J., Quinones-Olvera, N., Finn, R. D., Bateman, A., et al. (2018). Non-Coding RNA analysis using the Rfam database. Curr. Protoc. Bioinformatics 62:e51. doi: 10.1002/cpbi.51

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

Kang, P., Lee, H. K., Glasgow, S. M., Finley, M., Donti, T., Gaber, Z. B., et al. (2012). Sox9 and NFIA coordinate a transcriptional regulatory cascade during the initiation of gliogenesis. Neuron 74, 79–94. doi: 10.1016/j.neuron.2012.01.024

Kaslin, J., Kroehne, V., Benato, F., Argenton, F., and Brand, M. (2013). Development and specification of cerebellar stem and progenitor cells in zebrafish: from embryo to adult. Neural Dev. 8:9. doi: 10.1186/1749-8104-8-9

Kaslin, J., Kroehne, V., Ganz, J., Hans, S., and Brand, M. (2017). Distinct roles of neuroepithelial-like and radial glia-like progenitor cells in cerebellar regeneration. Development 144:3388.

Khan, A., Fornes, O., Stigliani, A., Gheorghe, M., Castro-Mondragon, J. A., van der Lee, R., et al. (2018). JASPAR 2018: update of the open-access database of transcription factor binding profiles and its web framework. Nucleic Acids Res. 46:D1284. doi: 10.1093/nar/gkx1188

Khosravi, M., Hosseini-Fard, R., and Najafi, M. (2018). Circulating low density lipoprotein (LDL). Horm. Mol. Biol. Clin. Investig. 35. doi: 10.1515/hmbci-2018-0024

Kizil, C., Kyritsis, N., Dudczig, S., Kroehne, V., Freudenreich, D., Kaslin, J., et al. (2012). Regenerative neurogenesis from neural progenitor cells requires injury-induced expression of Gata3. Dev. Cell 23, 1230–1237.

Kroehne, V., Freudenreich, D., Hans, S., Kaslin, J., and Brand, M. (2011). Regeneration of the adult zebrafish brain from neurogenic radial glia-type progenitors. Development 138, 4831–4841. doi: 10.1242/dev.072587

Kyritsis, N., Kizil, C., Zocher, S., Kroehne, V., Kaslin, J., Freudenreich, D., et al. (2012). Acute inflammation initiates the regenerative response in the adult zebrafish brain. Science 338, 1353–1356. doi: 10.1126/science.1228773

Lam, C. S., März, M., and Strähle, U. (2009). gfap and nestin reporter lines reveal characteristics of neural progenitors in the adult zebrafish brain. Dev. Dyn. 238, 475–486. doi: 10.1002/dvdy.21853

Lane-Donovan, C., and Herz, J. (2017). The ApoE receptors Vldlr and Apoer2 in central nervous system function and disease. J. Lipid Res. 58, 1036–1043. doi: 10.1194/jlr.R075507

Lareau, L. F., Inada, M., Green, R. E., Wengrod, J. C., and Brenner, S. E. (2007). Unproductive splicing of SR genes associated with highly conserved and ultraconserved DNA elements. Nature 446, 926–929. doi: 10.1038/nature05676

Lawrence, M., Huber, W., Pagès, H., Aboyoun, P., Carlson, M., Gentleman, R., et al. (2013). Software for computing and annotating genomic ranges. PLoS Comput. Biol. 9:e1003118. doi: 10.1371/journal.pcbi.1003118

Lee, S. H., Lee, J. H., and Im, S. S. (2020). The cellular function of SCAP in metabolic signaling. Exp. Mol. Med. 52, 724–729. doi: 10.1038/s12276-020-0430-0

Li, Q., Zheng, S., Han, A., Lin, C. H., Stoilov, P., Fu, X. D., et al. (2014). The splicing regulator PTBP2 controls a program of embryonic splicing required for neuronal maturation. Elife 3:e01201. doi: 10.7554/eLife.01201

Li, Y. I., Knowles, D. A., Humphrey, J., Barbeira, A. N., Dickinson, S. P., Im, H. K., et al. (2018). Annotation-free quantification of RNA splicing using LeafCutter. Nat. Genet. 50, 151–158. doi: 10.1038/s41588-017-0004-9

Li-Hawkins, J., Lund, E. G., Bronson, A. D., and Russell, D. W. (2000). Expression cloning of an oxysterol 7alpha-hydroxylase selective for 24-hydroxycholesterol. J. Biol. Chem. 275, 16543–16549. doi: 10.1074/jbc.M001810200

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

Markmiller, S., Cloonan, N., Lardelli, R. M., Doggett, K., Keightley, M. C., Boglev, Y., et al. (2014). Minor class splicing shapes the zebrafish transcriptome during development. Proc. Natl. Acad. Sci. U.S.A. 111, 3062–3067. doi: 10.1073/pnas.1305536111

Marques, I. J., Lupi, E., and Mercader, N. (2019). Model systems for regeneration: zebrafish. Development 146:dev167692. doi: 10.1242/dev.167692

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12. doi: 10.14806/ej.17.1.200

März, M., Chapouton, P., Diotel, N., Vaillant, C., Hesl, B., Takamiya, M., et al. (2010a). Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon. Glia 58, 870–888. doi: 10.1002/glia.20971

März, M., Schmidt, R., Rastegar, S., and Strähle, U. (2010b). Expression of the transcription factor Olig2 in proliferating cells in the adult zebrafish telencephalon. Dev. Dyn. 239, 3336–3349. doi: 10.1002/dvdy.22455

März, M., Schmidt, R., Rastegar, S., and Strähle, U. (2011). Regenerative response following stab injury in the adult zebrafish telencephalon. Dev. Dyn. 240, 2221–2231. doi: 10.1002/dvdy.22710

Medina, M. W., and Krauss, R. M. (2013). Alternative splicing in the regulation of cholesterol homeostasis. Curr. Opin. Lipidol. 24, 147–152. doi: 10.1097/MOL.0b013e32835cf284

Medina, M. W., Gao, F., Naidoo, D., Rudel, L. L., Temel, R. E., McDaniel, A. L., et al. (2011). Coordinately regulated alternative splicing of genes involved in cholesterol biosynthesis and uptake. PLoS One 6:e19420. doi: 10.1371/journal.pone.0019420

Miller, A. M., Gilchrist, D. S., Nijjar, J., Araldi, E., Ramirez, C. M., Lavery, C. A., et al. (2013). MiR-155 has a protective role in the development of non-alcoholic hepatosteatosis in mice. PLoS One 8:e72324. doi: 10.1371/journal.pone.0072324

Mitchell, A. L., Attwood, T. K., Babbitt, P. C., Blum, M., Bork, P., Bridge, A., et al. (2019). InterPro in 2019: improving coverage, classification and access to protein sequence annotations. Nucleic Acids Res. 47, D351–D360. doi: 10.1093/nar/gky1100

Moullé, V. S., Cansell, C., Luquet, S., and Cruciani-Guglielmacci, C. (2012). The multiple roles of fatty acid handling proteins in brain. Front. Physiol. 3:385. doi: 10.3389/fphys.2012.00385

Nakai, M., Kawamata, T., Taniguchi, T., Maeda, K., and Tanaka, C. (1996). Expression of apolipoprotein E mRNA in rat microglia. Neurosci. Lett. 211, 41–44. doi: 10.1016/0304-3940(96)12716-6

Pellegrini, E., Mouriec, K., Anglade, I., Menuet, A., Le Page, Y., Gueguen, M. M., et al. (2007). Identification of aromatase-positive radial glial cells as progenitor cells in the ventricular layer of the forebrain in zebrafish. J. Comp. Neurol. 501, 150–167. doi: 10.1002/cne.21222

Poirier, S., Mayer, G., Benjannet, S., Bergeron, E., Marcinkiewicz, J., Nassoury, N., et al. (2008). The proprotein convertase PCSK9 induces the degradation of low density lipoprotein receptor (LDLR) and its closest family members VLDLR and ApoER2. J. Biol. Chem. 283, 2363–2372. doi: 10.1074/jbc.M708098200

Purohit, R., Peng, D. S., Vielmas, E., and Ondrus, A. E. (2020). Dual roles of the sterol recognition region in Hedgehog protein modification. Commun. Biol. 3:286. doi: 10.1038/s42003-020-0977-2

Rajman, M., and Schratt, G. (2017). MicroRNAs in neural development: from master regulators to fine-tuners. Development 144, 2310–2322. doi: 10.1242/dev.144337

Raychaudhuri, S., and Prinz, W. A. (2010). The diverse functions of oxysterol-binding proteins. Annu. Rev. Cell Dev. Biol. 26, 157–177. doi: 10.1146/annurev.cellbio.042308.113334

Repa, J. J., Turley, S. D., Lobaccaro, J. A., Medina, J., Li, L., Lustig, K., et al. (2000). Regulation of absorption and ABC1-mediated efflux of cholesterol by RXR heterodimers. Science 289, 1524–1529. doi: 10.1126/science.289.5484.1524

Rodriguez-Viales, R., Diotel, N., Ferg, M., Armant, O., Eich, J., Alunni, A., et al. (2015). The helix-loop-helix protein id1 controls stem cell proliferation during regenerative neurogenesis in the adult zebrafish telencephalon. Stem Cells 33, 892–903. doi: 10.1002/stem.1883

Romero-Alemán, M. M., Monzón-Mayor, M., Yanes, C., and Lang, D. (2004). Radial glial cells, proliferating periventricular cells, and microglia might contribute to successful structural repair in the cerebral cortex of the lizard Gallotia galloti. Exp. Neurol. 188, 74–85. doi: 10.1016/j.expneurol.2004.03.014

Sawicka, K., Bushell, M., Spriggs, K. A., and Willis, A. E. (2008). Polypyrimidine-tract-binding protein: a multifunctional RNA-binding protein. Biochem. Soc. Trans. 36(Pt. 4), 641–647. doi: 10.1042/BST0360641

Schmidt, R., Beil, T., Strähle, U., and Rastegar, S. (2014). Stab wound injury of the zebrafish adult telencephalon: a method to investigate vertebrate brain neurogenesis and regeneration. J Vis Exp. 90:e51753. doi: 10.3791/51753

Schmidt, R., Strähle, U., and Scholpp, S. (2013). Neurogenesis in zebrafish - fromembryo to adult. Neural Dev. 8:3. doi: 10.1186/1749-8104-8-3

Shabanzadeh, A. P., Charish, J., Tassew, N. G., Farhani, N., Feng, J., Qin, X., et al. (2021). Cholesterol synthesis inhibition promotes axonal regeneration in the injured central nervous system. Neurobiol. Dis. 150:105259. doi: 10.1016/j.nbd.2021.105259

Sharpe, L. J., and Brown, A. J. (2013). Controlling cholesterol synthesis beyond 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR). J. Biol. Chem. 288, 18707–18715. doi: 10.1074/jbc.R113.479808

Sheng, R., Kim, H., Lee, H., Xin, Y., Chen, Y., Tian, W. Z., et al. (2014). Cholesterol selectively activates canonical Wnt signalling over non-canonical Wnt signalling. Nat. Commun. 5:4393. doi: 10.1038/ncomms5393

Su, C. H., D, D., and Tarn, W. Y. (2018). Alternative splicing in neurogenesis and brain development. Front. Mol. Biosci. 5:12. doi: 10.3389/fmolb.2018.00012

Tensaouti, Y., Yu, T. S., and Kernie, S. G. (2020). Apolipoprotein E regulates the maturation of injury-induced adult-born hippocampal neurons following traumatic brain injury. PLoS One 15:e0229240. doi: 10.1371/journal.pone.0229240

Than-Trong, E., and Bally-Cuif, L. (2015). Radial glia and neural progenitors in the adult zebrafish central nervous system. Glia 63, 1406–1428. doi: 10.1002/glia.22856

Thorvaldsdóttir, H., Robinson, J. T., and Mesirov, J. P. (2013). Integrative Genomics Viewer (IGV): high-performance genomics data visualization and exploration. Brief. Bioinform. 14, 178–192. doi: 10.1093/bib/bbs017

Ulitsky, I., Shkumatava, A., Jan, C. H., Subtelny, A. O., Koppstein, D., Bell, G. W., et al. (2012). Extensive alternative polyadenylation during zebrafish development. Genome Res. 22, 2054–2066. doi: 10.1101/gr.139733.112

UniProt Consortium (2019). UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 47, D506–D515. doi: 10.1093/nar/gky1049

Wang, X., Sato, R., Brown, M. S., Hua, X., and Goldstein, J. L. (1994). SREBP-1, a membrane-bound transcription factor released by sterol-regulated proteolysis. Cell 77, 53–62. doi: 10.1016/0092-8674(94)90234-8

Wong, M. Y., Lewis, M., Doherty, J. J., Shi, Y., Cashikar, A. G., Amelianchik, A., et al. (2020). 25-Hydroxycholesterol amplifies microglial IL-1β production in an apoE isoform-dependent manner. J. Neuroinflamm. 17:192. doi: 10.1186/s12974-020-01869-3

Yan, D., Lehto, M., Rasilainen, L., Metso, J., Ehnholm, C., Ylä-Herttuala, S., et al. (2007). Oxysterol binding protein induces upregulation of SREBP-1c and enhances hepatic lipogenesis. Arterioscler. Thromb. Vasc. Biol. 27, 1108–1114. doi: 10.1161/ATVBAHA.106.138545

Yates, A. D., Achuthan, P., Akanni, W., Allen, J., Allen, J., Alvarez-Jarreta, J., et al. (2020). Ensembl 2020. Nucleic Acids Res. 48, D682–D688. doi: 10.1093/nar/gkz966

Zhang, J., and Liu, Q. (2015). Cholesterol metabolism and homeostasis in the brain. Protein Cell 6, 254–264. doi: 10.1007/s13238-014-0131-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Gourain, Armant, Lübke, Diotel, Rastegar and Strähle. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-15-671249-g007.jpg
log:(Fold Change)

Annotation

Jsmrr sUTR
oot done s
[EEp—

—

P ——






OPS/images/fnins-15-671249-g004.jpg
ACRERA AR

Targegene Disance of SRE mtf (0 ianscrpton s e SRE  Suand






OPS/images/fnins-15-671249-g003.jpg
acatz hmgcs1 hmgcra mvda

Relative expression

‘Acetyl-CoA |« acetoacetylCoa |+ o HMGCoA | o mevalonate_Je———[ PP
sqlea Trops
lés faft1 fdps

lanosterol |« squalene [« famesyl-PP geranyl-PP
cypst | dher24
‘msmo1 nsdhl
hsd17b7 | hsd17b7
obp | tm7sf2 s,
scsd NPC2
dhcr7 eb
7-dehydrocholesterol |« Cholesterol - B - e
abed1
abeg?
osbplta
c
1 control [Mlinjured n=3 17 control [llinjured n=3
°
0.02 3
<
8
2
2
14
001 3 . -
3
°
s
]
o M o«

sqlea cyp51 / dher? apoeb  abcata





OPS/images/fnins-15-671249-g006.jpg
Gene log2(Fold Change) P-value

sqlea >k
oxrla %
pcsk9 -
dsg2.1 *

scap ns
BX511123.2 ok

0.5





OPS/images/fnins-15-671249-g005.jpg
Euctonn at « signicant
_— 8o * oot signicant
— .
TRl e
2 3
53 A
— uess £ 3
— et g (4,
njwedz &
— ooz &
— Contr2 273 HIE;
— Contt 1
E) 0
Mean expression (10)
1 <,
4 miRsz
(miR-152  miR-182
acar? mgess nmgera mvas
AcolGoA aceioacsiCon HG-GoR mevalonate 3
sqon aps
s s PO L.
Tanosterol sauatens famesyip. goranyiPP.
mirtsz | ewst | anerze
miRc1ss | memor | “psai
miR-1dsa = hsat7y | hsdizsr -
mRar | ebp | mmrsz suet.
i Wpcz
dnarr a
T-dehydrocholestero - Y
abed
avgt

walbite:





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multi-Dimensional Transcriptome Analysis Reveals Modulation of Cholesterol Metabolism as Highly Integrated Response to Brain Injury



		INTRODUCTION



		MATERIALS AND METHODS



		RNASeq Data Analysis



		Sequencing of Small RNAs and MicroRNA Analysis



		Preparation of Biological Samples and qRT-PCR







		RESULTS



		Injury-Induced Changes in Steady State Levels of Polyadenylated RNAs in the Telencephalon



		Gene Ontology Analysis



		Expression of Enzymes and Transporters of Cholesterol Metabolism Are Co-ordinately Regulated in Response to Injury



		Expression of the Master Regulator of Cholesterol Synthesizing Enzymes Srebf2 Is Reduced Upon Injury



		miRNAs That Target Cholesterol Genes Are Increased Upon Injury



		Injury-Induced Changes in Levels of Polyadenylated Long Non-coding RNAs



		Alternative Splicing of RNAs in Response to Injury of the Telencephalon Affects Cholesterol Metabolizing Enzymes and Transporters







		DISCUSSION



		Large Scale Response of the Genome to Telencephalon Injury



		Profound Changes in Splicing Patterns in Response to Injury



		Alteration in Cholesterol Metabolism in Response to Telencephalon Injury



		Putative Regulation of Cholesterol Synthesizing Enzymes by Srebf2



		MicroRNAs as Additional Regulatory Mechanisms of Cholesterol Metabolism in the Injured Telencephalon



		Alternative Splicing as an Additional Mode of Regulation of Cholesterol Metabolism



		Relevance of Modulation of Cholesterol Metabolism



		Multi-Layer Regulation of Cholesterol Metabolism a Means of Robustness or a Mood of Evolution?







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
In Neuroscience

Multi-Dimensional
Transcriptome Analysis Reveals
Modulation of Cholesterol
Metabolism as Highly Integrated
Response to Brain Injury









OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-15-671249-g002.jpg
Number of associated genes
0 100 200

RNA polymerase |l transcription factor activity F**

Regulation of transcription

|

MRNA splice site selection M

Immune response

|

**

Neurogenesis & *

Angiogenesis F* B up-regulated
B down-regulated

Cholesterol biosynthesis h ok





OPS/images/fnins-15-671249-g001.jpg
Euclidean distance

logz(Fold Change)

0

o

30

Control 1
Control 2
Control 3

Markers

Injured 2

Injured 1
Injured 3

I *** iI ||I|

\ég\'b Q(f /\{b Q’s 060 ‘\'bQ\’\q’ (&ch‘() \OQ e
+

Injured 3
Injured 1
Injured 2
Control 3
Control 2
Control 1

&

Differentially expressed

Expressed

Tested

[l Response to injury

M Proliferation of NSC
B Radial glial cells

[ Inflammatory response
B Microglial cells

l 3,043 /1,946

17,301

32,520

0 20000
RNA





