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Avian ciliary ganglion (CG) development involves a transient execution phase of apoptosis controlling the final number of neurons, but the time-dependent molecular mechanisms for neuronal cell fate are largely unknown. To elucidate the molecular networks regulating important aspects of parasympathetic neuronal development, a genome-wide expression analysis was performed during multiple stages of avian CG development between embryonic days E6 and E14. The transcriptome data showed a well-defined sequence of events, starting from neuronal migration via neuronal fate cell determination, synaptic transmission, and regulation of synaptic plasticity to growth factor associated signaling. In particular, we extracted a neuronal apoptosis network that characterized the cell death execution phase at E8/E9 and apoptotic cell clearance at E14 by combining the gene time series analysis with network synthesis from the chicken interactome. Network analysis identified TP53 as key regulator and predicted involvement of the BH3 interacting domain death agonist (BID). A virus-based RNAi knockdown approach in vivo showed a crucial impact of BID expression on the execution of ontogenetic programmed cell death (PCD). In contrast, Bcl-XL expression did not impact PCD. Therefore, BID-mediated apoptosis represents a novel cue essential for timing within CG maturation.
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INTRODUCTION

The chicken ciliary ganglion (CG) houses a homogenous neuronal population undergoing synchronized changes during embryonic development (Landmesser and Pilar, 1974). Due to its accessibility and ease of experimental manipulation both in vitro and in vivo (Dryer, 1994), the CG has since served as a classical model to study parasympathetic development and synapse formation. Recently, even optogenetic manipulation of the CG has been established in a study investigating presynaptic terminals (Stanchev and Sargent, 2011; Egawa et al., 2013; Ruffinatti et al., 2013; Simpson et al., 2013; Zamburlin et al., 2013).Precursors of CG neurons migrate from the cranial neural crest to form the ganglion by embryonic day (E) 4, after which they become postmitotic and set out to express neuronal marker proteins (Rohrer and Thoenen, 1987). Between E6 and E10, efferent and afferent synaptic connections are established, accompanied by a massive wave of neuronal programmed cell death (PCD) (Landmesser and Pilar, 1974; Narayanan and Narayanan, 1981) and these processes are finished by E14 (Landmesser and Pilar, 1978). Nevertheless, the understanding of the molecular mechanisms controlling important developmental events in the CG still remain limited and comprehensive information about regulatory networks guiding and shaping these events over time are needed to better understand the basic principles of neural development and differentiation.

Here, we report in vivo gene expression analysis of CG development between E6 and E14, focusing on the transient regulation of apoptosis as the key event for neuronal cell fate decisions. Time series analysis identified a sequence of differentiation stages with TGF-beta, Notch and neurogenesis related genes becoming particularly activated after a transient phase of apoptosis regulation around E8 and E9. We adapted a novel subgraph extraction method for the chicken protein interactome comprising 9156 nodes and 129,972 edges to construct an apoptosis network that captured the molecular basis of transient neuron cell death in the CG. By means of network centrality we predicted the importance of central genes, like TP53 and TP63 (tumor proteins p53 and p63), as well as of peripheral input/output effectors, such as RARB (Retinoic Acid Receptor, Beta) and BID (BH3 Interacting Domain Death Agonist), a direct target of TP53. We verified experimentally the impact of the latter using an RNAi-mediated knockdown approach. Inhibition of either BID or BCL-XL (apoptosis regulator Bcl-XL /Bcl-2-Like Protein 1 with gene symbol BCL2L1), members of the Bcl-2 protein family with respective pro- and anti-apoptotic function (Boise et al., 1993; Wang et al., 1996), increased the number of CG neurons, or, in the case of BCL-XL knockdown, had no impact on neuronal apoptosis. Taken together, dynamic transcriptome analysis in combination with protein network reconstruction and experimental validation confirmed sequential pathway activity and transient activation of apoptosis to be key during neuronal CG development and confirmed an essential role of BID expression as a novel player in this process.

MATERIALS AND METHODS

Microarrays

Ciliary ganglia were dissected from E6-E10 and E14 chicken embryos. For each analyzed time point, ganglia from at least 40 embryos were pooled for RNA extraction using the Qiagen RNeasy micro kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. Four replicate sample of each time point were obtained. For transcriptome analysis, 4x44K Agilent (Santa Clara, CA, United States) whole transcriptome arrays were used. The raw intensity reads for each array were background corrected by spatial detrending and subsequently lowess normalized for comparison across arrays using the R limma package (Smyth, 2005). Batch correction was done using an empirical Bayesian approach (Chen et al., 2011) accounting for experiment and time batches. Subsequent analysis considered only genes having a corresponding gene symbol annotation. If multiple probes mapped to the same gene symbol, the probe with the largest IQR was chosen and all others discarded, leaving 13441 transcripts for analysis. Microarray data has been deposited in GEO under the accession ID GSE65426.

Principal Component Analysis

Principal component analysis (PCA) was performed on the normalized, batch corrected and gene symbol filtered expression data using the prcomp function from the R environment. Data points have been grouped according to time and enveloped by a convex hull to guide the eye.

Gene Set Enrichment Analysis

Functional annotation of differential gene regulation along the developmental time axis was performed using Gene set enrichment analysis (GSEA) (Luo et al., 2009). For gene set definitions we used the Gene Ontology (GO) for chicken from GO Consortium (built July 2014), which maps 11,572 genes onto 11,062 different ontology terms. We considered only gene sets having three or more members. To assess the significance in differential regulation we used a two-sample t-test and Stouffer’s method to summarize individual p-values. Raw GSEA p-values were corrected for multiple testing using the Benjamini-Hochberg method that controls the false discovery rate (FDR).

Network Inference

The apoptosis interaction network was calculated from the G. gallus String network (Version 9.1, confidence score > 0.4) (Franceschini et al., 2013). We manually added the TP53 interactome to the network, considering only interactions that (i) were found both in human and mouse and (ii) matched a chicken homolog gene, The dNetFind function from the R dnet package (Fang and Gough, 2014) was used to calculate the apoptosis subnetwork. For this we selected preferentially for genes with a transient fold change regulation at E8 and E9 and that were related to apoptosis. In detail, we fitted a second order polynomial to each gene timeseries and used the coefficient of the quadratic term as score. Next, we weighted all scores by adding +2 or -2 to each score, depending on whether or not a gene belonged to the GO categories GO:1900119 (positive regulation of execution phase of apoptosis), GO:0042771 (intrinsic apoptotic signaling pathway in response to DNA damage by p53 class mediator), GO:0097191 (extrinsic apoptotic signaling pathway), or GO:0043065 (positive regulation of apoptotic process). Network modularization was calculated using a spin-model with simulated annealing from the R igraph package (Csardi and Nepusz, 2006). A conditional hypergeometric test was performed to calculate the GO enrichment within the network modules using all gene nodes of the chicken interactome as background.

Quantitative Real-Time PCR

RNA was isolated from ciliary ganglia using the RNeasy micro kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Schwerte, Germany). Quantitative RT-PCR analysis was performed with the MyiQTM (BIO-RAD, München, Germany) and the GoTaq® qPCR Master Mix (Promega, Mannheim, Germany) with 5 ng of cDNA template in a 12.5 μl reaction mixture. BID and BCL-XL expression levels were assessed at three different time points during development (E7, E9, and E14), with three independent biological replicates for every time point and three technical replicates. The expression levels were normalized to chicken GAPDH and results were analyzed with the comparative CT method. Data are expressed as 2-ΔΔCT normalized to GAPDH and presented as fold change of expression values at E7 and E9 relative to the expression value at E14.

Production of shRNA Virus

RCAS(BP)B virus carrying an shRNA constructs against BID and BCL-XL were produced according to (Das et al., 2006). The primers used for the BID hairpin in the cloning oligos were: shBID forward: gagaggtgctgctgagcgggatgctctctgttacgatagtagtgaagccacagatgta and shBID reverse: attcaccaccactaggcaagatgctctctgttacgatagttacatctgtggcttcact. The primers for shBCL-XL were: shBCL-XL forward: gagaggtgctgctgagcgggcaggtagtgaatgaactctttagtgaagccacagatgta and shBCL-XL reverse: attcaccaccactaggcaagcaggtagtgaatgaactctttacatctgtggcttcact. DF-1 cells were transfected with the RCAS(BP)B shBID and RCAS(BP)BshBCL-XL plasmids as well as RCAS(BP)B plasmids without an shRNA insert using Lipofectamine 2000 (Invitrogen, Life Technologies, Darmstadt, Germany). Virus was concentrated from the culture medium using Amicon ultra-4 centrifugal filter units (Merck Millipore, Darmstadt, Germany) with a 100 kDa cutoff. Virus stock aliquots were stored at -20° until use.

Injection of Virus Into Chick Embryos

Fertilized white leghorn chicken eggs (Gallus gallus domesticus) were obtained from a local farm and incubated at 38.5°C and 70% humidity. Embryos were staged according to (Hamburger and Hamilton, 1992).Virus stock was mixed with a vital dye (Fast Green, Sigma) and backfilled into a glass capillary. The virus was injected into the neural tube of HH9 chicken embryos at the level of the mesencephalon, where the progenitors of the CG neurons will delaminate (Narayanan and Narayanan, 1981). Embryos were either injected with RCAS(BP)BshBID, RCAS(BP)BshBCL-XL or RCAS(BP)B without shRNA insert, as a control. Furthermore, uninjected controls of the same stage were kept along with the virus-injected animals. The eggs were further incubated and the embryos were sacrificed by decapitation at E14. BrdU injections were performed according to (Striedter and Keefer, 2000), shortly, BrdU (Sigma) was injected at a concentration of 20 μg/μl into one of the embryos vitelline veins. The embryos were further incubated for 3 hours before fixation at E7 and E9, or until E14 after injection at E7 to cover the entire time span of PCD.

Fixation and Histology

At the desired stage, embryos were sacrificed by decapitation and the heads were fixed in 4% paraformaldehyde overnight, dehydrated in ascending ethanol concentrations and embedded in paraffin. Ten micrometer microtome sections were collected for hematoxylin and eosin (HE) staining and immunohistochemistry. Neurons were counted on every tenth HE-stained section as described (Oppenheim et al., 1989).

Immunohistochemistry

Sections were de-paraffinized and heated in citrate buffer for improved antigen retrieval and further incubated with anti-islet-1/2 (40.2D6) 1:50; anti-gag (AMV3C2, 1:200; both from Developmental Studies Hybridoma Bank, University of Iowa), anti-BrdU (Sigma; 1:1000); anti-active-caspase-3 (R&D; 1:500) and visualized using biotinylated secondary antibodies (donkey-anti-mouse; -anti-rabbit; -anti-rat; 1:100; Dianova, Hamburg, Germany) and diaminobenzidine (Vectastain Peroxidase ABC-kit 6100, Vector Laboratories, CA, United States).

In Situ Hybridization

Sections were de-paraffinized and in situ hybridization and preparation of digoxigenin-labeled probes for chicken BID and BCL-XL were performed as described previously (Ernsberger et al., 1997). Chicken BID was cloned by RT-PCR using the pGEM-T vector system (Promega, Mannheim, Germany) following the manufacturer’s instruction. The sequences of the primers were: BID forward: TCTGCTAAGATACCTTTTCTGCTCA; BID reverse: CTGCTACCAAAAAGGAGAGGGA. The probe against chicken BCL-XL was made using the chicken EST clone ChEST202O3 from the EST library of the University of Manchester, United Kingdom (Boardman et al., 2002).

RESULTS

Analysis of Transcriptome Dynamics of Ciliary Ganglion Development

To examine the progression of CG neuron development we performed a time series analysis of the transcriptomes from days E6 to E14, taking samples from four biological independent replicates at E6, E7, E8, E9, E10, and E14 using Agilent Gene Expression 4x44K microarrays for network analysis as shown in Figure 1. A PCA revealed the dynamic changes of developmental progression of CG (Figure 2A). Developmental stages clearly separated along the first principal component (PC1). Moreover, samples at E8/E9 and E9/E10 were displaced along PC2 and PC3, respectively, indicating transient gene regulation processes on these days. The PCA furthermore showed one of the E10 samples as outlier (Supplementary Figure 1, E10 number 1) for unknown biological or technical reasons. We therefore excluded this sample from further analysis. Time-resolved GSEA (Luo et al., 2009) using the chicken GO as gene sets showed a sudden up-regulation of various sets starting at E8 and E9 (Figure 2B). Pathways included extracellular processes like cell adhesion, integrin signaling, collagen organization as well as angiogenesis that show their major increase at the end of the developmental stage. This was in line with a previous study on synapse formation in the chicken CG between E5 and E17 (Brusés, 2010), which found a massive change in gene regulation during the maturation phase between E10 and E17. Apparently, a specific temporal gene regulatory sequence followed by pathway activation is a prerequisite for CG development. In this context, several pathways are known to be crucial during neurogenesis, such as Notch-Delta signaling (Cau and Blader, 2009), controlling the expression of proneural genes and the competence to respond to the Jak-Stat (Cau and Blader, 2009), Wnt- (Ciani and Salinas, 2005) and the Sonic Hedgehog pathway (Matise and Wang, 2011). Cell-fate specification is mediated by growth factor signaling, including TGF-beta family members, neurotrophins and neurokines (Bibel and Barde, 2000; Böttner et al., 2000; Krieglstein et al., 2011). This time dependence was also reflected in the change of the mean expression of TGF-beta, Notch and Jak-Stat related gene sets in our experimental setup (Supplementary Figure 2A). All were activated between E9 and E14. On the other hand, neurogenesis related gene function as well as down-regulated gene sets showed a continuous, instead of a sudden de-regulation between E6 and E14. Loss of “stem cell maintenance,” “sympathetic nervous system development” or gain in “Axonogenesis” indicated a steady differentiation of CG neurons, superseding the transient or sudden changes in gene expression described above (Supplementary Figures 2A,B, labeled in red).


[image: image]

FIGURE 1. Experimental and analysis Workflow. Ciliary ganglia were dissected from E6–E10 and E14 chicken embryos. Transcriptome analyses were performed from all different time points and were inferred into an apoptotic driven network.
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FIGURE 2. Transcriptome timeseries reveal sequential pathway activity and transient apoptosis during CG development (A) Principal component analysis of the ciliary ganglion neuron transcriptomes during development. The plot depicts the first three principal components accounting for ∼51%, ∼13%, and ∼7% of the variance, respectively. A convex hull encloses the individual samples per time point to guide the eye. (B) GSEA of the developmental gene expression time series. The heatmap depicts the fold change of the mean statistics of all chicken Gene ontology (GO) terms relative to E6 that are differentially regulated over time (FDR-corrected q-value < 0.001). (C) GSEA of significantly altered apoptosis and cell death related GO terms over time (p-value < 0.1) The heatmap depicts the scaled mean expression per gene set. Rows are hierarchically clustered by their Euclidean distance using the complete linkage method.



Regulation of Ontogenetic Cell Death

As Notch and TGF-beta pathways are closely linked to regulated cell death during CG development we elucidated the apoptosis dynamics between E6 and E14. A hierarchical clustering of all significantly regulated apoptosis or cell death related GO gene sets revealed a transition from the initiation of neuronal apoptotic processes on E7 via a cell death execution phase on E8 to apoptotic cell clearance at E14 (Figure 2C). The analysis further showed a shift between intrinsic and extrinsic regulation of apoptotic events from E7 to E9. To elucidate key molecular players of this transient apoptosis process, we constructed a maximum scoring subgraph (Fang and Gough, 2014) from the STRING chicken interactome (Franceschini et al., 2013). With the goal not only to find the apoptosis related genes, but also to find the pathways through which they are connected we identified transiently expressed genes related to apoptosis by first fitting a second order polynomial to each gene time series and assigning the quadratic coefficient as putative subgraph score. To this score we added a positive or respectively, negative weight, if the gene was or was not related to apoptosis signaling. Next, a heuristic search algorithm deduced a fully connected subgraph from the chicken interactome that included a maximal number of genes having a positive and a minimal number of genes having negative node scores. The number of nodes in the induced subgraph scaled inversely with the size of the positive/negative weights added to the subgraph scores (Supplementary Figure 3A). As a compromise between specificity and size of the subgraph we chose a score penalty of two, which resulted in a highly-modularized CG apoptosis network consisting of 259 nodes and 602 edges (Figure 3A, and Supplementary Table 1) having long-tailed node degree distribution (Supplementary Figure 3B). A hypergeometric test showed a functional enrichment of apoptosis (Modules I and II), DNA damage (Module III), Notch and Wnt-signaling (Modules IV-V) as well as development (Modules IV-VI). Both network modules and gene expression showed a clear maximum at E8/E9 (GO terms backdrop Figures 2, 3B) and furthermore at E14, stemming from apoptotic cell clearance.
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FIGURE 3. A subgraph of the chicken protein interaction reveals TP53 as central gene of apoptosis during CG development (A) Protein-interaction subgraph constructed from genes that are (i) transiently expressed and (ii) apoptosis related. Edges correspond to protein interactions, while node colors depict the expression of each gene scaled along the time points. Colored backdrops indicate significant network modules (p < 0.001) calculated from a spin-glass model and simulated annealing. Genes discussed in the text are highlighted by big fonts. The bottom right list depicts representative GO terms enriched in the modules (marked by roman numerals) and the mean scaled gene expression per module as backdrop. (B) Relative gene expression over time for the apoptosis network from (A).



Based on this informative CG apoptosis network we were able to calculate the network betweenness and eigenvector centrality that determine which nodes are central or peripheral to the network (Supplementary Figure 3C). The most central nodes were the transcription factors TP53 and TP63 both of which were transiently up-regulated at E8 (Supplementary Figure 4A). Also central to the network were members of the TGF-beta superfamily signaling pathways, such as TGFB2 (Transforming Growth Factor, Beta 2), SMAD3 (SMAD Family Member 3) or ACVR1B (Activin A Receptor, Type IB) confirming the importance of activin signaling in CG development (Supplementary Figure 4B) (Darland and Nishi, 1998). Among the most central, yet transiently expressed genes at E8/E9, we find MMP9 (Matrix Metallopeptidase 9) and BMP7 (Bone Morphogenetic Protein 7), confirming their essential role in neuronal cell death (Murase and McKay, 2012) and early embryogenesis (Trousse et al., 2001). Genes at the network periphery possess a low centrality and possibly serve as upstream activators or downstream effectors. In fact, such nodes are the TP53 cofactors HIPK1 and 2 (Homeodomain Interacting Protein Kinase 1 and 2) that already transiently peak at E7 (Akaike et al., 2014), RARB, whose involvement in CG development we recently showed (Koszinowski et al., 2015), NEUROD1 (Neuronal Differentiation 1), inducing terminal differentiation (Boutin et al., 2010) and lastly BID, which is known to induce apoptosis through activation of TP53 (Haupt et al., 2003). This prompted us to construct a subnetwork around TP53 (Figure 4A). BID is induced by TP53 and indeed showed its peak regulation at E9 (Figure 4B). Moreover, several TP53 stabilizing/activation factors were expressed at E7 already (Figure 4B), namely the pro-apoptotic activators HIPK2, NLK (Nemo-like Kinase) and RNF8 (Ring Finger Protein 8). NLK is required for p53 activation, as it stabilizes p53 by blocking MDM2 (transformed mouse 3T3 cell double minute 2) mediated degradation (Zhang et al., 2014). RARB indirectly interacts with TP53 via GATA3 (GATA binding protein 3) and MDM2, thereby modulating the time-dependent apoptotic effect. Thus, the network corroborated a tight transcriptional regulation of TP53, already initiated at E7 that predicted a defined temporal window of BID-mediated apoptosis.
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FIGURE 4. TP53 centered subnetwork derived from the STRING interaction database. (A) The network comprises all nodes having a direct interaction with TP53 and MDM2 for either chicken (thick edges) or human. Edges are directed, if there is a known such interaction. Nodes are time-ordered from top to bottom. (B) Scaled expression of genes in (A). Rows are hierarchically clustered by their Euclidean distance using the complete linkage method.



Suppression of BID During Ciliary Ganglion Development Prevents Ontogenetic Cell Death

Having demonstrated the close dependence of BID on TP53 we next tested in vivo by RNAi knockdown its significance in the regulation of apoptotic events during CG development. As control, we chose a second member of the Bcl-2 protein family BCL-XL (BCL2L1), which has anti-apoptotic function (Boise et al., 1993). First, we confirmed the expression of BID and BCL-XL via RT-qPCR (Figure 5A). BCL-XL showed a local expression minimum around E9, while BID expression decreased from E7 compared to E14. This is in line with the expression timeseries from the microarray data, which showed additionally a transient maximum around E9 (Figure 4B).
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FIGURE 5. Virus-mediated knockdown of BID and BCL-XL during ciliary ganglion development. (A) Time course of BID and BCL-XL expression during ciliary ganglion development normalized to E14 assessed by RT-qPCR. (B) Diagram of virus-mediated RNAi of BID and BCL-XL. Virus concentrate is injected into the neural tube of HH9 chicken embryos to infect the ciliary ganglion neuron precursors. (C) Representative pictures of the uninfected wild type control (WT) and virus-infected ganglia (gag). Islet1/2 staining identifies all neurons of the ganglion. shBID and shBCL-XL depict the respective virus knockdown constructs. (D,E) In situ hybridization for BID and BCL-XL mRNA after knockdown relative to WT (scale bar = 50 μm). (F) Increase in the number of CG neurons at E14 after knockdown of BID. (n(CTL) = 3; n(RCASB CTL) = 3; n(shBID) = 6; n(shBCL-XL = 7; ∗∗∗∗p < 0.0001, two-sided t-test). (G) Number of caspase-3 positive neurons after BID knockdown. (n(E9 CTL) = 3; n(E9 shBID) = 8, ∗∗∗p = 0.0005, two-sided t-test). (H) BrdU positive cells after BID knockdown relative to WT (n(E9 CTL) = 3; n(E9 shBID) = 3). Horizontal bars denote the 0.25/0.75 and 0.5 quantiles (median) of the biologically independent replicates in gray and red, respectively.



For RNAi-mediated knockdown, RCAS(BP)B-plasmids carrying the micro-RNA operon expression cassettes with the shRNA-hairpin insert against BID (RCASBshBID) and BCL-XL (RCASBshBCL-XL) were generated (Das et al., 2006). The virus-concentrate was injected into the neural tube of HH9 (E2.5) chicken embryos at the level of the mesencephalon (Figure 5B) to infect CG neuron precursors before their delamination from the neural tube. Approximately 50% of the embryos showed a lasting ganglion infection detectable until E14 (Figure 5C, bottom row). Islet1/2 staining identifies all neurons of the ganglion. In situ hybridization against BID and BCL-XL mRNA on E7 confirmed the reduction of both BID and BCL-XL mRNA levels (Figures 5D,E). As a result of BID knockdown neuron numbers increased by a striking 78% at E14 (5284 ± 101.9, BID knockdown vs. 2973 ± 204.8 wild type control; Figure 5F), while the knockdown of BCL-XL did not affect the number of neurons surviving PCD. This increase after BID knockdown was most likely the result of suppressed apoptosis. Active caspase-3 staining revealed a strong and transient peak at E9 in wild type CGs that fits nicely with the dynamic expression network of TP53. In contrast, BID knockdown completely abrogated the peak and hardly any apoptotic neurons were observed at any time point (Figure 5G). To exclude increased proliferation as cause for higher neuronal precursors, embryos were injected with BrdU at either E7 or E9 and incubated for an additional 3 h. No impact of BID knockdown on BrdU staining was detectable (Figure 5H). Therefore, we concluded that knockdown of BID expression in the developing CG led to an overall deficiency of the neurons to undergo developmental cell death.

DISCUSSION

The present study elucidated and described molecular networks regulating important aspects of parasympathetic development, using the chicken CG, a well-described classical model system (Dryer, 1994). The genome-wide gene expression analysis covered the entire development of the ganglion between E6 and E14. The precursors of CG neurons migrate from the cranial neural crest towards the eye and coalesce to form the ganglion by E4, whereafter they become postmitotic and set out to express neuronal marker proteins (Landmesser and Pilar, 1972; Rohrer and Thoenen, 1987). Between E6 and E10 efferent and afferent synaptic connections become established, accompanied by a massive wave of neuronal PCD (Landmesser and Pilar, 1974; Narayanan and Narayanan, 1981) and these processes are finished by E14 (Landmesser and Pilar, 1978). CG development undergoes strict and well-defined stages. Functional analysis of the gene expression correlated well with the differentiation progress, however the PCD signature remained weak, probably because only a subpopulation of neurons executes cell death. Still, its importance showed in the up-regulation of several pathways such as TGF-beta, Notch and Jak-Stat at E9 after the transient wave of apoptosis. Due to the temporal transcriptional resolution during CG development, we were only able to perform a network reconstruction and analysis that revealed the concerted regulation of many players of apoptosis, interacting in several modules with TP53 and TP63 as central hub nodes. Indeed, the expression of TP53 was already “prepared” at E7 through activating and stabilizing factors and through the interplay with MDM2. However, we further predicted and verified an important role of the peripheral network nodes, such as RARB and BID, acting as effectors and interfacing the network to the cellular phenotype. Here, the effect of BID silencing in vivo corroborates its essential role in neuronal development in a defined time window. BID is known to play a crucial role in the regulation of the mitochondrial cell death checkpoint in neurons and has been suggested as a target for pharmacological therapy (Culmsee and Plesnila, 2006). Moreover, a RIPK1 (Receptor-Interacting Protein Kinase 1) dependent BID cleavage was shown to induce a TNF alpha-dependent cell death (Chen et al., 2015) or the FADD (Fas Associated Via Death Domain)/caspase-8/BID/cytochrome c axis that links death receptors and mitochondria regarding ROS generation and apoptosis (Kim et al., 2017). Both, RIPK1 and FADD, are also integrated in our protein-interaction subgraph like BID within module II that are linked to the GO terms “positive regulation of cell death and intrinsic apoptotic signaling pathway.” Nevertheless, BID-deficient mice do not show neurodevelopmental abnormalities suggesting BID activity compensation by yet unidentified BH3-only proteins, as functional redundancies have been observed among Bcl-2 proteins (Lindsten et al., 2005). Chicken possibly lack a BH3-only protein compensating, since we also couldn’t detect it on transcriptome level in our data set, and may thus fully depend on the presence of BID. In this context, p53-dependent apoptosis mediated by NOXA has been described as the predominant axotomy-induced motor neuron death in mice (Kiryu-Seo et al., 2005). PUMA, but not BIM, has been suggested to induce cell death following p53 activation by 6-OHDA in a cell culture model of Parkinson’s disease (Biswas et al., 2005). PUMA has also been suggested in response to p53 activation to cooperate with BIM in β-amyloid-induced neuronal cell death (Akhter et al., 2014). Furthermore, PUMA or Fas/CD95 knockdown confers neuroprotection in retinal ganglion cell death in rodents (Wilson et al., 2013). However, chicken may not have PUMA or NOXA. On the other hand, PCD in chicken CG development does not seem to rely on the anti-apoptotic function of BCL-XL, as shown in Figure 5, suggesting a functional redundancy in these proteins. However, a high level of redundancy among BCL-2 proteins is reducing the impact of BCL-XL knockdown, as previously characterized in mammalian systems. Nevertheless, this analysis is currently not feasible in chicken neurons and pro-survival BCL-2 activities would only be important, if BID is cleaved. We have not been able to demonstrate tBID-induced mitochondrial apoptosis. Therefore, a role of BID in chick neuronal development independent of the BCL-2 protein interplay at the OMM (outer mitochondrial membrane) cannot be excluded and need further evaluations. In summary, we showed how transcriptome time series analysis with network inference can be used to provide new insights into the roles of Bcl-2 family proteins for apoptosis during CG development that was furthermore experimental validated. The altered functional redundancy of these proteins in comparison to mouse corroborated the particular implementation of apoptosis in an avian species highlights the need for further detailed molecular investigation in this key event during neuronal CG development.
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