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Real-time quantitative PCR (qPCR) following ChIP. The PCR mixture contained 

Platinum Taq polymerase (Invitrogen) and optimized concentrations of Sybr-Green (Invitrogen). 

The sequences of primers used are listed in Table S2qPCR was performed in triplicate on at 

least two, in most cases three independent biological replicates of chromatin obtained from 

different sets of fly heads on different days. For each primer set, 1:10 dilutions of ChIP and input 

DNA from both strains were prepared from the same master mix. Additionally, for each primer 

set, one of the inputs was further diluted to make 1:100 and 1:1,000 dilutions. This was 

necessary to create calibration curves to ensure reaction linearity. Fluorescence intensities were 

plotted versus the number of cycles by using an algorithm provided by Corbett Research 

(Qiagen). For each gene, at least two primer sets were designed. Only reactions whose R2 

values were > 0.99 were considered valid. Real-time qPCR was performed a Corbett Research 

Rotor-Gene 3000 real-time cycler or a RotorGene Q real-time PCR machine with cycling 

parameters: 3 min at 95°C, followed by 40 cycles of 30 sec at 95°C, 45 sec at 55°C, and 45 sec 

at 72°C. One set amplified regions around or immediately adjacent to CANNTG canonical E-

boxes in genes’ first introns or first exons / 5’ UTR. A second set amplified genomic regions 

approximately 6 kilobases upstream of E-box primer sets. Each ChIP was normalized to its 

input by delta-Ct value. Delta-delta-Ct value was then calculated by subtracting delta-Ct of 

negative control from delta-Ct of the tagged strain. The fold-difference between experimental 

and control samples was obtained by 2^(-delta-deltaCt). The properties of the primers used are 

listed in Supplementary Table 2. 

Quantitative Mass Spectrometry. Fly heads of the control (GMR>UAS-ppMII; UAS-

dimm) and experimental (GMR>UAS-ppMII; UAS-dimm; UAS-RNAi) transgenic lines were 

collected in frozen state. MS-based quantitation was based on prior quantitative measurement 

approaches [14-16]. Frozen heads were homogenized in acidified acetone (40:6:1, 

acetone:water:concentrated HCl, v/v/v; 10 ul/head). The homogenate was centrifuged at 12,000 
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rpm for 5 min: supernatants were concentrated by drying in a SpeedVac (Thermo Electron Co.), 

and then reconstituted with 2% acetonitrile aqueous solution (containing 0.1% FA and 0.01% 

TFA) for subsequent analysis. The quantitative analysis on MII fully processed from ppMII was 

performed using capillary liquid chromatography coupled to matrix-assisted laser/desorption 

ionization time-of-flight mass spectrometry (CapLC-MALDI-TOF/TOF MS). We performed 

relative quantitation using two approaches. For the labeling approach, the samples were labeled 

with succinic anhydride as previous described [14-15]. Briefly, 2 µl of 2 M light and heavy forms 

of succinic anhydride (Sigma Aldrich) in DMSO were used to label the control and experimental 

samples, and the sample solutions were adjusted to be basic. After the reaction, the labeled 

control and experimental samples were combined before being desalted using spin columns 

(Pierce, Rockford, IL). The combined and desalted samples were then analyzed with CapLC-

MALDI-TOF/TOF MS (Bruker Daltonics, Billerica, MA). 5 µl samples were separated with a 

reverse phase column (Alltech Associates Inc., Alltima HP C18, 150 mm × 300 um, 3 µm 

particle diameter, 100 Å pore size) at a flow rate of 2 µl/min. Solvent A contains 95% water, 5% 

acetonitrile, 0.1% FA, and 0.01% TFA, and Solvent B contains 5% water, 95% acetonitrile, 0.1% 

FA, and 0.01% TFA. The 45-min gradient started from 2% B to 20% B over 10 min, to 40% B in 

another 15 min, continued to 80% B in 7 min, and stayed at 80% B for 3 min before ramping 

back to 2% B. The fraction collection started at 20 min, and a total of 24 one-minute fractions 

were collected on a MALDI target for each sample. 1 µl of a-cyano-4-hydroxycinnamic acid 

(Sigma Aldrich) in 70/30 (v/v) acetonitrile/ water solution was used as matrix, and MALDI-

TOF/TOF mass spectra were acquired in the mass range of 600-5000 Da. The relative peak 

intensities in the peak pair were used to indicate the relative amount of peptides between control 

and experimental samples. 

In the label-free quantitation approach, Drosophila head extracts were analyzed with 

CapLC-MALDI-TOF/TOF MS described earlier just after they were reconstituted. Endogenous 
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peptide Drm-MT2 (hugin (CG6371) (m/z 942.59) and exogenous peptide MII (m/z 1710.69) 

have been well studied in Drosophila previously [2, 17], and their presence was determined by 

mass matching between the theoretical masses and the experimental masses at signal-to-noise 

ratio above 3 within 20 ppm. MT2 and MII were respectively isolated with MALDI-TOF/TOF 

tandem MS, and the intensity of the isolated parent ion was used to reflect the amount of the 

peptide after normalization. Student’s t-test was used for statistics with at least three biological 

replicates. 

RNAi transgenic lines used in this study.   

CG#   GENE     RNAi line  

CG13248   CAT-4    GD5384 (VDRC) 

CG1275   Cyt-b561-1   GD4103 (VDRC) 

CG11254   mael    GD18198 (VDRC) 

CG7785   cddl6    GD36650 (VDRC) 

CG32850   rnf11    JF01121 (Harvard) 

CG6522       GD22500(VDRC) 

CG14321       GD29814 (VDRC) 

CG17293   wdr82    GD25246 (VDRC) 

CG31436       GD21341 (VDRC)  

CG14621       GD8661 (VDRC) 
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Integrative analysis of the gene regulatory interactome and 

transcriptome of the neuroendocrine scaling factor DIMMED 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter will be adapted for the manuscript: 
T. Hadžić, K.C. Abruzzi, D. Park, J.S. Trigg, M. Rosbash and P. Taghert: Integrative analysis of 
the gene regulatory interactome and transcriptome of the neuroendocrine scaling factor 
DIMMED. In preparation. 
 
 
I performed the following experiments presented in this chapter: ChIP-chip (genetic crosses, 
collections and temperature shift, Western blots, ChIP, tiling array hybridization (with help from 
KCA for the first biological replicate), bioinformatic analysis of ChIP-chip data: MAT and Galaxy 
analysis, intersection, conservation, genomic annotation, selection of enhancer fragments for 
luciferase testing), RNA-Seq (genetic crosses, dissection (with help from PHT, DP, Laura Duvall 
and Seol Hee Im), cell dissociation for FACS, RNA purification, bioinformatics analysis of RNA-
Seq data: enrichment quantification, heat map generation and  intersection of ChIP-chip and 
RNA-Seq data.) 
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INTRODUCTION 

 Neuroendocrine (NE) cells possess features characteristic of neurons and glandular 

tissue (Scharrer B 1987). They have evolved specialized adaptations to synthesize, process 

and store large amounts of neuropeptides until they receive an appropriate signal for their 

release (Dannies 1999; Kim et al. 2006). To accomplish this, NE cells possess a repertoire of 

neuropeptide processing enzymes, as well as a special subcellular compartment, the Large 

Dense Core Vesicles (LDCVs, Dannies 1999; Kim et al. 2006). LDCVs house most of the 

processing enzymes and the neuropeptide cargo (Dannies 1999; Kim et al. 2006). LDCVs are 

also the key intracellular sites for neuropeptide processing, for long-term storage, for transport 

and ultimately for the secretion of the biologically active peptides (Burbach et al. 2001). LDCVs 

inside NE cells are made, stored, trafficked and exocytosed out of the cell thanks to a large 

complement of structural and regulatory components that ensure precisely timed release in 

response to stimuli (Crivellato et al. 2010). With the exception of a few proteomic studies, LDCV 

components remain largely undefined by high throughput studies (Gauthier et al. 2008; Wegrzyn 

et al. 2010). By utilizing this special subcellular compartment, NE cells have developed a unique 

mode of protein secretion, the Regulated Secretory Pathway (RSP; Dannies 1999; Kim et al. 

2006). The primary function of this pathway is the secretion of substances (mainly 

neuropeptides) that produce modulatory changes in target neurons and other cells (De Camilli 

and Jahn 1990). NE cells, through the RSP, engage in episodic release of cargo that has the 

potential to affect cells located very far away (Burbach et al. 2001). Although fast 

neurotransmission is the dominant form of neural signaling, NE cells have evolved in parallel 

with neurons (Südhof 2007). NE cells integrate inputs and adapt their responses to various 

stimuli in order to maintain long-term homeostasis in living organisms (Burbach et al. 2001). 

 Thus far, little is known about how LDCVs and the RSP are established and developed 

in NE precursor cells during their maturation into professional secretory cells. Only a few groups 
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have used microarrays to obtain gene expression profiles of several normal and stimulated NE 

tissues in mammals and Drosophila (Yue et al. 2006; Hindmarch et al. 2006; Kula-Eversole et 

al. 2010; Nagoshi et al. 2010). Whereas Yue et al. (2006) used laser capture microdissection to 

collect individual cells from the hypothalamic supraoptic nucleus, Hindmarch et al. (2006) used 

more heterogeneous tissues from whole hypothalamic nuclei. These two studies suggest the 

existence of coordinately regulated NE-specific gene batteries whose function is to ensure 

proper secretion from NE tissues (Park and Taghert 2009). 

 In Drosophila, two groups have examined gene expression profiles of purified Drosophila 

circadian neurons, some of which are neuroendocrine (Kula-Eversole et al. 2010; Nagoshi et al. 

2010). In both papers, manual collection of freshly dissociated cells was used to source the 

RNA material (Kula-Eversole et al. 2010; Nagoshi et al. 2010). Both studies focused on the 

portion of the transcriptome that cycles with circadian time in clock cells. The advantage that 

these studies had over others is that the circadian system in Drosophila is one of the most well 

understood systems implicated in the control of behavior (Nitabach and Taghert 2008). On the 

other hand, what remains unanswered is how cells such as the hypothalamic thirst-controlling 

NE neurons and the Drosophila circadian NE neurons establish those properties required of 

professional secretory cells: a robust RSP with an appreciable LDCV subcellular compartment 

and an appropriately regulated transcriptome and epigenome. 

 Generally speaking, the transcriptome of NE cells likely consists of those genes that are 

required in all cells, and others that allow NE cells to perform their unique roles. Although the 

“house keeping” portion of the transcriptome is likely not identical in all cells, it probably consists 

of a core set of genes with some quantitative variations in their expression (Doyle et al. 2008). 

On the other hand, each cell type has a unique portion of its transcriptome that orchestrates its 

functions. The definition of “unique” changes depending on the reference cell type to which the 

cell population of interest is being compared to (Dougherty et al. 2010). Thus, the degree of 
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transcriptome uniqueness changes depending on whether a cell type is being compared against 

a related cell type (e.g. one type of neuron against another) or against a distantly related cell 

type (e.g. neurons against germ line cells). Regardless of the characteristics, there likely exist 

specialized intracellular circuits and pathways that set up, amplify and maintain a particular 

distinguishing cell feature, such as the RSP in NE cells, synaptic vesicles in neurons or 

mitochondria in cardiomyocytes (Mills and Taghert 2011). Furthermore, such master regulators, 

transcriptional organizers and scaling factors are likely not static, but must be able to adapt to 

the ever changing environment (Mills and Taghert 2011. 

 Two known transcriptional organizers of the developmental programs of neuronal cell 

subtypes are factors PET-1 and AST-1 (Park and Taghert 2009; Hendricks et al. 1999; Flames 

and Hobert 2009). AST-1 is an ETS transcription factor that controls expression of all dopamine 

pathway genes in all dopaminergic cell types in Caenorhabditis elegans (Flames and Hobert 

2009). PET-1 is another ETS domain transcription factor that appears to control expression of 

serotonin pathway genes in mammalian serotonergic neurons (Hendricks et al. 1999). Both of 

these factors control major elements of the biosynthetic machinery known to distinguish their 

respective neuronal subtypes from neurons expressing other biogenic amines or classic 

neurotransmitters. Neither factor, however, is necessary for the initial fate specification or 

survival of the respective neuron type that they control (Park and Taghert 2009). There is also 

no evidence as of yet that either of these factors controls a whole subcellular compartment, 

such as LDCVs, endosomes or synaptic vesicles. 

 One known factor that controls a whole subcellular compartment is Transcription Factor 

EB (TFEB, Sardiello et al. 2009). TFEB exerts coordinated transcriptional control over most 

mammalian lysosomal genes (Sardiello et al. 2009). In vitro, TFEB induces lysosomal 

biogenesis and increases degradation of lysosomal complex molecules (Sardiello et al. 2009). 

Another factor, Peroxisome proliferator–activated receptor Gamma Coactivator-1 (PGC-1), has 
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been shown to control the number of mitochondria inside heart cells, as well as their function in 

response to energy demands (Lehman et al. 2000; Finck and Kelly 2007). Though it has been 

convincingly shown that PGC-1 is a master regulator of myocardial energy metabolism, this 

protein is a not a sequence-specific transcription factor, but rather a co-activator for such factors 

(Finck and Kelly 2007). 

 The above examples demonstrate master regulators / scaling factors that control the 

biogenesis, maintenance and homeostasis of lysosomes and mitochondria (Sardiello et al. 

2009; Lehman et al. 2000). Another subcellular compartment of great consequences for human 

health is the LDCV compartment. Peptide hormone insulin is stored in LDCVs of pancreatic beta 

cells and any pathologic changes in LDCVs can lead to beta cell disease and diabetes (Liu et al. 

2009). In general, LDCVs are found in NE, endocrine, as well as other secretory cells such as 

exocrine and hematopoetic mast cells (Crivellato et al. 2010; Kim et al. 2006). A known NE-

specific master regulator and scaling factor that is likely responsible for the establishment and 

dynamic maintenance of the RSP in NE cells is the Drosophila basic helix loop transcription 

(bHLH) factor dimmed (DIMM) (Park and Taghert 2009; Hewes et al. 2003; Park et al. 2008b; 

Hamanaka et al. 2010; Park et al. 2011). DIMM coordinates the molecular and cellular 

properties of all major NE cells, irrespective of the secretory peptides they produce (Park et al. 

2011). DIMM is a well conserved protein, with a mammalian orthologue called Mist1 (Moore et 

al. 2000). Mist1 is the transcriptional organizer of serous exocrine cell-specific secretory 

features in mammals (Pin et al. 2000; Ramsey et al. 2007; Johnson et al. 2004).  

 The goal of this thesis was to identify the precise mechanism of DIMM action in vivo. 

Since DIMM is a transcription factor, it functions by binding to and activating expression of a set 

of genes. Therefore, I took the specific aim of defining all DIMM genomic targets.  Chromatin 

immunoprecipitation (ChIP) has become the technique of choice to identify direct genomic 

targets of a transcription factor (Collas 2009; Lee et al. 2006; Sandmann et al. 2007). DNA 
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sequences from DNA-protein adducts isolated by ChIP can be globally analyzed by microarray 

hybridization (ChIP-chip, Lee et al. 2006; Southall and Brand 2007). ChIP-chip allows for 

unbiased detection of protein–DNA interactions, as it requires no prior knowledge of candidate 

binding sites for any particular transcription factor (Sandmann et al. 2007). In a previously 

published study, (Chapter 2), I demonstrated the application of in vivo ChIP to analyze 

candidate DIMM binding sites in the enhancers of a few genes (Park et al. 2011). In Chapter 2, 

a broad multidisciplinary approach was undertaken to validate a small number of candidate 

DIMM-dependent genes as bona fide targets with functional consequences for NE cell 

physiology (Park et al. 2011). Nevertheless, the study was limited to evaluating a selection of 

134 genes that were derived from a DIMM-over-expression paradigm in the embryonic nervous 

system (Park et al. 2011).  

 In this chapter, I extend the ChIP analysis to the whole genome by ChIP-chip. This in 

vivo approach allows for identification of the full complement of potential DIMM regulated sites in 

the Drosophila genome in an unbiased, systematic fashion. As I will describe, the ChIP-chip 

data yielded a stringent DIMM gene regulatory interactome of at least 156 high fidelity cis-

regulatory modules, which is highly interesting by itself. Although Sardiello et al. (2009) used in 

vitro expression profiling to identify many lysosomal genes as TFEB targets, they did not 

conduct a genome-wide survey of TFEB binding. There have so far been no reports of scaling 

factor regulatory interactomes being revealed by ChIP-chip or ChIP coupled to deep sequencing 

(ChIP-Seq).  

Once I successfully identified the gene regulatory interactome of DIMM, it became 

evident that DIMM’s interactome could be greatly enhanced by integrating it with the 

transcriptome of DIMM-expressing LEAP cells. Therefore, I also describe herein how I purified 

DIMM+ and DIMM- cells by Fluorescence Activated Cell Sorting (FACS) in order to profile their 

gene expression by deep sequencing (RNA-Seq). Once the LEAP transcriptome was 
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successfully obtained, I intersected the DIMM gene regulatory interactome with the newly 

derived transcriptome of DIMM+ LEAP cells. This yielded a set of genes that are high fidelity 

direct DIMM targets. 

MATERIALS AND METHODS 

ChIP-chip 

ChIP was conducted as described previously (Chapter 2, Park et al. 2011; Menet et al. 2010). 

Briefly, tagged ChIP was carried out with a DIMM::MYC-tag fusion transgene that can rescue 

diminished neuropeptide levels in DIMM null animals (Hewes et al. 2003). This transgene was 

expressed in a spatiotemporally controlled manner by using a GAL4 driver that overlaps to a 

great extent with DIMM (c929-GAL4; Hewes et al. 2003; Park et al. 2008a). Furthermore, I 

restricted GAL4 activity to DIMM-expressing neurons in adult animals by using a temperature 

sensitive allele of a ubiquitously expressed GAL80 protein (tub-GAL80ts) – TARGET (McGuire et 

al. 2003; Brand and Perrimon 1993). In this system, GAL4 activation of transcription from the 

UAS element is inhibited by GAL80 as long as the animal is kept at the restrictive temperature 

(18°C, McGuire et al. 2003). Shifting the animals to 30°C (permissive temperature) results in a 

derepression of GAL4 activity and transcription from the UAS element. Two sets of animals 

were used for this experiment: i) c929-GAL4/UAS-DIMM::MYC; tub-GAL80ts/+ [experimental 

group] and ii) c929-GAL4; tub-GAL80ts maternal strain [negative control]. Both sets of animals 

were raised at 18°C to allow for normal development, as well as to prevent the lethality that 

results from DIMM overexpression in LEAP cells (unpublished results). Freshly eclosed adult 

flies were then shifted to 30°C to induce expression of the DIMM::MYC transgene  only in adult 

DIMM+ cells. Specific induction of the DIMM::MYC protein within 72 hours was confirmed by 

Western blotting (Figure 1). I performed tagged ChIP 72 hours later, using methods described in 

Chapter 2 (Park et al. 2011). 
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 One limitation of ChIP is that it requires a high quality antibody that can recognize fixed 

antigens in solution (Orlando 2000; Lee et al. 2006; Sandmann et al. 2007). A second limitation 

is that ChIP requires at least one million cells for success (Collas 2009). c929-GAL4 is 

expressed in about 300 NE cells in the adult brain, which is less than 1% of all CNS cells (D 

Park and P Taghert, unpublished observations). As expected from these technical limitations, 

ChIP with a native DIMM antibody failed to produce successful results. Therefore, I employed a 

“tagged ChIP strategy based on the availability of the MYC-tagged DIMM transgene. Affinity 

tags such as MYC are increasingly used in ChIP assays to detect in vivo binding of transcription 

factors to their target genes in chromatin (e.g., Kolodziej et al. 2009). 

Following crosslink reversal, DNA was processed according to the Affymetrix® 

Chromatin Immunoprecipitation Assay Protocol (P/N 702238 Rev. 3). For each sample, 10 

microliters of undiluted ChIP DNA or 1:10 diluted input DNA was amplified by linear PCR-based 

amplification. Quantitative PCR was used to show that DIMM occupancy at its known binding 

site in PHM was preserved after amplification. Identical amounts (6.0 micrograms) of each 

amplified sample were then fragmented and biotin-labeled by Terminal Deoxynucleotidyl 

Transferase. Labeled samples were then hybridized to Affymetrix GeneChip® Drosophila 2.0 

Tiling Arrays and scanned according to Affymetrix protocols at the National Center for 

Behavioral Genomics (Brandeis University).  

Bioinformatic analysis of ChIP-chip data 

To detect statistically significant DIMM binding peaks throughout the genome, an analysis 

algorithm titled Model-based Analysis of Tiling-arrays (MAT) was used (Johnson et al. 2006). 

MAT considers the 600-basepair window surrounding each tiling array probe and computes a 

trimmed mean of all of the t values in the window (Johnson et al. 2006). Additionally, MAT 

models baseline probe behavior by considering the 25-mer probe sequence and copy number of 

all probes on a single tiling array (Johnson et al. 2006). MAT detects ChIP regions using an 
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enrichment measure known as MAT score, which is calculated for each 600 bp window and 

assigned to the probe at the center of the window. Essentially, MAT score, which is calculated 

from normalized probe intensities, represents a statistical likelihood that a particular genomic 

region is enriched in the immunoprecipitated relative to the control sample (Abruzzi et al. 2011). 

MAT analysis was carried out with MAT source build 2.11272006 on a 32-bit Linux machine. 

Genome visualization .bar files produced by MAT are incompatible with the University of 

California in Santa Cruz (UCSC) Genome Browser. Therefore, UCSC Genome Browser-

compatible files were obtained by running an implementation of MAT (rMAT) in the statistical 

computing language R (Droit et al. 2010). This analysis produces a graphic representation of 

MAT scores in sliding windows on a log2 scale. Visual output from all three MAT analyses 

performed (DIMM ChIP/Input, NEG ChIP/Input and DIMM ChIP / NEG ChIP) can be directly 

compared to each other as long as the window minima and maxima are identical. This is true 

because an identical number of arrays was used for experimental and control samples, with the 

same number of biological replicates and DNA amounts hybridized to tiling arrays. 

Genomic annotation of DIMM binding sites 

Annotation of DIMM binding sites with respect to introns (Figure 3A) was performed in the 

Galaxy, an open platform for genomic research (Goecks et al. 2010). A data table describing all 

Drosophila introns from the UCSC dm3 Drosophila genome build (UCSC Main on D. 

melanogaster: flyBaseGene: Introns) was downloaded from the UCSC Genome Browser 

database. Galaxy queries were then run to identify the percent of overlap between DIMM-bound 

regions and all known introns from the dm3 genome build (Figure 3A). To annotate DIMM 

binding sites against exons, introns and promoters, PinkThing was used (Figure 3B). PinkThing 

is an open-source software for quick annotation of a set of genomic regions against transcription 

start sites and gene features (TSSs, PinkThing.cmbi.ru.nl, F. Nielsen, M. Kooyman and M. 

Huynen; Kramer et al. 2011). PinkThing was used under default parameters to annotate DIMM 
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binding sites against genomic features defined as: gene body (introns versus exons), as well as 

upstream and downstream regions. A DIMM-bound region was classified as: Near Upstream or 

Downstream = 5 kb upstream or downstream of a TSS; Far Upstream = 5 – 25 kb from the 

closest TSS and Distant Upstream = >25 kb from the closest TSS). Furthermore, precise 

distance of ChIP-chip binding sites from transcription start sites was calculated and plotted in 

the statistical programming language R v. 2.14.0 with the BioConductor package ChIPpeakAnno 

(Zhu et al. 2010). ChIPpeakAnno allows for visual representation of peak distance from 

annotated TSSs (Zhu et al. 2010). 

Binding motif identification and conservation analysis 

Binding motif analysis was carried out in the Cistrome project with the SeqPos motif finding tool 

(He et al. 2010; Liu et al. 2011). DIMM binding peaks with 1% - 100% of intron overlap were 

analyzed with the following settings: region width = 600 bp; p-value cutoff = 0.05. For 

conservation analysis, Galaxy queries were used to extract Multiple Alignment File (MAF) blocks 

for the set of 156 DIMM-bound genomic intervals and a 15-way multiZ (dm3) alignment with the 

genomes of twelve other Drosophila species, as well as the bee (Apis mellifera) and mosquito 

(Anopheles gambiae) genomes (Blankenberg et al. 2011). A query to calculate MAF Coverage 

Stats was then run in Galaxy and the resulting coverage reported on a scale from 0 (no 

conservation) to 1 (100% conservation). 

In vitro luciferase DIMM transactivation assays 

Luciferase assays were performed as in Chapter 2 (Park et al. 2011. DIMM-bound genomic 

fragments that were tested in these assays were selected based on their MAT scores, and in 

some cases based on their intronic location. Assays were performed with at least n=3 biological 

replicates with the exception of the crc-F fragment. 

Preparation of cells for FACS sorting 
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Brains of homozygous w1118,UAS-dcr2; c929-GAL4, UAS-CD8::EGFP; flies were used to 

harvest cells for FACS sorting and subsequent RNA-Seq. UAS-dcr2 was included in the genetic 

background because of plans to carry out the same type of analysis in a dimm RNAi loss-of-

function background. This strain (w1118,UAS-dcr2; c929-GAL4, UAS-CD8::EGFP;) is essentially 

wild-type with respect to DIMM physiology, as evidenced by normal neuropeptide staining (data 

not shown). Young flies (5-12 days old) of both sexes were grown at 25°C on standard 

Drosophila cornmeal media. They were anesthetized with carbon dioxide and collected on ice. 

RNA was isolated from brains dissected on two separate occasions, in order to get as much 

material as possible, to minimize RNA amplification. Brains of 140 (first experiment) and 180 

flies (second experiment) were dissected within a two to three hour time period. Adult heads 

were detached from ventral nerve cords and dissected in cold saline as in Nagoshi et al. (2010) 

with some modifications. Sterile, ice-cold Modified Dissecting Saline (MDS) was used for 

dissection (9.9 mM HEPES-KOH buffer, 137 mM NaCl, 5.4 mM KCl, 0.17 mM NaH2PO4, 0.22 

mM KH2PO4, 33 mM glucose, 43.8 mM sucrose, pH 7.4; Jiang et al. 2005). After dissection, 

brains were immediately transferred into sterile, chilled modified SMactive medium and pooled 

(SMactive medium containing 5 mM Bis-Tris; Küppers-Munther et al. 2004).  

At the end of dissection, brains were pooled in a 2 ml Eppendorf DNA LoBind nuclease-

free tube and washed with 1 ml of chilled MDS. Fly brains were then centrifuged at 1,000g for 

30 seconds in a microcentrifuge. Frozen L-cysteine-activated papain (50 units/ml in dissecting 

saline; Worthington) was thawed at the beginning of dissection and activated at 37°C for 20 

minutes immediately prior to the end of dissection. Four hundred and fifty microliters of activated 

papain were then added to the brains. Fly brains were gently resuspended and incubated with 

papain for 20 minutes at room temperature. Papain digestion was quenched by adding 1.5 ml of 

Schneider’s medium supplemented with 1% heat inactivated Fetal Calf Serum. The sample was 

centrifuged at 500g for 30 seconds at room temperature. Brains were washed two more times 
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and were finally resuspended in 600 microliters of Schneider’s medium supplemented with 1% 

FCS.  

Papain-digested brains were then triturated 30 times with a flame-rounded P1000 filter 

tip (medium tip opening), 30 times with a flame-rounded P1000 filter tip (small opening), 30 

times with a flame-rounded P200 filter tip (large opening), 40 times with a flame-rounded P200 

filter tip (medium tip opening) and 20 times with a flame-rounded P200 filter tip (small opening). 

Pipette volumes used for trituration were 500 microliters and 150 microliters for the P1000 and 

P200 pipettes, respectively. Trituration efficiency was such that very small pieces of brain tissue 

were still visible under a dissection microscope.  

Brain homogenate was then strained through a sterile 70 micron cell strainer (Fishersci) 

mounted on a 50 ml Falcon, then centrifuged briefly at 400 rpm at 4℃. Flow through containing 

filtered dissociated cells was then strained through a 35 micron sterile cell strainer (BD Falcon) 

mounted on a 50 ml Falcon, then centrifuged briefly at 200 rpm. Four hundred and fifty 

microliters of dissociated single cells were collected in a 6 ml BD Falcon tube. Cells were then 

transported on ice to the Washington University Siteman Flow Cytometry Core for FACS sorting. 

FACS sorting 

Cell sorting was performed on a DAKO-Cytomation MoFlo High Speed Sorter at the Siteman 

Flow Cytometry Core, Washington University in St Louis. The Green Fluorescent Protein 

(GFP+) gate was set based on established criteria and experience of the Core’s personnel with 

the sorter (Figure 5). Sorting GFP+ and GFP- cells was completed within on hour of the start of 

sorting. Roughly, 1% - 3% of all cells in the samples were GFP+, which is consistent with the 

number of c929+ cells in the adult fly brain (Park and Taghert 2009). In order to establish the 

viability of cells after dissociation, a pilot sorting experiment was performed in which cells were 

sorted for GFP, as well as their ability to exclude the vitality dye 7-Amino-Actinomycin D. This 
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nucleic acid dye allows detection of dying cells by entering such cells thanks to fragmentation of 

their membranes. (Schmid et al. 1992). The pilot experiment showed that the majority of gated 

GFP+ and GFP- cells were excluding 7-AAD, and were therefore alive at the time of sorting. The 

fact that sorted DIMM+ cells were viable shortly before RNA capture increased confidence that 

any subsequent expression profiling would faithfully reproduce the transcriptome of live DIMM+ 

cells. Because double sorting against GFP and 7-Amino-Actinomycin D doubled the amount of 

time needed for sorting, sorting experiments for RNA collection were conducted without 7-

Amino-Actinomycin D. The combined number of cells sorted from the two experiments was 3.0 x 

105  GFP+ cells and 1.35 x 106 GFP- cells.  

RNA isolation, processing and Illumina HiSeq 2000 sequencing 

At the end of sorting, cells were transferred directly into Qiagen’s RLT buffer 

supplemented with beta-mercaptoethanol (Qiagen RNA MinElute kit). Most investigators 

harvesting nano scale RNA samples for microarray gene expression profiling use the Arcturus 

PicoPure kit (Borghese et al. 2006; Nagoshi et al. 2010; Ramsey et al. 2007; Tian et al. 2010). 

This kit contains a poly(dI:dC)-based proprietary nucleic carrier embedded in the column. This 

carrier does not interfere with microarray applications, but could interfere with deep sequencing 

of RNAs isolated this way. Therefore, we decided to use the Qiagen kit for small samples, which 

lacks carriers. After transferring cells into RLT buffer, they were vortexed for 6 seconds, and 

lysed by passing the suspension five times through a 21.5 gage needle mounted on a 3 ml 

syringe. RNA was isolated as recommended by Qiagen’s MinElute protocol, with the exception 

of using 65°C-heated water for enhanced RNA recovery. Next, DNA in the sample was digested 

with the DNaseI Turbo DNA-free kit (Ambion). After DNA removal, RNAs isolated from GFP+ 

and GFP- cells from each of the two experiments were pooled.  

Samples with pooled GFP+ and GFP- RNAs were then submitted to the Genome 

Technology Access Center (Washington University Genetics Department). RNA quality was 
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then checked by Qubit (Invitrogen), NanoDrop (GE Health) and Bioanalyzer (Agilent) quality 

control assays. Neither sample showed signs of degradation or DNA contamination, and the 

samples were moved into the deep sequencing pipeline at the same facility. After taking sample 

aliquots for quality control, there were ~35 nanograms of RNA from GFP+ cells left and ~100 

nanograms of GFP- RNA. Since the two samples would be directly compared to each other, the 

GFP- sample was diluted in order to have equal quantities of both samples. The samples were 

sequenced on Illumina’s HiSeq 2000 platform (Han et al. 2011).  

Because Illumina’s deep sequencing protocols require 10 micrograms of RNA, the 

samples had to be amplified. Although various oligo dT-based RNA amplification protocols have 

been used, a new product emerged recently, which foregoes this type of amplification. The 

NuGen Ovation RNA-Seq system is a single primer-based RNA amplification product that uses 

isothermal amplification (Kurn et al. 2005; Dafforn et al. 2004). In this system, the RNA is 

reverse transcribed, then partially degraded in order to synthesize a second DNA strand from 

the first-strand cDNA template (Kurn et al. 2005; Dafforn et al. 2004). Double-stranded DNA is 

purified and amplified using single primer isothermal amplification. This amplification process 

starts with RNase H cleaving RNA in DNA/RNA heteroduplexes located on the ends of double-

stranded DNA. Next, the proprietary primer binds to cDNA and polymerase starts replication at 

the end of the primer by displacing the existing forward strand. Finally, random hexamers initiate 

linear amplification of the second-strand cDNA (Kurn et al. 2005; Dafforn et al. 2004). After 

amplification with the NuGen system, samples were prepared for deep sequencing according to 

standard Illumina procedures. This included a poly-A selection step with beads, as well as linker 

ligation with unique multiplexed ends. Multiplexing allowed each sequenced read to be 

distinguished by a 6 basepair (bp) tag at the end of the sequencing adaptor. Sequencing was 

performed in a single lane of an Illumina HiSeq 2000 machine. Base calls were made by 
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Illumina’s software (Eland). Next, reads were de-multiplexed to allow the GFP+ sample’s reads 

to be distinguished from the GFP- sample.  

An algorithm called Tophat was then used to align raw sequence reads to the reference 

genome and to map splice junctions (Ensembl Drosophila BDGP5.25.62 release; Trapnell et al. 

2009). Tophat output was then used as input for the algorithm Cufflinks v. 1.0.3, which 

assembled whole transcripts and estimated their abundance (Roberts et al. 2011). Cuffdiff was 

then used to test for differential expression in RNA-Seq samples. Cuffdiff identified 4,846 out of 

22,872 transcripts that were enriched at 1.5-fold or higher in the GFP+/GFP- sample. Tophat-

generated alignments of RNA-Seq data in BAM format were indexed and sorted for visualization 

in the Integrated Genomics Viewer (Robinson et al. 2011). Indexed RNA-Seq reads were 

visualized as coverage tracks. In order to be able to compare samples directly, coverage tracks 

were always graphed with identical y-axis coordinates. Heat maps were generated in 

MultiExperiment Viewer (MeV; Saeed et al. 2006). 

ChIP-chip and RNA-Seq data integration 

ChIP-chip and RNA-Seq gene lists were integrated using Galaxy (Goecks et al. 2010). In order 

to establish whether or not the statistical overlap was due solely to chance, a cumulative 

hypergeometric probability was calculated as follows: population size = 22,872 total transcripts; 

number of successes in population = 4,846 enriched transcripts; sample size = 597 ChIP-chip 

associated transcripts; number of successes in the sample = 170 ChIP-chip transcripts that are 

enriched at 1.5-fold or higher in the population. Instead of a simple hypergeometric probability, 

the more stringent cumulative probability of obtaining 170 or more hits due to chance alone was 

calculated: P(X ≥	
 170) was equal to 1.21 x 10-5. 

 

 

 



Chapter 3. 
	
  

113 

RESULTS 

Genome-wide identification of direct DIMM targets by in vivo ChIP-chip 

detection of genome-wide DIMM binding 

 To identify in vivo DIMM occupancy at binding sites throughout the genome, a tagged 

ChIP-chip strategy was employed (Ezhkova and Tansey 2006; see Materials and Methods). 

Success of the tagged ChIP approach was measured by examining DIMM occupancy at its 

known binding site in the first intron of PHM and lack of occupancy at a nearby (control) site 

(Park et al. 2011). Once I could confirm the specificity of DIMM binding to PHM intron 1, I 

initiated  ChIP-chip analysis. 

 I performed anti-MYC ChIPs from both experimental and control Drosophila head 

extracts. DIMM-bound DNA fragments were identified using Drosophila Tiling Arrays 2.0 

(Affymetrix). For each genotype, arrays were hybridized with ChIPed DNA, as well as pre-ChIP 

genomic input DNA (n=2 biological replicates for each genotype and sample type). Thus, I used 

a total of eight arrays: two ChIP arrays, two input arrays per genotype. I identified DIMM binding 

peaks using the MAT algorithm (Johnson et al. 2006).  

 In order to identify true DIMM binding in a rigorous way, I employed three different types 

of MAT comparative analyses: i) DIMM::MYC ChIP sample was compared against its input 

(DIMM ChIP/Input), ii) the control (maternal strain) ChIP sample was compared against its own 

input (NEG ChIP/Input), and iii) DIMM ChIP sample was compared against the control ChIP 

sample (DIMM ChIP / NEG ChIP). The last comparison (DIMM ChIP / NEG ChIP) was 

scientifically valid because an identical amount of DNA was hybridized to each tiling array, 

regardless of sample type or genotype. Each of these MAT analyses, including the second 

analysis (NEG ChIP/Input) yielded enriched regions at a commonly accepted p-value of 1 x 10-5: 

i) DIMM ChIP/Input - 5,644 bound regions ii) NEG ChIP/Input - 3,177 regions and iii) DIMM ChIP 

/ NEG ChIP - 258 regions. 
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 Although ChIP-chip from the NEG ChIP/Input (control) sample was theoretically 

supposed to yield no specifically-bound regions by MAT, many regions was detected as 

significant (3,177 regions). This likely happened due to the MYC-tag antibody binding non-

specifically to DNA, or due to specific interactions between genomic DNA and agarose beads, 

and other reaction vessels (Sandmann et al. 2007). Nevertheless, increasing the statistical 

stringency of MAT analysis of both samples by progressively decreasing the p-value eventually 

reduces the number of bound regions in the NEG ChIP/Input to a few, while leaving many more 

bound regions in the DIMM ChIP/Input sample intact. Based on the need to fairly compare all 

three analyses against each other, I left the p-value cutoff unchanged. Instead, after 

consultations with the author of MAT (X. Liu, personal communication), I decided that the most 

prudent way to analyze the data was to subtract NEG ChIP/Input bound regions from the DIMM 

ChIP/Input bound regions, and then intersect the resulting regions with the 258 bound peaks in 

the DIMM ChIP / NEG ChIP comparison.  

 The resulting intersection of the DIMM ChIP/Input bound regions lacking any NEG 

ChIP/Input overlap with DIMM ChIP / NEG ChIP bound regions yielded a total of 156 bound 

peaks (Table 1). As with ChIP-qPCR in Chapter 2, I again used DIMM occupancy in the first 

intron of PHM as an internal positive control. Indeed, by DIMM ChIP / NEG ChIP analysis, the 

DIMM binding peak in the first intron of PHM was the fifth highest scoring peak (MAT score 

139), and it was the 25th most highly scoring peak in the DIMM ChIP/Input comparison (MAT 

score 280.8). Visualization of this previously known bona fide DIMM enhancer in the genome 

browser is shown in Figure 2. Lack of any significant binding in the NEG ChIP/Input comparison 

is striking. I therefore submit that the subtraction and intersection of the three MAT analyses 

yields a high quality data set of DIMM-occupied regions. 
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Genomic annotation of DIMM-bound peaks  

 Having identified DIMM-occupied genomic regions, I then annotated them with respect to 

various genomic features such as transcription start sites (TSSs), exons and introns. It has been 

well documented that bHLH transcription factors bind not only to promoters, but also to introns, 

where they can recruit the basal transcriptional machinery (Cao et al. 2010; Tian et al. 2010; 

Menet et al. 2010). DIMM binds to specific palindromic E-boxes (CATATG and CAGCTG) that 

are located in introns of target genes in addition to PHM (Park et al. 2008; Park et al. 2011). 

Similarly, its mammalian orthologue Mist1 binds to CATATG E-boxes located in the first intron of 

6 of its targets (Tian et al. 2010).  

 Of the 156 high stringency DIMM-bound peaks, 51 (33%) do not overlap with introns, 

although some might be in their vicinity. Another 43 peaks (28%) have a degree of intron 

overlap ranging between 1% and 50% of their length. 26 more peaks have 50% - 97% overlap 

with an intron. Finally, 36 peaks (23%) have 100% overlap with an intron (Figure 3A). Binding 

sites were also annotated with respect to introns, exons and promoters by using a gene 

structure annotation algorithm (PinkThing, Figure 3B). This analysis showed that the majority of 

the peaks overlap with introns (39%) and promoters (23%).  

 Next, a search for statistically overrepresented sequence binding motifs was conducted 

and one E-box motif was isolated. The E-box motif with the consensus sequence 

CATATGKTTS was isolated with a z-score -2.6297 and a p-value of 0.004273. Statistical 

overrepresentation of a motif containing the CATATG E-box is entirely consistent with the E-

boxed that DIMM binds to in the first intron of PHM (Park et al. 2008b). When conservation 

status of all 156 DIMM-bound peaks was examined by employing pairwise alignment 

comparisons between DIMM-bound regions and homologous regions in 13 insect species, a 

high degree of conservation was observed (Figure 3D). Nucleotide scores ranging from 0.956 
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for droSec1 genome to 0.513 for the droGri2 Drosophila species, and lower conservation with 

bees and mosquitoes (0.11 - 0.15; Figure 3D).  

 The 156 DIMM-bound peaks that passed the high stringency criteria were annotated by 

using tools from the open source Galaxy platform for genomic analysis (Goecks et al. 2010). 

Peaks were annotated by fetching the closest non-overlapping genomic features from: all 

Drosophila exons, introns, 5 kilobase upstream regions and 5’ untranslated regions (UTRs). 

Using this annotation strategy, 156 peaks as input produced a total of 284 DIMM ChIP-chip 

binding-associated genes (Table 2). Additionally, the 284 genes that are associated with DIMM-

bound regions produce a total of 598 transcripts.  

DIMM transactivation of enhancers identified by in vivo ChIP-chip 

 Based on previous evidence, DIMM and Mist1 likely function as transcriptional activators 

(Park et al. 2008b; Park et al. 2011; Tian et al. 2010). To support that supposition, we tested 

DIMM’s ability to transactivate ChIP-chip-identified-regulatory fragments of the candidate gene 

targets, using luciferase levels as a readout. This assay (carried out by Ms. Jennifer Trigg) used 

the BG3 Drosophila neuronal cell line as described in Chapter 2 (Park et al. 2011). 39 of 156 

DIMM-bound regions were tested in luciferase transactivation assays (Figure 4). DIMM 

transactivated 19 out of 39 fragments with reporter induction ranging from 5.9 to 93-fold (p-value 

< 0.05). Interestingly, many of the tested enhancers produced inductions that were many fold 

higher than the strongest inductions recorded previously (genes PHM, mael and CG6522, Park 

et al. 2011). The remaining enhancers showed mild induction or their induction was 

indistinguishable from controls. These data suggest that DIMM can indeed directly activate gene 

expression from a considerable fraction of enhancers identified by in vivo ChIP-chip. 

Deep sequencing the LEAP transcriptome 

The usefulness of a gene regulatory interactome can be greatly enhanced with 

information about the gene expression landscape operating in the same cells as the 
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transcription factor of interest. In order to obtain a transcriptional profile of LEAP cells, DIMM+ 

cells were labeled with GFP, and GFP+ cells from adult fly brains were FACS sorted. GFP+ 

cells and a group of randomly chosen GFP- cells of similar size (likely a stochastic mixture of 

neurons and glia) were sorted, their RNAs isolated and profiled by deep sequencing (RNA-Seq). 

All data analysis was done by comparing the DIMM+/GFP+ transcriptome directly to the DIMM-

/GFP- transcriptome. This was a fair comparison because the samples were processed 

identically, in parallel and yielded similar numbers of RNA-Seq reads: 36.9 million 42-bp reads 

from the GFP+ sample and 39.6 million 42-bp reads from the GFP- sample. The majority of the 

reads mapped to the Drosophila genome (23.9 million / 36.9 million GFP+ reads and 32.3 

million / 39.6 million GFP- reads). Furthermore, 34.8% of GFP+ reads were unique reads (one 

alignment in the genome) and 29.99% were multiple alignments (likely to genomic repeat 

regions). The GFP- sample had 56.33% uniquely aligned reads and 25.45% multiply aligned 

reads. The algorithm for comparing gene expression levels between RNA-Seq data 

standardizes all samples in terms of fragments per million base pairs sequenced (Roberts et al. 

2011). Despite some differences in the total number of aligned reads between the GFP+ and 

GFP- samples, the two samples are directly comparable by Cufflinks. 

After determining that the RNA-Seq datasets contained high quality sequence that 

aligned to the Drosophila genome, the DIMM+/GFP+ sample’s transcriptome was compared to 

the DIMM-/GFP- transcriptome. Initial analysis showed that 4,676 isoform-specific transcripts 

out of 22,872 total transcripts were enriched in LEAP cells at a minimum 1.5-fold enrichment. 

The first specific measure examined was the enrichment of DIMM transcripts in the GFP+ 

against the GFP- sample. Indeed, DIMM transcripts were enriched at 138-fold in the 

GFP+/GFP- comparison. Next, I examined a group of genes known to be enriched in DIMM 

cells compared to other cell types. In all cases, the enrichment prediction matched the real data 

(Figure 6). For example: several of the seven Insulin-like peptides (Ilps) are known to be 
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enriched in LEAP cells, whereas other family members are expressed outside of the CNS (Park 

et al. 2008a; Brogiolo et al. 2001). The known LEAP cell-enriched Ilps were indeed enriched by 

RNA-Seq (Ilp5: 1.6-million fold, Ilp3: 688-fold, Ilp2: 489-fold, Ilp6: 26-fold; Figure 6A,C), whereas 

Ilps with known lack of CNS expression were not enriched (Ilp1: 0.3-fold enrichment, Ilp4 and 

Ilp7: no expression in either sample; Figure 6A,C). While DIMM overlaps with many peptides, 

the extent of DIMM overlap depends on the peptide (Park et al. 2008a). A few peptides have low 

or almost no overlap with DIMM (Park et al. 2008a). As expected, such peptides did not show 

significant RNA-Seq enrichment (Proctolin: 4% of larval LEAP cells and 1.3-fold enrichment; 

Ptth: 0% larval LEAP cells and 1.5-fold enrichment, Dh31: 5.3% of larval LEAP cells and 1.6-fold 

enrichment; Figure 6A). Half of Pigment dispersing factor (PDF+) neurons overlap with DIMM in 

the adult brain, which matches RNA-Seq data (Figure 6B; Park and Taghert 2009). Previous 

reports have indicated that while PHM overlaps extensively with DIMM, the overlap is not 

exclusive (Park and Taghert 2009). In accordance with this fact, RNA-Seq data showed that 

Phm was enriched 3.5-fold in LEAP cells over non-LEAP cells (Figure 7). CAT-4, another DIMM 

bona fide target was enriched at 2.77-fold (Park et al. 2011). Overall, these data confirm the 

high fidelity and quality of the RNA-Seq data set.  

Integration of transcriptome (RNA-Seq) and interactome (ChIP-chip) results 

 The resolved LEAP cell transcriptome is an excellent resource that can be directly 

integrated with the ChIP-chip data set. The basic hypothesis here is that DIMM activates gene 

expression. Therefore, those LEAP-cell enriched genes that are adjacent to DIMM binding 

peaks likely represent the true targets of DIMM’s transcriptional activity. DIMM binds to 156 

regions in the genome, which corresponds to 284 genes and a total of 598 transcripts from 

those genes (Table 1). The LEAP transcriptome has 4,676 transcripts out of 22,872 total 

transcripts that are enriched at 1.5-fold or higher (Table 2). Of the 598 ChIP-chip-associated 

transcripts, 170 transcripts are amongst the 4,676 LEAP-cell-specific transcripts (Table 3, 
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Figure 7). This overlap is more than that due to chance alone (hypergeometric probability 

P(x≥170)= 1.21 x 10-5. As in previous analyses, PHM is included on the list of intersected genes 

and its inclusion could serve as another quality control measure (Park et al. 2011).  

DISCUSSION 

DIMM gene regulatory network 

 Scaling factors allow cells to scale subcellular resources (such as organelles) to become 

specialists in certain physiological functions or to adapt to changing daily conditions (Mills and 

Taghert 2011). These factors are conserved through evolution and once expressed, their 

expression persists for the lifetime of the cell (Mills and Taghert 2011). Identifying their mode of 

operation is an important task since their dysfunction might contribute to human diseases of 

adult onset (Mills and Taghert 2011). Furthermore, up until now, there has been a focus on 

understanding transcription factors acting in the early specification of progenitors and lineage 

development. While the information gleaned from such studies is beneficial to our understanding 

of how cells are constructed, we must also understand how cells acquire their mature 

properties. Studying scaling factors such as DIMM provides insight into this process. 

 Although I could have pursued a variety of biochemical, molecular and genetic 

approaches to better understand the mechanism of DIMM action, I felt that the best systematic 

approach was to define the full scope of DIMM targets on a genome-wide level. Thus, I 

identified sites of DIMM binding in the genome of adult NE cells in vivo. This allowed me to 

pursue identification of genes that DIMM targets for transcriptional activation. With the exception 

of a recent TFEB study, genome-wide identification of scaling factor direct targets has not been 

previously reported in literature (Palmieri et al. 2011). The ChIP-chip gene regulatory 

interactome that I identified in this study is one of the first genome-wide studies to identify direct 

targets of a scaling factor in vivo. The technical approach I pursued allowed for ChIP-chip to be 
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performed in a highly selected cell population (e.g. directed expression of the DIMM::MYC 

transgene only in 300 DIMM+ adult NE cells).  

In order to focus my attention on DIMM target genes that contribute most highly to 

DIMM-dependent NE physiology, I decided to use extra-rigorous binding site identification 

methods. I first compared the DIMM ChIP sample and the negative control sample to their 

respective input samples. The negative control sample likely contains ‘background’ binding that 

is a common artifact of ChIP due to unexpected ‘‘off-target effects’’ of the antibodies, non-

specific enrichment of chromatin through binding to unrelated immunoglobulins, as well as non-

specific binding to agarose beads, reaction surfaces and other reagents (Sandmann et al. 

2007). As a first step in data analysis, the coordinates of genomic regions enriched at 

statistically significant levels in the negative control were subtracted from the genomic regions 

bound by DIMM. This subtraction resulted in 2,914 regions enriched in the DIMM ChIP/Input 

sample but not in the NEG ChIP/Input sample (or 6,869 “bits” of regions with no such overlap). It 

is possible that a significant fraction of these peaks represent DIMM targets. In order to increase 

analysis stringency further, MAT results from DIMM ChIP tiling arrays were directly compared to 

results from negative control ChIP tiling arrays. This analysis yielded 258 DIMM-bound regions 

that were significantly enriched in the DIMM ChIP condition compared to the negative control 

ChIP. Finally, the intersection of the two sets of regions produced a set of 156 genomic regions 

that are the most likely enhancers that DIMM binds in vivo in adult NE cells. 

By performing this rigorous bioinformatic identification of DIMM ChIP-chip binding sites, 

the certainty of uncovering true DIMM targets was raised at the expense of false negatives. 

Nevertheless, the estimated number of binding sites for DIMM (156 peaks) closely resembles 

the estimated number of lysosomal genes that are controlled by TFEB (on the order of 200 

genes; Sardiello et al. 2009). It is unlikely that scaling factors, such as DIMM or TFEB control a 

large fraction of the genome. Furthermore, it is plausible that scaling factors, similar to other 
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transcription factors, lie at the top of a gene regulatory hierarchy involving multiple transcription 

factors acting in loops or cascades (Macquarrie et al. 2011). Therefore, a limited number of 

gene targets (on the order of 200) does not necessarily rule out more genes involved in scaling 

factor physiology, by means of activation by downstream transcription factors. 

The assignment of genes to ChIP-chip peaks (Table 1) is not perfect due to many 

factors, including: close packing of genes in the genome, the incomplete annotation of 

transcription units, and the ability of enhancers to act over large distances that sometimes skip 

intermediate genes (Li et al. 2008). In fact, the c929-GAL4 element that overlaps extensively 

with DIMM expression is located 13 kilobases upstream of DIMM, in an alternative intron of 

another gene (cryptocephal; Hewes et al. 2003). Despite these caveats, it is believed that most 

transcription factors bind their gene targets in stereotypically close association to TSSs and 

long-range enhancers appear to be the exception rather than the rule (Arnosti 2003). 

LEAP cell transcriptome 

To the best of my knowledge, this high quality data set is the first NE transcriptome 

obtained by next generation sequencing. Although DIMM-expressing NE cells are highly diverse 

with respect to their peptidergic identity, they share in common a high secretory capacity and a 

robust RSP (Park and Taghert 2009). In Drosophila, these cells were previously subjected to 

limited peptidomic profiling (Yew et al. 2009), and a single identified set of DIMM neurons (the 

eight circadian pacemakers called large LNvs) was profiled transcriptionally (Kula-Eversole et 

al. 2010; Nagoshi et al. 2010). Nevertheless, there are currently no reports of RNA-Seq-derived 

transcriptomes of any known NE cell population. Unlike microarrays, deep sequencing allows for 

a more detailed examination of the transcriptome with the ability to distinguish allelic expression 

and transcriptional isoforms of genes (Wang et al. 2009). Due to the focus on using RNA-Seq to 

interpret ChIP-chip data, a detailed analysis of the RNA-Seq data is out of the scope of this 

chapter but will be pursued in detail later.  



Chapter 3. 
	
  

122 

NE cells in mammals and insects represent the minority of CNS cells in terms of 

absolute numbers (Zupanc 1996; Park and Taghert 2009). Despite low absolute numbers, loss 

of DIMM expression from LEAP cells is not compatible with survival past embryonic stages 

(Hewes et al. 2003). There are several available methods of profiling gene expression in a cell 

population with sparse numbers: manual collection of individual cells, laser capture 

microdissection and FACS (Ozsolak and Milos 2011). While each method has advantages and 

disadvantages, the primary goal of the current study was to collect a highly purified cell 

population and maximize the amount of input material. Therefore, FACS was chosen as the 

method of choice due to its high speed and ability discriminate cellular fluorescence levels easily 

(Givan 2011).  

Interactome – Transcriptome integration 

A natural progression in data analysis was to integrate the DIMM gene regulatory 

interactome obtained by ChIP-chip and the LEAP cell transcriptome obtained by RNA-Seq of 

purified DIMM-expressing cells. When the list of 156 ChIP-chip regions that were mapped to 

284 genes and a total of 598 transcripts was intersected with the list of genes enriched in LEAP 

cells, 170 transcripts (116 genes) fell into both categories. This likely represents a high quality, 

stringent list of direct DIMM targets. The observed overlap was greater than overlap due to 

chance, as shown by the cumulative hypergeometric probability. Thus, genes on this cross-

sectional list are not only direct DIMM targets in LEAP cells by ChIP-chip, but their expression is 

enriched in LEAP cells compared to DIMM-negative cells.  

The caveat to this intersectional assignment is that it assumes that DIMM acts as a 

transcriptional activator in all cases. This assumption is based on previous experiments that 

demonstrated that DIMM acts as an activator of PHM transcription (Park et al. 2008b). 

Nevertheless, certain bHLH proteins are known to act as repressors (Stevens et al 2008). Such 

repressive bHLHs were first identified in Drosophila (Stevens et al. 2008). In accordance with 
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this possibility, 50 out of 598 ChIP-chip associated transcripts are expressed in DIMM+/GFP+ 

cells at 50% of their level in the DIMM-/GFP- cells (and only 3 out of 50 are found at 10% of 

their level in DIMM-/GFP- cells). In contrast, 170 out of 598 ChIP-chip transcripts are enriched in 

DIMM+/GFP+ cells over DIMM-/GFP- cells, which gives credibility to the hypothesis that DIMM 

operates as a transcriptional activator in all cases. A precise answer to this question can be 

obtained by pursuing RNA-Seq of DIMM loss-of-function cells, which is one of the planned 

follow-up studies. 

DIMM, like many transcription factors acts as an activator of transcription (Allan et al. 

2005). By this logic, if a DIMM binding site is located in a dense milieu of TSSs and only one of 

the surrounding genes is enriched in LEAP cells, then, this increase the likelihood that DIMM is 

activating this particular gene and not its neighbors. Overall, transcriptome/interactome 

integration reduces the false positives in ChIP-chip gene regulatory data due to a reduction in 

gene assignment noise (Wyrick and Young 2002). 

Classifying DIMM target genes into functional categories 

 The integrated data set consists of a variety of genes with certain subsets clustering in a 

few categories (Table 4). One such category are neuropeptide processing enzymes: the 

peptidylglycine hydroxylating alpha-monooxygenase PHM, the peptidyl-alpha-hydroxyglycine 

alpha-amidating lyase PAL1, the prohormone convertase amontillado, and the 

carboxypeptidase D silver. All these enzymes reside in LDCVs, where they are indispensible for 

the proper processing of neuropeptides. Their appearance on this high quality list confirms and 

extends the supposition that DIMM targets peptide biosynthetic enzymes (Park et al. 2008).  It 

also provides important “quality control” assurance that the procedure is generating targets 

expected to be on the list.  Slamdance is a Drosophila aminopeptidase with a bang-sensitive 

paralytic mutant phenotype (Zhang et al. 2002). Human aminopeptidase N, the mammalian 

orthologue of slamdance, is in involved neuropeptide processing and degradation (Montiel et al. 
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1997; Solhonne et al. 1987). Thus, the inclusion of slamdance as a likely DIMM target 

represents the first indication that it could be involved in neuropeptide processing in Drosophila 

as well as mammals.  

Slamdance also establishes a link between neuropeptide signaling and epilepsy, which 

is a relatively new concept with a seminal paper reporting a knockout mutation of neuropeptide 

Y leading to epileptic phenotypes in the mouse (Baraban et al. 1997). Furthermore, expression 

of a PHM / Pal1 and a number of amidated neuropeptides increases after seizures induced by 

electroconvulsive shock, kainate, or pentylenetetrazole (Ma et al. 2002; Bhat et al. 2003; 

Baraban et al. 1997). Additional genes that fall into the endopeptidase/metallopeptidase 

category with possible role in neuropeptide processing or degradation are: CG4933, Rpn9 and 

Atg4. This work shows that a whole battery of secretory processing enzymes is under 

transcriptional control of a single transcription factor, DIMM. Although the fact that DIMM 

controls processing enzymes may not be a surprising, it is, nevertheless, a completely novel 

finding. No single transcription factor has been revealed to possess the ability to control all or 

most neuropeptide processing factors.  

Another category of genes under direct DIMM control includes fly orthologues of those 

mammalian genes whose protein products have been shown by proteomic studies to be 

constituents of LDCVs (Table 4; Gauthier et al. 2008; Wegrzyn et al. 2010). Genes in this 

category include: 14-3-3zeta, 14-3-3epsilon, jaguar, Translationally controlled tumor protein and 

betaTubulin56D. The two members of the 14-3-3 family of adaptor proteins are a highly 

conserved family of acidic molecules present in all eukaryotes (Aitken 2006). Both 14-3-3zeta 

and 14-3-3epsilon have been implicated in the response of the hypothalamic-neurohypophyseal 

system to osmotic stress (Gouraud et al. 2007). The expression of 14-3-3zeta and 14-3-

3epsilon is increased in the rat supraoptic nucleus, a NE center, after three days of water 

deprivation. Furthermore, 14-3-3epsilon has a crucial role in antimicrobial peptide secretion 
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(Shandala et al. 2011). Jaguar, a Drosophila myosin VI homologue is another gene with LDCV 

localization and known role in secretory vesicle fusion at the plasma membrane (Bond et al. 

2011). Jaguar is a unique member of the myosin superfamily of actin-based motor proteins 

because it is the only myosin known to move towards the minus or pointed ends of actin 

filaments (Kisiel et al. 2011). Drosophila larvae lacking jaguar have altered synaptic vesicle 

localization: instead of peripherally located synaptic vesicles, jaguar mutants have diffusely 

located vesicle across the entire bouton area (Kisiel et al. 2011). After budding from the trans-

Golgi network, LDCVs are transported to the secretion sites at the plasma membrane via 

microtubule-based transport systems (Park and Loh 2008). LDCVs are then loaded onto an 

actin/myosin system for distal transport through the actin cortex to just below the plasma 

membrane (Park and Loh 2008). Therefore, it is plausible that DIMM would activate the 

expression of those genes necessarily for LDCVs to properly traffic to their designated location 

at the cell periphery where they await release signals. 

Transcription. In addition to secretory enzymes and LDCV constituents, DIMM also 

targets transcription factors, in particular members of the Atf/CREB superfamily of basic leucine 

zipper (bZIP) genes: the Drosophila Atf-4 orthologue cryptocephal (significant for being 

immediately adjacent to DIMM), the pro-secretory transcription factor CrebA, the stress-

response gene Atf-2, as well as the circadian-implicated transcriptional repressor vrille. bZIP 

proteins contain a leucine zipper, an alpha-helical coil structure required for dimerization, as well 

as a neighboring basic domain needed for direct contact with DNA (Foulkes et al. 1997). Two 

non-bZIP transcription factors are the circadian regulator clockwork orange, as well as the 

Per/Arnt/Sim-domain containing bHLH similar. Cryptocephal (Atf-4) is important for 

metamorphosis and molting in Drosophila, and in oxidative stress, amino acid synthesis, 

autophagy, unfolded protein response and long-term memory in mammals (Hewes et al. 2000; 

Ameri and Harris 2008). Mammalian Atf-2 and Atf-4 regulate emotional behavior in the nucleus 
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accumbens by unknown mechanisms (Green et al. 2008). It is currently unknown how 

cryptocephal might play a role in the secretory capacity of NE cells.  

CrebA is major and direct regulator of secretory capacity of a variety of cell types at the 

level of the Golgi apparatus (Fox et al. 2010). CrebA can upregulate expression of the general 

protein machinery required in all cells for secretion, as well as certain secreted proteins that are 

cell-type specific (Fox et al. 2010). In Drosophila, CrebA is important for elevated secretory 

activity in the salivary gland, as well as in the developing cuticle (Abrams and Andrew 2005). 

Thus CrebA is adaptable, in different cellular contexts, to promote a high capacity secretory 

state. CrebA appears to activate expression of genes encoding proteins required for ER 

targeting and translocation, and proteins that mediate transport between the ER and Golgi 

(Abrams and Andrew 2005). Thus, similar to other secretory cell types, it is plausible that NE 

cells need high levels of CrebA, which is recruited to the purpose by DIMM as a part of its 

general action mechanisms. Interestingly, there is very little overlap between genes thought to 

be CrebA targets and DIMM target genes that I have identified.  

Furthermore, it may be notable that DIMM activates two factors that are known for the 

their potent ability to antagonize bHLH actions: vrille and clockwork orange. Vrille is a bZIP 

transcriptional repressor that acts by inhibiting expression of the core circadian bHLH gene 

Clock, as well as the circadian blue light photoreceptor cryptochrome (Glossop et al. 2003). As 

a part of the circadian system, VRILLE competes with a related bZIP protein PDP1 for binding to 

the Clock promoter. Whereas VRILLE represses Clock expression, PDP1 activates expression 

of Clock and thereby actively competes with vrille (Cyran et al. 2003). In addition to vrille, DIMM 

targets another repressive factor, the basic helix–loop–helix ORANGE family member clockwork 

orange. Clockwork orange forms its own negative feedback loop and directly suppresses the 

expression of other clock genes through the E-box sequences (Matsumoto et al. 2007; Kadener 

et al. 2007). It is possible that by targeting vrille and clockwork orange, DIMM uses complex 
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gene regulatory logic, beyond simple transcriptional activation. According to this line of thinking, 

the genetic logic of the mechanisms activated by the bHLH DIMM is similar that of the molecular 

clockwork instigated by the bHLH proteins Clock and cycle: both may use feedforward and / or 

feedback negative regulation by vrille and clockwork orange to modulate the amplitudes of the 

target gene expression. 

Endocytosis.  Genes involved in endocytosis and Notch signaling represent another 

category of DIMM targets: nicastrin, Gp150, I’m not dead yet, TRAM and CG31064. Nicastrin is 

a part of the gamma-secretase core complex required for cleavage of transmembrane proteins 

such as Notch and presenillin (Hass et al. 2009; Steiner et al. 2008). Gp150 is an endosomal 

protein that regulates Notch activity (Li et al. 2004). Since the Notch protein itself is high in 

LEAP cells, it is possible that Gp150 and nicastrin are performing a role in DIMM-dependent NE 

cell physiology in a manner that also involves Notch signaling in mature cells.  

RNA-binding proteins. A separate family of DIMM targets includes genes that are 

implicated in RNA processing or metabolism: alan shepard, ELL-associated factor, Ef1α48D, 

Not1, U4-U6-60K and eIF-4A. Alan shepard is a single-stranded RNA-binding protein isolated 

in a genetic screen for gravitaxis mutants (Bjorum and Beckingham 2007). RNA-binding 

proteins such as alan shepard engage in pre-mRNA processing, which includes splicing, 

editing and polyadenylation of messages (Glisovic et al. 2008). At the structural level, RNA-

binding proteins are highly modular, with one or more RNA-binding and auxiliary domains 

(Glisovic et al. 2008). DIMM binding frequently occurs in areas that are promoters of certain 

isoforms and introns of other isoforms of the same RNA-binding protein. Furthermore, RNA-

Seq data show that only certain isoforms of RNA-binding proteins are enriched in LEAP cells 

by RNA-Seq, whereas other isoforms of the same gene are not enriched, or could even be 

repressed. Therefore, it is possible that DIMM targets certain isoforms of RNA-binding proteins 

with desired sequence-binding specificities for expression in LEAP cells. 
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RNA-binding proteins function in every aspect of RNA biology, from transcription, pre-

mRNA splicing and polyadenylation to RNA modification, transport, localization, translation and 

turnover (Glisovic et al. 2008). Therefore, it is possible that RNA-binding proteins that DIMM 

targets play a major role in the ability of LEAP cells to correctly traffic or localize 

neuropeptides. Certain RNA-binding proteins are known to be potent repressors of translation 

of certain sequence-specific RNA targets (Horisawa et al. 2009). Since neuropeptides are 

translated in very large quantities inside NE cells, it is plausible that translation of other RNA 

messages needs to be reduced or halted from time to time in order to achieve necessary levels 

of neuropeptide translation. RNA-binding proteins could play a role of in translation of such 

RNA messages that are perhaps of secondary importance during particular physiologic states. 

Alternatively, the splicing of neuropeptide RNAs or their stability might need to be enhanced, 

therefore requiring RNA-binding proteins to carry this function out with high selectivity.  

Before this work was initiated, Hamanaka et al. (2010) investigated what happened to 

photoreceptors, a class of conventional, non-peptidergic neurons, when they are forced to 

express DIMM. This work showed DIMM’s remarkable ability to convert non-peptidergic cells 

into peptidergic cells possessing LDCVs, the morphologic correlate of the RSP. Therefore, we 

had a great insight into the ultrastructural changes that DIMM can set off once activated 

ectopically in a cell. What was lacking, however, was the molecular framework of how this 

remarkable cellular transformation is achieved. Collectively, therefore the results presented in 

this chapter provide a fundamental road map to define exactly how DIMM is able to organize, 

scale up and maintain an active RSP in NE cells. 

 

 

 
 
 



Chapter 3. 
	
  

129 

REFERENCES 
 
Abrams, E.W., and Andrew, D.J. (2005). CrebA regulates secretory activity in the Drosophila salivary 
gland and epidermis. Development 132, 2743-2758. 
 
Abruzzi, K.C., Rodriguez, J., Menet, J.S., Desrochers, J., Zadina, A., Luo, W., Tkachev, S., and 
Rosbash, M. (2011). Drosophila CLOCK target gene characterization: implications for circadian tissue-
specific gene expression. Genes Dev. 25, 2374-2386. 
 
Ameri, K., and Harris, A.L. (2008). Activating transcription factor 4. Int. J Biochem. & Cell Biol. 40, 14-
21. 
 
Aitken, A. (2006). 14-3-3 proteins: A historic overview. Semin. Cancer Biol. 16, 162-172. 
 
Allan, D.W., Park, D., St Pierre, S.E., Taghert, P.H., and Thor, S. (2005). Regulators acting in 
combinatorial codes also act independently in single differentiating neurons. Neuron 45, 689-
700. 
 
Arnosti, D.N. (2003). Analysis and function of transcriptional regulatory elements: insights from 
Drosophila. Annu. Rev. Entomol 48, 579-602. 
 
Baraban, S.C., Hollopeter, G., Erickson, J.C., Schwartzkroin, P.A., and Palmiter, R.D. (1997). Knock-
out mice reveal a critical antiepileptic role for neuropeptide Y. J. Neurosci. 17, 8927-8936. 
 
Bhat, R.V., Tausk, F.A., Baraban, J.M., Mains, R.E., and Eipper, B.A. (1993). Rapid increases in 
peptide processing enzyme expression in hippocampal neurons. J. Neurochem. 61, 1315-1322. 
 
Bjorum, S., Beckingham, K.M. (2007). Two Genes Affecting Drosophila Gravitaxis.  A. Dros. Res. Conf. 
48 : 638B. 
 
Blankenberg, D., Taylor, J., Nekrutenko, A., and Galaxy, T. (2011). Making whole genome multiple 
alignments usable for biologists. Bioinformatics 27, 2426-2428. 
 
Bond, L.M., Peden, A.A., Kendrick-Jones, J., Sellers, J.R., and Buss, F. (2011). Myosin VI and its 
binding partner optineurin are involved in secretory vesicle fusion at the plasma membrane. Mol. Biol. 
Cell 22, 54-65. 
 
Borghese, L., Fletcher, G., Mathieu, J., Atzberger, A., Eades, W.C., Cagan, R.L., and Rørth, P. (2006). 
Systematic analysis of the transcriptional switch inducing migration of border cells. Dev. Cell 10, 497-
508. 
 
Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a means of altering cell fates and 
generating dominant phenotypes. Development 118, 401-415. 
 
Brogiolo, W., Stocker, H., Ikeya, T., Rintelen, F., Fernandez, R., and Hafen, E. (2001). An evolutionarily 
conserved function of the Drosophila insulin receptor and insulin-like peptides in growth control. Curr. 
Biol. 11, 213-221. 
 
Burbach, J.P., Luckman, S.M., Murphy, D., and Gainer, H. (2001). Gene regulation in the magnocellular 



Chapter 3. 
	
  

130 

hypothalamo-neurohypophysial system. Physiol. Rev. 81, 1197-1267. 
 
Cao, Y., Yao, Z., Sarkar, D., Lawrence, M., Sanchez, G.J., Parker, M.H., Macquarrie, K.L., Davison, J., 
Morgan, M.T., Ruzzo, W.L., et al. (2010). Genome-wide MyoD binding in skeletal muscle cells: a 
potential for broad cellular reprogramming. Dev. Cell 18, 662-674. 
 
Crivellato, E., Nico, B., Gallo, V.P., and Ribatti, D. (2010). Cell secretion mediated by granule-
associated vesicle transport: a glimpse at evolution. Anat. Rec. (Hoboken) 293, 1115-1124. 
 
Cyran, S. A., Buchsbaum, A. M., Reddy, K. L., Lin, M.-C., Glossop, N. R. J., Hardin, P. E., Young, M. 
W., Storti, R. V., and Blau, J. (2003). vrille, Pdp1, and dClock form a second feedback loop in the 
Drosophila circadian clock. Cell 112, 329–341. 
 
Dafforn, A., Chen, P., Deng, G., Herrler, M., Iglehart, D., Koritala, S., Lato, S., Pillarisetty, S., Purohit, R., 
Wang, M., et al. (2004). Linear mRNA amplification from as little as 5 ng total RNA for global gene 
expression analysis. BioTechniques 37, 854-857. 
 
Dannies, P. S. (1999) 'Protein hormone storage in secretory granules: mechanisms for concentration 
and sorting', Endocr. Rev. 20(1): 3-21. 
 
De Camilli, P., and Jahn, R. (1990). Pathways to regulated exocytosis in neurons. Annu. Rev. Physiol. 
52, 625-645. 
 
Dougherty, J.D., Schmidt, E.F., Nakajima, M., and Heintz, N. (2010). Analytical approaches to RNA 
profiling data for the identification of genes enriched in specific cells. Nucleic Acids Res. 38, 4218-4230. 
 
Doyle, J.P., Dougherty, J.D., Heiman, M., Schmidt, E.F., Stevens, T.R., Ma, G., Bupp, S., 
Shrestha, P., Shah, R.D., Doughty, M.L., et al. (2008). Application of a Translational Profiling 
Approach for the Comparative Analysis of CNS Cell Types. Cell 135, 749-762. 
 
Droit, A., Cheung, C., and Gottardo, R. (2010). rMAT--an R/Bioconductor package for analyzing ChIP-
chip experiments. Bioinformatics 26, 678-679. 
 
Ezhkova, E., and Tansey, W.P. (2006). Chromatin immunoprecipitation to study protein-DNA 
interactions in budding yeast. Methods Mol. Biol. 313, 225-244. 
 
Finck, B.N., and Kelly, D.P. (2007). Peroxisome proliferator-activated receptor gamma coactivator-1 
(PGC-1) regulatory cascade in cardiac physiology and disease. Circulation 115, 2540-2548. 
 
Flames, N., and Hobert, O. (2009). Gene regulatory logic of dopamine neuron differentiation. Nature 
458, 885-889. 
 
Foulkes, N.S., Borjigin, J., Snyder, S.H., and Sassone-Corsi, P. (1997). Rhythmic transcription: the 
molecular basis of circadian melatonin synthesis. Trends Neurosci. 20, 487–492. 
 
Fox, R.M., Hanlon, C.D., and Andrew, D.J. (2010). The CrebA/Creb3-like transcription factors are major 
and direct regulators of secretory capacity. J. Cell Biol. 191, 479-492. 
 
Gauthier, D.J., Sobota, J.A., Ferraro, F., Mains, R.E., and Lazure, C. (2008). Flow cytometry-assisted 



Chapter 3. 
	
  

131 

purification and proteomic analysis of the corticotropes dense-core secretory granules. Proteomics 8, 
3848-3861. 
 
Givan, A.L. (2011). Flow cytometry: an introduction. Methods Mol. Biol. 699, 1-29. 
 
Glisovic, T., Bachorik, J., Yong, J., and Dreyfuss, G. (2008). RNA-binding proteins and post-
transcriptional gene regulation. FEBS Lett. 582, 1977–1986. 
 
Glossop, N. R. J., Houl, J. H., Zheng, H., Ng, F. S., Dudek, S. M., and Hardin, P. E. (2003). VRILLE 
feeds back to control circadian transcription of Clock in the Drosophila circadian oscillator. Neuron 37, 
249–261. 
 
Goecks, J., Nekrutenko, A., Taylor, J., and Team, G. (2010). Galaxy: a comprehensive approach for 
supporting accessible, reproducible, and transparent computational research in the life sciences. 
Genome Biol. 11, R86. 
 
Gouraud, S.S., Yao, S.T., Heesom, K.J., Paton, J.F.R., and Murphy, D. (2007). 14-3-3 proteins within 
the hypothalamic-neurohypophyseal system of the osmotically stressed rat: transcriptomic and 
proteomic studies. J Neuroendocrinol. 19, 913-922. 
 
Green, T.A., Alibhai, I.N., Unterberg, S., Neve, R.L., Ghose, S., Tamminga, C.A., and Nestler, E.J. 
(2008). Induction of activating transcription factors (ATFs) ATF2, ATF3, and ATF4 in the nucleus 
accumbens and their regulation of emotional behavior. J. Neurosci. 28, 2025-2032. 
 
Hamanaka, Y., Park, D., Yin, P., Annangudi, S.P., Edwards, T.N., Sweedler, J., Meinertzhagen, I.A., 
and Taghert, P.H. (2010). Transcriptional orchestration of the regulated secretory pathway in neurons 
by the bHLH protein DIMM. Curr. Biol. 20, 9-18. 
	
  
Han, H., Nutiu, R., Moffat, J., and Blencowe, B.J. (2011). SnapShot: High-Throughput Sequencing 
Applications. Cell 146, 1044-1044.e1042. 
	
  
Hass, M.R., Sato, C., Kopan, R., and Zhao, G.J. (2009). Presenilin: RIP and beyond. Semin. Cell Dev. 
Biol. 20, 201-210. 
	
  
He, H., Meyer, C.A., Shin, H.J., Bailey, S.T., Wei, G., Wang, Q.B., Zhang, Y., Xu, K.X., Ni, M., Lupien, 
M., et al. (2010). Nucleosome dynamics define transcriptional enhancers. Nat. Genet. 42, 343-U101. 
	
  
Hendricks, T., Francis, N., Fyodorov, D., and Deneris, E.S. (1999). The ETS domain factor Pet-1 is an 
early and precise marker of central serotonin neurons and interacts with a conserved element in 
serotonergic genes. J. Neurosci. 19, 10348-10356. 
	
  
Hewes, R.S., Schaefer, A.M., and Taghert, P.H. (2000). The cryptocephal gene (ATF4) encodes 
multiple basic-leucine zipper proteins controlling molting and metamorphosis in Drosophila. Genetics 
155, 1711-1723. 
 
Hewes, R.S., Park, D., Gauthier, S.A., Schaefer, A.M., and Taghert, P.H. (2003). The bHLH protein 
Dimmed controls neuroendocrine cell differentiation in Drosophila. Development 130, 1771-1781. 
 
Hindmarch, C., Yao, S., Beighton, G., Paton, J., and Murphy, D. (2006). A comprehensive description 



Chapter 3. 
	
  

132 

of the transcriptome of the hypothalamoneurohypophyseal system in euhydrated and dehydrated rats. 
Proc. Natl. Acad. Sci. USA 103, 1609-1614. 
 
Horisawa, K., Imai, T., Okano, H., and Yanagawa, H. (2009). 3 '-Untranslated region of doublecortin 
mRNA is a binding target of the Musashi1 RNA-binding protein. Febs Letters 583, 2429-2434. 
 
Jiang, S.A., Campusano, J.M., Su, H., and O'dowd, D.K. (2005). Drosophila mushroom body Kenyon 
cells generate spontaneous calcium transients mediated by PLTX-sensitive calcium channels. J. 
Neurophysiol. 94, 491-500. 
 
Johnson, C.L., Kowalik, A.S., Rajakumar, N., and Pin, C.L. (2004). Mist1 is necessary for the 
establishment of granule organization in serous exocrine cells of the gastrointestinal tract. Mech. Dev. 
121, 261-272. 
 
Johnson, W., Li, W., Meyer, C., Gottardo, R., Carroll, J., Brown, M., and Liu, X. (2006). Model-based 
analysis of tiling-arrays for ChIP-chip. Proc. Natl. Acad. Sci. USA 103, 12457. 
 
Kadener, S., Stoleru, D., McDonald, M., Nawathean, P., and Rosbash, M. (2007). Clockwork Orange is 
a transcriptional repressor and a new Drosophila circadian pacemaker component. Genes Dev. 21, 
1675–1686. 
 
Kim, T., Gondré-Lewis, M.C., Arnaoutova, I., and Loh, Y.P. (2006). Dense-core secretory granule 
biogenesis. Physiology (Bethesda) 21, 124-133. 
 
Kisiel, M., Majumdar, D., Campbell, S., and Stewart, B.A. (2011). Myosin VI contributes to synaptic 
transmission and development at the Drosophila neuromuscular junction. BMC. Neurosci. 12. 
 
Kolodziej, K.E., Pourfarzad, F., de Boer, E., Krpic, S., Grosveld, F., and Strouboulis, J. (2009). Optimal 
use of tandem biotin and V5 tags in ChIP assays. BMC Mol. Biol. 10, 6. 
 
Kramer, J.M., Kochinke, K., Oortveld, M.A.W., Marks, H., Kramer, D., de Jong, E.K., Asztalos, Z., 
Westwood, J.T., Stunnenberg, H.G., Sokolowski, M.B., et al. (2011). Epigenetic Regulation of Learning 
and Memory by Drosophila EHMT/G9a. Plos Biol. 9. 
 
Kula-Eversole, E., Nagoshi, E., Shang, Y., Rodriguez, J., Allada, R., and Rosbash, M. (2010). 
Surprising gene expression patterns within and between PDF-containing circadian neurons in 
Drosophila. Proc. Natl. Acad. Sci. USA 107, 13497-13502. 
 
Küppers-Munther, B., Letzkus, J.J., Lüer, K., Technau, G., Schmidt, H., and Prokop, A. (2004). A new 
culturing strategy optimises Drosophila primary cell cultures for structural and functional analyses. Dev. 
Biol. 269, 459-478. 
 
Kurn, N., Chen, P., Heath, J.D., Kopf-Sill, A., Stephens, K.M., and Wang, S. (2005). Novel isothermal, 
linear nucleic acid amplification systems for highly multiplexed applications. Clin. Chem. 51, 1973-1981. 
 
Lee, T.I., Johnstone, S.E., and Young, R.A. (2006). Chromatin immunoprecipitation and microarray-
based analysis of protein location. Nat. Protoc. 1, 729-748. 
  
Lehman, J.J., Barger, P.M., Kovacs, A., Saffitz, J.E., Medeiros, D.M., and Kelly, D.P. (2000). 



Chapter 3. 
	
  

133 

Peroxisome proliferator-activated receptor gamma coactivator-1 promotes cardiac mitochondrial 
biogenesis. J. Clin. Invest. 106, 847-856. 
 
Li, Y.X., Fetchko, M., Lai, Z.C., and Baker, N.E. (2004). Scabrous and Gp150 are endosomal proteins 
that regulate notch activity (vol 130 pg 2819, 2004). Development 131, 5213-5213. 
 
Li, X.-Y., MacArthur, S., Bourgon, R., Nix, D., Pollard, D.A., Iyer, V.N., Hechmer, A., Simirenko, L., 
Stapleton, M., Luengo Hendriks, C.L., et al. (2008). Transcription factors bind thousands of active and 
inactive regions in the Drosophila blastoderm. PLoS Biol. 6, e27. 
 
Liu, Y., Mziaut, H., Ivanova, A., and Solimena, M. (2009). beta-Cells at the crossroads: choosing 
between insulin granule production and proliferation. Diabetes Obes. Metab. 11 Suppl 4, 54-64. 
 
Liu, T., Ortiz, J.A., Taing, L., Meyer, C.A., Lee, B., Zhang, Y., Shin, H., Wong, S.S., Ma, J., Lei, Y., et al. 
(2011). Cistrome: an integrative platform for transcriptional regulation studies. Genome Biol. 12. 
 
Ma, X.M., Mains, R.E., and Eipper, B.A. (2002). Plasticity in hippocampal peptidergic systems induced 
by repeated electroconvulsive shock. Neuropsychopharmacology 27, 55-71. 
 
Matsumoto, A., Ukai-Tadenuma, M., Yamada, R. G., Houl, J., Uno, K. D., Kasukawa, T., Dauwalder, B., 
Itoh, T. Q., Takahashi, K., Ueda, R., et al. (2007). A functional genomics strategy reveals clockwork 
orange as a transcriptional regulator in the Drosophila circadian clock. Genes Dev. 21, 1687–1700. 
 
Macquarrie, K.L., Fong, A.P., Morse, R.H., and Tapscott, S.J. (2011). Genome-wide transcription factor 
binding: beyond direct target regulation. Trends Genet. 27, 141-148. 
 
McGuire, S.E., Le, P.T., Osborn, A.J., Matsumoto, K., and Davis, R.L. (2003). Spatiotemporal rescue of 
memory dysfunction in Drosophila. Science 302, 1765-1768. 
 
Menet, J.S., Abruzzi, K.C., Desrochers, J., Rodriguez, J., and Rosbash, M. (2010). Dynamic PER 
repression mechanisms in the Drosophila circadian clock: from on-DNA to off-DNA. Genes Dev. 24, 
358-367. 
 
Mills, J.C., and Taghert, P.H. (2011). Scaling factors: Transcription factors regulating subcellular 
domains. Bioessays. 
  
Montiel, J.L., Cornille, F., Roques, B.P., and Noble, F. (1997). Nociceptin/orphanin FQ metabolism: 
Role of aminopeptidase and endopeptidase 24.15. J. Neurochem. 68, 354-361. 
 
Moore, A.W., Barbel, S., Jan, L.Y., and Jan, Y.N. (2000). A genomewide survey of basic helix-loop-helix 
factors in Drosophila. Proc. Natl. Acad. Sci. USA 97, 10436-10441. 
  
Nagoshi, E., Sugino, K., Kula, E., Okazaki, E., Tachibana, T., Nelson, S., and Rosbash, M. (2010). 
Dissecting differential gene expression within the circadian neuronal circuit of Drosophila. Nat. Neurosci. 
13, 60-68. 
 
Nitabach, M.N., and Taghert, P.H. (2008). Organization of the Drosophila circadian control circuit. Curr. 
Biol. 18, R84-93. 
 



Chapter 3. 
	
  

134 

Orlando, V. (2000). Mapping chromosomal proteins in vivo by formaldehyde-crosslinked-chromatin 
immunoprecipitation. Trends Biochem. Sci. 25, 99-104. 
 
Ozsolak, F., and Milos, P.M. (2011). RNA sequencing: advances, challenges and opportunities. 
Nat. Rev. Genet. 12, 87-98. 
 
Palmieri, M., Impey, S., Kang, H.J., di Ronza, A., Pelz, C., Sardiello, M., and Ballabio, A. (2011). 
Characterization of the CLEAR network reveals an integrated control of cellular clearance pathways. 
Hum. Mol. Genet. 20, 3852-3866. 
 
Park, J.J., and Loh, Y.P. (2008). How peptide hormone vesicles are transported to the secretion site for 
exocytosis. Mol. Endocrinol. 22, 2583-2595. 
 
Park, D., Veenstra, J.A., Park, J.H., and Taghert, P.H. (2008a). Mapping peptidergic cells in Drosophila: 
where DIMM fits in. PLoS ONE 3, e1896. 
 
Park, D., Shafer, O.T., Shepherd, S.P., Suh, H., Trigg, J.S., and Taghert, P.H. (2008b). The Drosophila 
basic helix-loop-helix protein DIMMED directly activates PHM, a gene encoding a neuropeptide-
amidating enzyme. Mol. Cell. Biol. 28, 410-421. 
  
Park, D., and Taghert, P.H. (2009). Peptidergic neurosecretory cells in insects: organization and 
control by the bHLH protein DIMMED. Gen. Comp. Endocrinol. 162, 2-7. 
 
Park, D., Hadzic, T., Yin, P., Rusch, J., Abruzzi, K., Rosbash, M., Skeath, J.B., Panda, S., Sweedler, 
J.V., and Taghert, P.H. (2011). Molecular organization of Drosophila neuroendocrine cells by dimmed. 
Curr. Biol. 21:1515-24 
 
Pin, C.L., Bonvissuto, A.C., Konieczny, S.F. (2000). Mist1 expression is a common link among 
serous exocrine cells exhibiting regulated exocytosis. Anat. Rec. 259, 157–167. 
 
Ramsey, V.G., Doherty, J.M., Chen, C.C., Stappenbeck, T.S., Konieczny, S.F., and Mills, J.C. (2007). 
The maturation of mucus-secreting gastric epithelial progenitors into digestive-enzyme secreting 
zymogenic cells requires Mist1. Development 134, 211-222. 
  
Ren, B., Robert, F., Wyrick, J.J., Aparicio, O., Jennings, E.G., Simon, I., Zeitlinger, J., Schreiber, 
J., Hannett, N., Kanin, E., et al. (2000). Genome-wide location and function of DNA binding 
proteins. Science 290, 2306. 
 
Roberts, A., Pimentel, H., Trapnell, C., and Pachter, L. (2011). Identification of novel transcripts in 
annotated genomes using RNA-Seq. Bioinformatics 27, 2325-2329. 
 
Robinson, J.T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, G., and Mesirov, J.P. 
(2011). Integrative genomics viewer. Nat. Biotechnol. 29, 24-26. 
 
Sandmann, T., Jakobsen, J., and Furlong, E. (2007). ChIP-on-chip protocol for genome-wide analysis 
of transcription factor binding in Drosophila melanogaster embryos. Nat. Protoc 1, 2839-2855. 
 
Saeed, A.I., Bhagabati, N.K., Braisted, J.C., Liang, W., Sharov, V., Howe, E.A., Li, J.W., Thiagarajan, 
M., White, J.A., and Quackenbush, J. (2006). TM4 microarray software suite. Methods Enzymol. 411, 



Chapter 3. 
	
  

135 

134-+. 
 
Sardiello, M., Palmieri, M., di Ronza, A., Medina, D.L., Valenza, M., Gennarino, V.A., Di Malta, C., 
Donaudy, F., Embrione, V., Polishchuk, R.S., et al. (2009). A gene network regulating lysosomal 
biogenesis and function. Science 325, 473-477. 
  
Scharrer, B. (1987). Neurosecretion: beginnings and new directions in neuropeptide research. 
Annu. Rev. Neurosci. 10, 1-17. 
 
Schmid, I., Hausner, M.A., Cole, S.W., Uittenbogaart, C.H., Giorgi, J.V., and Jamieson, B.D. (2001). 
Simultaneous flow cytometric measurement of viability and lymphocyte subset proliferation. J. Immunol. 
Methods 247, 175-186. 
 
Shandala, T., Woodcock, J.M., Ng, Y., Biggs, L., Skoulakis, E.M.C., Brooks, D.A., and Lopez, A.F. 
(2011). Drosophila 14-3-3ε has a crucial role in anti-microbial peptide secretion and innate immunity. J. 
Cell Sci. 124, 2165-2174. 
 
Simon, I., Barnett, J., Hannett, N., Harbison, C.T., Rinaldi, N.J., Volkert, T.L., Wyrick, J.J., 
Zeitlinger, J., Gifford, D.K., Jaakkola, T.S., et al. (2001). Serial regulation of transcriptional 
regulators in the yeast cell cycle. Cell 106, 697-708. 
 
Solhonne, B., Gros, C., Pollard, H., and Schwartz, J.C. (1987). Major localization of aminopeptidase M 
in rat brain microvessels. Neuroscience 22, 225-232. 
 
Southall, T.D., and Brand, A.H. (2007). Chromatin profiling in model organisms. Brief. Funct. Genomic. 
Proteomic. 6, 133-140. 
 
Steiner, H., Fluhrer, R., and Haass, C. (2008). Intramembrane Proteolysis by gamma-Secretase. J. Biol. 
Chem. 283, 29627-29631. 
 
Südhof, T.C. (2007). Neurotransmitter Release. Handb. Exp. Pharmacol. 184, 1-21. 
 
Stevens, J.D., Roalson, E.H., and Skinner, M.K. (2008). Phylogenetic and expression analysis of the 
basic helix-loop-helix transcription factor gene family: genomic approach to cellular differentiation. 
Differentiation 76, 1006-1022. 
 
Tian, X., Jin, R.U., Bredemeyer, A.J., Oates, E.J., Błazewska, K.M., McKenna, C.E., and Mills, J.C. 
(2010). RAB26 and RAB3D are direct transcriptional targets of MIST1 that regulate exocrine granule 
maturation. Mol. Cell. Biol. 30, 1269-1284. 
 
Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice junctions with RNA-Seq. 
Bioinformatics 25, 1105-1111. 
 
Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for transcriptomics. Nat 
Rev Genet 10, 57-63. 
 
Wegrzyn, J.L., Bark, S.J., Funkelstein, L., Mosier, C., Yap, A., Kazemi-Esfarjani, P., La Spada, A.R., 
Sigurdson, C., O'Connor, D.T., and Hook, V. (2010). Proteomics of dense core secretory vesicles 
reveal distinct protein categories for secretion of neuroeffectors for cell-cell communication. J. 



Chapter 3. 
	
  

136 

Proteome Res. 9, 5002-5024. 
 
Wyrick, J.J., and Young, R.A. (2002). Deciphering gene expression regulatory networks. Curr. 
Opin. Genet. Dev. 12, 130-136. 
	
  
Yue, C., Mutsuga, N., Verbalis, J., and Gainer, H. (2006). Microarray analysis of gene expression in the 
supraoptic nucleus of normoosmotic and hypoosmotic rats. Cell. Mol. Neurobiol. 26, 959-978. 
 
Yew, J.Y., Wang, Y., Barteneva, N., Dikler, S., Kutz-Naber, K.K., Li, L., and Kravitz, E.A. (2009). 
Analysis of neuropeptide expression and localization in adult Drosophila melanogaster central nervous 
system by affinity cell-capture mass spectrometry. J. Proteome Res. 8, 1271-1284. 
 
Zhang, H., Tan, J., Reynolds, E., Kuebler, D., Faulhaber, S., and Tanouye, M. (2002). The Drosophila 
slamdance gene: a mutation in an aminopeptidase can cause seizure, paralysis and neuronal failure. 
Genetics 162, 1283-1299. 
 
Zhu, L.J., Gazin, C., Lawson, N.D., Pages, H., Lin, S.M., Lapointe, D.S., and Green, M.R. (2010). 
ChIPpeakAnno: a Bioconductor package to annotate ChIP-seq and ChIP-chip data. BMC. 
Bioinformatics 11. 
 
Zupanc, G.K. (1996). Peptidergic transmission: from morphological correlates to functional 
implications. Micron 27, 35-91. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. 
	
  

137 

ACKNOWLEDGEMENTS 

I would like to thank the following members of the Taghert lab for helping out with brain 

dissections: Paul Taghert, Dongkook Park, Laura Duvall and SeolHee Im. I would also like to 

thank Mr. Chris Holley and Bill Eades, of the Siteman Flow Cytometry Core for providing 

excellent technical assistance with FACS sorting. I would also like to thank Dayna Oschwald 

and Mark Johnson of the Genome Technology Access Center at Washington University for 

processing samples for deep sequencing and analyzing data. This work was funded by NIH P01 

NS044232, P30-NS045713 and the Howard Hughes Medical Institute (to MR), and NINDS grant 

NS21749 (to PHT). The funders had no role in study design, data collection and analysis, 

decision to publish, or preparation of the manuscript. We also thank the Bloomington Stock 

Center and the VDRC for flies.  

 

 

 

 

 

 

 

 



Chapter 3. 
	
  

138 

 
 

Figure 1. Detection of DIMM::MYC induction in adult heads by Western blotting. (A) Flies 

overexpressing DIMM::MYC (left panel, labeled “DIMM”) or GFP (right panel, labeled “GFP”) in 

DIMM+ (c929-GAL4-expressing cells) developed normally at the restrictive temperature (18°C). 

Following eclosion, both genotypes were shifted to 30°C for 3-5 days. This allowed for a specific 

induction of DIMM::MYC expression in DIMM::MYC-overexpressing heads (top left panel) and 

lack thereof in GFP-overexpressing heads (top right panel). In contrast to DIMM::MYC induction, 

GFP was induced in GFP-overexpressing heads (middle right panel) but not in DIMM::MYC-

expressing heads (middle left panel). Adult head extracts were analyzed by Western blotting 

with indicated antibodies. Tubulin was used as a loading control (bottom). Genotype: yw/w; 

c929-GAL4/UAS-DIMM::MYC; tub-GAL80ts/+ (left panel) and yw/w; c929-GAL4/UAS-2xEGFP; 

tub-GAL80ts/+ (right panel). (B) Time course of DIMM::MYC induction following the shift from 

restrictive to permissive temperature. Genotype: yw/w; c929-GAL4/UAS-DIMM::MYC; tub-

GAL80ts/+. Tubulin was used as a loading control. Hours after shift to 30°C are indicated above 

each lane. Adult head extracts were analyzed by Western blotting with indicated antibodies. 



Chapter 3. 
	
  

139 

 
 
 
 
Figure 2. DIMM Binding to its known enhancer in the first intron of PHM by ChIP-chip. MYC 

antibody ChIP-chip was performed in flies expressing a DIMM::MYC transgene in normally 

DIMM+ cells. The negative control strain, lacked the DIMM::MYC transgene, but was otherwise 

identical to the experimental strain. ChIP and input DNA were analyzed using Affymetrix tiling 

arrays and MAT. The PHM locus is displayed inside the UCSC Genome Browser. In order to 

rigorously identify true DIMM binding, three types of MAT comparisons were used. Genomic 

enrichment in the DIMM::MYC ChIP DNA was compared to enrichment in its input (DIMM 

ChIP/Input, shown in pink). Negative control ChIP DNA enrichment was compared to 

enrichment of its input (NEG CONT ChIP/Input, shown in dark blue). Finally, ChIP DNA 
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enrichment in the DIMM::MYC samples was directly compared to DNA enrichment in the 

negative control (DIMM ChIP / NEG CONT ChIP, shown in red). In order to identify true DIMM 

binding, peaks from NEG CONT/Input were first subtracted from DIMM ChIP/Input peaks. 

Secondly, the resulting list of binding regions was then intersected with regions identified in the 

DIMM ChIP / NEG CONT ChIP comparison. In order for a peak to pass this cutoff, genomic 

regions in the subtracted list had to have at minimum 1 bp overlap with genomic regions in the 

DIMM ChIP / NEG CONT ChIP list. 
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Figure 3. Genomic annotation, motif identification and conservation of DIMM binding peaks. (A) 

Overlap of DIMM ChIP-chip peaks with introns calculated as percentage of their length. (B) 

PinkThing software annotation of ChIP-chip peaks against Drosophila gene structural elements 

(exons, introns, promoter and downstream elements. (C) CATATG E-box motif enriched in 
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DIMM ChIP-chip peaks found in introns (p-value 0.004273). (D) Conservation analysis (Multi 

Alignment blocks on 15 insect species) of ChIP-chip peaks between D. melanogaster (dm3, 

shown on the bottom ) and 14 other insect species. (E) Distance of ChIP-chip peaks from 

transcription start sites. 
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Figure 4. DIMM transactivation of 39 genomic fragments with significant DIMM ChIP-chip 

binding in a Drosophila BG3-c2 neuronal cell line. Luciferase reporter was placed downstream 

of a mini-SV promoter and a ChIP-chip derived enhancer. Fold ratios represent Luciferase 

levels with DIMM co-transfection divided by those without. Histograms represents means and 

SEMs of at least three independent replicate assays except for the crc-F fragment. *p-val<0.05 

student t-test 
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Figure 5. FACS sorting of DIMM+ and DIMM- cells. Brains were dissected from UAS-dcr2; c929-

GAL4, UAS-CD8; flies and dissociated into single cells. DIMM+ cells (as marked by c929>GFP 

expression) and randomly selected GFP- cells were FACS sorted. Top left panel shows the 

distribution of c929>GFP signal in an adult brain. Examples of GFP+ cells (bottom right panel) 

and GFP- cells (bottom left panel) are shown. 
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Figure 6. The neuroendocrine transcriptome of LEAP cells revealed by deep  

sequencing. (A) Enrichment of known Drosophila neuropeptides by RNA-Seq in the GFP+/GFP- 

sample is depicted as fold change (left) and in the form of a heat map (right). Neuropeptide 

names are indicated in the center of the figure. Overlap of DIMM+ cells with some of the 

neuropeptides in the larval CNS is given on the right (Park et al. 2008a). (B-D) Integrated 

Genomics Viewer was used to visualize RNA-Seq tracks from GFP+ and GFP- cells. (B) 

Pigment dispersing factor (PDF) locus. (C) Ilp1, Ilp2 and Ilp3 loci. (D) short Neuropeptide F 

(sNPF) locus. 
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Figure 7. Intersection of DIMM targets detected by ChIP-chip and transcripts  

enriched in DIMM+ LEAP cells. Venn diagram depicts the intersection of DIMM interactome and 

LEAP transcriptome genes (top, not drawn to scale). Integrated Genomics Viewer view of the 

PHM gene locus (bottom). The top three tracks depict ChIP-chip results (DIMM ChIP/Input, pink; 

NEG CONT ChIP/Input, blue; DIMM ChIP / NEG CONT ChIP, red). The bottom two tracks 

depict RNA-Seq signal: DIMM+/GFP+ signal is shown in green, and DIMM-/GFP- signal is 

shown in gray. PHM gene locus structure is shown at the bottom of the window in blue.  
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Table 1. List of 156 DIMM binding sites identified by ChIP-chip. Genomic coordinates given 

based on the dm3 genomic scaffold. ChIP-chip sites were obtained by subtracting NEG CONT 

ChIP/Input sites from DIMM ChIP/Input sites, and by intersecting the resulting sites with the 

DIMM ChIP / NEG CONT ChIP sites. Please see attached / uploaded Microsoft 

Excel spreadsheet file.	
  

 

Table 2. List of 284 DIMM ChIP-chip binding region-associated genes. Please see attached / 

uploaded Microsoft Excel spreadsheet file. 

 

Table 3. Intersection of the 598 ChIP-chip-associated transcripts and the 4,676 LEAP-cell-

specific transcripts. Each entry is described by: gene symbol, CG#, Flybase Gene ID, Flybase 

Transcript ID and enrichment in DIMM+/GFP+ cells compared to DIMM-/GFP- cells (reported as 

fold change). Please see attached / uploaded Microsoft Excel spreadsheet file. 

 

Table 4. ChIP-chip / RNA-Seq-derived genes grouped into functional categories based on 

known gene function reported in literature. Please see attached / uploaded Microsoft 

Excel spreadsheet file. 
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Assessing the contribution of individual DIMM targets to  

DIMM-dependent LEAP cell physiology by an RNAi-based genetic 

screen for sleep defects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
I performed the sleep experiments in this chapter: genetic crosses, behavioral monitoring and 
data analysis with some technical help from Neely Williams. 



Chapter 4 

	
  167 

INTRODUCTION 

 LEAP cells express neuropeptides, many of which function in modulating various 

behaviors (Nässel 2002). DIMM-expressing neuropeptides control metabolism and a variety of 

behaviors, such as ecdysis and sleep (Park et al. 2008a; Kim and Rulifson 2004; O’Brien and 

Taghert 1998; Sheeba et al. 2008; Shang et al. 2008). I have chosen to evaluate the functional 

consequences of DIMM target knockdown using sleep as a regulated behavior in Drosophila 

that has been an established paradigm (Shaw et al. 2000). A subset of LEAP cells, the large 

LNv neurons have been implicated in the control of sleep and light-mediated arousal (Sheeba et 

al. 2008; Shang et al. 2008). When DIMM+ large LNv and DIMM- small LNv neurons are 

chronically hyperexcited, nocturnal activity is increased (Sheeba et al. 2008). Furthermore, 

when the authors hyperexcited LEAP cells but excluded PDF-positive Large and Small LNv 

neurons, flies exhibited increased daytime and nighttime locomotor activity with decreased sleep 

(Sheeba et al. 2008). Another study showed that activation of DIMM- small LNvs had no effect 

on sleep or arousal (Shang et al. 2008). This study provides the best evidence the effect of PDF 

neuron hyperexcitation on sleep and arousal is attributed solely to the DIMM+ large LNv 

neurons and not to the DIMM- small 

A direct connection between DIMM and sleep has not been established in the literature 

and is reported for the first time in this chapter. When DIMM expression is reduced in small and 

large LNv neurons, this leads to an increase in sleep compared to controls (Figure 1A). 

Therefore, a functional genetic screen for sleep defects was conducted by RNAi-mediated gene 

knockdown specifically in LEAP cells. This allowed for interrogation of the intersected 

interactome / transcriptome data set by evaluating individual gene targets in a functional, RNA 

interference (RNAi) based screen. This would be relatively feasible considering the ease of 

conducting genetics in Drosophila. 

 



Chapter 4 

	
  168 

MATERIALS AND METHODS 

Sleep 

Sleep assays were performed according to standard procedures (Andretic and Shaw 2005). 

Conditions were standardized to avoid any inconsistencies since behavior can be affected by 

many factors. Virgin females of genotype w,UAS-dcr2; c929-GAL4; were crossed to males from 

the Vienna Drosophila RNAi Center (VDRC; Dietzl et al. 2007). The screen was carried out with 

the VDRC KK library, which was made by inserting UAS-RNAi casettes into a single attP 

genomic site on chromosome II. As controls, w,UAS-dcr2; c929-GAL4; virgins were crossed to 

the yw; attP; males. The yw; attP; stock was originally used to create the VDRC KK RNAi library 

and is isogenic with the UAS-RNAi lines. Two or more crosses were done for each genotype in 

each biological replicate in order to be able to collect 20 female offspring within 48 hours. For 

each cross, 15 virgin females were crossed to 5 males at 25°C in standard Drosophila vials. 

Males and females were allowed to mate for 5 days, and were then transferred out of the vials. 

Daughters from each cross were collected within 12 hours of eclosion and were in almost all 

cases virgins. After collection, virgin flies were housed in regular fly vials with ~20 flies per vial 

for three days under 12 hour light / 12 hour dark (LD) conditions. In all cases, flies were raised 

and aged on the same food medium (standard Drosophila medium). On day four, flies were 

placed in 65 mm x 5 mm glass tubes (VWR glass) containing standard Drosophila medium. 

Thus, flies were raised and their sleep tested while being fed the same medium. Flies were then 

transferred to behavior incubators, where they spent one day acclimating to LD conditions. Light 

emitting diodes (LEDs) were used as a light source. Light intensity was tightly controlled to be in 

the range of 40 – 50 Lux for all flies. Locomotor activity was collected with second generation 

Drosophila Activity Monitoring (DAM2) System monitors in one-minute bins (Trikinetics, 

Waltham, MA). Fly sleep was measured for five days, and analysis was done on the first day of 

behavior. Although data consistency from day one to day five is relatively high, a minority of flies 
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died during recording (from desiccation due to an accidental breach of the wax plug integrity, or 

other unknown factors). Therefore, the first full day of behavior is used for all sleep analyses. 

Sleep analysis was done with Excel macros provided by Dr. Paul Shaw (Washington 

University). Per convention, sleep was measured as bouts of uninterrupted inactivity lasting 5 

minutes (Andretic and Shaw 2005). Daytime sleep is defined as the total amount of sleep during 

the first twelve hours of the day (this is the period during which lights are on). Daytime sleep is 

defined as the total amount of sleep during the first twelve hours of the day (this is the period 

during which lights are on). Sleep data shown in Figure 1A were provided by Dongkook Park 

and were obtained by crossing UAS-dcr2; pdf-GAL4; females to UAS-dimm RNAi males. Two 

different DIMM RNAi lines from the VDRC library were tested: a KK line with precisely inserted 

UAS-RNAi, as well as DIMM RNAi from the GD library, which was created by random insertion 

transgenesis (Dietzl et al. 2007). 

RESULTS 

Functional genetic screen of integrated DIMM targets  

 The 170 transcripts that were identified by integrating DIMM ChIP-chip targets and the 

LEAP transcriptome are encoded by a total of 116 genes (Chapter 3 Table 3). Therefore, this list 

of 116 “integrated” genes likely represents true DIMM targets. In addition to in vivo binding and 

expression, DIMM can directly transactivate at least 12 of these target genes in luciferase in 

vitro transactivation assays (Chapter 3 Figure 4). Nevertheless, it is currently not known how 

DIMM target genes might affect the physiology of LEAP cells. Therefore, the role of these genes 

in DIMM-dependent LEAP cell functions was tested in a genetic screen for sleep defects. When 

DIMM expression is reduced in PDF-expressing LNv neurons, flies exhibit increased daytime 

sleep (Figure 1A). This effect can be solely attributed to DIMM+ large LNv neurons, which are a 

subset of LEAP cells (Sheeba et al. 2008; Shang et al. 2008). DIMM- small LNv neurons do not 
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express DIMM and likely have no role in sleep (Park et al. 2008; Sheeba et al. 2008; Shang et 

al. 2008).  

 In order to test the effect of DIMM target gene knockdown on sleep, RNAi was used to 

trigger gene knockdown in LEAP cells and the effect of this manipulation on sleep was 

monitored. Of the 116 DIMM target genes identified by integrating ChIP-chip and RNA-Seq data, 

62 were available from the VDRC KK RNAi library. These 62 isogenic RNAi lines were created 

by precise P-element insertion were tested 2 – 4 times as independent biological replicates in 

sleep assays. Results showed that manipulating many of DIMM target genes had an effect on 

one or more sleep parameters. Various sleep parameters examined included: sleep latency 

(time to the first sleep episode of the night), length of sleep episodes (bouts) during the day and 

night, length of the longest sleep episode during the day and night, as well as the number of 

sleep episodes during the day and night (Andretic and Shaw 2005). The most obvious effect of 

DIMM knockdown in PDF+ neurons is an increase in daytime sleep. Therefore, this was the first 

parameter examined in the sleep screen (Figure 1B). Indeed, knockdown of many of the high 

confidence DIMM targets in LEAP cells showed a tendency towards increased daytime sleep, 

which partially phenocopied DIMM loss-of-function sleep phenotype (Figure 1A). This effect was 

not significant by a one-way ANOVA with a Bonferroni correction except in the case of Tango14 

knockdown. A third of the crosses tested had daytime sleep changes that were significant by an 

unpaired student t-test (p-value 0.05). By visual inspection, RNAi lines clearly cluster in the right 

half of the graph, whereas control flies (shown in black) sleep ~100 minutes during the first 

twelve hours of the day (Figure 1B, 1C). RNAi manipulations with some of the most extreme 

deviations in daytime sleep were: Tango14, CG15394, jaguar (Myosin VI), and Rpn9 (Figure 

1C). Additionally, many genes had strong effects on other sleep parameters (data not shown).  
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DISCUSSION 

 When genome-wide studies yield lists of genes implicated in a certain process, it is 

commonly useful to evaluate the validity of such genes in a functional screen. Since LEAP cells, 

and in particular the large LNv DIMM+ neurons, have been implicated in sleep control, I chose 

to conduct an RNAi-based screen for sleep defects induced by loss of DIMM target gene 

expression in LEAP cells. The sleep screen showed that knockdown of a significant portion of 

the DIMM target genes identified by interactome/transcriptome integration produced sleep 

defects. In particular, a third of tested RNAi lines phenocopied DIMM RNAi sleep defects with 

statistical significance.  

There are several explanations available for explaining why all RNAi lines did not 

phenocopy DIMM RNAi sleep defects. Many DIMM target genes could function redundantly with 

several other proteins, so it is unlikely that knockdown of any one gene would be able to 

phenocopy the DIMM loss-of-function sleep phenotype. Indeed, only a few genes produced a 

sleep phenotype across all the various sleep parameters such as daytime and nighttime sleep, 

sleep latency, the number and length of sleep episodes. Nevertheless, many genes produced 

defects in at least one of these categories compared to controls. Furthermore, due to the 

inherent variability in sleep time results that exists even after the most rigorous controls, it is 

entirely possible that finishing the screen with 4 biological replicates for each tested genotype 

could lead to increased ability to determine statistical significance (Andretic and Shaw 2005).  

Another potential reason for why some of the tested 62 lines failed to show statistically 

significant sleep changes could be due to the GAL4 line used in the sleep study. Although c929-

GAL4 overlaps greatly with DIMM-expressing neurons, this collection of cells is highly 

heterogeneous with respect to neuropeptide expression. C929-GAL4 cells express at least 17 

different neuropeptides, and likely more (Park et al. 2008). It is possible that some 

neuropeptides could be sleep-promoting, whereas others, such as PDF, could be wake-



Chapter 4 

	
  172 

promoting (Parisky et al. 2008). Therefore, interfering with synthesis, accumulation, storage or 

trafficking of sleep-promoting and wake-promoting neuropeptides could have neutralizing effects 

on sleep. In other words, sleep defects induced by RNAi-based knockdown of DIMM target 

genes in one subgroup of c929-GAL4 cells could be cancelled out by another subgroup of c929-

GAL4 cells. This could be correct by perhaps using pdf-GAL4 for a repeat sleep screen. This 

GAL4 line is only expressed by ~20 PDF-expressing peptidergic neurons that have clearly been 

implicated in wake-promoting activity (Sheeba et al. 2008; Shang et al. 2008). 
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Figure 1. Genetic screen for sleep defects induced by RNAi of DIMM targets derived from 

integrated interactome / transcriptome analysis (A) DIMM RNAi in PDF-expressing LNv cells 

increased daytime sleep compared to w1118 controls. Pdf-GAL4 was used to knock down DIMM 

expression with two different dimm RNAi constructs from the Vienna Drosophila RNAi Center 

(VDRC). (B and C) DIMM targets were knocked down by RNAi expressed in DIMM+ cells. UAS-

dcr2; c929-GAL4; females were crossed to UAS-RNAi males from the VDRC attP-based KK 

Library or the UAS-attP empty vector controls. (B) Knockdown of many of the integrated DIMM 

targets in DIMM-expressing cells shows a tendency towards increased daytime sleep, which 

partially phenocopies DIMM loss-of-function sleep phenotype. Daytime sleep values are 

displayed for 62 tested KK VDRC RNAi lines (blue) and the attP control progeny (shown in black 
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color). Histograms represents means and SEMs of at least two and in most cases three or four 

independent biological replicate assays (C) Sleep per hour depicted over a circadian day for 

selected genotypes from the same analysis as in (A). Control shown in black.  
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THESIS SUMMARY 

This thesis presents two approaches to understanding the mechanism that DIMM 

uses to instruct cells to produce LDCVs, scale up RSP components and develop most or 

all competencies required of a NE cell except for selection of neuropeptide cargo. In 

Chapter 2, I contributed molecular and bioinformatic efforts to a larger, multidisciplinary 

study. This study aimed to understand how DIMM functions by trying to identify a few 

crucial DIMM targets and to confirm the fidelity of these targets by multiple assays. The 

contribution of these individual gene targets to DIMM-dependent physiology was 

assessed by cellular, molecular and proteomic assays. This study provided the first 

specific clues about how DIMM functions in a molecular context. In Chapter 3, I took a 

genome-wide approach to understanding the mechanism of DIMM function. I first 

attempted to identify all direct genomic targets of DIMM by ChIP-chip. In order to 

correlate genome binding to gene activation, I profiled gene expression in LEAP cells by 

RNA-Seq. I then merged these two data sets by identifying ChIP-chip targets that were 

enriched in LEAP cells. The integration of these two data sets allowed me to obtain the 

most direct measure of DIMM direct gene targets. In Chapter 4, I carried a pilot genetic 

screen for sleep behavioral defects caused by RNAi-based knockdown of DIMM target 

gene expression. These results show preliminary effects on sleep that need to be further 

investigated. In sum I produced a body of information detailing precisely how DIMM 

operates in LEAP cells by identifying the genes that it regulates, their expression levels 

and preliminarily, some functional consequences of their knockdown. Here I discuss the 

overall scope of the work, including what I see as limitations and caveats, as well as a 

summary of the major conclusions and my opinions on potentially useful future 

directions. 
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Section on Limitations. 

Limitations of tagged DIMM::MYC ChIP-chip. 

 In Chapter 3, I carried out tagged ChIP-chip to identify direct DIMM binding 

targets. This approach is a modification of traditional ChIP-chip, which is carried out with 

native antibodies against the transcription factor of interest to immunoprecipitate DNA-

protein adducts after crosslinking. I resorted to tagged ChIP-chip after originally 

attempting ChIP with an anti-DIMM antibody that was developed in the laboratory, and 

which has shown specificity in tissue staining and Western blots. Unfortunately, this 

“native” antibody did not perform well in ChIP-chip in my hands. According to my reading 

of the literature, this is not an uncommon occurrence, as ChIP antibodies must be able 

to capture fixed epitopes in solution. I therefore adapted my approach by using the 

GAL4-UAS system to express a single copy of a DIMM transgene tagged at the C-

terminal with 6 copies of the human hexapeptide MYC tag. I used c929-GAL4 in 

combination with the TARGET system in order to achieve precise, spatiotemporally 

controlled induction of DIMM::MYC only in DIMM+ adult neurons (McGuire et al. 2003).  

Application of affinity-tagged transgenes is a frequently-used strategy for carrying 

out ChIP-chip in vivo (Kolodziej et al. 2009; Mazzoni et al. 2011). Tagged ChIP-chip is 

used when a ChIP-grade antibody is not available or when a native antibody recognizes 

several isoforms of a transcription factor, or also when it recognizes heterologous 

molecules (Harada and Nepveu 2012). Nevertheless, as with any approach, including 

native antibody ChIP-chip, there are drawbacks to tagged ChIP-chip. One major 

potential source of error (false positives) is genome-binding artifacts arising from 

overexpression of the transcription factor being studied. The hypothesis here is that 

increasing expression levels of the transcription factor under study, beyond those found 

in normal cells, leads to increased competition with other transcription factors for similar 



Chapter 5 

 180 

binding sites in the genome. This, in turn, could cause promiscuous binding to occur at 

those loci not normally bound by the transcription factor in question. While this is a valid 

point, several experiment-specific conditions need to be examined. The main issues are 

those of space and time where the ChIP-chip transgene is induced. Is transgene 

induction global, e.g., in the whole brain, or is it more limited, as I performed my study in 

Chapter 3? Second, is the transgene induced from the birth of the animal, when 

chromatin structure is being established, or is the transgene induced in fully 

differentiated, adult cells, as in Chapter 3? In the latter example, the animal develops 

chromatin boundaries normally, and its cells express normal levels of transcription 

factors, until the transcription factor transgene is turned on in adult, post-mitotic cells. 

Overexpression artifacts are more likely to happen with broad overexpression that 

begins at birth and is maintained for the life of the animal. In order to avoid such artifacts, 

I selectively induced DIMM::MYC in adult cells that normally express DIMM.  

Another issue is the potential for off-target binding by a transcription factor that is 

expressed at supra-physiological levels. For example, it may compete with other similar 

transcription factors (in this case, other members of the Atonal superfamily of bHLHs) for 

related target sites. In theory, extraneous binding would be weaker than endogenous 

binding because affinity for sites normally bound by other bHLHs is presumably lower 

than the affinity for the sites that the particular bHLH under study binds on its own. False 

positives could also occur by binding to sites that match the native binding site but are 

normally not bound by any transcription factors. Since bHLHs are known to bind six-base 

pair long E-boxes (Powell and Jarman 2008), such sequences occur throughout the 

genome in all parts of a gene, as well as intergenically at a rate of approximately once 

every 2 kB. It is possible that some of these sites are found in open chromatin due to 

stochasticity or unrelated transcription. Hence, an overexpressed transcription factor 
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could bind to such sites more frequently than the same transcription factor at physiologic 

levels. Finally, it is possible that the affinity tag that is placed at the N or C-terminal of a 

transcription factor could interfere with the native function of the transcription factor in 

question, or it could cause some neomorphic interactions. The UAS-DIMM::MYC 

transgene used in Chapter 3 is capable of rescuing the dimm null mutants (Hewes et al. 

2003). Therefore, the possibility that the MYC hexapeptide interferes with the normal 

function of DIMM is less likely, due to the successful transgene rescue of the mutant.  

A recent study examined results obtained from tagged ChIP versus native 

antibody ChIP against the bHLH Olig2 at great length (Mazzoni et al. 2011). 

Comparisons between native antibody and tagged ChIP-seq showed that endogenous 

Olig2 and inducible Olig2-V5 ChIP-seq experiments were in agreement (Mazzoni et al. 

2011). Furthermore, the binding-site distribution found in both experiments was also 

highly concordant (Mazzoni et al. 2011). Comparing the read counts at enriched peaks 

showed that only 0.2% and 1.1% were differently enriched in the native Olig2 and Olig2-

V5 ChIP experiments, respectively (Mazzoni et al. 2011). This is the first study to 

systematically compare tagged ChIP and native ChIP results. The authors used a 

doxycycline-inducible system in differentiating embryonic stem cells and generated 24 

tagged lines. Interestingly, the authors observed that the efficiency and homogeneity of 

transgene induction declined in postmitotic neurons (Mazzoni et al. 2011). My DIMM 

ChIP-chip study (Chapter 3) likely does not suffer from the decreased postmitotic 

efficiency because ChIP-chip was carried out in vivo, in cells that were already 

expressing normal levels of DIMM. Therefore, the chromatin state of DIMM-positive cells 

already allowed for DIMM expression and DIMM target expression, with DIMM cell 

specification and progenitor delineation having occurred normally during DIMM::MYC-

unaffected development. Furthermore, DIMM is normally expressed only in postmitotic 
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neurons, with DIMM expression not commencing until the neuroblast daughter cell exits 

the cell cycle in the embryo (Allan et al. 2005; Hewes et al. 2003). Nevertheless, even 

though the experimental setup that I used in Chapter 3 differs from that of Mazzoni et al. 

(2011), both sets of experiments were carried out on tagged transcription factors that 

were induced from transgenes. Mazzoni et al. (2011) were fortunate to have ChIP-grade 

native antibodies available in addition to the tagged transgenes. The authors were 

therefore able to compare tagged ChIP-seq results directly to native antibody ChIP-seq 

results and observed a remarkable overlap in results.  

The above referenced study is an example of an excellent validation study that 

demonstrates the utility of tagged ChIP in identifying transcription factor binding 

(Mazzoni et al. 2011). Nevertheless, each system is different, so proper scrutiny would 

require that each tagged ChIP experiment be verified by native antibody ChIP. In most 

cases, this is not possible, because tagged ChIP is usually employed because native 

antibody ChIP failed or a native antibody is not available. In the case of DIMM, there 

currently is no ChIP-grade native antibody available. Therefore, DIMM::MYC ChIP-chip 

results cannot be compared against DIMM native antibody ChIP-chip. It is possible that 

some of the binding peaks identified by DIMM ChIP-chip could represent overexpression 

artifacts and not true DIMM binding sites. This possibility cannot be completely excluded, 

no matter how careful the experimental design is.  

Even with native antibody ChIP-chip, there is no guarantee that all identified 

binding sites represent true events. In most cases, authors test the performance of a 

certain number of binding sites in transcription factor luciferase reporter assays, such as 

the one employed in Chapter 3. This in vitro assay directly tests the ability of an 

activating transcription factor to activate luciferase expression from an enhancer 

fragment located on an episome. An alternative technique is the electrophoretic mobility 
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shift (EMSA) assay, which is even more devoid of a cellular context and can have a high 

rate of false positives. Ultimately, gene expression studies are another way to deduce 

the validity of ChIP-chip results. Optimally, a gene expression profile of the cell type in 

which the ChIP-chip transgene was induced should be obtained. Additionally, it is 

beneficial to have a loss-of-function gene expression profile, obtained from the cell type 

of interest lacking expression of the transcription factor under study. In Chapter 3, I 

presented the LEAP cell transcriptome but we currently do not have a DIMM loss-of-

function LEAP cell transcriptome. The normal transcriptome is useful in assessing the 

correlation of ChIP-chip peaks with gene expression. As outlined in Chapter 3, the basic 

assumption is that DIMM acts as an activator of gene expression. Therefore, DIMM 

binding in the proximity of a gene should correlate with the enrichment of that gene in 

LEAP cells.  

FACS sorted cells may be damaged 

 Preparation for FACS sorting requires that cells be disaggregated from each 

other and dissociated into single cells or clumps of a few cells (Givan 2011).  During 

FACS, cells are exposed to mechanical damage from high pressures and speeds. As a 

consequence, all information about tissue architecture and cell distribution is lost after 

FACS sorting (Givan 2011). Strictly speaking, such information is not required for gene 

expression profiling or ChIP-chip studies. These studies do not examine the morphology 

of cells, but rather their RNA or nuclear contents. Nevertheless, dissociation of cells in 

preparation for FACS can damage cells even before FACS is started. When fragile cells 

are put through a FACS machine that generates high pressures and speeds, the cells of 

interest can be further damaged. FACS can produce strong shearing forces, making it 

tricky to sort more fragile, adult neurons (Hempel et al. 2007). Whether or not this affects 

gene expression depends on the tissue and cell type, dissociation method, type and 
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speed of FACS sorting and other factors. Cell viability after FACS sorting can be 

checked by various vitality dyes that enter damaged cells that have initiated apoptosis. In 

order to assess cell vitality, I used a vital dye in Chapter 3, which showed that the 

majority of LEAP cells are alive after sorting. Although cells may be intact mechanically, 

it is still possible that they are quite altered due to FACS sorting. The key parameter here 

is the amount of time between tissue harvesting and the sorting endpoint, which is RNA 

capture in cell lysis buffer. This last step essentially freezes the cellular RNA contents in 

time by lysing cells and neutralizing RNase activities. In my experiments, I tried to keep 

this time as short as possible, to minimize any cell damage effects of cell sorting.   

 The major argument I can offer against the possibility that the quality of the RNA-

seq results I obtained were compromised by the FACS methods is that the DIMM-

positive collection of cells produced the heavy enrichment of DIMM and neuropeptides 

that was expected from our prior understanding of DIMM cell biology. For example, there 

are certain neuropeptides that are expressed exclusively in DIMM-positive LEAP 

neurons, whereas others are expressed in DIMM-negative ones exclusively, and yet 

others in both sets (Park et al. 2008).  My results were highly concordant with these 

three general categories.  Hence I submit that the possibility for a biasing of my results 

(due to disruption of gene expression by cell isolation) appears low. 

Section on Major Conclusions 

A delimited and defined number of transcription factors downstream of DIMM 

In Chapter 3, I showed that only a few transcription factors are found amongst 

DIMM targets. One transcription factor family appeared to be overrepresented: members 

of the Atf/CREB family of bZIP genes. The fact that several bZIP genes are DIMM 

targets is intriguing in light of the fact that DIMM only activates six transcription factors, 

and those six come from three transcription factor families. There are an estimated 451 
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sequence-specific transcription factors in Drosophila (The Drosophila Transcription 

Factor Database FlyTF.org, v1.0). Of 451 transcription factors, there are only 16 bZIP 

genes and 4 of the 16 bZIPs are DIMM targets. Compared to the relatively small bZIP 

gene family, other transcription factor families contain many more members: bHLHs (53 

members), homeodomain factors (73 members) and zinc finger transcription factors (91 

members). The fact that four of six DIMM-targeted transcription factors are bZIPs is likely 

telling of DIMM function. ATF/CREB bZIP factors control a wide variety of physiologic 

processes, but what they share in common is transcriptional control of stress-response 

genes (Persengiev and Green 2003).   

One member of the mammalian ATF/CREB family, Atf2 has been shown to 

interact with three beta cell enriched transcription factors to cause synergistic activation 

of the insulin promoter (Han et al. 2011). This is interesting in light of the fact that data 

presented in this thesis strongly argue against DIMM acting as a transcriptional activator 

of neuropeptide expression. Drawing parallels to Atf2 in the mammalian beta cell, it is 

possible that some of the ATF/CREB transcription factors that DIMM activates could 

contribute to the transcriptional activation of individual neuropeptide genes. Therefore, 

while DIMM does not activate neuropeptides, some of its downstream transcription factor 

targets could do so combinatorially with other factors. Another mammalian ATF/CREB 

factor, Atf-1, acts as a potent repressor of cyclic AMP-responsive element (CRE)-

mediated transcription. Atf-1, also known as Inducible cAMP early repressor (ICER) 

plays an important role in the mammalian neuroendocrine and circadian systems, where 

it regulates transcription of the neuropeptide melatonin (Foulkes et al. 1996; Foulkes et 

al. 1997). ICER also coordinates reaction to hypothalamic-pituitary-adrenal axis 

stimulation by inhibiting Corticotropin Releasing Hormone (CRH) transcription (Della 

Fazia et al. 1998; Borlikova and Endo 2009). The fact that several mammalian and fly 
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ATF/CREB factors play roles in the (neuro)endocrine system provide more support for 

the role of DIMM as the super-organizer of such factors, and thereby the secretory 

capacity of a cell. 

One view of scaling factor action is that such factors do not activate many 

transcription factors. If a scaling factor activated many downstream transcription factors, 

its effects would depend on the timing and ability of the downstream transcription factors 

to exert precise and coordinated effects on their genomic targets. This would delay 

action of the master scaling factor itself and would therefore not be a very effective way 

to exert its function. Instead, a scaling factor can act more immediately by activating 

‘terminal’ genes needed for specific functions in a subcellular compartment, such as 

LDCVs.  In addition to these “terminal” genes, a scaling factor would activate only a few 

key transcription factors that are also responsible for the function of a particular 

subcellular compartment.  

If DIMM had to control a large number of downstream transcription factors, its 

function would require a coordinated effort of multiple downstream DNA-binding activities 

that would have to produce a timely effect on the transcriptome of the cell. In contrast, I 

propose that if DIMM activates a few downstream factors and many direct RSP 

participants, this would allow for a more dynamic and direct function in the RSP. Some of 

the downstream transcription factors that DIMM activates are also known transcriptional 

repressors. This would be another point of regulation of the transcriptome. Instead of 

acting directly as a transcriptional repressor, DIMM could activate specific transcriptional 

repressors that would then inhibit certain pathways or genes, whose function might 

directly interfere with the expansion and operation of a robust RSP. The study of 

Hamanaka et al. (2010) showed that DIMM promoted the peptidergic cell fate at the 

expense of the classic neurotransmitter cell fate. The molecular arm of this repression 
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was never identified and work presented in Chapter 3 provides the first clues as to how 

this might be achieved. Furthermore, it is possible that DIMM activates several 

transcriptional repressors that function in negative feedback loops, similar to some 

members of the clock system (Nitabach and Taghert 2008). Two of the six transcription 

factors targeted by DIMM are already known to participate in negative feedback loops 

(Matsumoto et al. 2007; Kadener et al. 2007). 

Neuropeptides are not downstream of DIMM 

Analysis of DIMM targets in Chapter 3 shows that neuropeptides are not direct 

DIMM targets. Allan et al. (2005) had put forward the hypothesis that DIMM performs two 

related functions in individual DIMM cells: that DIMM directly activates its exclusive gene 

targets (like PHM) and that DIMM cooperates with different sets of other transcription 

factors to produce codes specific to activate different neuropeptide genes. Hamanaka et 

al. (2010) proposed an alternative hypothesis – that DIMM does not participate in 

neuropeptide (cargo) gene activation, but only in the support of the “peptidergic 

secretory machinery.” My systematic analysis now fully supports and validates the latter 

hypothesis. Work in Chapter 3 is one of the first demonstrations that scaling factors such 

as DIMM act on whole subcellular compartments instead of on the specific cargo inside 

those compartments. This is well in agreement with the idea of scaling factor action. 

Scaling factors are thought to act on whole subcellular compartments, regardless of the 

particular cell subtype. The idea is that many heterogeneous types of cells are found 

even within a single tissue. For example, DIMM-positive cells express at least 17 

different neuropeptides, and likely more (Park et al. 2008). Therefore, LEAP cells are 

highly heterogeneous with respect to their peptidergic identity, but they share the ability 

to make, store and release large amounts of neuropeptides. DIMM ensures this ability, 

but does not act as the master selector of peptidergic identity. Instead, there are likely 
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several other transcription factors that act combinatorially to select appropriate 

neuropeptides for expression in the dedicated cell type. This ensures that all LEAP cells 

have the cellular capacity for neuropeptide secretion, and can appropriately select the 

correct neuropeptide(s) for expression, and ultimately, for their dedicated NE function. 

DIMM activates the major neuropeptide biosynthetic enzymes 

 Results from Chapter 3 also demonstrated that DIMM activates all major 

neuropeptide biosynthetic enzymes. Although this finding is somewhat intuitive (meaning 

it would have been difficult to explain if it had not been true), demonstrating it, and 

demonstrating the extent to which it is true among all possible genes encoding modifying 

enzymes remains a valuable contribution.  In the case of peptidergic neurons, the 

biosynthetic and processing enzymes are located in the trans-Golgi and also packaged 

within immature LDCVs, where they operate directly on peptide precursors. Hamanaka 

et al. (2010) elegantly demonstrated DIMM’s capacity to instruct cells to make ectopic 

LDCVs. DIMM, along with Mist1, is the only known transcription factor able to scale up 

LDCVs inside a cell. Based on Chapter 3 results, one can predict that the ectopic LDCVs 

produced inside photoreceptors contain all major neuropeptide biosynthetic enzymes 

(Hamanaka et al. 2010).  The number of known or putative enzymes controlled by DIMM 

is five, and includes both ones whose roles in neuropeptide biosynthesis are well-

established (like Prohomone convertase 2) as well as ones not previously described as 

such (e.g., slamdance; Zhang et al. 2002). 

Unexpected roles of DIMM targets: endocytosis and RNA regulation 

 Amongst unexpected findings in Chapter 3, the inclusion of genes involved in 

endocytosis and RNA metabolism as direct DIMM targets were particularly novel. The 

endocytosis genes are intriguing because they are the first link between DIMM and 

processes that could be occurring after massive neuropeptide release (suggested to 
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normally occur in LEAP cells). Changes occurring at the cell membrane during 

prolonged and copious release of neuropeptides are not trivial as the cellular contents 

and architecture are rapidly changing. Such a cell likely needs to replenish numerous 

structural components, as well as major signaling factors, and orchestrate a highly 

choreographed re-capture of LDCV membrane from the plasma membrane for recycling. 

From work on classic neurons, it is known that endocytosis is one way of replenishing 

critical components that are lost during synaptic transmission (Südhof 2007). Following 

exocytosis, synaptic terminals must rapidly replenish their vesicle pool by locally 

recycling synaptic vesicles (Zhang 2003). Recent work has shown that in many 

synapses, exocytosis of neurotransmitter is coupled to endocytosis, and that synapses 

have evolved a specialized apparatus of scaffolding proteins to comply with these 

demands (Haucke et al. 2011). Exocytosed synaptic vesicle membrane proteins and 

lipids are recycled at the periactive zone that surrounds the release site, in order to 

restore functional synaptic vesicle pools for reuse and to ensure long-term functionality 

of the synapse (Haucke et al. 2011). It is therefore entirely possible that cellular sites of 

NE cargo release have similar requirements for the replenishment of basic building 

blocks necessary for their type of neurotransmission. DIMM could play a role in this 

process by directing transcription of proteins involved in endocytosis of specific cargo, 

which may be particularly important for the proper functioning of LEAP cells. By virtue of 

this significant target list, my work is the first to call attention to the fundamental 

importance of LDCV endocytosis in the biology of peptidergic neurons.   

RNA regulation is another process that was not previously implicated to be 

included in DIMM action mechanism. Several RNA-regulatory factors were identified as 

major DIMM targets in Chapter 3. How regulation of various RNA species affects LEAP 

cell physiology is entirely unknown at this point. There are several examples of bHLH 
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transcription factors activating RNA-binding proteins with key roles in the processes 

controlled by the bHLH in question. One such example is the bHLH MyoD and its RNA-

binding protein target Seb4/RBM24 (Li et al. 2010). MyoD activates RBM24 in the 

developing Xenopus embryos and loss of RBM24 produces a phenotype similar to a 

MyoD dominant negative mutant (Li et al. 2010). Therefore, the MyoD target gene 

RBM24 appears to be required for expression of myogenic genes in the frog embryo (Li 

et al. 2010). Another example comes from the mammalian bHLH NeuroD and its RNA-

binding protein target SRp38 (Liu and Harland 2005). NeuroD activates SRp38 and 

SRp38 inhibits neuronal differentiation at a step between neurogenin and neuroD activity 

(Liu and Harland 2005). SRp38 inhibits neural differentiation in the Xenopus embryo but 

it does not affect neural induction or competence (Liu and Harland 2005). SRp38 is a 

known mitotic splicing repressor, but it may also act by regulating ribosome biogenesis, 

via its binding to the 28S rRNA (Liu and Harland 2005). The examples of RBM24 and 

SRp38 illustrate that RNA-binding proteins that are transcriptionally activated by certain 

bHLHs may play important roles in biologic processes controlled by the bHLH in 

question. What is interesting about DIMM-targeted RNA-binding proteins is the fact that 

LEAP cells are a mature, post-mitotic lineage. Therefore, the RNA-binding proteins that 

DIMM targets do not function in the context of a developing, highly mitotic lineage. 

Nevertheless, the intracellular environment in NE cells might be similarly dynamic 

because NE cells are required to integrate many environmental stimuli and to produce 

long-lasting effects on the whole organism. It is possible that due to the highly complex 

nature of LDCV formation, storage, traffic and release, particular RNAs must be 

precisely modified with respect to their half-lives, biochemical modifications, translation 

and localization.  
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The value of establishing all major gene targets for a regulatory transcription 

factor  

 Establishing a particular transcription factor’s gene regulatory interactome and 

interpreting these results in the context of a cell-specific transcriptome are important for 

various reasons. First, this will help us understand how a particular transcription factor 

acts inside a cell in order to accomplish its various functions. Specifically, for a scaling 

factor, this will allow us to understand how whole subcellular compartments are 

constructed inside of cells. Second, interactome / transcriptome identification is helpful 

because we currently lack complete models of transcription factor action in specific cell 

types, as opposed to whole tissues. Publicly supported group projects such as 

modENCODE and ENCODE have understandably focused on profiling whole tissues. 

Cell-type specific models of transcription factor actions are useful especially in 

evolutionary contexts: do Drosophilids use more or less complicated gene regulatory 

hierarchies to accomplish similar tasks as mammals? Does a fly scaling factor 

accomplish the same scaling effect as a homologous mammalian scaling factor by using 

the same types of tools, or by using completely different tools? If so, do both types of 

scaling factors arrive at their goal by completely different methods? Or is the gene 

regulatory logic required for scaling conserved between mammals and flies? Although 

these questions might seem esoteric, they have real life applications. For example, beta 

cells have LDCVs and a robust RSP. Attempts at understanding beta cell biology have 

been ongoing for decades, but we are still unable to effectively repair a defective RSP 

inside these cells. Diabetes is rapidly escalating as a 21st century epidemic, yet, we do 

not know understand in great detail how beta cells are constructed to make insulin. 

Section on Future Directions. 

Elucidating LEAP cell LDCV content and uniformity by ultrastructural methods 
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Transmitters are stored in vesicles and granules that have transmitter-specific 

morphological characteristics.  For example, glutamate-filled and acetylcholine-

containing vesicles are round, small (~35 nm in diameter) and display a clear core 

(Watson and Schürmann 2002; Honda and Semba 1995). GABA-containing vesicles are 

often small and clear, but flattened (Fabian-Fine et al. 2000; Hamori et al. 1990).  Amine 

containing granules are slightly larger and have a characteristic dense core (Shkolnik 

and Schwartz 1980).  Peptide-containing granules are significantly larger (80-200 nm) 

and also display a dense core (Borgonovo et al. 2006; Crivellato et al. 2005; Crivellato et 

al. 2006; Edwards 1998). Overall, LDCVs tend to be at least twice the size of small 

synaptic vesicles (Bruns et al. 2000). Given the association of DIMM with the biology of 

peptide LDCVs (Hamanaka et al. 2010), it is natural to inquire about the relationships 

between the individual genes that DIMM activates and the production, stabilization, 

trafficking, accumulation, release and or endocytosis of LDCVs. If DIMM instructs cells 

how to scale up the LDCV compartment, an obvious question pertains to the nature of 

the LDCVs formed. If DIMM acts through a single mechanism, the implicit assumption is 

that it will instruct the cells to produce a single type of LDCV. Since LDCVs are a 

subcellular structure, they can only be effectively visualized by electron microscopy 

(EM). It could therefore be useful to assess the consequences of DIMM action at the 

ultrastructural level by obtaining EM images of purified LEAP cells. The number, size 

and characteristics of LDCVs could be assessed in detail from EM images. If the 

prediction is true, LEAP cells should have a fairly homogenous pool of LDCVs that are 

produced in response to DIMM action. An interesting correlate is that peptide-containing 

granules in non-DIMM cells may have a distinct category of LDCVs (morphologically, 

biochemically, physiologically distinct).  On the other hand, LEAP cell LDCVs could be 

heterogeneous if their underlying peptide cargo has important consequences on the 
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size, shape and characteristics of the LDCVs that house the cargo. Just such a 

relationship between cargo content and LDCV morphology has been proposed for the 

case of granules containing the Atrial Natriuretic Factor (Baertschi et al. 2001).   

Identifying DIMM loss-of-function transcriptome  

In Chapter 3, I identified the normal LEAP cell transcriptome. While this is a 

useful first step in assigning ChIP-chip peaks to genes, its value will be even grater once 

it can be compared to the gene expression profile of LEAP cells that have acutely lost 

DIMM expression. This loss-of-function gene expression profile would be a snapshot of 

changes in transcript levels that occur with loss of DIMM support and help interpret the 

full list of DIMM targets identified in Chapter 3. The loss-of-function transcriptome would 

allow one to check whether or not LEAP cells lose expression of identified DIMM target 

genes when they lose DIMM expression. Furthermore, it is likely that numerous other 

genes will have perturbed levels, as an indirect / downstream consequence of DIMM 

loss. Changes in the expression of these genes would tell us about what downstream 

processes DIMM controls. This would be helpful in case that DIMM acts not only as a 

scaling factor, but also in other, as of yet, unknown ways. Furthermore, the DIMM loss-

of-function gene expression would be helpful in identifying any genes that DIMM might 

repress. In this case, such genes would be expected to be upregulated upon DIMM loss.  
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