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    Abstract
Memory deficits in Drosophila nalyot mutants suggest that the Myb family transcription factor Adf-1 is an important regulator of developmental plasticity in the brain. However, the cellular functions for this transcription factor in neurons or molecular mechanisms by which it regulates plasticity remain unknown. Here, we use in vivo 3D reconstruction of identifiable larval motor neuron dendrites to show that Adf-1 is required cell autonomously for dendritic development and activity-dependent plasticity of motor neurons downstream of CaMKII. Adf-1 inhibition reduces dendrite growth and neuronal excitability, and results in motor deficits and altered transcriptional profiles. Surprisingly, analysis by comparative chromatin immunoprecipitation followed by sequencing (ChIP-Seq) of Adf-1, RNA Polymerase II (Pol II), and histone modifications in Kc cells shows that Adf-1 binding correlates positively with high Pol II-pausing indices and negatively with active chromatin marks such as H3K4me3 and H3K27ac. Consistently, the expression of Adf-1 targets Staufen and Fasciclin II (FasII), identified through larval brain ChIP-Seq for Adf-1, is negatively regulated by Adf-1, and manipulations of these genes predictably modify dendrite growth. Our results imply mechanistic interactions between transcriptional and local translational machinery in neurons as well as conserved neuronal growth mechanisms mediated by cell adhesion molecules, and suggest that CaMKII, Adf-1, FasII, and Staufen influence crucial aspects of dendrite development and plasticity with potential implications for memory formation. Further, our experiments reveal molecular details underlying transcriptional regulation by Adf-1, and indicate active interaction between Adf-1 and epigenetic regulators of gene expression during activity-dependent neuronal plasticity.


Introduction

Normal dendrite development and plasticity are indispensible for basal and adaptive functions of the nervous system (Cline, 2001; Tavosanis, 2012). Additionally, pathophysiological changes in dendrites might underlie neurological disorders such as autism spectrum disorders, Alzheimer's disease, and schizophrenia (van Spronsen and Hoogenraad, 2010; Penzes et al., 2011). As sites for signal integration, changes in dendritic architecture have profound effects on information processing in neuronal circuits (Yuste, 2011). As a result, molecular mechanisms that modify dendrite architecture are likely to fundamentally regulate activity-dependent plasticity and behavioral adaptation (Steward and Worley, 2002; Sutton and Schuman, 2006; Bramham and Wells, 2007).

Transcription is an integral part of protein synthesis-dependent neuronal plasticity (West and Greenberg, 2011). Several transcription factors, including CREB, CREST, AP-1 (activator protein-1), MEF-2 (myocyte enhancer factor-2), and NFAT (nuclear transcription factor of activated T cells), respond to changes in neural activity and calcium influx to activate plasticity-related transcriptional programs (Greenberg et al., 1985; Morgan and Curran, 1986; Chrivia et al., 1993; Davis et al., 1996; Sanyal et al., 2002; Graef et al., 2003; Aizawa et al., 2004; Redmond and Ghosh, 2005; Flavell et al., 2006, 2008; Shalizi et al., 2006; Wu et al., 2007; Schwartz et al., 2009; Freeman et al., 2011). Such programs, often transduced by signaling proteins such as MAP kinases and calcium/calmodulin-dependent protein kinases (CaMKs), include post-translational modifications, transcriptional activation, nuclear translocation and recruitment of chromatin modifying factors (West et al., 2002; Burgoyne, 2007; West and Greenberg, 2011). Several studies have also demonstrated the importance of rapid, synapse-specific translational activation in plasticity (Steward, 1987; Kang and Schuman, 1996; Martin et al., 1997; Aakalu et al., 2001; Miller et al., 2002; Ju et al., 2004; Jakawich et al., 2010).

Molecular regulation of dendritic plasticity can be studied in Drosophila motor neurons that are glutamatergic, display activity-dependent plasticity and possess stereotypic dendritic arbors (Consoulas et al., 2002; Landgraf et al., 2003; Sánchez-Soriano et al., 2005; Hartwig et al., 2008; Kim et al., 2009; Mauss et al., 2009; Vonhoff and Duch, 2010; Vonhoff et al., 2013). 3D reconstruction methods, assessment of motor output and whole-cell recordings provide additional reasons for using motor neurons to study dendritic plasticity (Choi et al., 2004; Schmitt et al., 2004; Hartwig et al., 2008). Here, we examine the role of the Myb family transcription factor Adf-1, mutations in which lead to long-term memory deficits in Drosophila, in dendrite growth regulation (Heberlein et al., 1985; DeZazzo et al., 2000; Kacsoh et al., 2013). We find that Adf-1 controls the growth of larval RP2 motor neuron dendrites downstream of neural activity and CaMKII signaling, and regulates both membrane properties and motor behavior. chromatin immunoprecipitation followed by sequencing (ChIP-Seq) from larval brains identifies gene promoters that bind Adf-1 in vivo including two that we assess mechanistically [Fasciclin II (FasII) and Staufen]. Additionally, we discover strong correlations between Adf-1 binding at promoters and RNA Polymerase II (Pol II) pausing, and the relative absence of marks of active chromatin (H3K4me3 and H3K27ac). Our results suggest that Adf-1 interacts with epigenetic machinery to control dendritic plasticity by modulating two key processes, cell adhesion and mRNA transport, downstream of neural activity and CaMKII signaling.



Materials and Methods




Drosophila stocks, rearing, and genetics.

Drosophila strains were raised on standard media in a 25°C incubator throughout life (unless otherwise noted). nalyot mutants (DeZazzo et al., 2000); UAS-FasIIA-RNAi and UAS-FasII A PEST+ (Beck et al., 2012); UAS-CaMKII [T287D] and UAS-CaMKII ala peptide inhibitor (Jin et al., 1998); futschC380-GAL4 (Budnik et al., 1996; Sanyal, 2009); Cha-GAL4 and Cha-GAL80 (Kitamoto, 2002); UAS-DenMark (Nicolaï et al., 2010); UAS-Kir2.1 (Baines et al., 2001); UAS-Sh[DN] and UAS-eag[DN], which together make up EKI (Broughton et al., 2004; Mosca et al., 2005; Hartwig et al., 2008); Tub-GAL80ts flies that are part of the TARGET system (McGuire et al., 2003); and the RU486-sensitive elav-GeneSwitch system (Osterwalder et al., 2001) have all been described previously. To visualize dendritic structure in individual RP2 motor neurons, we made use of the RN2 flipout line, previously characterized by our laboratory (Hartwig et al., 2008). The Adf-1 [DN] line was generated by replacing 18 aa in the transactivation domain (amino acids 131–148: D I F A Q P F N G S A T T S A Q A L) with 5 alanine residues using standard cloning procedures and then inserting this deletion into the pUASt vector. The Adf-1 Gal4 line was generated by transposase-mediated P-element replacement of the lacZ enhancer trap P{PZ}Adf101349 (Sepp and Auld, 1999). The Adf-1 [S64/184] and Adf-1 [S64/184D] substituted lines were generated by site-directed mutagenesis of the wild-type Adf-1 cDNA (obtained from the Drosophila Genomics Resource Center) and cloning into the Gateway-compatible pTWF vector using p-ENTR/D as the entry vector (Invitrogen). Staufen EP and Staufen RNAi (from the TRiP collection, Harvard University, Cambridge, MA) were obtained from the Bloomington Stock Center. The other fly stocks used are part of the Sanyal laboratory stock collection. Only female flies were used for all experiments.




Antibody generation, immunohistochemistry, and Western blotting.

Rabbit anti-Adf-1 polyclonal antibodies were generated by Alpha diagnostics against two KLH (keyhole limpet hemocyanin)-tagged antigenic peptides, GSQSANQVADPSQQ and GKDQKPYFYEPPLK, and affinity purified against these immobilized peptides. Larval immunohistochemistry was performed following established protocols for confocal microscopy (Sanyal, 2009). Animals were fixed in 4% paraformaldehyde followed by washing in PBS. Preparations were incubated in primary antibody in PBS with 0.1% Triton X-100 (PBT) overnight at 4°C, then washed in PBT followed by incubation in specific Alexa fluorophore-conjugated secondary antibody (Invitrogen). After final washes in PBT, brains were dissected out and mounted on poly-lysine-coated slides in Vectashield (Vector Laboratories). Confocal microscopy was performed on a Zeiss 510 confocal microscope. Antibody dilutions are as follows: rabbit anti-Adf-1 (1:100); rabbit anti-lacZ (1:1000; Abcam); rabbit/mouse anti-GFP (1:1000; Invitrogen); mouse anti-Elav (1:100; Developmental Studies Hybridoma Bank at the University of Iowa, Iowa City, IA); rabbit anti-Staufen (1:500, St Johnston et al., 1991); and guinea pig anti-Zfh-1 (1:100, Postigo et al., 1999). Western blots were performed as previously described (Vrailas-Mortimer et al., 2011). Antibody dilutions for Western blot are as follows: rabbit anti-Adf1 antibody (1:5000); rabbit anti-H3 antibody (1:10,000; Abcam); mouse anti-actin (1:500,000; Millipore); and mouse anti-FLAG (1:1000; Sigma).




Microscopy and 3D reconstructions.

Dissected and fixed larval nerve chords were imaged using a Zeiss 510 confocal microscope with a 40× oil-immersion lens as previously described (Hartwig et al., 2008). Dendrites were reconstructed using a custom semiautomated AMIRA (4.1.1) plug-in, as previously described (Evers et al., 2005; Vonhoff et al., 2013). Quantitative measures of dendrite growth were analyzed and plotted using Microsoft Excel.




Electrophysiology.

Whole-cell tight seal recordings were performed on motoneuron RP2 (MNISN1s) using external salines (in mm: 118 NaCl, 2 NaOH, 2 KCl, 4 MgCl2, 4 CaCl2, 40 sucrose, 5 trehalose, 5 HEPES, pH 7.1; osmolality, 305 mmol/kg) and internal salines (in mm[scap]: 130 K-gluconate, 2 NaCl, 10 HEPES, 1 EGTA, 2 MgCl2, 0.1 CaCl2, 10 KOH, pH 7.2; osmolality, 285 mmol/kg), as described previously (Choi et al., 2004; Sandstrom, 2008; Freeman et al., 2011). RP2 somata were visualized with the synthetic GAL4 line (Hartwig et al., 2008), driving membrane-bound GFP. For recording, the CNS was removed from the larva, immobilized on a small chip of coverslip coated with poly-dl-ornithine (Sigma), and placed in a recording chamber under continuous superfusion. The sheath was softened and removed using a small-bore pipette filled with 0.1% collagenase type XIV (Sigma). Neurons were visualized with a 63× water-immersion objective, using Nomarski optics and GFP fluorescence (BX51WI; Olympus America). Whole-cell recordings were performed with an AxoPatch 200B controlled by pClamp 8.2. Electrodes were fabricated to 5–10 MΩ from thick-walled capillary glass (World Precision Instruments) on a vertical puller (PP-830, Narashige International USA). F–I curves were measured in current-clamp at −60 mV, while input resistance was measured from the slope of the I–V relation in voltage-clamp at a holding potential of −70 mV.

Larval neuromuscular recordings were carried using HL 3 external saline (in mm: NaCl 70, KCl 5, MgCl2 20, CaCl2 1, NaHCO3 10, sucrose 115, trehalose 5, BES [2 2-[bis(2-hydroxyethyl)amino]ethanesulfonic acid 5], pH 7.2), as described previously (Stewart et al., 1994; Timmerman and Sanyal, 2012). Intracellular recording electrodes with tip resistances between 25 and 50 MΩ were filled with 3 m KCl. Only those recordings were used where the resting membrane potential was more polarized than −60 mV and the muscle input resistance was >10 MΩ. Muscle 6 (VL3) in abdominal segment A2 was used for all recordings. For sensori-motor transmission, the axon bundle contralateral to the recording segment was cut close to the muscle entry point and introduced into a stimulating electrode and stimulated at 10 Hz for 1.5 s (Dasari and Cooper, 2004).




Behavioral assays.

Larval locomotion was measured by videotaping individual larvae for a period of 5 min and tracking their motion using a Spot Tracker plugin in ImageJ as described previously (Vrailas-Mortimer et al., 2011). The Buridan assay was performed as described previously (Freeman et al., 2012), and at least 10 animals were tested for each genotype. Briefly, flies aged 3–5 d had their wings clipped off close to their thorax and were allowed to recover for 3 d before behavioral analysis. Single flies were placed onto an arena (10 cm in diameter) with the only visual cues being two black bars on opposite ends of the arena. At the edge of the arena is a moat (2 cm in width of water surrounding the platform). Wild-type flies will normally respond by repetitively walking between the two visual cues. This motor behavior was videotaped for 5 min. Locomotor tracks were analyzed using custom-designed software in the statistical package R (Colomb et al., 2012).




ChIP-Seq analysis and determination of molecular networks.

ChIP was performed with 500 hand-dissected larval brains or ∼4 × 107 Kc167 cells. Cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Nuclear lysates were sonicated to generate 200–1000 bp DNA fragments. ChIP was then performed with 6 μl of Drosophila α-Adf-1 antibody. Libraries were prepared using the Illumina TruSeq DNA Sample Preparation Kit. Fragments in the 200–300 bp range were selected and sequenced in an Illumina HiSeq Sequencer at the HudsonAlpha Institute for Biotechnology (Huntsville, AL). Sequences were aligned to Drosophila dm3 using Bowtie, and binding intensity files (.wig) were generated using MACS. In addition to the Drosophila Adf-1 data obtained in this study, we used several datasets obtained from public sources including Pol II ChIP-chip (modENCODE_328) and ChIP-Seq datasets for H3K4me3 and H3K27ac (GSE36374). To build heatmaps, values for each ChIP-Seq dataset were extracted for the 2000 bp region around transcription start sites (TSSs) of genes in dm3 annotation using custom R scripts (available upon request), and heatmap graphs were created using TreeView. In Figure 6E, regions were sorted according to the intensity of Adf-1 signal at TSSs. Group1 TSSs were selected to represent genes associated with Adf-1. Group 2 TSSs were selected to represent genes with low intensity of Adf-1. Group 1 and Group 2 TSSs have approximately the same level of RNA polymerase to eliminate the effect of Pol II intensity when calculating pausing indices. The pausing index of genes was calculated using ChIP-chip datasets of Pol II in Kc cells obtained from modENCODE. Pol II levels at TSSs (PTSS) were calculated as the mean enrichment of Pol II in the 200 bp region around each TSS. Pol II in the gene body (Pbody) was calculated as the mean enrichment of Pol II from +200 bp to the end of the gene. The pausing index is defined as the difference between PTSS and Pbody.

Network analysis of genes that bind Adf-1 close to their promoters in the larval brain was performed using GeneMANIA as an executable plugin within Cytoscape (Mostafavi et al., 2008; Montojo et al., 2010). Cluster analysis of gene ontology terms was performed using BiNGO (Maere et al., 2005) and the enrichment map plugin for Cytoscape (Merico et al., 2010).




RU486 feeding, RNA extraction, and qRT-PCR.

RU486 (M8046; Sigma) was reconstituted in EtOH. Animals were starved overnight at 25°C. After starvation, animals were transferred to vials containing a Whatman filter disc saturated with a 2% sucrose solution with either RU486 to final concentration of 1 mm or a 2% sucrose solution with EtOH (unfed controls). Flies were left on this food for 24 h and then transferred to standard corn meal fly food for 6 h to recover. RNA was extracted from adult heads using the standard TRIzol protocol. Following isopropanol precipitation and quantification, RNA was reverse transcribed with the Applied Biosystems High Capacity cDNA Reverse Transcription Kit. Quantitative PCR was performed using the Thermo Scientific Maxima Sybr Green kit and reactions were run on the Roche Lightcycler 480. Each reaction was run in triplicate, and each genotype was tested a minimum of three times. Samples were normalized to the housekeeping gene rp49. Primer sequences obtained from published data: fasIIA (Beck et al., 2012); and rp49 (LaLonde et al., 2006). Other primer sequences were designed using the Roche Universal Probe Library assay design center and are as follows: adh (forward, 5′ attttcgttgccggtctg; reverse, 5′cgaggatcaccaggttcttc); and staufen (forward, 5′agtcttcagcagcaacagca; reverse, 5′gattcagacgtgcgtggag).




Statistical methods.

Student's t test or Mann–Whitney U test was used for pairwise comparisons. One-way ANOVA was used for multiple comparisons, followed by Bonferroni's post hoc testing.









Results


Adf-1 is expressed in motor neurons in the Drosophila larval nerve cord

We used the Drosophila larval motor neuron RP2 as a model to examine Adf-1-dependent regulation of dendrite development and plasticity since this neuron displays activity-dependent changes in growth (Hartwig et al., 2008). To test whether Adf-1 is expressed endogenously in these neurons, we generated affinity-purified polyclonal antibodies against two Adf-1-derived peptides. These antibodies detected both basal and transgenically overexpressed Adf-1 in the nuclei of larval motor neurons (Fig. 1D–F; see insets for dorsal midline motor neurons RP2 and aCC). Wild-type FLAG-tagged Adf-1, when expressed transgenically using a synthetic GAL4 that is only active in RP2 and aCC neurons in a mosaic fashion (a system that we have described previously; Hartwig et al., 2008), is elevated selectively in the nuclei of motor neurons where GAL4 activity is present (Fig. 1D–F, compare GAL4-driven GFP expression with Adf-1 and transgenic FLAG expression in). Anti-Adf-1 antibodies also detected a band of the predicted size (∼30 kDa) on Western blots of proteins extracted from larval and adult brains (Fig. 1G) that was increased in intensity when wild-type Adf-1 is overexpressed pan-neuronally and reduced in Adf-1 hypomorphic nalyot mutants. Nervous system expression of Adf-1 was also evident from the expression pattern of a new Adf-1-GAL4 enhancer trap line, which revealed extensive neuronal staining in addition to some non-neuronal cells in the ventral nerve cord (Fig. 1A–C, compare Elav staining of postmitotic neuronal nuclei with GFP expression driven by the Adf-1-GAL4 line). We generated this line by replacing a lacZ enhancer trap P-element (P{PZ}Adf-101349) inserted in an the first exon 408 bp downstream of the transcription start site with a P{GawB} element inserted close to the futsch gene (Sepp and Auld, 1999; Sanyal, 2009; C380-GAL4; Fig. 1H). Together, these data clearly demonstrate that Adf-1 is an essential gene that is expressed in the Drosophila nervous system.
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Figure 1. Adf-1 is expressed in larval motor neurons. A–C, An Adf-1 enhancer trap line (Adf-1-GAL4) expresses β-galactosidase from a UAS-nls-lacZ reporter in larval neurons in the larval nerve cord (B), double-labeled with anti-Elav to mark all postmitotic neuronal nuclei (A). Dorsomedial motor neurons, including RP2 motor neurons, also express Adf-1 (shown in inset and merged images in C). D–F, Overexpression of a FLAG-tagged wild-type Adf-1 using our synthetic GAL4 system is also detectable using staining for the FLAG epitope mCD8::GFP or increased Adf-1 staining. Inset shows a closeup of neuronal nuclei that shows expression of FLAG, GFP, and elevated levels of Adf-1 driven by GAL4. The larval nerve cord is stained for Adf-1 as a reference. Scale bar, 50 μm. G, Western blot of protein extracted from adult brain tissue probed using our peptide antibodies to Adf-1. The previously described nalP1 allele shows reduced expression as expected, while transgenic overexpression of Adf-1 increases Adf-1 protein levels. Anti-Histone H3 is used as a loading control. H–J, Polytene chromosome immunofluorescence shows Adf-1 staining at discrete regions (I). Sytox 24 is used as a general DNA stain to reveal the banding pattern in a standard polytene chromosome preparation (H). K, Schematic of the Adf-1 gene region showing sites of insertion for the pGawB enhancer trap and the P[ry+] nalyot P-element transposons.







Inhibition of Adf-1 in the RP2 motor neuron leads to severely reduced dendrite growth and excitability

nalyot mutants have been shown to result in marginally smaller presynaptic termini at larval synapses with fewer boutons (DeZazzo et al., 2000). Here, we asked whether the loss of Adf-1 affects dendrite growth in larval motor neurons. We first examined the effect of a mild reduction in Adf-1 levels in a nalyot heterozygous animal. RP2 neuron dendrites were reconstructed using the mcd8::GFP label (mcd8::GFP colocalizes with dendritic markers such as DenMark, data not shown; Sánchez-Soriano et al., 2005; Evers et al., 2005; Schmitt et al., 2004; Vonhoff et al., 2013). These reconstructions revealed a 50% reduction in both the number of dendritic branches and the total dendrite length in nalyot heterozygotes compared with controls (Fig. 2B,C; E,F, present volumetric Sholl analysis and quantification of dendrite branches and length). Multiple attempts to excise this P-element or the Gal4 enhancer trap did not result in any verifiable null allele for Adf-1, owing perhaps to the close proximity of this gene to the second chromosome centromere (Adf-1 maps to 42C3). For this reason, we were also unable to generate a recombinant of the nalyot allele with an FRT-containing insertion on 2R and carry out MARCM-based mosaic analysis of Adf-1. Despite these limitations, we attempted to determine the cell-autonomous origin of this phenotype by targeting expression of a modified Adf-1 protein (in which 18 aa in the putative trans-activating domain have been replaced with 5 alanine residues) to RP2 neurons using our synthetic GAL4 driver line (this GAL4 line crossed to w1118 was used as the control strain for this and all subsequent experiments). Expression of this Adf-1-dominant negative transgene (Adf-1[DN]) resulted in a more severe loss of dendrites (Fig. 2, compare B, D) and a dramatic reduction in dendritic complexity (Fig. 2E), branch number, and length (Fig. 2F). Whole-cell patch-clamp measurements from RP2 motor neurons expressing Adf-1[DN] revealed healthy neurons with robust input resistance and resting membrane potentials, albeit with lower cell capacitance (likely due to reduced dendritic membrane; Fig. 2I–K; Cm (membrane capacitance), p < 0.001, Student's t test; Vm (resting membrane potential), p < 0.01, Mann–Whitney U test; Rin (input resistance) p > 0.05, Mann–Whitney U test). However, these cells were largely refractory to the injection of depolarizing current, which typically elicited robust action potentials from control RP2 neurons (Fig. 2G,H). Together, these results suggest that Adf-1 activity is required in motor neurons for normal dendrite growth and complexity.
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Figure 2. Normal dendrite growth in larval RP2 motor neurons requires Adf-1. A, qRT-PCR from adult brains showing the effect of Adf-1 inhibition on the expression of the target gene ADH. B–D, 3D reconstruction of RP2 neuron dendrite branches in vivo using a semiautomated AMIRA-based method in control (n = 9; B), nalyot heterozygotes (n = 5; C), and animals expressing a dominant-negative Adf-1 transgene selectively in RP2 neurons (n = 5; D). E, Volumetric Sholl analysis shows a strong reduction in dendrite complexity that results from Adf-1 inhibition. F, Both the number of dendrite branches and the total dendrite length are reduced in nalyot heterozygotes and animals expressing an Adf-1 dominant-negative transgene in RP2 neurons (**p < 0.01). G, Whole-cell patch-clamp recordings from control RP2 neurons and those expressing the Adf-1[DN] transgene. Current ramps elicit action potentials in control neurons (arrow), whereas Adf-1-inhibited neurons remain silent. H, Quantification of spike frequency with increasing current injection. I–K, Average capacitance, input resistance, and resting membrane potential from control RP2 neurons and those expressing Adf-1[DN].







Adf-1 controls dendrite growth downstream of CaMKII signaling

While Adf-1 is known to regulate alcohol dehydrogenase (ADH) transcription (Heberlein et al., 1985) and is involved in memory formation (DeZazzo et al., 2000; Kacsoh et al., 2013), virtually nothing is known about upstream regulatory elements that control Adf-1 activity. An in silico scan of Adf-1 with NetPhosK (Blom et al., 2004) highlighted two serine residues, Ser-64 and Ser-184, which are putative CaMKII targets. Indeed, a previous study had shown that Drosophila CaMKII could phosphorylate purified recombinant Adf-1 with a preference for Ser-64 (GuptaRoy et al., 2000). Based on these findings and the widely appreciated role for CaMKII in dendritic plasticity across species (Wu and Cline, 1998; Rongo and Kaplan, 1999; Zou and Cline, 1999; Miller et al., 2002; Gaudillière et al., 2004; Lee et al., 2009; Vonhoff et al., 2013), we tested the idea that CaMKII-dependent phosphorylation of Ser-64/184 regulates Adf-1 activity, and thereby dendrite growth, in RP2 motor neurons.

To test the importance of this CaMKII phosphorylation site on Adf-1 function, we constructed two UAS-driven, Adf-1 transgenes, one in which Ser-64/184 were mutated to alanine (Adf-1-[S64/184A], a phospho-null substitution) and another in which the residues were changed to aspartate (Adf-1-[S64/184D], a phospho-mimic substitution). We expressed these transgenes in RP2 neurons either singly or in combination with reagents that increase or inhibit CaMKII (Jin et al., 1998). Our results show that mutating Ser-64/184 to Ala leads to a dramatic reduction in dendritic complexity, number of dendritic branches and overall dendrite length (Fig. 3A–C). Since this phenotype resembles both nalyot mutants and Adf-1[DN], it suggests a crucial role for Ser-64/184 phosphorylation in normal Adf-1 function. Consistent with the idea that CaMKII is the kinase responsible for this phosphorylation (GuptaRoy et al., 2000), expression of the Adf-1 [S64/184A] transgene completely abrogates the stimulatory effect of a constitutively activate calcium-independent CaMKII transgene (CaMKII-T287D) on dendrite growth (Fig. 3A–C; Jin et al., 1998; Vonhoff et al., 2013). Note that CaMKII[T287D] results in a significant increase in overall dendrite length, but not the number of branches (Fig. 3C). Volumetric Sholl analysis indicates, however, that the overall pattern of branching changed such that there were a greater number of branches closer to the neuronal soma (Fig. 3B). A similar shift occurred when we expressed the Asp-substituted Adf-1 (Adf-1[S64/a84D]), although both overall dendrite branch number and length remained unchanged compared with controls (Fig. 3D,E). Significantly, the expression of Adf-1[S64/184D] increased both branch number and total dendrite length in a CaMKII-inhibited background (a CaMKII peptide inhibitor, ala; Jin et al., 1998), which results in a strong decrease in dendrite growth (Fig. 3D,E; Fig. 3F,G, branch-order analysis). In sum, these results support the importance of the two putative CaMKII target sites in Adf-1 in the regulation of Adf-1 activity and dendrite growth.
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Figure 3. Adf-1 functions downstream to CaMKII signaling to regulate dendrite growth in RP2 motor neurons. A, Representative RP2 dendrite reconstructions for Adf-1 and CaMKII genetic interactions. B, C, Volumetric Sholl analysis and the measurement of dendrite branch number and total dendrite length for CaMKII[T287D], Adf-1[S64/184A], and their combination, compared with control neurons. D, E, Volumetric Sholl analysis and measurements of dendrite branch number and length for the CaMKII peptide inhibitor Adf-1[S64/184D] and their combination compared with control neurons. The expression of Adf-1[S64/184D] significantly increases dendrite branch number in a CaMKII-inhibited background (*p < 0.05 for pairwise comparison after Bonferroni's correction). F, G, Branch-order analysis in experiments to test genetic interaction between CaMKII and Adf-1.







Adf-1 regulates activity-dependent developmental plasticity of dendrites in RP2 motor neurons

Drosophila motor neurons display activity-dependent changes in dendrite growth (Hartwig et al., 2008; Vonhoff et al., 2013), and we next tested whether Adf-1 is required in this process. Elevating neuronal firing in RP2 motor neurons through the coexpression of two dominant-negative voltage-gated potassium channels Eag and Shaker (EKI) resulted in increased dendritic complexity near the soma (Fig. 4A,B) and increased dendrite branch number (Fig. 4C). In this background, the expression of Adf-1[S64/184A] completely inhibited dendrite growth (Fig. 4A–C), suggesting that normal Adf-1 activity is necessary for activity-dependent growth of RP2 dendrites. Conversely, silencing RP2 neurons by expressing the inward rectifying Kir2.1 channel strongly reduced dendrite growth as expected (Fig. 4A,D,E). Consistent with a role downstream of neural activity, Adf-1[S64/184D] expression in an activity-inhibited background was able to modestly rescue dendrite growth such that both dendrite branch number and total length were significantly greater than in Kir2.1. Thus, Adf-1[S64/184D] was only able to increase dendrite growth in a background where neural activity, and by extension CaMKII and Adf-1 activity, were severely limiting (Fig. 4F,G, branch-order analysis for these genotypes). Overall, these results suggest that normal Adf-1 phosphorylation downstream of CaMKII is required for activity-dependent changes in dendrite growth.
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Figure 4. Adf-1 is required for activity-dependent change in dendrite growth. A, Representative RP2 dendrite reconstructions to test the interaction between Adf-1 and changes in neuronal activity. B, C, Volumetric Sholl analysis and the measurement of dendrite branch number and length following an increase in neural activity and Adf-1 inhibition. D, E, Volumetric Sholl analysis and measurement of dendrite branch number and length following neuronal silencing and Adf-1 activation. Adf-1[S64/184D] increases both dendrite number and length in an activity silenced background (*p < 0.05 for pairwise comparison after Bonferroni's correction). **p < 0.01. F, G, Branch-order analysis in experiments that test Adf-1 function downstream of activity manipulations in RP2 motor neurons.







Adf-1 inhibition in motor neurons impairs sensori-motor transmission

Does Adf-1-dependent alteration in dendrite architecture affect synaptic excitation of motor neurons and their output at the neuro-muscular junction? To test this, we used the Adf-1[S64/184A] transgene, as pan-neuronal expression of Adf-1[DN] is lethal. The results shown in Figure 5 suggest that synaptic transmission from these motor neurons at the neuro-muscular junction is normal, consistent with a previous report (DeZazzo et al., 2000; Fig. 5A). The amplitudes of both the excitatory junction potential (EJP) and miniature EJP (mEJP) are unchanged, as are mEJP frequency and the quantal content of transmitter release (data not shown). Basic membrane properties of these neurons were also not affected by the expression of Adf-1[S64/184A], since cell capacitance, input resistance, resting membrane potential, and the threshold for action potential firing were all comparable with control neurons (Fig. 5C). Next, we tested whether synaptic stimulation of motor neurons is altered following Adf-1 inhibition. Since precise presynaptic partners for larval motor neurons are currently unknown, we made use of an assay where high-frequency (10 Hz) stimulation of the sensory afferent results in recruitment of motor units in the contralateral segment (Dasari and Cooper, 2004; Fig. 5B). When a sensory afferent was stimulated, we invariably observed motor neuron firing in the contralateral segment that continued beyond the stimulus duration (motor neuron firing was monitored indirectly by recording muscle EPSPs from muscle 6; 10 independent animals were tested; Fig. 5D). By contrast, 50% of animals in which Adf-1[S64/184A] was expressed in a motor neuron-enriched manner using the futschC380-GAL4 driver failed to display motor neuron firing under these conditions (Fig. 5D). Since futschC380-GAL4 also expresses in sensory neurons (Sanyal, 2009), we limited expression to motor neurons by suppressing GAL4 expression in cholinergic neurons with the Cha-GAL80 transgene (Salvaterra and Kitamoto, 2001; Hartwig et al., 2008). Even under these conditions, we observe the same deficiency in sensori-motor transmission, suggesting that the inhibition of Adf-1 in motor neurons is sufficient to cause this transmission defect (Fig. 5E). These results are consistent with phenotypic consequences that are expected from a reduction in dendrite branching (reduced presynaptic input), and alteration in excitability and membrane properties at the soma.
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Figure 5. Adf-1-mediated dendrite phenotypes affect sensori-motor transmission in larvae. A, Neuro-muscular synaptic transmission (both evoked and spontaneous release) is unaffected following Adf-1 inhibition in motor neurons compared with control neuromuscular junctions. B, Schematic of recording configuration for testing sensori-motor transmission in larvae. C, Membrane capacitance, input resistance, resting membrane potential, and threshold of firing are comparable in control neurons and those expressing Adf-1[S64/184A], as measured using whole-cell patch-clamp. D, Representative muscle recordings reflecting motor neuron firing following stimulation of contralateral sensory afferents at 10 Hz for 1.5 s. Traces are shown from control animals (futschC380-GAL4/w1118) and animals expressing Adf-1[S64/184A] from the futschC380-GAL4 driver. E, Representative traces of muscle recordings, as in D, from animals that selectively express Adf-1[S64/184A] in glutamatergic motor neurons (futschC380-GAL4; Cha-GAL80; UAS-Adf-1[S64/184A] compared with appropriate genetic controls. Calibration: vertical = 10 mV; horizontal, (in A) EJP = 50 ms; mEJP = 500 ms; (in D and E) EJP and mEJP = 1 s. Black bars under traces denote the duration of sensory stimulation.







Developmental perturbation of Adf-1 in motor neurons alters locomotor behavior

To test whether dendrite growth phenotypes in larval motor neurons cause aberrant motor behavior, we measured larval crawling in control and Adf-1-inhibited genotypes. As shown in Figure 6, A and B, the expression of the Adf-1[S64/184A] mutant transgene in motor neurons through the futschC380-GAL4 driver (Sanyal, 2009) results in reduced larval locomotion (Fig. 6B). Since we observe aberrant development of motor neuron dendrites upon Adf-1 inhibition, we next asked whether locomotor phenotypes in these animals derive from developmental abnormalities. To this end, we turned to adult flies, which allow us to inhibit Adf-1 after developmental changes in the nervous system are largely completed. We first confirmed that Adf-1 is expressed in adult motor neurons in the thoracic–abdominal ganglion using a marker for motor neurons, the transcription factor Zfh1 (Layden et al., 2006; data not shown). The expression of the Adf-1 [S64/184A] transgene in motor neurons throughout development at 25°C resulted in widespread adult lethality with few escaper animals that display striking defects in locomotion (data not shown). Interestingly, nalyot mutants also displayed sluggish locomotion compared with age-matched controls, though with less severity, an observation that is consistent with a less severe loss of Adf-1 in these mutants. To circumvent lethality, and to focus on the motor neuron-derived phenotypes of Adf-1, we identified two other transgenic lines that had weaker expression (Fig. 6C). The weakest line, when crossed to futschC380-GAL4 and reared at 25°C, resulted in adults that displayed prominent locomotor phenotypes in the Buridan assay (Götz, 1980; Strauss and Heisenberg, 1993; Freeman et al., 2012; data not shown). Similarly, the strong line, when crossed to C380-GAL4 and grown at 18°C, also resulted in similar locomotor defects (Fig. 6D,E). Interestingly, these phenotypes could be completely rescued by preventing GAL4 expression during development using the TARGET system (McGuire et al., 2004; Fig. 6F,G). Together, these results demonstrate that Adf-1 is critically required in motor neurons during development for normal functional output from motor neurons.
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Figure 6. Behavioral consequences of Adf-1 inhibition in motor neurons. A, Expression of Adf-1[S64/184A] in larval motor neurons using the futschC380-GAL4 driver leads to a dramatic reduction in larval locomotion. Average velocities are reduced by almost fourfold. B, Two representative traces of crawling larvae from control (blue) and Adf-1[S64/184A] animals (red) over a 3 min recording period. C, Western blot of protein from larval brains in which different Adf-1[S64/184A] transgenic lines are used to express FLAG-tagged Adf-1[S64/184A] protein. D, E, Representative individual fly tracks (top) and cumulative occupancy plots of controls compared with animals in which strong expression of Adf-1[S64/184A] is driven from the futschC380-GAL4 driver at 18°C. F, G, The strongly impaired locomotor behavior shown above is dependent on the expression of the transgene and is not observed when a temperature-sensitive GAL80 is used to represses GAL4 activity at 18°C. F, G, Representative individual tracks, cumulative occupancy plots (F), and quantification of locomotor parameters (G). H, Representative electroretinogram traces from control and animals strongly expressing Adf-1[S64/184A] in all neurons. **p < 0.01.







Neuronal targets of Adf-1 identified through genome-wide ChIP-Seq analysis

To identify genes whose expression is regulated by Adf-1 in the brain, we performed ChIP from dissected larval brains using anti-Adf-1 antibodies followed by sequencing (ChIP-Seq). We identified robust binding of Adf-1 to the ADH enhancer, as described previously, and to the promoters of several other genes such as FasII (Fig. 7D). Further analysis showed that, as expected for a transcription factor, >50% of Adf-1 binding sites occur within 200 bp of TSSs (Fig. 7A,B). These binding sites were used to calculate a primary Adf-1 binding consensus sequence (Fig. 7C; Machanick and Bailey, 2011). Interestingly, this primary consensus sequence (ACGG/CCGG/ACA/TGC/AG) contains the core (in italics) of a recently reported, computationally derived, high-affinity Adf-1 binding consensus (GT/CGG/AC; Lang and Juan, 2010) and is dissimilar to the binding sequence reported previously [GC/TC/T]4–5 (Heberlein et al., 1985). More than 80% of the genes that bound Adf-1 close to the TSS in the brain also fell into a network of proteins (Fig. 7E), created using GeneMania on the basis of published reports of genetic and physical interactions among Drosophila proteins (Mostafavi et al., 2008; Guruharsha et al., 2011). Moreover, gene ontology analysis revealed a high degree of enrichment for genes with neuronal functions (Fig. 7F), as can be expected for a transcription factor with a prominent neural function.
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Figure 7. Adf-1 transcriptional targets in the brain identified by ChIP-Seq analysis. A, Adf-1 DNA binding peaks in the brain are enriched close to the TSS. B, Distribution of Adf-1 binding peaks within the genome from brain ChIP-Seq. C, Primary consensus Adf-1 binding sequence derived from brain and Kc cell ChIP-Seq experiments using MEME-ChIP. D, Gene track of FasII showing Adf-1 occupancy in the brain and Kc cells, compared with RNA Pol II, H3K4me3, and H3K27ac chromatin marks in Kc cells. Box shows Adf-1 binding at the ADH gene locus in brains. E, Protein interaction network of genes that contain Adf-1 within 200 bp of their TSS in larval brains created using GeneMania, and published genetic and physical interaction studies in Drosophila. Sphere color and size reflect GeneMania scores (red and larger are higher scores), green lines denote genetic interactions, and pink lines denote physical interactions. Line thickness denotes interaction strength. A total of 82% of input genes (i.e., those that bind Adf-1 in their promoters in the brain) show physical interaction, while 18% have known genetic interactions. F, Clustering of highly significant neuron-related GO terms represented by genes that bind Adf-1 close to the TSS. The size and color of spheres represent p values, and line thickness denotes the number of shared genes between two GO terms. G, Venn diagram representing overlap between genes that bind Adf-1 in brains and Kc cells compared with dendrite-enriched mRNAs in the rodent brain.




We had noticed previously that Adf-1 inhibition in the brain resulted in increased transcription of ADH (Fig. 2A). To derive a mechanistic understanding of Adf-1-dependent gene expression, we performed an additional Adf-1 ChIP-Seq experiment in Kc cells. This allowed us to generate a dataset that could be compared with a library of ChIP-Seq data for RNA Pol II binding and the distribution of covalent histone modifications. Kc cell ChIP-Seq with anti-Adf-1 antibodies resulted in a larger number of binding peaks that, however, showed a similar profile of binding compared with the brain ChIP-Seq experiment (Fig. 8A–C). Comparison to Pol II binding sites and active marks of chromatin also showed that Adf-1 is enriched at promoters that show a higher Pol II pausing index (Fig. 8C). The pausing index is a measure of how long Pol II pauses after initiation and before elongation. If the pausing index is low, Pol II continues elongating after initiation, so genes with a low pausing index are likely to be regulated at the initiation step. If the pausing index is high, then Pol II pauses for a long time after initiation, and it needs to be released to proceed into elongation. Visual inspection of specific genomic sites suggests a negative correlation between Adf-1 binding and H3K4me3 and H3K27ac (for representative gene tracks, see Fig. 8C). To determine the general significance of this observation, we arranged all TSSs in the genome in descending order based on Adf-1 levels, and we examined the distributions of Pol II, H3K4me3, and H3K27ac (Fig. 8D). Genes with high levels of Adf-1 (Group 1 genes) contain Pol II at their TSS, but they have low levels of H3K4me3 and H3K27ac, suggesting low transcriptional activity. On the other hand, genes with low Adf-1 have similar amounts of Pol II but higher levels of these two histone modifications (Fig. 8E,F). The presence of Pol II at the TSSs of both groups of genes with different transcriptional activity suggest a possible role for Adf-1 in transcription pausing. To further dissect the role of Adf-1 in gene expression, we measured the pausing index of Group 1 and Group 2 genes. Figure 8G shows that Adf-1-bound genes have a high pausing index, supporting a role for this protein in promoter-proximal pausing.
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Figure 8. Adf-1 binding to gene promoters correlates with increased RNA Pol II pausing. A, Adf-1 DNA binding peaks in Kc cells are enriched close to the TSS. B, Distribution of genome-wide Adf-1 binding in Kc cells. C, Two independent genes showing high (left) and low (right) Adf-1 occupancy at the gene promoter (asterisks). RNA Pol II occupancy and the presence of two chromatic marks, H3K4me3 and H3K27ac, are also shown for these two gene regions. D, Heatmaps showing chromatin features around TSSs with different Adf-1 levels. Each panel represents 2 kb upstream and downstream of the TSSs. The sites are ordered by the intensity of Adf-1 at TSSs. Part of the left panel is enlarged to allow detailed visualization. Group 1 and Group 2 TSSs were selected for the examination of pausing index in G. E, F, Box plot of Adf-1 (E) or H3K4me3 (F) levels at TSSs of genes in Group 1 or Group 2 genes from D. G, Distribution of genes in Groups 1 and 2 with respect to pausing index. Group 1 genes (that have a higher enrichment of Adf-1) have a higher pausing index compared with Group 2 genes (that are less enriched for Adf-1 binding).







Adf-1 controls FasII and Staufen expression to regulate dendrite growth

We tested a number of genes that were identified as binding Adf-1 close to the TSS as potential Adf-1 targets in the brain, and confirmed Adf-1-dependent regulation of FasII, a Drosophila homolog of NCAM (neural cell adhesion molecule; Lin et al., 1994). Adf-1 inhibition resulted in increased FasII mRNA and protein in adult heads (Fig. 9A,H), and Adf-1 binding to the FasII enhancer region in Kc cells also correlated with paused Pol II and minimal occupancy for H3K4me3 and H3K27ac (Fig. 7D). We next asked whether FasII functions downstream of Adf-1 to regulate dendrite growth in RP2 motor neurons in a predictable manner. If Adf-1 inhibits FasII expression, then we would predict the following: (1) reduced dendrite growth following overexpression of FasII in RP2 neurons; and (2) suppression of Adf-1 inhibition-dependent dendrite growth phenotypes by FasII knockdown. The results shown in Figure 9A–F support these predictions. Thus, overexpression of full-length FasII (using a transgene that expresses the FasIIA-PEST+ sequence; Beck et al., 2012) in RP2 neurons results in reduced dendritic complexity (Fig. 9B,C) and reduced dendritic branching and total length (Fig. 9E,G). Conversely, RNAi-mediated FasII knockdown in an Adf-1-inhibited background (expression of Adf-1[S64/184A]) partially rescued dendritic complexity, branch number, and total length compared with Adf-1 inhibition alone (Fig. 9B,D,F,G). Note that, compared with control neurons, both the overexpression and knockdown of FasII resulted in fewer dendrites. This is consistent with prior observations that have suggested an optimum requirement for FasII in neuronal growth (Schuster et al., 1996; Beck et al., 2012).
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Figure 9. Adf-1 regulates RP2 dendrite growth by controlling FasII expression. A, qRT-PCR analysis from adult brains showing Adf-1-dependent regulation of FasII. B, Representative images of 3D reconstructed RP2 neurons from genotypes that modify Adf-1 and FasII. C, Volumetric Sholl analysis of FasII-overexpressing neurons compared with control. D, Volumetric Sholl analysis to test genetic interaction between Adf-1 and FasII. E, Quantification of dendrite branch number and total dendrite length in FasII-overexpressing neurons. F, Quantification of dendrite branch number and length for Adf-1–FasII interaction. G, Branch-order analysis for Adf-1–FasII interaction. H, Western blot from adult brain showing increased expression of FasII (arrow) 18 h after the induction of Adf-1[S64/184A] in neurons with RU486. Tubulin is used as a loading control.




We also noticed in independent experiments that Adf-1 perturbations affected mRNA levels of the RNA-binding and transporting protein Staufen. Although we did not detect Adf-1 binding close to the Staufen gene region, Adf-1 inhibition increased Staufen expression (Fig. 10A), perhaps through an indirect mechanism. Phenotypically, Staufen overexpression using an “EP (Enhancer-Promoter)” insertion (verified in Fig. 10H) resulted in reduced dendritic complexity, branch number, and length (Fig. 10B,C,E,G). Additionally, RNAi-mediated Staufen knockdown partially rescued dendrite growth phenotypes resulting from Adf-1 inhibition in RP2 neurons (Fig. 10B,D,F,G) compared with Adf-1 inhibition alone. Since both FasII and Staufen have been implicated in memory formation and in axonal or dendrite development (Schuster et al., 1996; Kiebler et al., 1999; Cheng et al., 2001; Tang et al., 2001; Dubnau et al., 2003; Kristiansen et al., 2005; Barbee et al., 2006; Vessey et al., 2008; Beck et al., 2012; Miyashita et al., 2012), our results support a model in which FasII and Staufen are two target genes that function downstream of Adf-1 in the regulation of behavioral and cellular forms of activity-dependent plasticity (Fig. 11, models).
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Figure 10. Adf-1 controls dendrite growth by regulating Staufen transcription. A, qRT-PCR analysis of Staufen expression from adult brains following Adf-1 perturbation. B, Representative RP2 neuron dendrite reconstructions from genotypes that modify Adf-1 and Staufen. C, Volumetric Sholl analysis of Staufen-overexpressing neurons compared with control. D, Volumetric Sholl analysis to test the genetic interaction between Adf-1 and Staufen. E, Quantification of dendrite number and length in Staufen-overexpressing neurons. F, Quantification of dendrite branch number and length for Adf-1–Stau interactions. **p < 0.01. G, Branch-order analysis for Adf-1–Staufen interaction. H, Ventral nerve cords of an EP insertion upstream of Staufen crossed to the RN2-flipout tester GAL4 line stained for mcd8::GFP and Staufen. The bottom row shows close up of RP2 neurons. Arrowheads mark Staufen-positive granules. Scale bars: top row, 50 μm; bottom row, 20 μm.
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Figure 11. Regulation of dendrite plasticity in Drosophila by the transcription factorAdf-1. A, Model of Adf-1-dependent regulation of dendrite growth. Adf-1 functions downstream of neuronal activity and CaMKII signaling. Adf-1 binding at promoters of genes such as FasII negatively regulates their transcription, thereby optimizing their expression to suit demands for dendrite growth. B, By regulating genes such as FasII and Staufen, Adf-1might be in a position to couple mechanisms underlying transcription and local translation in neurons during growth and plasticity of dendrites.








Discussion

Our study reveals novel functions for the Drosophila Myb family transcription factor Adf-1 in the regulation of dendrite growth and plasticity, and, by connecting Adf-1 with CaMKII signaling and transcriptional regulation of FasII and Staufen, provides a likely cellular basis for long-term memory defects seen in nalyot mutants (DeZazzo et al., 2000; Kacsoh et al., 2013). Since Adf-1 is not the sole transcription factor in vivo that regulates dendrite growth and plasticity, it is to be expected that Adf-1-dependent rescue of dendrite growth phenotypes resulting from the inhibition of CaMKII or activity will be partial. Thus, Adf-1 is necessary, but not wholly sufficient, for dendrite development and activity- and CaMKII-dependent plasticity. It is known that a number of transcription factors such as Fos, Creb, Mef2, and NFAT (Jessen et al., 2001; Redmond et al., 2002; Aizawa et al., 2004; Flavell et al., 2006; Shalizi et al., 2006; Wayman et al., 2006; Hartwig et al., 2008; Tai et al., 2008; Desfrere et al., 2009; Li et al., 2009; Schwartz et al., 2009; Kwon et al., 2011; Vonhoff et al., 2013) regulate dendrite development, and further studies are needed to determine the relative importance of Adf-1 in relation to these transcription factors. It is also formally possible that Adf-1 functions in a pathway that is parallel to, or distinct from, one that involves CaMKII signaling. In that case, it might be that a kinase other than CaMKII phosphorylates Adf-1 on these serine residues as well as at other amino acids. Nonetheless, the strength of dendrite growth phenotypes following Adf-1 perturbation underscores the salience of this transcription factor as well as these phosphorylation events in dendrite growth regulation.

The Adf-1[DN] transgene likely leads to the inhibition of endogenous Adf-1 (and not increased Adf-1 activity) since: (1) Adf-1[DN] and nalyot have similar phenotypes; (2) the Adf-1[DN] and [S64/184A] versions of Adf-1 have similar phenotypes (Fig. 3A–E); (3) pulsed expression of Adf-1[DN] in the adult brain influences the expression of ADH in a manner similar to that in nalyot mutants (Fig. 2A); (4) Adf-1[DN] and Adf-1[S64/184A] affect the expression of two Adf-1-regulated genes, FasII and Staufen, similarly (Figs. 9, 10); (5) a truncated Adf-1 that retains a dimerization domain is likely to function as a dominant negative; and (6) chronic pan-neuronal expression of Adf-1[DN] results in lethality similar to Adf-1-null homozygotes. Motor neuron inhibition of Adf-1 leads to discernible negative outcomes in the membrane properties of neurons (Fig. 2). We speculate that this is due to a significant reduction in the thickness of the primary neurite, which makes it difficult for the current to spread from the electrode to the spike-initiating zone, or due to disrupted expression of the Para voltage-gated Na channel or a critical subunit, leading to the absence of functional channels on the plasma membrane. Synaptic stimulation of motor neurons is also strongly attenuated when Adf-1 function is selectively impaired in motor neurons (Fig. 5). It is likely that a reduction in the number and branching of dendrites limits the number of presynaptic inputs on to these motor neurons. Alternatively, synaptic stimulation of motor neurons might also be impaired due to the reduced diameter of dendrites that would increase axial resistance, and therefore reduce the spread of synaptic currents to the spike-initiating zone, thereby reducing the transfer function (Gray and Weeks, 2003). Animals with motor neuron inhibition of Adf-1 also show strong deficits in motor behavior (Fig. 6) that are developmental in origin, consistent with a developmental requirement for Adf-1 in long-term memory formation (DeZazzo et al., 2000). We think that a reduction in the excitability of motor neurons and, therefore, a loss in the efficacy of sensori-motor integration, provides the most parsimonious explanation for the behavioral deficits seen in Adf-1 mutants and in animals with a motor neuron-specific knockdown of Adf-1.

Plasticity-related transcription factors might regulate very specific subsets of genes in the brain, few of which have been identified and validated phenotypically (McClung and Nestler, 2003; Etter et al., 2005). Recent work suggests that the transcriptional state of a given gene can only be accurately derived from transcription factor binding correlated with gene-specific chromatin states in a cell-specific manner (Kirilly et al., 2011; Busser et al., 2012; Wilczynski et al., 2012). Based on this observation, our ChIP-Seq analysis confirms that Adf-1 binds close to the transcription start site of many genes in the brain. Clustering of these genes based on gene ontology reveals a tight collection of gene ontology (GO) terms that relate to neuronal function and development (Fig. 7F), consistent with neural functions for Adf-1. Additionally, the primary consensus motif for Adf-1 binding derived from our ChIP-Seq studies matches a more recent analysis of Adf-1 binding sites (Lang and Juan, 2010). The importance of carrying out ChIP-Seq in a tissue-specific manner is also underscored by the observation that an equivalent ChIP-Seq analysis performed in Drosophila Kc cells reveals Adf-1 binding sites that only display a minor overlap with the brain dataset (Fig. 7G), suggesting tissue-specific gene regulation by Adf-1. Does Adf-1 regulate a subset of genes whose mRNA is highly enriched in dendrites? Although a dataset for dendritically enriched mRNAs is not available for Drosophila, a recent study has reported a set of 2550 mRNAs that are enriched in either axons or dendrites in the synaptic neuropil of area CA1 in the adult rat hippocampus (Cajigas et al., 2012). Comparison of the Adf-1 binding genes in the larval brain with this dataset shows that 91 genes (including L1 CAM and Stau2) are shared between them (Fig. 7G)—a group that might represent Adf-1-regulated genes that are especially relevant to dendrite development.

We were surprised to find that Adf-1 inhibition led to increased expression of a bona fide transcriptional target of Adf-1, ADH. Pan-neuronal inhibition of Adf-1 also increased expression of FasII mRNA (a direct Adf-1 target gene) and Staufen mRNA (an indirectly regulated gene; Figs. 9A, 10A). Interestingly, comparison of Adf-1-bound promoters with RNA Pol II distribution in the promoter and gene body, and active chromatin marks such as H3K4me3 and H3K27ac in Kc cells suggested a pattern in which Adf-1-bound genes correlated positively with higher proximal pausing indices for RNA Pol II (Fig. 8D–G), and negatively with H3K4me3 and H3K27ac. In Drosophila, the release of paused Pol II requires phosphorylation of H3S10, which serves as a mark for recruiting 14–3-3, which in turn recruits various histone acetyltransferases to acetylate different residues in histones H3 and H4, including H3K27ac (Kellner et al., 2012). These observations suggest that Adf-1 may act early in the pausing process, since Adf-1-bound genes have low levels of H3K27ac at their promoters.

Finally, we examined two candidate genes whose mRNA levels are regulated by Adf-1 in the brain, FasII and Staufen. Both genes are negatively regulated by Adf-1, and phenotypic analysis positions them downstream to Adf-1 in dendrite growth regulation (Figs. 9, 10). These results suggest that Adf-1 regulates dendrite growth by modulating the expression of FasII. An optimum requirement for FasII is also reminiscent of FasII-dependent presynaptic growth regulation that has been described previously at larval motor synapses (Schuster et al., 1996; Beck et al., 2012). It also suggests that signaling mechanisms that are either proximal or distal to FasII/NCAM might be conserved during postsynaptic growth. Since essential roles for NCAMs in neurite outgrowth have been reported widely (for review, see Corty et al., 2009; Schmid and Maness, 2008), our findings implicate a conserved mechanism downstream of Adf-1 in dendrite growth regulation. We favor the idea that Adf-1 regulates Staufen indirectly since we did not detect Adf-1 binding sites close to the Staufen TSS. Nonetheless, the observation that Adf-1 can modulate expression of a key regulator of mRNA transport in dendrites is intriguing. It might suggest a crucial interplay between nuclear transcription and mechanisms that govern local mRNA transport, sequestration, and translation in dendrites. Staufen-positive ribonucleoprotein (RNP) granules in these larval neurons have been shown to contain regulatory components of yeast P-granules (Barbee et al., 2006), and we speculate that part of the mechanism by which Adf-1 regulates dendrite growth is by controlling Staufen levels in vivo. While other studies have revealed how the local translational machinery can impact transcription (Thompson et al., 2004; Cox et al., 2008; Lai et al., 2008; Ch'ng et al., 2012) our results indicate a complementary pathway by which transcription factors can directly impact components of RNP granules that could affect mRNA transport and translation in dendrites (Fig. 11, models).

In sum, our study provides evidence for a model in which Adf-1 functions downstream of neural activity and CaMKII signaling to control dendrite growth by interacting with the chromatin machinery to regulate transcription of two proteins that are involved in neurite outgrowth (FasII) and mRNA transport (Staufen). Our results suggest that these proteins, all of which have been implicated in plasticity and long-term memory formation, function together to precisely modulate dendrite growth during development and plasticity, potentially through interplay among transcription, cell adhesion, and local translation.
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