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Introduction

The Drosophila shaggy (sgg) locus encodes the highly conserved protein kinase, Glycogen Synthase Kinase-3 (GSK-3), that is central to several signalling pathways in both vertebrates and invertebrates. Along with a key role as a negative regulator of the Wnt pathway, GSK-3 has been implicated in the Hedgehog, Insulin and G-protein-coupled receptor pathways, where it contributes to diverse developmental processes and is associated with multiple human diseases [START_REF] Bourouis | An early embryonic product of the gene shaggy encodes a serine/threonine protein kinase related to the CDC28/cdc2+ subfamily[END_REF][START_REF] Siegfried | Putative protein kinase product of the Drosophila segment-polarity gene zestewhite3[END_REF][START_REF] He | Glycogen synthase kinase-3 and dorsoventral patterning in Xenopus embryos[END_REF][START_REF] Ali | Glycogen synthase kinase-3: properties, functions, and regulation[END_REF][START_REF] Kaidanovich-Beilin | GSK-3: Functional Insights from Cell Biology and Animal Models[END_REF]. Sgg contributes to the regulation of cell proliferation, apoptosis and morphogenesis via control of gene transcription, protein translation, cytoskeletal organization and the cell cycle [START_REF] Beurel | Glycogen synthase kinase-3 (GSK3): regulation, actions, and diseases[END_REF][START_REF] Patel | Glycogen Synthase Kinase 3: A Kinase for All Pathways?[END_REF]. In Drosophila, the sgg locus is complex, producing at least 17 transcript variants that encode 10 different proteoforms (Figure 1A). We previously reported an analysis of sgg complexity by introducing isoform-specific tags into the endogenous locus, concluding that each proteoform has a unique spatial and temporal distribution across embryonic development [START_REF] Korona | Characterisation of protein isoforms encoded by the Drosophila Glycogen Synthase Kinase 3 gene shaggy[END_REF]. A functional analysis of two major proteoform classes, Sgg-PA and Sgg-PB, led us to conclude that these may represent the orthologues of the GSK-3α and GSK-3β proteins encoded by separate genes in vertebrates. We also reported the expression of a class of proteoforms previously described as Sgg46 [START_REF] Ruel | Functional significance of a family of protein kinases encoded at the shaggy locus in Drosophila[END_REF], that are characterised by a 582 amino acid C-terminal domain unique to three proteins encoded by the locus (Sgg-PD, Sgg-PP and Sgg-PQ). The Sgg-PD class N-terminal domain contains two canonical caspase cleavage motifs (DEVD 235 and DEVD 300 , Figure 1B) [START_REF] Mcstay | Overlapping cleavage motif selectivity of caspases: implications for analysis of apoptotic pathways[END_REF] but has no other recognisable protein domains within this region. Cleavage at these sites is predicted to release a 232 amino acid N-terminal polypeptide and a Sgg proteoform containing the conserved kinase domain with a 280 amino acid N terminal extension unique to this proteoform class. The entire Sgg-PD N-terminal domain is apparently unique to the Drosophilids, and although related sequences can be found in the sgg locus of other flies, including the house fly and stable fly, these lack the caspase cleavage sites. Related sequences have not been detected in the genomes of other invertebrates or vertebrates.

Analysis of mRNA expression by modENCODE [START_REF] Graveley | The developmental transcriptome of Drosophila melanogaster[END_REF] indicate that transcripts containing the exon are contributed maternally and expressed throughout development. We previously characterised the expression of proteoforms carrying this Nterminal domain using exon-specific protein tags introduced into the sgg locus via CRISPR-Cas9 genome engineering. We observed early ubiquitous expression that was subsequently elevated in the developing mesoderm, followed by the CNS, with prominent expression in the salivary glands, Malpighian tubules and proventriculus toward the end of embryonic development [START_REF] Korona | Characterisation of protein isoforms encoded by the Drosophila Glycogen Synthase Kinase 3 gene shaggy[END_REF]. Previous characterisation of the sgg locus indicated that the Sgg-PD class is not required for viability but can provide some functional rescue of null alleles [START_REF] Ruel | Functional significance of a family of protein kinases encoded at the shaggy locus in Drosophila[END_REF]. Subsequent work by Kanuka and colleagues [START_REF] Kanuka | Drosophila caspase transduces Shaggy/GSK-3beta kinase activity in neural precursor development[END_REF] identified a role for Sgg-PD in sensory organ precursor formation. In particular, they found that a caspasedependent cleavage of the Sgg-PD N-terminal exon was required to activate Sgg kinase activity, inhibit Wingless signalling and promote development of macrochaeta on the adult thorax. The analysis indicated that the uncleaved form was not active and concluded that developmental modulation of the caspase cleavage contributed to the function of Sgg-PD. It is therefore of some interest to determine any functional roles this protein class may have in Drosophila.

To help address the role of Sgg-PD class proteoforms and further investigate the contribution of the caspase cleavage, we adopted a CRISPR-Cas9 based genome engineering strategy to tag specific Sgg-PD proteoforms. Introducing multiple fluorescent protein or protein affinity tags into the N-terminal exon defining the three Sgg-PD class proteins allowed us to characterise the expression and protein interactions of both the polypeptides generated by caspase cleavage. We also generated new in locus mutations, either deleting the majority of the exon to produce a null allele for this proteoform class or specifically mutating the caspase cleavage sites. Using these mutant lines we confirm that the Sgg-PD class is not required for viability but has a role in aspects of nervous system function. Our analysis indicates that caspase cleavage is important in modulating Sgg-PD activity, confirming its role in adult sensory organ precursor development [START_REF] Kanuka | Drosophila caspase transduces Shaggy/GSK-3beta kinase activity in neural precursor development[END_REF]. We find expression and proteomic evidence that indicates the N-terminal domain generated by caspase cleavage is retained in some cells of the embryo and shows a unique repertoire of protein interactions. Our analysis connects Sgg-PD proteoforms to aspects of embryonic hemocyte biology, regulation of the cytoskeleton and homeostasis. Our work further emphasises the complexity of this key protein kinase and the diverse roles it plays in development.

Results and Discussion

Sgg-PD class alleles

In order to explore the role of the Sgg-PD family of proteoforms and how caspase cleavage of the 582 amino acid N-terminal domain unique to this proteoform class impacts any functions, we adopted a CRIPR-Cas9-based genome engineering approach to generate modifications at the endogenous sgg locus. First, we introduced tags either side of the two predicted caspase cleavage sites: at the N terminus we added a DsRed tag and downstream of the consensus caspase sites we added an in-frame StrepII-Flag-StrepII (SFS) tag [START_REF] Lowe | Analysis of the expression patterns, subcellular localisations and interaction partners of Drosophila proteins using a pigP protein trap library[END_REF]. The tagged exon was introduced into the sgg locus by homology directed repair and we designate this allele sgg isoD-DS-SFS , which we will refer to as sgg isoDTag for brevity. We generated a second repair template where the terminal aspartic-acid residues in two predicted DEVD caspase sites cleavage sites were mutated to glycines, rendering the exon insensitive to caspase activity, and designate this allele sgg isoD-CI-DS-SFS which we refer to as sgg IsoD-CI . Finally, we created a null allele, sgg isoD , replacing the majority of the exon with a Ds-Red marker cassette (Figure 1). Although we observed very occasional segmentation defects in the null or caspase insensitive lines (<10%), overall the three lines we generated are homozygous or hemizygous viable and fertile.

Our previous analysis with an N-terminal SFS tagged version of Sgg-PD revealed expression of this proteoform family in the mesoderm from stage 9 of embryonic development, followed by elevated levels in the nervous system and prominent expression in the salivary glands [START_REF] Korona | Characterisation of protein isoforms encoded by the Drosophila Glycogen Synthase Kinase 3 gene shaggy[END_REF]. We analysed the expression of our new dual tag line by fluorescence microscopy imaging of briefly fixed embryos following the N terminal portion of the exon via DsRed fluorescence and the portion downstream of the caspase cleavage sites with Alexa488 labelled anti-Flag (Figure 2). We expected that in places where the exon is not subject to caspase cleavage, or is cleaved and both fragments are retained, we would observe both Ds-Red and Alex488 signals. If the exon is cleaved and the N-terminal portion degraded we expect only the Alexa488 signal and finally, if the N terminal peptide is retained after cleavage but the rest of the proteoform degraded we expect only a Ds-Red signal. As a control for the caspase cleavage we also examined the expression of both tags in the caspase insensitive variant.

We found that the predominant signal across the embryo represented detection of both tags, indicative of no cleavage or cleavage events that resulted in the retention of both fragments, this is most clearly observed in the salivary gland where we previously reported high expression (Figures 2B andC). However, we also found examples of elevated levels of Alexa488 in the developing nervous system and mesoderm, indicative of cleavage and loss of the N-terminal fragment. Finally, we found highly specific Ds-Red only signal associated with what appears to be a subset of embryonic hemocytes (Figure 2B˝), indicative of elevated levels of the N-terminal fragment post caspase cleavage with a loss of the remainder of the protein. The relatively uniform signals with Ds-Red and Alexa488 in the caspase insensitive sgg isoD-CI line supports the view that the differential localisations we observe are due to caspase cleavage activity (Figure 2D). These observations confirm that endogenous Sgg proteoforms that include the caspase cleavable domain are subject to cleavage in vivo, that the cleavage shows tissue-specific regulation and, of particular interest, in some cells the N-terminal domain appears to be preferentially retained after caspase cleavage.

To confirm the expression in embryonic hemocytes, we examined the expression of Ds-Red in sgg isoDTag and sgg IsoD-CI lines along with antibody staining for the fascin hemocyte marker Singed (Sn) [START_REF] Zanet | Fascin promotes filopodia formation independent of its role in actin bundling[END_REF]. As shown in Figure 3, the DsRed marker colocalises with Sn in hemocyte cells throughout the embryo, specifically the highly migratory plasmatocytes. We found that this co-localisation is not dependent on caspase cleavage, since expression in the caspase insensitive line appears to be identical to that observed in the cleavable wild type allele. Furthermore, the distribution of hemocytes appears unchanged in the caspase insensitive line, indicating that caspase cleavage is not necessary for the proper development of these cells. These observations further support the idea that caspase cleavage of Sgg-PD proteoforms is regulated in a tissue specific fashion [START_REF] Kanuka | Drosophila caspase transduces Shaggy/GSK-3beta kinase activity in neural precursor development[END_REF]. It remains to be determined, whether the hemocytes in the caspase insensitive line are biochemically or functionally normal, however, our expression profiling data described below suggest that the cleavage, and by inference the N-terminal domain lacking Sgg kinase activity, are involved in the normal activity of embryonic hemocytes.

We next examined adults homozygous or hemizygous for the caspase insensitive sgg isoD-CI allele and the sgg IsoD null allele for any morphological phenotypes. Concordant with work employing ectopic expression of a caspase insensitive Sgg-PD variant [START_REF] Kanuka | Drosophila caspase transduces Shaggy/GSK-3beta kinase activity in neural precursor development[END_REF], we observed the presence of extra anterior scutellar bristles in approximately 30% of adult flies (Figure 4A-C), compared to the 19% previously reported with the ectopic expression assay. We observed similar phenotypes with the null allele, supporting the previous conclusions of Kanuka and colleagues (12) that caspase cleavage was necessary to activate Sgg activity in the pathway. We also noticed defects in the adult arista, with approximately 13% of caspase insensitive mutants showing mild ectopic branching (Figures 3D-F).

Interestingly, it has previously been shown that non-apoptotic caspase activity regulates arista morphology [START_REF] Cullen | Role of programmed cell death in patterning the Drosophila antennal arista[END_REF] and our observations suggest that, at least in part, this may operate through cleavage of Sgg-PD.

The role of GSK3 in the aging process has been the subject of some debate, with conflicting evidence emerging from different studies [START_REF] Castillo-Quan | Lithium Promotes Longevity through GSK3/NRF2-Dependent Hormesis[END_REF][START_REF] Souder | An expanding GSK3 network: implications for aging research[END_REF][START_REF] Trostnikov | Disordered Expression of shaggy, the Drosophila Gene Encoding a Serine-Threonine Protein Kinase GSK3, Affects the Lifespan in a Transcript-, Stage-, and Tissue-Specific Manner[END_REF]. In Drosophila, studies employing RNAi knockdown of sgg report shortened lifespan [START_REF] Trostnikov | Disordered Expression of shaggy, the Drosophila Gene Encoding a Serine-Threonine Protein Kinase GSK3, Affects the Lifespan in a Transcript-, Stage-, and Tissue-Specific Manner[END_REF] and our recent work with sgg isoA specific mutations supports this view (8). To identify any role for Sgg-PD proteoforms in longevity we performed standard adult survival assays with the sgg isoD and sgg isoD-CI mutants, comparing them with wild type flies from a matched genetic background (Figure 5A). Homozygous females and hemizygous males were examined separately. With the sgg isoD null allele we found significantly reduced survival (~10%, p<0.05) in both sexes and for the caspase insensitive allele we found a similar lifespan reduction in males but a much weaker effect in females (~6%, p <0.05). Our previous work with Sgg-PA specific mutants found a more sever lifespan reduction (15% in females, 25% in males), suggesting that different Sgg proteoforms contribute to adult longevity. Since Sgg-PD is expressed in the developing nervous system and our previous work identified adult locomotor defects with Sgg-PA specific mutants (8), we examined our sgg alleles in an adult climbing assay. We found strong reduction in locomotor activity of ~35% in females and ~26% in males at 10 days old (Figure 5B), with a similar effect seen in the both null and caspase insensitive alleles. Taken together, these observations indicate that loss of the Sgg-PD class of proteoforms has defined developmental and adult homeostasis functions that in part are due to loss of the entire N-terminal domain and, to a lesser extent, rely on a caspase cleavage event. Our analysis of the embryonic expression suggests that in some circumstances these functions may be specifically mediated by the N-terminal domain after caspase cleavage. Unfortunately, the amino acid sequence of the Sgg-PD exon or the cleaved N-terminal domain provide no clues as to potential functions with no recognizable protein domains.

Transcriptome analysis

To gain insights into potential biological roles for the Sgg-PD caspase cleavage, we performed replicated RNA-seq analysis comparing RNA extracted from sgg isoD-Tag embryos with stage matched sgg isoD-CI caspase insensitive embryos. The analysis revealed 932 genes with significant expression changes (+/-1.6fold, adjusted p < 0.05) of which 737 were upregulated and 195 downregulated (Table S1). A gene ontology enrichment analysis identified approximately 70 genes associated with cuticle development that were downregulated in the mutant (adjusted p = 9.7E-33), most of which encode structural components, including 25 Cpr genes and 11 Lcp genes. An examination of the upregulated genes found a significant enrichment for genes involved in apical cell constriction, specifically a set of five Zona Pellucida Domain (ZPD) proteins involved in cuticle development (adjusted p = 6.9E-6) [START_REF] Fernandes | Zona pellucida domain proteins remodel the apical compartment for localized cell shape changes[END_REF]. In the embryo, these five genes (m, mey, neo, nyo and tyn) are regulated by shavenbaby (svb), which is itself negatively regulated by Wnt signalling, providing a link between loss of sgg isoD functions and the changes in gene expression. At least 3 of these ZPD genes have phenotypes in macrochaetae, consistent with our observations on adult phenotypes. We found an addition 45 genes reported to be regulated by svb (20) that were also affected in the caspase insensitive Sgg-PD mutant embryos, further emphasising the link between this Sgg proteoform and the svb pathway.

To determine if the gene expression effects we observed are specific to sgg isoD-CI , we compared the results of our analysis with our previous RNA-seq study of sgg isoA (viable) and sgg isoB (lethal) mutant embryos [START_REF] Korona | Characterisation of protein isoforms encoded by the Drosophila Glycogen Synthase Kinase 3 gene shaggy[END_REF], identifying 44 and 230 overlapping genes respectively. As we previously reported, there was no significant enrichment of any functional classes with the genes affected by loss of sgg isoA and this is also the case for the 44 genes overlapping with sgg isoD-CI . In the case of sgg isoB , we found 47 downregulated cuticular proteins in common to the two alleles, all structural components of the cuticle. The overlap does not include the ZPD encoding genes highlighted above nor does the sgg isoB gene list substantially overlap with the svb regulated gene list. Finally, we were interested in the cleavage dependent localisation of the N-terminal domain of Sgg-PD to hemocyte cells and compared our RNA-seq data with a list of genes reported to be expressed in embryonic hemocytes [START_REF] Cattenoz | Temporal specificity and heterogeneity of Drosophila immune cells[END_REF].

We identified 195 genes misregulated in sgg isoD-CI mutant embryos that show significant expression in hemocytes, including a set of structural cuticular proteins also regulated by svb. Taken together with our previous work on Sgg proteoforms, our RNA-seq analysis supports the view that individual proteoforms have unique functions. The identification of proteins involved in the embryonic epidermal cell biology controlled by the svb pathway specifically implicate the caspase cleaved Sgg-PD class of proteoforms in this process and provide a link with the cuticle phenotypes we observe in mutant adults. The observation that a significant number of genes misregulated in the caspase cleavage insensate mutants are expressed in embryonic hemocytes supports the view that the N-terminal domain of Sgg-PD has a role in hemocyte biology.

Sgg-PD protein interactions

We next adopted a proteomics strategy to identify proteins interacting with specific Sgg-PD proteoforms. We used the iPAC approach with the specific tags introduced into the locus ( 22), performing replicated immunopurification followed by tandem mass-spectrometry analysis. We first used anti-DsRED, anti-FLAG and Streptactin to purify proteins from the sgg isoD-Tag line to identify proteins interacting with Sgg-PD proteoforms. We reasoned that interactors identified with the N-terminal DsRED and the internal SFS tags should represent proteins associated with the uncleaved form, whereas interactors unique to each tag should represent proteins associated with the N or C terminal portions after cleavage. We performed a similar analysis using anti-DsRED to pull down interactors from the caspase insensitive sgg isoD-CI line. As a control, we performed pull-downs with an untagged w 1118 line. Using the QProt pipeline [START_REF] Choi | QPROT: Statistical method for testing differential expression using proteinlevel intensity data in label-free quantitative proteomics[END_REF], applying an adjusted p-value cut-off of 0.05 and a requirement that interacting proteins were identified in at least 2 out of 3 independent pull downs after correction with wild type controls, we identified 79 proteins with the DsRED N-terminal bait and 102 with the SFS bait in the sgg isoD-Tag line, and 188 with the DsRed pulldown from the sgg isoD-CI line (Figure 6). 
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Summarising the analysis, we identified 250 unique proteins across the three experiments, with pulldowns using the DsRED N-terminal and SFS baits in the sgg isoD-Tag line, and DsRed pulldown from the sgg isoD-CI line, 26 of which were common to the three. We found an enrichment for proteins involved in cytoskeleton, cell junction and epithelial cell biology, with 64 proteins annotated with one of these terms. This included Alpha-Cat, the cadherin Shg, Cindr and the Notch pathway component Akap200, common to all three pulldowns, placing the Sgg-PD proteoform at the heart of cellular morphogenesis processes. The proteomics analysis was broadly consistent with our RNAseq experiments, where we identified a significant upregulation of Zona Pellucida components in the caspase insensitive mutants, suggesting that as well as physically associating with cell junction protein complexes, Sgg-PD may play an active role in regulating their composition.

Turning to the specific analyses, we identified 32 proteins in common to the sgg isoD-Tag DsRED and SFS pulldowns, implying they may interact with the uncleaved protein. Although there were no significant Gene Ontology enrichments, we did identify proteins associated with adherens junctions (Alpha-Cat, Cindr and Shg), two of which are components of the Catenin complex (Alpha-Cat and Shg), along with a further 6 proteins with functional annotations related to the cytoskeleton (Akap200, Cindr, Corn, Hts, Tral, Zormin). Of these, Hts, Shg and Zormin have previously been identified as physically interacting with Sgg according to the BioGRID database [START_REF] Oughtred | The BioGRID interaction database: 2019 update[END_REF]. These common interactions are consistent with known roles for Sgg and further emphasise a role for the Sgg-PD proteoform class in aspects of epithelial cell biology we inferred from our RNA-Seq analysis described above.

Looking at the interactions we specifically identified with either DsRED or SFS pulldowns, we infer that proteins identified with SFS but not DsRed represent interactions specific to the kinase domain containing C-terminal portion of Sgg-PD after caspase cleavage. We found 32 proteins specific to the SFS pulldown that were not identified in any other of our experiments (Table 1). Significantly, we found 13 proteins annotated to have roles in the cytoskeleton or cell junction, this included Mey and Neo, which we identified as misregulated in our RNA-seq screen. This strongly implicates the cleaved form as an important contributor to aspects of cytoskeletal cell biology. From the overall list of 102 proteins identified in SFS pulldowns, we observed a significant enrichment (adjusted p <2E-3) for Gene Ontology biological process or cellular component annotations relating to cell junctions (9 proteins), anatomical structure development (45 proteins) and cellular development (34 proteins). Along with the cytoskeletal associated proteins shared with the DsRED pulldown, we identified a further 4 proteins with similar annotations (CG42748, Lac, L(2)gl and Vari) as well as 13 proteins with signalling pathway annotations, including 6 components of the Beta-Catenin Destruction Complex pathway (Arm, CtBP, Prosbeta6, Rpn7, Rpn12 and Rpt2), including Beta-Catenin itself (Arm). We also found a number of proteins with annotated nervous system phenotypes, including 6 with reported chaetae phenotypes (Arm, Bif, Gnf1, Msi, Noc, Rala and Shg), providing a potential link to the adult phenotypes we describe above. Finally, since the SFS pulldown should identify proteins that interact with the kinase domain common to all Sgg proteoforms, we compared the list of interactors with the proteins we previously identified as interacting with the Sgg-PA and -PB proteoforms [START_REF] Korona | Characterisation of protein isoforms encoded by the Drosophila Glycogen Synthase Kinase 3 gene shaggy[END_REF]. We found 24 proteins in common, including Arm, along with several of the cytoskeletal associated proteins described above. Taken together, we suggest that the identification of known signalling pathway components indicate the pull downs are likely to be reliable and further emphasise the role of the Sgg-PD proteoform in cytoskeletal and cell junction biology. Identification of proteins shared across multiple pulldowns in different engineered fly lines provides a high confidence set of in vivo Sgg interacting proteins that focus interest on aspects of cell polarity and cytoskeletal organisation.

Our imaging analysis indicated that the DsRed tagged Nterminal domain was maintained in some cells, particularly embryonic hemocytes, independent of the remainder of the proteoform after cleavage. Our proteomics identified 79 proteins with the DsRED pulldown, this list showed significant enrichment (p<8E-4) for proteins related to germ cell development (20 proteins), including some of the cytoskeletal components discussed above. However, we also found association with nuclear proteins [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] and ribonucleoprotein complexes [START_REF] Lowe | Analysis of the expression patterns, subcellular localisations and interaction partners of Drosophila proteins using a pigP protein trap library[END_REF].

While our imaging suggests that the majority of the DsRED signal appears cytoplasmic, we cannot rule out some nuclear localisation. We note that this list includes proteasome components along with proteins known to have multiple cell locations, including cytoskeletal associations. It is therefore possible these interactions may represent involvement of Sgg-PD proteoforms in regulating intracellular transport. We found that 25 of the proteins were unique to the DsRED pulldown, 18 of which are expressed in embryonic hemocytes, consistent with our localisation data (Table 1), and 10 of the DsRed specific interactors are associated with carboxylic acid metabolism (p = 1.3E<5). We also note that both the DsRED-specific interactome and the set of genes expressed in embryonic hemocytes show a significant enrichment for targets of mir-277 (8 genes p=7.1E6 and 210 genes p=4.2E-5 respectively). The identification of DsRed specific interactors supports the idea that the N-terminal domain of Sgg-PD released after caspase cleavage is likely to have specific functions during embryonic development and in particular contribute to aspects of hemocyte biology.

Of the 188 potential interaction partners identified with anti-DsRED pull downs from the caspase insensitive sgg isoD-CI line, 104 were not identified in our experiments with the wild type form. A total of 26 proteins were found in common between the caspase insensitive line and the two pulldowns from the wild type line, including the cell junction components α-Cat, Shg and Tra (Table 1). The proteins associated with caspase insensitive version showed significant enrichment for RNA metabolism pathways (47 proteins, p=1.8E-13) including rRNA processing enzymes, 5 translation initiation factors and a significant enrichment (p<1E-7) for proteins involved in mRNA stability. Whether these enrichments reflect defects in RNA processing and translation due to blocking the caspase-cleavage or a genuine enrichment of functional interactions that are stabilised by preventing cleavage remains to be determined. As well as pulling down Arm, the caspase insensitive version also identified the cell junction components (Lac, Alpha-Cat, l(2)gl, Cindr, Shg) we identified with the SFS pulldowns, strongly supporting the validity of these interactions since they were identified in a different fly line and using a different antibody for purification. This might also imply that these are bona fide interactions mediated by the C-terminal portion of Sgg-PD, distal to the caspase cleave site, since they are not identified with the Nterminal DsRED tag in the wild type: we would argue that this is also the case for the other 32 proteins shared between these two pull-down experiments. In terms of overlap between the anti-DsRED pull downs with the wild type and caspase insensitive lines, we found 22 shared proteins not identified by the SFS pulldown, including 12 of the proteins with nuclear annotations described above. Finding these in independent pulldown experiments strengthens our confidence in the interactions. We note with interest the association with Cse1, a protein involved in nuclear import that has a role in adult sensory organ development, consistent with the adult phenotypes we observe [START_REF] Cullen | Role of programmed cell death in patterning the Drosophila antennal arista[END_REF].

Our combined genetic, transcriptome and proteome analysis of new sgg-PD class alleles suggests a complex role for the Sgg-PD class of proteoforms in development and homeostasis, some of which appear to be regulated by caspase cleavage. A surprising finding, supported by imaging, RNA-seq and proteomics, is a role for the N-terminal 232 amino acid polypeptide released by caspase cleavage. We identified specific expression of this polypeptide in embryonic hemocytes with little or no retention of the C terminal kinase domain polypeptide.

Materials and Methods

Cloning gRNAs.

To generate the transgenic fly lines carrying the tagged isoforms, we used CRISPR/Cas9 technology as previously described [START_REF] Korona | Engineering the Drosophila Genome for Developmental Biology[END_REF]. We initially designed the insertion sites as indicated (Figure 1A) and choose appropriate gRNAs (Supp Table 3) that were cloned into pCDF3 [START_REF] Port | Optimized CRISPR/Cas tools for efficient germline and somatic genome engineering in Drosophila[END_REF]. Briefly, target specific sequences were synthesized and either 5′-phosphorylated annealed, and ligated into the BbsI sites of pCDF3 pre-cut with BbsI. All gRNAs and primers are listed in Supp Table 3.

Generation of donor vectors.

For N-terminal tagging with DsRED and simultaneous internal tagging with 3xFLAG-StrepII in the Sgg-PD N-terminal domain containing caspase cleavage sites, a single donor vector was constructed to generate the sgg-PD isoD-DS-SFS line. The inserted tags spanned the domain with the cleavage sites and included homology arms on both sites. To abolish DEVD caspase recognition sites site directed mutagenesis was performed at both sites: D235G (gat->ggt) and D300G (gat->ggt) using Gibson Assembly to generate a donor vector as described above to generate the sgg-PD isoDCI--DS-SFS line. The sgg isoD null allele was generated by replacing the first exon coding sequence with a cassette containing 3XP3 DsRed flanked with LoxP sites. Unless otherwise noted, cloning of donor vectors was performed with the Gibson Assembly Master Mix (New England Biolabs). PCR products were produced with the Q5 High-Fidelity 2X Master Mix (New England Biolabs). All inserts were verified by sequencing. Primers are listed in Supp Table 3.

Drosophila methods.

Embryos were injected using standard procedures into the THattP40 line expressing nos-Cas9 [START_REF] Ren | Optimized gene editing technology for Drosophila melanogaster using germ line-specific Cas9[END_REF][START_REF] Gratz | Precise Genome Editing of Drosophila with CRISPR RNA-Guided Cas9[END_REF]. 500 ng/μl of donor DNA in sterile dH2O was injected together with 100 ng/μl of gRNA plasmid. Individually selected surviving adults were crossed to w 1118 and the progeny screened for fluorescence: positively flies were balanced and homozygous stocks established for both caspase positive and negative variant.

Injections were performed by the University of Cambridge Department of Genetics Fly Facility. All fly stocks were maintained at 25℃ on standard cornmeal medium. Embryos were collected from small cages on yeasted grape juice agar plates.

Locomotor behaviour.

Adult female and male flies were collected shortly after eclosion and separated into 10 cohorts consisting of 10 flies (100 total) for each genotype. Flies were maintained at 25°C and transferred to fresh food every 3 days. For the climbing assay, each cohort was transferred to an empty glass cylinder (diameter, 2.5 cm; height, 20 cm), and allowed to acclimatize for 5 min. For tapped down to the bottom of the vial, and the percentage of flies able to cross an 8-cm mark successfully within 10 s was recorded as the climbing index. Five trials were performed for each cohort, with a 1-min recovery period between each trial. Climbing assays were performed 1, 5, 10, 30 and 40 days after eclosion.

Immunostaining and confocal microscopy.

Localization of DsRED-tagged N-terminal fragment and 3xFLAG-StrepII tagged fragment following the caspase recognition sites of sgg were visualised in embryos. The former was visualized using native fluorescence, whereas the latter, was visualized by immunohistochemistry using Mouse Anti-FLAG M2 (F1804 Sigma), followed by Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A-11001, Life Technologies) using standard protocols [START_REF] Patel | Imaginal neuronal subsets and other cell types in whole mount Drosophila embryos and and larvae using antibody probes[END_REF]. Embryonic hemocytes were detected with an anti-Sn monoclonal from the Developmental Studies Hybridoma Bank (1:000 sn 7C) [START_REF] Cant | Drosophila singed, a fascin homolog, is required for actin bundle formation during oogenesis and bristle extension[END_REF]. Briefly, for fluorescence imaging, embryos were collected, dechorionated and quickly fixed to avoid bleaching of DsRED and stained with anti-FLAG or anti-Sn antibodies following standard protocols. Images were acquired using a Leica SP8 confocal microscope (Leica microsystems) with appropriate spectral windows for DsRED and Alexa488. Images were processed with the Fiji software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF].

RNA seq:

10-15hr embryos from a homozygous sgg isoD-CI-DS-SFS stock and the tagged sgg isoD-DS-SFS control line were collected and processed for RNA-seq as described below.

Tissue was homogenised in 300 µl TRIzol with a motorised pellet pestle for 30 seconds. The sample volume was then increased to 1 ml, then 200 µl of Chloroform was added and vortexed. Samples were centrifuged at max speed for 15 minutes at room temperature and the upper phase transferred to a new 1.5 ml tube. The RNA was then precipitated with 0.8 volumes of Isopropanol and incubated at -20°C for 2 hours. The samples were then centrifuged at 4°C at maximum speed for 30 minutes to pellet the RNA. The pellet was then washed with 1 ml 70% ethanol and centrifuged cold for another 5 minutes. After complete removal of the ethanol the RNA was dried for 5 minutes and re-suspended in 

iPAC-MS.

Embryos from 8-20 hr collections were washed from agar plates with tap water, collected in 100 μm sieves, rinsed in the same solution to remove any yeast, dechorionated in 50% bleach for 1 min, rinsed again and placed on ice. Where necessary, washed embryos were frozen at -80°C until a sufficient quantity was collected. For each purification, ~200 μl wet-volume of embryos were manually homogenized with a 2 ml Dounce homogenizer in 1 ml of extraction buffer (50 mM Tris, pH 7.5, 125 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 5% Glycerol, 0.4% Igepal CA-630, 0.5% digitonin and 0.1% Tween 20) and processed essentially as previously described [START_REF] Lowe | Analysis of the expression patterns, subcellular localisations and interaction partners of Drosophila proteins using a pigP protein trap library[END_REF]. Samples were independently immunopurified using StrepII, FLAG and DsRED.

ANTI-FLAG ® M2 affinity gel (Sigma) and Strep-Tactin® Superflow® resin (IBA) were used to capture each FLAG-tagged and StrepII-tagged bait and its binding partners, respectively [START_REF] Rees | In Vivo Analysis of Proteomes and Interactomes Using Parallel Affinity Capture (iPAC) Coupled to Mass Spectrometry[END_REF]. For pulldown of fluorescently tagged proteins (DsRED), anti-RFP mAb agarose resin (MBL International) was used. Briefly, protein concentration estimation in the embryo lysate was performed using a DC assay (Bio-Rad). The lysate was divided equally into three parts (6 mg total protein per pulldown), to which each resin, pre-washed in extraction buffer, was added. Following 2 h of incubation at 4°C on a rotating wheel, the resin was washed three times in extraction buffer. Immunoprecipitates were eluted twice each, using 100 μg/ml 3xFLAG peptide (Sigma) in lysis buffer for FLAG immunoprecipitates and 10 mM desthiobiotin in lysis buffer for Strep-Tactin immunoprecipitates; each for 10 minutes at 4°C. Anti-GFP resin immunoprecipitates were eluted in 100 mM glycine-HCl, pH 2.5 with gentle agitation for 30 seconds, followed by immediate neutralization in 1 M Tris-HCl, pH 10.4.

Purification of the baits was confirmed via immunoblots and samples were prepared for mass spectrometric analysis using in-gel digestion, allowing the sample to enter 2 cm into an SDS-PAGE gel. Gels were fixed and stained with colloidal Coomassie stain, after which the protein-containing band was excised and cut into two equally sized parts. Each band was destained, reduced with dithiothreitol, alkylated with iodoacetamide and subjected to tryptic digest for 16 hours at 37°C. Approximately 1 μg of peptides from each digested band was analysed using LC-MS/MS on a Q Exactive mass spectrometer (ThermoFisher Scientific), as previously described [START_REF] Dikicioglu | Transcriptional regulation of the genes involved in protein metabolism and processing in Saccharomyces cerevisiae[END_REF].

For label-free quantification (LFQ), data were processed using MaxQuant (version 1.6.3.4) [START_REF] Tyanova | The MaxQuant computational platform for mass spectrometry-based shotgun proteomics[END_REF]. Raw data were searched against protein sequences contained in the all translation database obtained from FlyBase release FB2017_06 dmel_r6.19 at (ftp://ftp.flybase.net/releases/FB2017_06/dmel_r6.19/fasta/) [START_REF] Thurmond | FlyBase 2.0: the next generation[END_REF]. The database was customised with the addition of the Uniprot proteome for Wolbachia pipientis wMel (https://www.uniprot.org/uniprot/?query=proteome:UP0000082 15). Within MaxQuant, searches were performed against a reversed decoy dataset and a set of known contaminants. Default search parameters were used with digestion using trypsin allowing two missed cleavages and minimum peptide lengths of six. Carbamidomethyl Cysteine was specified as a fixed modification. Oxidation of Methionine, N-term protein Acetylation and Phosphorylation of Serine, Threonine and Tyrosine were specified as variable modifications. Additionally, "match between runs" was enabled with fractions specified to limit matching to occur only between replicates of the same bait and tag combination. Identification of significant interacting proteins was performed with the QProt pipeline [START_REF] Choi | QPROT: Statistical method for testing differential expression using proteinlevel intensity data in label-free quantitative proteomics[END_REF]. Gene Ontology enrichments were obtained from FlyMine (39) using the Benjamini-Hochberg multiple testing correction.

Figure 1 .

 1 Figure 1. The sgg locus. A. Cartoon of the sgg locus on the X chromosome, numbers on the top line indicate nucleotide position. The structures of the 10 major Sgg proteoforms are indicated with the Sgg46 class highlighted with the bracket. B. The expand region represents the Sgg-PD class specific N-terminal exon (Sgg-PD, -PP and -PQ) with the location of the caspase cleavage sites indicated with black vertical lines. The locations of the DsRed and StrepII-Flag-StrepII tags in the engineered sgg isoDTag line are indicated. C. The sgg isoD-CI line with mutated caspase sites. D. In the sgg isoD null allele the coding exon is replaced by the DsRed coding sequence driven by a 3XP3 promoter flanked by LoxP sites.

Figure 2 .Figure 3 .Figure 4 .

 234 Figure 2. Expression of Sgg-PD proteoforms. A. Cartoon of the first exon of Sgg-PD class proteoforms with the location of N-terminal DsRed tag and the SVS tag downstream of the caspase cleavage sites (indicated by the scissors), the latter detected with Alexa488 -anti-FLAG. B and C. Expression of Sgg-PD proteoforms at stage 16 (B) and 14 (C). Triangles in B' indicate developing mesoderm, triangles in B" indicate hemocytes. White arrow indicates the salivary gland, triangles indicate hemocytes and yellow arrow indicates cells in the CNS. D. Stage 15 embryo from the caspase insensitive line showing very similar expression of DsRed and Alexa488. The intense signal in the DsRed channel is due to gut autofluorescence. All embryos are lateral views with anterior to the left. Scale bar in B = 100 μm.

Figure 5 .

 5 Figure 5. Sgg-PD adult phenotypes. A. Graph of lifespan from replicate lines of progenitor controls, sgg isoD null and sgg isoD-CI females and males as indicated in the key below. Error bars represent standard deviation. B. Graph of locomotor activity as measured by climbing assays with replicate lines of progenitor controls, sgg isoD null and sgg isoD-CI females and males as indicated. Error bars represent standard deviation.

Figure 6 .

 6 Figure 6. Overlap between proteomics studies. Venn diagram representing the overlap between the significant proteins identified in each of the three indicated pull-down experiments. Numbers in brackets refer to the total number of significant proteins identified in each replicated pull down.

Table 1 .

 1 Sgg-PD interacting proteins. Gene symbols and names for proteins identified in Sgg-PD pulldowns. DsRED Unique = proteins specifically enriched by the N terminal DsRED tag that were not identified in other pull downs. SFS Unique = proteins specifically enriched by the StrepII-FLAG-StrepII tags downstream of the caspase cleavage sites that were not identified in other pull downs. Common = proteins identified in DsRED and SFS pulled downs from wild type, and DsRED pull downs from the caspase insensitive line. Red indicates annotations associated with cytoskeleton/cell junctions, bold indicates expressed in hemocytes.

		DsRED Unique		SFS Unique		Common
	ACC	Acetyl-CoA carboxylase	bif	bifocal	AGO2	Argonaut2
	alphaTub67C	alpha-Tubulin at 67C	Bub3	Bub3	Akap200	A kinase anchor protein 200
	Cand1	Cullin-associated and neddylation	CG11779	uncharacterized protein	Alp1	Alkaline phosphatase 1
	cathD	cathepsinD	CG42748	uncharacterized protein	CG10591 uncharacterized protein
	Cep135	Centrosomal protein 135kDa	CG5174	uncharacterized protein	CG12011 uncharacterized protein
	CG17691	uncharacterized protein	CG7461	uncharacterized protein	CG8142	uncharacterized protein
	CG5599	uncharacterized protein	dsx-c73A	doublesex cognate 73A	CG9184	uncharacterized protein
	CG8199	uncharacterized protein	eIF2beta	eukaryotic translation initiation factor 2β	cindr	CIN85 and CD2AP related
	gammaTub37C gamma-Tubulin at 37C	Fer2LCH	Ferritin 2 light chain homologue	Cnot4	CCR4-NOT complex
	hoip	Hoi-poloi	fne	found in neurons	corn	cornetto
	Hsp26	Heat shock protein 26	Fum1	Fumarase1	Cse1	Chromosome segregation 1
	IleRS	Isoleucyl-tRNA synthetase	Kank	Kank	eIF3b	translation initiation factor 3
	kra	krasavietz	Lsd-2	Lipid storage droplet-2	eIF4G1	translation initiation factor 4G1
	LanA	Laminin A	lva	lava lamp	fon	fondue
	Mccc1	Methylcrotonoyl-CoA carboxylase 1	mask	multiple ankyrin repeats single KH	Gnf1	Germ line transcription factor 1
	Mccc2	Methylcrotonoyl-CoA carboxylase 2	mey	morpheyus	hts	hu li tai shao
	Mtpalpha	Mitochondrial trifunctional protein α	msi	musashi	kis	kismet
	pAbp	poly(A) binding protein	neo	neyo	lig	lingerer
	PCB	Pyruvate carboxylase	pav	pavarotti	LysRS	Lysyl-tRNA synthetase
	Pcmt	L-isoaspartate O-methyltransferase	pum	pumilio	Osi15	Osiris 15
	Pgk	Phosphoglycerate kinase	Rala	Ras-like protein A	Prosbeta6 Proteasome β6 subunit
	polo	polo	RanGAP	Ran GTPase activating protein	Rox8	Rox8
	Prosbeta5	Proteasome beta5 subunit	Sec61beta	Sec61 beta subunit	shg	shotgun
	Prx3	Peroxiredoxin 3	shv	shriveled	tral	trailer hitch
	Pxt	Peroxinectin-like	stai	stathmin	Trap1	Trap1
			Stip1	Stress induced phosphoprotein 1	α Cat	α Catenin
			Svil	Supervillin		
			tmod	tropomodulin		
			vari	varicose		
			Vinc	Vinculin		
			x16	x16 splicing factor		
			yps	ypsilon schachtel		

  20 µl DEPC-treated water. The concentration of the samples was measured using the Qubit RNA HS Assay Kit and sample quality assess with the Bioanalyzer and or 1% agarose gel. Sequencing libraries were prepared using the NEBNext® Ultra™ II Directional RNA Library Prep Kit for Illumina. For each sample 100ng total RNA were processed with the NEBNext Poly(A) mRNA Magnetic Isolation Module. For all reactions, half reactions/volumes were used throughout the protocol, with exception for the AMPure bead clean-up step where washes were performed used the standard 200 µl 80% fresh Ethanol. Samples were barcoded and PCR amplification were performed for 12 cycles. After Bioanalyzer quality control equal amount of sample libraries were pooled and submitted for Illumina single-end sequencing.

	Fastq reads were aligned using tophat (v2.1.1) with Bowtie
	(version: 2.3.4.0) using the default parameters. Gene counts
	tables across samples were created with Rsubread (1.22.3)
	using dmel_r6.20.gtf and options GTF.featureType="exon" and
	GTF.attrType="gene_id" and default parameters. Read were
	imported into edgeR (3.14.0) and filtered using the filterByExpr
	function with the default parameters. Data was normalised in
	limma (3.28.21) using limma-voom. Significant genes were
	identified fitting a linear model (lmFit) and empirical Bayes
	method (eBayes) (32-35). Genes were considered significant
	differential expressed with fdr <= 0.05 and logFC >= |0.7|. RNA-
	seq data are available from the NCBI Gene Expression Omnibus
	(GSE157625).
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Table of genes showing significant expression changes
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