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Elimination of cells and tissues by apoptosis is a highly conserved process. In Drosophila, the 

entire wing epithelium is completely removed shortly after eclosion. The cells that make up this 

epithelium are collectively eliminated through a highly synchronized form of apoptotic cell 

death, involving canonical apoptosome genes.  Here I present evidence that transcription of the 

IAP antagonist, head involution defective (hid), is acutely induced in wing epithelial cells prior to 

this process. hid mRNAs accumulate to levels that exceed a component of the ribosome and 

likewise, Hid protein becomes highly abundant in these same cells. hid function is required for 

collective cell death, since loss of function mutants show persisting wing epithelial cells and, 

furthermore, silencing of the hormone bursicon in the CNS produced collective cell death 

defective phenotypes manifested in the wing epithelium. Taken together, these observations 
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suggest that acute induction of Hid primes wing epithelial cells for collective cell death and that 

Bursicon is a strong candidate to trigger this process, possibly by activating the abundant pool of 

Hid already present. This model of collective cell death in the wing is predictable, easy to 

observe, and experimentally tractable. Previous studies have shown that mutants in the canonical 

apoptotic pathways share a late-onset blemishing and persisting cells phenotypes and here I 

present data of two other possible cell death gene candidates. First, I show that a compound 

deletion, 33B(del), which removes vps33B and part of fur1, generates late-onset blemishes and 

persisting cells in the wing blade. These phenotypes cannot be rescued by a vps33B genomic 

rescue, and the possibility exists that the phenotypes are due to fur1.  Finally, I show that 

silencing of CTCF, a protein involved in chromosomal looping and 3D genomic organization, 

also generates late-onset blemishes and persisting cells in the wing blade. These results, together 

with the binding sites annotation in the Reaper region, suggest that CTCF might be coordinating 

the expression of the IAP antagonists, hid in particular, by chromosomal looping.  Taken 

together, these studies contribute to the characterization of collective cell death in Drosophila.  
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CHAPTER ONE 
Introduction 

 
PROGRAMMED CELL DEATH IN DEVELOPMENT  

 

Why do cells die? 
 

Multicellular organisms use physiological mechanisms of cell death for many different 

purposes, for development and morphogenesis, to control cell number, and as a defense strategy 

to get rid of infected, mutated, or damaged cells (Vaux and Korsmeyer 1999). Normal 

development in higher organisms entails the production of excess cells and the orderly and 

directed removal of those that are no longer needed. In a human, around a hundred thousand cells 

are produced every second by mitosis, and a very similar number die by a physiological suicide 

process known as apoptosis, which will be discussed in the next section.   

Programmed cell death and apoptosis 

The term “programmed cell death” refers to a predictable form of physiological cell death 

that always happens at the same developmental stage and in the same pattern. It was first 

recognized by Carl Vogt, in 1842, who saw dying cells in the neuronal system of developing 

toad embryos (Vaux and Korsmeyer 1999).  Later, Kerr and colleagues defined a new and 

distinct type of cell death while studying ischaemic liver injury. Unlike classical necrosis, this 

new type of cell death involved conversion of scattered cells into small round masses of 

cytoplasm, chromatin condensation, preservation of lysosomes and other intact organelles and 

culminated in phagocytosis and digestion of affected cells (Kerr 2002). The confluence of many 

different studies and ideas ultimately culminated in the formulation of the apoptotic concept. 

This distinct form of cell death suggested an active and inherently programmed phenomenon. It 
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plays an essential role in normal development, cellular turnover in normal adult animals, and 

endocrine-dependent tissues under hormonal control. This form of cell death accounts for both 

normal involution and pathological atrophy of tissues, occurrs spontaneously in malignant 

tumors, and is implicated in tumor regression in response to some chemotherapeutics (Kerr 

2002).  

According to the Nomenclature Committee on Cell Death (NCCD), apoptosis describes a 

specific morphological aspect of cell death. Apoptosis is accompanied by rounding-up of the 

cell, retraction of pseudopods, reduction of cellular volume (pyknosis), chromatin condensation, 

nuclear fragmentation (karyorrhexis), classically little or no ultrastructural modifications of 

cytoplasmic organelles, plasma membrane blebbing (but maintenance of its integrity until the 

final stages of the process) and engulfment by neighboring phagocytes (in vivo) (Kroemer et al. 

2009). Therefore, it is not correct to assume that “programmed cell death” (PCD) and 

“apoptosis” are synonyms, because cell death, as it occurs during physiological development, 

can manifest non-apoptotic features (Kroemer et al. 2009).  

Evolutionary conservation of apoptotic pathways 
 

The first programmed cell death genetic studies were made in the nematode C. elegans. 

These studies identified two genes, ced-3 and ced-4, that are absolutely required for all cell 

deaths in this worm (Ellis and Horvitz 1986) (Danial and Korsmeyer 2004). The caspase CED-3 

initiates all somatic cell death and CED-4 is its only activator, meanwhile CED-9, a Bcl-2 

homologue, prevents cell death (Ellis and Horvitz 1986) (Adams and Cory 2002). Subsequent 

studies identified the mammalian homologues of these genes: the CED-3 mammalian counterpart 

is Caspase 9, CED-4 is homologous to Apaf-1 and CED-9 is a multidomain Bcl-2 family 

member (Fig. 1-1) (Fuchs and Steller 2011) . Another important model organism to study PCD 
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during development, and the focus of this dissertation, is the fruit fly, Drosophila melanogaster. 

This model organism is very popular because of its rapid generation time and the ease with 

which it can be handled in the laboratory. Flies also benefit from a comprehensive range of 

methods for carrying out molecular genetic research; these include P-element-mediated 

transgenesis, a versatile gene-overexpression system based on the yeast Gal4-UAS system, and 

the Flp-FRT system for carrying out site specific recombination (Venken and Bellen 2005). The 

core components of the fly apoptosome, as shown in Fig. 1-1 are Dark (homologue of Apaf-1 

and CED-4) and Dronc (homologous to Caspase 9 and CED-3) (Rodriguez et al. 1999; Quinn et 

al. 2000). 

Regulation of caspase activation  
 

Caspases, a highly specialized class of proteases, are the central components of the 

apoptotic pathways. They are translated as zymogens (full-length form), which are catalytically 

inactive (Lee et al. 2011). The zymogen consists of a prodomain, a large and a small subunit. 

Activation occurs through dimerization and proteolytic cleavage, separating the large and small 

subunits (Kumar 2007). Depending on the length of the prodomain, caspases are divided into 

initiator (also known as apical or upstream) and effector (also known as executioner or 

downstream) caspases, initiator caspases have long prodomains with regulatory motifs such as 

the caspase activation and recruitment domain (CARD) in Caspase 9 in mammals and Dronc in 

Drosophila (Lee et al. 2011).  

In nematodes, the decision to activate caspase-dependent cell death is made at an 

upstream level, through the inhibition of the caspase inhibitor CED-9(Hay and Guo 2006). In 

mammals, positive death signals drive the activation of long prodomain initiator caspases, which, 

in turn, promote apoptosis by cleaving and activating short prodomain effector caspases that 
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target other cellular proteins (Hay and Guo 2006). In mammals and flies, once activated, 

caspases are negatively regulated by members of the inhibitor of apoptosis protein (IAP) family 

(Vaux and Silke 2005). In Drosophila, many cells have constant activation of the initiator 

caspase Dronc, which is mediated by Dark, and cells survive this continuous death stimulus 

because they express Diap1, an IAP family caspase inhibitor (Hay and Guo 2006). 

Genetic analyses in flies identified three additional genes that are required for embryonic 

cell death: reaper, hid and grim. These genes are collectively referred to as the RHG genes 

(Bergmann et al. 2003). The RHG genes are contained within the H99 cell death locus, also 

known as the Reaper region, are all transcribed in the same orientation and encode partially 

redundant functions (Cashio et al. 2005). These proteins share a common motif at the N-

terminus, referred to as the RHG motif or the IAP-binding motif (IBM) that is essential for the 

ability of these proteins to induce apoptosis: deletion of the motif results in partial or complete 

loss of their apoptosis-inducing activity (Bergmann et al. 2003; Salvesen and Abrams 2004). The 

functional homolog of the RHG proteins is Smac. In humans, Smac also contains an RHG/IBM 

motif (Fig. 1-2) (Haining et al. 1999). Point mutations are only available for hid (see Chapter 2), 

nevertheless, there are two chromosomal deficiencies which in trans delete the rpr locus and 

leave the rest of the H99 genes intact but in an heterozygous state (Cashio et al. 2005). 

Therefore, although the rpr deletion experiments are not conclusive, together with data from the 

hid mutants evidence suggests that the H99 genes are not functionally equivalent, although they 

may use similar mechanisms to induce cell death (Peterson et al. 2002).  
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Role of Diap1 and RHG proteins in cell death 
 

In Drosophila, caspase activation depends on Diap1 binding to the RHG proteins (or IAP 

antagonists), Rpr, Hid and Grim (Sandu et al. 2010). Diap1 belongs to a highly conserved class 

of proteins, all of which contain between one and three tandem baculoviral IAP repeat (BIR) 

motifs (Cashio et al. 2005). Some of the IAPs, including Diap1, also contain a C-terminal RING 

(really interesting new gene) domain, which encodes an E3-ubiquitin ligase that is required for 

ubiquitin-mediated degradation (Bergmann et al. 2003). Furthermore, Diap1 binds and inhibits at 

least two of the fly caspases, Drice and Dronc (Meier et al. 2000) (Bergmann et al. 2003).  

Studies by Chai and colleagues demonstrated that the IAP antagonists directly interact 

with Diap1 through contacts formed between residues of the RHG motif and the BIR domains of 

Diap1 (Chai et al. 2003). The initiator caspase Dronc is inhibited by directly binding to the BIR2 

domain in Diap1, which occludes the Diap1 binding pocket required for binding of the RHG 

proteins (Chai et al. 2003). Therefore, associations between Diap1/Dronc or Diap1/IAP 

antagonists are mutually exclusive, and there are three possible outcomes from these 

interactions: 1) autoubiquitination of Diap1, 2) suppression of Diap1-mediated ubiquitination of 

Dronc, and 3) N-end rule degradation of Diap1 (Ryoo et al. 2002; Chai et al. 2003; Salvesen and 

Abrams 2004).  

Ubiquitination is best studied in the context of proteasomal degradation. The E3-ligase 

activity (ubiquitination) of the RING domain of Diap1 is modulated by binding of the RHG 

proteins Reaper, Hid, and Grim (Bergmann et al. 2003). This interaction induces auto-

ubiquitination of Diap1, targets Diap1 to the proteasome, and relieves Diap1 caspase inhibition 
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(Yoo et al. 2002). Conversely, ubiquitination of the initiator caspase Dronc by Diap1 does not 

trigger degradation of full-length Dronc, instead it controls Dronc’s processing and activation in 

a non-proteolytic manner (Lee et al. 2011). Diap1 can also be degraded by the N-end rule, which 

states that the identity of the N-terminal residue determines the half-life of the protein 

(Bergmann et al. 2003). While full-length Diap1 does not contain a destabilizing residue, 

cleavage by the effector caspases Drice and Dcp1 results in a fragment that contains a 

destabilizing Asn residue at the N terminus, and is rapidly degraded by the N-end rule pathway 

(Bergmann et al. 2003). Finally, the RHG proteins not only induce Diap1 ubiquitination, but are 

themselves targets of Diap1-mediated ubiquitination and degradation. A study by Olson and 

colleagues suggests that RHG and IAP proteins mutually control their abundance, providing a 

balance between death-inducing and survival-promoting signals (Olson et al. 2003).  

A model of collective cell death in Drosophila  
 

In the 1970s, Seligman and colleagues were the first ones to look at cell death in the wing 

of the adult blowfly, Lucilia cuprina. They performed body part ligature experiments and 

observed cytoplasmic fragments from dead cells originating from the wings, probably from the 

degenerating wing hypodermis (Seligman et al. 1975). Johnson and Milner, in the 1980s, were 

the first ones to describe the ultrastructural changes in the adult Drosophila wing 24 hours after 

eclosion. They observed that while the wing is expanding, the epidermal cells detach from the 

cuticle and all the cellular fragments are removed from the wing blade between 2-3 hours after 

eclosion (Johnson and Milner 1987). Later on, Kimura and colleagues showed that at the last 

step of metamorphosis in Drosophila, the wing epidermal cells are removed by programed cell 

death and they visualized these cells using a nuclear-localized GFP transgene (Kimura et al. 
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2004). This particular type of cell death is dependent on dronc, since persisting cells are 

observed 24 hours after eclosion in the wing blades of dronc mutant animals (Xu et al. 2005).  

 

Evolutionary conservation of collective cell death 
 

Previous lab members showed that the death of epithelial cells that form the dorsal and 

ventral layers of the adult wing blade occurs in a collective, synchronized, and coordinated 

manner rather than at random (Link et al. 2007). This is not a single and rare process in nature, 

actually, there are other examples of collective cell death, like the uterine epithelium shedding 

and the mammary gland regression, and this speaks in favor of a conserved process. Cell death in 

the reproductive system is required because of the cyclical growth and re-modelling of tissues 

occurring throughout adult life- at least until menopause in females (Gosden and Spears 1997). 

In the vagina, cyclical regression is accompanied by lower levels of Bcl-2 protein and higher 

levels of the apoptosis-inducing Fas ligand, and thus, the uterine epithelium is shed (Gosden and 

Spears 1997). Dying cells are rapidly phagocytosed by neighboring cells without an 

inflammatory reaction (Gosden and Spears 1997). Even though there are no studies that show a 

collective form of cell death, tissue sections suggest that all uterine epithelial cells died in a very 

short window of time. Conversely, after lactation has ceased the mammary gland undergoes 

dramatic involution involving suppression of the beta-casein gene and regression of the glandular 

epithelium, endothelial and myoepithelial cells by an apoptotic process that is almost entirely 

absent in the functioning gland (Gosden and Spears 1997).  

 

In Chapter 2, I present and discuss my findings that suggest that the pro-apoptotic gene, 

hid, is responsible for collective cell death in the wing epithelium. Furthermore, I present 
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evidence suggesting Bursicon-Rickets hormone-receptor pathway may trigger this synchronized 

and coordinated behavior. Chapter 3 and 4 focus on Fur1 and CTCF, two other candidate 

regulators of collective cell death in the wing epithelium.  
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Figure 1-1. Evolutionary conservation of apoptotic pathways. 
 
Schematic showing parallel apoptotic pathways between nematodes, flies and mammals. In the 
nematodes, CED-3 encodes an apical caspase homologous to Dronc and Caspase-9, meanwhile CED-4 
has homology to mammalian Apaf-1 and Drosophila Dark. CED-9 is an inhibitor of apoptosis and it is 
homologous to mammalian Bcl-2 family of proteins. The inhibitors of apoptosis (IAPs) negatively 
regulate apoptotic caspases. The IAP antagonists, in flies and mammals, compete with the IAPs to 
activate the apoptosome.   
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Figure 1-2. Conservation of the RHG/IBM domain.  
 
Each of the H99 genes as well as their mammalian counterpart, Smac, share a conserved N-terminal 
region, the RHG or IBM motif (red box). The rest of their sequences are not conserved and they vary 
significantly in size. This motif allows the fly proteins to bind to Diap1 and release its inhibition of the 
procaspase Dronc. 
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CHAPTER TWO 
 
 

CHARACTERIZING THE ROLE OF HID IN COLLECTIVE CELL DEATH IN THE 

WING EPITHELIUM 

 

Introduction 
 

Programmed cell death (PCD) is essential for the elimination of tissues and organs during 

development and aging (Jacobson et al. 1997; Vaux and Korsmeyer 1999). Apoptosis, one form 

of PCD, is highly conserved in both vertebrates and invertebrates and involves the condensation 

of DNA followed immediately by nuclear and cytoplasmic fragmentation. Resulting cellular 

bodies are engulfed by phagocytes or neighboring cells (Kerr 1991).  

In Drosophila melanogaster, a unique form of apoptosis occurs in the adult wing within 3 

hours after eclosion. Unlike the canonical apoptotic process, death of epithelial cells that form 

the dorsal and ventral layers of the adult wing blade occurs in a synchronized and coordinated 

manner rather than at random (Link et al. 2007).  Engulfment does not appear to occur within the 

wing, but instead apoptotic corpses are washed into the body of the fly (Link et al. 2007). After 

elimination of epithelial cells, the dorsal and ventral cuticles fuse together making a functional 

wing. Although collective cell death in the adult fly wing is uniquely different from the canonical 

apoptotic process, our lab previously showed that removal of the apoptosome components dark 

and dronc, or the effector caspase drice in the wing leads to persisting cells and a distinctive, 

late-onset blemishing phenotype, characteristic of a PCD defect (Link et al. 2007). Live cell 

imaging of wings from newly eclosed flies revealed that the apoptotic changes spread rapidly 

throughout the epithelium, usually starting from the peripheral edges and moving across the wing 
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blade (Link et al. 2007). These results suggest that execution of wing epithelial PCD requires the 

tight coordination of death signals, in addition to the canonical apoptotic pathway.  The 

collective nature of these signals and how they engage with apoptotic components are largely 

unknown.  

Hormones play an important role in PCD. In Drosophila development, the steroid 

hormone ecdysone acts as the apical signal to initiate the stage-specific elimination of larval 

tissues during metamorphosis (Yin and Thummel 2005). Ecdysone-induced expression of reaper 

(rpr) and head involution defective (hid) is required for destruction of the larval midgut and 

salivary glands during metamorphosis (Yin and Thummel 2004).  While hid is the primary driver 

of salivary gland PCD, both rpr and hid act in a redundant manner in the midgut (Yin and 

Thummel 2004).  Another hormone, bursicon, is required for the final steps of ecdysis, including 

cuticle hardening and tanning, wing expansion, and wing epithelial cell death (Peabody et al. 

2008). Mutations in rickets (rk), which encodes the Bursicon receptor, prevent PCD leading to 

persisting epithelial cells, observed 8 hours after eclosion in the wing blade (Kimura et al. 2004). 

Although studies suggest a role for bursicon in PCD, a direct link between the rickets-bursicon 

signaling pathway and collective PCD in the wing epithelium has not been established. Here, we 

present evidence that the pro-apoptotic gene, hid, is acutely induced and the corresponding 

protein becomes highly abundant prior to collective PCD.  Furthermore, bursicon silencing in the 

CNS generated characteristic PCD phenotypes in the wing without preventing Hid accumulation.  

Taken together, our observations suggest that this hormone may be a trigger that elicits collective 

apoptosis among cells that are already primed for death with an IAP antagonist.  
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Materials and Methods 

Fly strains and husbandry 
 

 w1118 flies were used as wild-type controls. All lines were obtained from the 

Bloomington Stock Center except for hid5’F-WT, hid5’F-E2FMut (gifts from Wei Du) and the 

following hid alleles: hidA22, hidA329, hidA206, and hidWR+XI (gifts from Hermann Steller).  

Dual color whole wing clones 

Dual color clonal analysis was generated by crossing ms1096-Gal4, UAS-FLP; FRT42D-

GFP animals to dark82 FRT42D; UAS-DsRed. Newly eclosed adult flies were isolated and 

immobilized with super glue on glass slides and imaged with a stereomicroscope (SteREO 

Discovery V.12; Carl Zeiss MicroImaging, Inc.) with PentafluarS using a 1.5X PlanApoS lens, 

an MRm or MRc5 digital camera (Axiocam), a dual color filter and Axiovision Release 4.6 

software.   

RT-PCR 

Pupal (P13-P14 stages, when wings become black), and newly eclosed (unexpanded) 

wings were dissected (approximately 30 wings per prep) and frozen in Trizol until the RNA 

extraction process.  Total RNA was isolated using Trizol Reagent and cDNA was generated 

using Bio-Rad’s iScript cDNA synthesis kit. Semi-quantitative PCR was carried out using 

Promega’s GoTaq Green PCR kit, samples were run on 1% agarose gels with ethidium bromide 

and imaged using the Typhoon Trio system (Amersham Biosciences). rp49 signal (“band 

volume”) was used to normalize signal (“band volume”) from all the genes in the H99 region. 

qRT-PCR analysis was done using iQTM SYBR Green Supermix by Bio-Rad. The PCR reactions 
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included the supermix, cDNA template, and primers at a final concentration of 500mM. The 

qPCR reaction was carried out on the CFX96TM Real-Time PCR Detection system by Bio-Rad. 

Droplet Digital RT-PCR (ddRT-PCR) 

Digital RT-PCR reactions included primers and fluorescent probes specific for each 

transcript together with Bio-Rad’s ddPCR Supermix for Probes. Droplets were generated using 

the Droplet Generator (Bio-Rad) with 20ul PCR sample and 70ul Droplet Generator Oil (Bio-

Rad). Droplets were transferred to 96 well PCR plates (Eppendorf), heat sealed, and run on an 

Eppendorf Mastercycler Pro to saturation (45 cycles).  Droplets were read on the Droplet Reader 

(Bio-Rad). Quantasoft software (Bio-rad) assesses the number of positive and negative droplets 

and applies Poisson statistics to generate an absolute measurement of starting DNA molecules. 

rp49 transcript was used as RNA quality control. 

Immunoblotting and Antibodies 

Pupal and eclosed wing protein lysates (approximately 200 wings per lysate) were 

separated by SDS-PAGE, transferred to Immobilon-P membranes (Millipore) and 

immunodetected with the specified antibodies. Blots were further developed by incubation with 

corresponding secondary antibody and visualized using enhanced chemiluminescence (GE 

Healthcare). Monoclonal mouse anti-Hid CL1C3 (gift from Hermann Steller) was used at 

1:1000, rabbit anti-Diap1 (gift from Hyung Don Ryoo) was used at 1:500, rabbit anti-Bursicon-

alpha (gift from Benjamin White) at 1:1000, mouse anti-Tubulin E7 (Hybridoma Bank) at 

1:5000, goat anti-mouse HRP (Jackson ImmunoResearch) at 1:2000, and goat anti-rabbit HRP 

(Jackson ImmunoResearch) at 1:2000.  
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Detection of persisting wing epithelial cells 

yw; NeoFRT42D ubi mRFP nls (ubiquitous nuclear RFP) flies were crossed to 

hidA22/hidA329 transheterozygotes. After eclosion, adults were aged from 1 to 10 days. Wings 

were removed, mounted on glass slides, and visualized using a fluorescent DLM (Axioplan 2E; 

Carl Zeiss MicroImaging, Inc.) at a 20X magnification. OpenLab software was used to acquire 

florescent images. 

hid>GFP constructs 
 

3 genomic fragments of hid 5’ flanking sequence were amplified by PCR from w1118 

genomic DNA. hidA-GFP was amplified using primers SacII_F and XhoI_R.1, the fragment 

length was 1013 bp. hidB-GFP was amplified using primers SacII_F.2 and XhoI_R.2, the 

fragment length was 1267 bp and hidC-GFP was amplified using primers SacII_F.1 and XhoI_R, 

the fragment length was 1052 bp. All primers used integrated SacII and XhoI cut sites into the 

amplified fragments that were used for cloning into the pH-Stinger vector (Barolo et al. 2004). 

Constructs were prepared and sent to Rainbow Transgenic Flies (Camarillo, CA) to perform the 

injections. Multiple p-element insertion transgenic lines were established for the 3 genomic 

fragments and examined for reporter gene expression in the wings.  

Microscopy 

Adult wings were dry mounted and images were acquired using a dissecting microscope 

(Olympus SZX10) at a 1.25X magnification and CellSens Standard software. All images were 

taken at room temperature and were processed in ImageJ or Photoshop. Occasionally, images 

were linearly rescaled to optimize brightness and contrast uniformly without altering, masking, 

or eliminating data. 
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Results 

The pro-apoptotic gene hid is acutely induced prior to collective cell death in the 

wing epithelium 

In Drosophila, a deletion removing the pro-apoptotic genes rpr, grim, and hid, blocks 

virtually all PCD in response to different death-inducing signals (White et al. 1994) (Grether et 

al. 1995) (Abrams 1999). Wings mosaic for this deletion (Df (H99)) show persisting cells and a 

late-onset blemishing phenotype, a characteristic indicator of a PCD failure (Link et al. 2007). 

Although rpr, grim, and hid may induce apoptosis through similar mechanisms, it is clear that 

they are not functionally equivalent in vivo.  Previous studies have shown that these genes are 

differentially expressed in dying cells and in response to different signals (Peterson et al. 2002). 

To determine which of the pro-apoptotic genes encoded in the H99 region might provoke 

collective PCD, I quantified changes in expression of all genes in the H99 region in pupal- and 

newly eclosed-wings (Fig. 2-1 (A) and Table 2-1). Using semi-quantitative RT-PCR, I found 

abundant expression of hid in pupal- and newly eclosed-wings while other apoptotic genes in the 

H99 region, rpr, grim and sickle (Kroemer et al.), were expressed at uniformly low levels (Fig. 

2-1 (B)). To extend these findings, I quantified hid, rpr and skl expression at different wing 

developmental stages (wing disc, pupal-, and eclosed- wing) using a droplet digital PCR 

(ddPCR) system (Table 2-2). ddPCR enables an absolute quantification of the pro-apoptotic 

transcripts within a sample (Link et al. 2013) and, as seen in Fig 2-1 (C), hid is highly expressed 

and uniquely abundant compared to other genes in the H99 interval, at least 300 fold. In fact, 

levels of hid mRNAs in eclosed wings were about 3 fold higher than levels of a highly abundant 

transcript, ribosomal protein 49 (rp49) (Fig. 2-1, (C)). Furthermore, between pupal stage (P13) 

and eclosion, a time interval of approximately 24 hours, hid transcripts dramatically increased by 
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at least 10 fold, demonstrating that acutely induced expression of this gene anticipates collective 

PCD (Fig. 2-1 (C)). Given that negligible expression was seen for rpr, grim, and skl, these results 

suggest that collective PCD phenotypes associated with the H99 region reflect a major role for 

hid in this process. 

Hid protein levels increase prior to collective PCD while Diap1 levels remain 

constant 

To my knowledge, there is no published data of endogenous Hid protein detection by 

Western Blot. To validate Hid detection, I tested 3 different anti-Hid antibodies in wild type and 

Hid mutant samples. First, I tested a rabbit anti-Hid serum from Kristin White’s lab using whole 

cell lysates from whole adult animals, wild type and different hid alleles (Abbott and Lengyel 

1991) (Grether et al. 1995) in trans and observed no signal on the blot. I then tested the same 

blot with a guinea pig anti-Hid antibody from Don Ryoo’s lab, which detected a promising band 

in all the samples around the expected size for Hid (~45 KDa) (Figure 2-2, (A)). Finally, using 

the same samples as the previous blot, I tested the mouse anti-Hid CL1C3 antibody from 

Hermann Steller’s lab (Haining et al. 1999). Interestingly, in the hidA22/hidA329 lane, the ~45 KDa 

putative Hid band disappeared (Figure 2-2, (B) red arrow). Given these results, I decided to 

continue using the anti-Hid CL1C3 for future experiments.  

To investigate whether the dramatic increases seen for hid mRNAs also occurred at the 

protein level, whole cell lysates were prepared from wild type pupal and eclosed wings, and 

blotted using anti-Hid CL1C3 antibody (Haining et al. 1999). As shown in Figure 2-3 (A), Hid 

protein was undetectable in pupal wings but eclosed wings showed high levels of Hid when 

compared to Tubulin as a loading control. To corroborate that the band we are observing is in 

fact Hid, we prepared protein extracts from eclosed wings from hidA22/hidA329 trans-
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heterozygotes (Abbott and Lengyel 1991) and blotted with the same anti-Hid CL1C3 antibody. 

As expected, full-length Hid was absent while a truncated form of Hid, consistent with hidA329 

allele, appeared in trans-heterozygous wings (Fig. 2-3, (B)). These observations establish that, 

like hid mRNAs, Hid protein levels become acutely induced and highly abundant prior to 

collective cell death in the wing epithelium.  

Diap1 is a pivotal regulator of PCD that binds directly to, and inhibits, apical (Dronc) and 

effector caspases (Dcp1, Drice) (Vaux and Silke 2005). IAP antagonists, such as Hid, promote 

apoptosis by destabilizing Diap1 and releasing Dronc to initiate cascades of caspase activity.  

Therefore, collective PCD in the wing could also involve changes that alter levels of Diap1 

(Ryoo et al. 2002). To test this possibility, I blotted protein lysates from wild type pupal and 

eclosed wings with an anti-Diap1 antibody (Ryoo et al. 2002) As seen in Fig. 2-3 (C and D), 

despite the dramatic accumulation of Hid protein that anticipates collective PCD, Diap1 

transcript and protein levels were unchanged. 

hid function is required for collective PCD 

To functionally test the role of hid during collective PCD, I examined trans-heterozygotes 

from different hid mutant alleles: hidA22, hidA206, hidA329, (Abbott and Lengyel 1991) and 

hidWR+XI (Grether et al. 1995). As previously reported by Grether and colleagues, when I crossed 

hidA22, hidA206, hidA329 in trans to each other, each mutation partially complemented the recessive 

lethality of the other. All the surviving mutant trans-heterozygotes showed abnormal wing 

phenotypes. It is worth mentioning that surviving trans-heterozygotes from the cross between 

hidA22 and hidA206 were not observed. The abnormal wing phenotypes of hid mutant trans-

heterozygotes had been previously described as having an opaque appearance and trapped fluid 

at a lower penetrance (Abbott and Lengyel 1991). Furthermore, I also crossed these mutants to 
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another mutation, hidWR+XI, which deletes the 5’ end of hid and completely abolishes its 

transcript (Grether et al. 1995). As expected, all the trans-heterozygotes from these crosses also 

showed abnormal wing phenotypes. More importantly, I examined wings from all the different 

trans-heterozygote mutant combinations and found they were morphologically wild type at 

eclosion (Fig. 2-4 (A)). However, over 4-8 days, melanized blemishes appeared throughout the 

wing blade and became more severe as animals aged (Fig. 2-4 (B-F)). This progressive, late-

onset blemishing phenotype was previously observed for mutants defective in dark, dronc, drice, 

and the H99 deletion, and is characteristic of defects in cell death genes (Link et al. 2007).   

To further characterize the defective PCD phenotype observed in hid trans-heterozygote 

wings, I used a ubiquitous nuclear RFP reporter (see Materials and Methods) to visualize wing 

epithelial cells immediately after eclosion.  As seen in Fig. 2-5 (A), all epithelial cells are cleared 

from wild type wing blades within 3 hours after eclosion and any remaining RFP expression is 

restricted to the wing veins.  By contrast, in hidA22/hidA329 mutant wings, RFP positive tissue 

remains in the blade even 1 day after eclosion, demonstrating that these cells were unable to 

complete PCD (Fig. 2-5, (B)). When I imaged hidA22/hidA329 mutant wings 3 hours after eclosion, 

I observed cells arrested at different times in the apoptotic process, some that were starting 

nuclear condensation and others that had already undergone fragmentation (Fig. 2-5 (C-D)) 

These observations are consistent with previous studies using the H99 deletion (Link et al. 2007).  

Therefore, since the wings of hid mutants phenocopied wings mosaic for the H99 deletion and 

since hid is the only pro-apoptotic gene significantly expressed in the wings, hid function likely 

accounts for all collective PCD activity encoded by the Reaper region (Link et al. 2007). 
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Developmental induction of hid in the wing epithelium is transcriptionally regulated 

To investigate how hid expression is regulated in the wing epithelium, I used a hid>GFP 

line that has been previously generated (Tanaka-Matakatsu et al. 2009). This GFP reporter was 

made by fusing the 2.2 kilobase sequence upstream of hid to GFP. This region contains 

regulatory elements that control hid transcription in response to developmental signals (Tanaka-

Matakatsu et al. 2009). I measured GFP expression using quantitative RT-PCR in pupal and 

eclosed wings. As seen in Fig. 2-6 (A and D), this reporter drives GFP expression in a pattern 

almost identical to endogenous hid expression in the wing epithelium. These observations 

suggest that this 2.2 Kb fragment regulates hid expression in response to wing development 

signals.  

To further investigate whether known regulatory elements within the 2.2 Kb fragment 

control hid expression during collective cell death, I took advantage of a second GFP reporter. 

This reporter is identical to the hid>GFP reporter but has a mutated E2F binding site 

(hidmutE2F>GFP) (Tanaka-Matakatsu et al. 2009). E2F is a family of transcription factors that 

regulate a variety of processes such as cell proliferation, differentiation, and apoptosis. In 

Drosophila, there are only two E2F family proteins: dE2F1, which functions as a transcriptional 

activator and dE2F2, which mediates transcriptional repression (Frolov et al. 2001). To 

determine whether the E2F binding site specifies hid expression levels in eclosed wings, I 

quantified GFP expression in eclosed wings from hid>GFP and hidmutE2F>GFP flies. As shown 

in Fig. 2-6 (B), equivalent GFP expression was seen with both constructs, indicating that E2F 

does not specify the dramatic induction of hid that anticipates collective PCD. Nevertheless, 

when I quantified GFP expression in pupal wings from from hid>GFP and hidmutE2F>GFP 

flies, GFP levels were significantly higher in hidmutE2F>GFP pupal wings as seen in Fig. 2-6 
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(C). These results suggest that the E2F binding site mutation abolishes transcriptional repression 

in pupal wings and are consistent with previous studies showing that dE2F family members can 

function as transcriptional repressors (Frolov et al. 2001) (Moon et al. 2005). 

I also wanted to confirm the specificity of the hid>GFP reporter for expression in the 

wings. To do this, I used a different GFP reporter line that we have in the lab that contains a p53 

response element in a 150-bp sequence upstream of rpr and is fused to a nuclear GFP, called 

GHP150 (Lu et al. 2010). When p53 gets activated by different stimuli, it tetramerizes, binds to 

its response element and GFP is expressed (Wylie et al. 2014). I extracted RNA from pupal and 

eclosed wings from GHP150 transgenic flies and assayed for GFP expression using semi-

quantitative RT-PCR. As seen in Fig. 2-6 (D), GFP is not expressed in either pupal or eclosed 

wings, while rp49 expression levels are comparable between both samples. These results suggest 

that GFP expression in the wing is specifically driven by the regulatory sequences harbored in 

the 2.2 Kb fragment upstream of hid.  

Although the E2F binding site in the hid promoter region does not specify the massive 

levels of transcript in eclosed wings, there could be other transcriptional factor binding sites that 

regulate expression in the 2.2 Kb hid promoter region. To explore this possibility, I conducted 

bioinformatics analyses to find sequences of high conservation between Drosophila species in 

the 2.2 Kb hid promoter region. Using the UCSC Genome Browser (Kent et al. 2002), I 

evaluated the sequence conservation of the 2.2 Kb hid promoter sequence in 12 Drosophila 

species: D. simulans, D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. 

persimilis, D. willistoni, D. virilis, D. mojavensis, D. grimshawi, and D. melanogaster  (Fig. 2-7).  

I identified four blocks of sequence conservation, evenly distributed throughout the 2.2 Kb 

fragment (blue bars in Fig. 2-7). None of these “sequence conservation blocks” produced 
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matches for known binding sites of known transcription factors. To further resolve the sequences 

sufficient to induce GFP expression, I generated 3 overlapping fragments from the original 2.2 

Kb sequence and using the same pH-Stinger vector, and fused them to GFP and obtained p-

element transformant lines corresponding to each of the constructs (see Materials and Methods 

and Table 2-3). I then analyzed pupal wings and newly eclosed wings from each one of the lines 

under the stereoscope for GFP expression. None of the lines showed GFP expression in either 

pupal wings or newly eclosed wings. There are some possible explanations for these results. 

First, when generating p-element transformants, there is always a possibility that the construct is 

inserted in a chromosomal region that silences expression. Second, GFP could be expressed, but 

at lower levels than the original hid>GFP line, rendering expression difficult to detect with the 

stereoscope. Third, by dissecting the 2.2 Kb sequence in shorter fragments, a possible multi-

component regulatory sequence might have been disrupted. Taken altogether, these results 

demonstrate that hid’s developmental induction is transcriptionally regulated in the wing and that 

its 2.2 Kb promoter sequence contains the regulatory elements that control this induction. 

However, further work needs to be done to precisely identify these sequences and identify the 

transcription factor responsible.   

I next wanted to test if there is a compensatory up-regulation of rpr and skl in hid trans-

heterozygotes, since these animals often develop normally and the only cell death defects 

observed are late-onset blemishes and persisting cells in the wing blade. In order to test this idea, 

I isolated RNA from newly eclosed wings from hid trans-heterozygotes and from wild type flies 

as controls. Once again, using RT-ddPCR, I quantified the absolute number of hid, rpr, skl, and 

rp49 in these samples. As shown in Fig. 2-8, hid levels are still very high in hid trans-

heterozygotes when compared to rpr and skl, however hid levels are markedly lower in trans-
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heterozygotes when compared to hid wild-type. Even though there is a considerable amount of 

hid transcript being made in hid trans-heterozygotes, these transcripts are most probably non-

functional. Interestingly, rpr levels are significantly higher in hid trans-heterozygotes than in 

wild type animals. skl levels are almost undetectable in both samples. These results suggest that 

there might be a compensatory effect of rpr transcripts, but more work needs to be done to 

definitely conclude this, including, comparison of Rpr protein levels.  

 

Bursicon hormone depletion generates cell death phenotypes 
 

At eclosion, wing epithelial cells express high levels of hid but, despite extraordinary 

accumulation of this apoptotic inducer, collective cell death is held in check and only occurs 

once expansion is complete (Kimura et al. 2004).  In other contexts, for example, ectopic 

expression studies, these levels of Hid are more than sufficient to kill cells (Grether et al. 1995) 

(Bergmann et al. 1998). These observations, combined with indications that cell-cell contact is 

not required for synchronization of collective PCD, suggest the involvement of a hormonal factor 

as a potential trigger for this process (Link et al. 2007). It has been shown that the peptide 

hormone, Bursicon, is released before wing expansion and helps complete the tanning reaction 

and the hardening of the newly expanded cuticle (Kimura et al. 2004; Davis et al. 2007). 

Furthermore, it has been reported that mutations in a putative Bursicon receptor, rickets, inhibit 

cell death in the wing epithelium (Kimura et al. 2004) (Baker and Truman 2002).  Therefore, I 

used the Gal4-UAS system (Brand and Perrimon 1993) to investigate whether Bursicon plays a 

role in collective PCD. Since Bursicon is a peptide hormone made by neurosecretory cells in the 

nervous system, transgenic flies expressing synaptobrevin-gal4 (nsyb-gal4), a pan-neuronal 
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driver, were crossed to a bursicon RNAi transgenic line to silence bursicon in the central nervous 

system (CNS) and looked for phenotypes (Fig. 2-9, A). To quantify the efficiency of the 

bursicon knock-down, I prepared protein lysates from wild type eclosed wings and bursicon 

knock-down eclosed wings and blotted using a previously reported anti-Bursicon-alpha antibody, 

which specifically detects the Bursicon alpha subunit (Luan et al. 2006). As shown in Fig. 2-9 C 

(inset), Bursicon protein levels were considerably reduced in bursicon knock-down eclosed 

wings when compared to wild type eclosed wings. Importantly, we also found that flies 

expressing bursicon RNAi (nsyb-Gal4>UAS-burs RNAi) appeared wild type at eclosion, but as 

they aged, melanized blemishes developed throughout the wing blades (Figs. 2-9 A and B).  

These late onset blemishes were indistinguishable from those seen with other cell death mutants 

(Fig. 2-4) and clearly indicative of defective PCD (Link et al. 2007). To extend these findings 

and validate the specificity of the RNAi transgenic line, we took advantage of a second driver 

line that is expressed only in Bursicon neurons, burs-gal4 (Peabody et al. 2008). This driver was 

generated by amplifying the 252 bp region between the ATG start codon of burs and the stop 

codon of the nearest predicted coding sequence upstream of it (Peabody et al. 2008). This 

putative burs promoter fragment was then fused to the gal4 sequence (Peabody et al. 2008). As 

shown in Fig. 2-9 C, burs-gal4 is expressed in 14-16 neurons of the adult nervous system, and it 

has been demonstrated by Peabody and colleagues that this expression pattern mimics the 

expression pattern of bursicon alpha subunit (burs). As expected, wings from bursicon knock-

down flies using the burs-gal4 driver are indistinguishable from wild type at eclosion (Fig. 2-9 

D), and they also developed late-onset blemishes throughout the wing blades (Fig. 2-9 E).  It is 

worth noting that the blemishes started to appear later (2 weeks or later), than in hid trans-

heterozygotes (4-8 days) and other previously reported mutants. A possible explanation for this 
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observation is that we are comparing mutants against a knock-down, which probably delays the 

appearance of the blemishing phenotype. These observations suggest that late-onset blemishes in 

bursicon knock-down wings could be a result of defective PCD and that Bursicon might be 

directly involved in collective cell death in the wing epithelium.  

Depleting Bursicon does not affect Hid induction and accumulation 
 

These observations, combined with previous reports linking Bursicon to post-eclosion 

events in the wing (Kimura et al. 2004), raised the possibility that Bursicon could impact the 

induction of hid expression that anticipates collective PCD. To address this possibility, I used the 

bursicon knock-down flies generated from the cross between nsyb-gal4 and UAS-burs RNAi 

lines. As I did previously, I quantified hid transcripts with ddPCR between pupal and eclosed 

wings, using the bursicon knock-down wings and the UAS-burs RNAi wings (burs wild type 

control).  As seen in Fig. 2-10 A, hid transcripts are induced in an almost identical pattern in 

bursicon knock-down and bursicon wild type wings. On the other hand, it could also be possible 

that bursicon knock-down might affect Hid protein accumulation. Using the same bursicon 

knock-down and bursicon RNAi animals, I made protein lysates from pupal and eclosed wings 

and blotted for Hid with the same anti-Hid CL1C3 antibody.  As shown in Fig. 2-10 B, 

accumulation of Hid protein was also unaffected by silencing of Bursicon hormone. Taken 

together, these results suggest that Bursicon does not affect the induction and accumulation of 

Hid. These results, combined with the fact that Bursicon is required for collective PCD suggest 

that this hormone might trigger collective PCD among cells that are poised for Hid-mediated 

apoptosis. 

It has been reported that mutations in the rickets gene (Nagarkar-Jaiswal et al. 2015) 

inhibit wing epidermal cell death (Kimura et al. 2004; Natzle et al. 2008). These studies showed 
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persisting cells in the wings of rk mutants at 2 hours, or even 8 hours after eclosion. However, 

these observations could be indirect, since rk mutant animals have other phenotypes, including 

the fact that the wings never complete expansion after eclosion and it has not been shown so far 

that epithelial cells express rk after wing expansion. To address whether rk is expressed in the 

wings, I took advantage of a recently developed rkpan-gal4 reporter line by Benjamin H. White 

and colleagues (Diao and White 2012; Scopelliti et al. 2014). I crossed rkpan-gal4 flies with 

UAS-DsRed flies and looked for DsRed expression in pupal and newly eclosed wings from the 

offspring. As shown in Fig. 2-11 A and B, there is DsRed expression in pupal wings as well as 

newly eclosed and expanded wings. These results establish that rk, the receptor for Bursicon, is 

present in wing epithelial cells in relevant developmental stages, particularly in newly eclosed 

and expanded wings.  

Bursicon is known as the tanning and wing expansion hormone. Bursicon mutants show 

defective wing expansion and delayed melanization (Dewey et al. 2004). Here, I present 

evidence that bursicon silencing allows for the decoupling of wing expansion and wing epithelial 

cell death processes. These results suggest that wing expansion can still occur with low levels of 

Bursicon, while wing epithelial cell death cannot. In this way, I have been able to further 

characterize defective PCD by means of the late-onset blemishing phenotype caused by bursicon 

knock down, which might not have been possible with current available bursicon and rickets 

mutants. 

A “Lock, Load and Trigger” model of collective cell death 

After integrating all the data I have shown so far, I propose a “lock, load and trigger” 

model for collective PCD in the wing (Fig. 2-12). According to this model, collective PCD 
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occurs through the coincident action of a hormonal trigger together with apoptogenic priming of 

effector cells that are loaded with abundant levels of a dormant IAP antagonist.  

After a fly ecloses from the pupal case, the wings are formed by two layers of epithelial 

cells. These cells are loaded with hid transcript and abundant Hid protein but the death signal is 

“dormant” or “locked”, perhaps because Hid is modified (Bergmann et al. 1998) or because Hid 

is localized to a specific subcellular compartment (Haining et al. 1999) (Abdelwahid et al. 2007). 

After eclosion, Bursicon is released from specific neurons into the hemolymph, subsequently 

reaching the wing. Wing epithelial cells express DLGR2/Rickets, a Bursicon receptor, and 

Bursicon binds to it, initiating a cAMP/PKA signaling cascade (Kimura et al. 2004), which 

might modify Hid such that it is permissive for initiating cell death.  

Discussion and Future Directions 
 

Wing maturation in Drosophila requires the complete removal of the epithelial cells by 

PCD a few hours after eclosion from the pupal case. Since mosaic wings for mutants in the 

canonical apoptotic pathways share a late-onset blemishing phenotype, I investigated likely 

components involved in the coordination and synchronization of PCD and established that the 

pro-apoptotic gene, hid, is a major effector of this process.  Prior to collective PCD, hid 

transcription is acutely induced and Hid protein levels become highly abundant, without 

impacting Diap1. Furthermore, I have also shown that hid mutants exhibit characteristic late-

onset blemishing and persisting cell phenotypes (Link et al. 2007), providing direct functional 

evidence that hid gene action mediates collective PCD. We cannot exclude that the other IAP 

antagonists in the H99 region, grim, rpr and skl, might function in a redundant manner in 

collective cell death, since single gene mutants have not been recovered so far. Taken together, it 

seems plausible that Hid becomes highly abundant in an inactive form throughout the wing 
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epithelium, thereby priming these cells for collective PCD.  Furthermore, given the cell death 

defective phenotypes caused by Bursicon knock down (Fig. 2-9 C and F), exposure to this 

hormone could define a systemic trigger for collective PCD among Hid-primed cells.  

Intriguingly, mammalian counterparts of the Bursicon receptor, DLGR2 (Baker and Truman 

2002) encode receptors for ligands such as Follicle Stimulating Hormone and Luteinizing 

Hormone/Choriogonadotropin (dos Santos et al. 2014), which function during apoptotic removal 

of uterine tissue during menstruation which is another example of collective cell death in 

mammals (Gosden and Spears 1997).  

Even though the exact mechanism by which the death signal is triggered has yet to be 

uncovered, I have presented evidence that hid is a strong candidate to be the effector of 

collective cell death in newly eclosed wings and that the Bursicon-Rickets pathway could be the 

upstream signal that activates Hid to coordinate and synchronize PCD in the wing epithelium.   

The activation step could be related to post-translational modifications. It has been shown 

that phosphorylation of Hid by activated MAPK inhibits cell killing activity, and Hid mutants 

that lack the potential consensus phosphorylation sites are unable to be suppressed by MAPK 

(Bergmann et al. 1998). An independent study reported that ectopic activation of the Ras/MAPK 

pathway in the developing embryo and in the developing eye suppresses apoptosis and regulates 

the transcription of hid (Kurada and White 1998). It would be interesting to explore if activation 

of the Ras/MAPK pathway specifically in the wings can prevent cell death. If the Ras/MAPK 

pathway constitutively inhibits Hid killing activity by phosphorylation, it could be possible that 

Hid is in a phosphorylated state during wing development and then maybe the Bursicon-Rickets 

pathway gets activated, which in turn inactivates the Ras/MAPK pathway, Hid is de-

phosphorylated and cell death is triggered. It would be very interesting to have a Ras reporter 
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and follow its expression through wing development and there might be a down-regulation of 

Ras signal that correlates with Hid de-phosphorylation and the triggering of cell death. Kimura 

and colleagues have also shown that mutations in downstream components of the Bursicon-

Rickets signaling pathway, such as cAMP and PKA, inhibit cell death in the wing epithelium 

(Kimura et al. 2004). Interestingly, the Hid protein sequence contains three consensus PKA 

phosphorylation sites, suggesting the Hid could be a target of PKA (Grether et al. 1995). Further 

characterization of Hid’s phosphorylation status and other post-translational modifications prior 

and at the time of activation has to be made in order to gain better understanding of the 

mechanistic basis of collective PCD in the wing epithelium.  

Alternatively, regulation of Hid subcellular localization may be important for PCD. 

Previous studies have suggested that Hid has to be localized to the mitochondria to induce 

permeabilization, cytochrome C release, and fully activate the caspase cascade leading to cell 

death (Haining et al., 1999 and Abdelwahid et al., 2007). It would be interesting to see if upon 

Bursicon stimulation Hid gets translocated to the mitochondria in epithelial cells and if this 

change in localization correlates with the pattern of collective cell death. A different group also 

published evidence that the apoptotic proteins, Hid, Grim, Dronc, and Drice are expressed in the 

Malpighian tubules, but they are sequestered in the nucleus, and this way, the tubules survive 

ecdysone-triggered developmental programmed cell death of larval tissues (Shukla and Tapadia 

2011). Therefore, it could also be possible that Hid is sequestered in the nucleus in wing 

epithelial cells and then changes to a cytoplasmic localization and triggers cell death. Testing 

these ideas can be challenging, since wing epithelial cells would have to be stained with anti-Hid 

CL1C3 antibody either in the intact wing or outside of the wing on a coverslip. Although 

Gompel and colleagues have been able to stain pupal wings using an anti-Yellow antibody 
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(Gompel et al. 2005), I was not able to stain either pupal or eclosed wings. I attempted to extract 

cells from wings and let them settle in poly-L-lysine coated slides and despite some initial 

intriguing results, additional optimization is still needed to establish a working protocol.  

Finally, the Hugo Bellen lab in Baylor Medical Center, Houston, TX, has generated a 

library of MiMICs (Minos-mediated integration cassette), and, luckily, the hid locus contains a 

MiMIC insertion (Venken et al. 2011) (Nagarkar-Jaiswal et al. 2015). Following their protocol 

for protein-trapping, I was able to exchange the MiMIC cassette in hid with an mCherry cassette 

by RMCE (recombinase-mediated cassette exchange). I validated that the mCherry sequence was 

in the transformant flies and that it was in the correct orientation, but I was not able to detect any 

mCherry expression under the fluorescent microscope. However, there are other tags available 

for RMCE that could work instead of mCherry. This tool has great potential but requires 

optimization and characterization. Since RMCE-based protein trapping results in the precise 

incorporation of tags, it will permit the determination of the expression pattern and subcellular 

distribution of Hid. Well-characterized antibodies to tags that are integrated in fusion proteins are 

often superior to custom antibodies to endogenous proteins, and this might well be the case for 

Hid, since only the anti-Hid CL1C3 antibody detected endogenous Hid in wing lysates.  
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Figure 2-1. Induction of hid transcript anticipates collective cell death in the wing 
 
(A) Schematic representation of the H99 genomic interval on chromosome 3L. Black boxes represent pro-
apoptotic genes and gray boxes represent unrelated genes. (B) Semi-quantitative RT-PCR data of the 
relative transcript levels of the H99 region genes in pupal (red) and eclosed (blue) wings. (C) Quantitative 
Droplet Digital PCR (ddPCR) assay showing the absolute number of transcripts per ul for the pro-
apoptotic genes hid, rpr, skl and ribosomal protein 49 (rp49) in wing discs (green), pupal (red) and 
eclosed (blue) wings.  
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Figure 2-2. Testing anti-Hid antibodies.  
 
(A) Promising Hid band shows around 45 KDa in lysates from whole adult animals from wild type and 
different hid allele combinations when blotting with a guinea pig anti-Hid antibody from Don Ryoo’s lab. 
(B) Same ~45 KDa band appears when blotting with mouse anti-Hid antibody from Hermann Steller’s lab 
(Haining et al. 1999). Lane 5 (red arrow) with hidA22/hidA329 whole animal lysate, lacks the putative Hid 
band. 
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Figure 2-3. Accumulation of Hid protein precedes collective PCD but transcript and protein levels 
of Diap1, remain unchanged.  
 
(A) Western blot shows that abundant Hid protein accumulates in newly eclosed wings from undetectable 
levels 24 hrs earlier, in pupal (P13) wings. (B) Western blot shows absence of full-length Hid protein in 
hidA22/hidA329 trans-heterozygous wings. hidA329 encodes a premature stop that generates a ~37 kDa 
protein (band in hidA22/hidA329 lane) whereas hidA22 likely encodes an unstable protein. (C) Western blot 
shows comparable Diap1 levels between wild type pupal and eclosed wings. (D) RT-PCR shows no 
difference in transcript levels of diap1 and diap2 in pupal and eclosed wings, Anti-Hid CL1C3 antibody 
(Haining et al. 1999) was used in (A) and (B) and anti-Diap1 antibody (Ryoo et al. 2002) was used in (C). 
Tubulin is shown as loading control. PW= Pupal Wings, EW= Eclosed Wings. 
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Figure 2-4. Late-onset blemishing phenotype in hid trans-heterozygote mutant wings. 
 
(A) and (B) 1 day old and 30 days old wings from hidA22/hidA329 trans-heterozygote flies. At eclosion, 
wings from all the different hid allele combinations appeared wild type (data shown only for 
hidA22/hidA329). As early as 4 day old, melanized blemishes started to appear throughout the blade. (C-F) 8 
day old pictures of hid trans-heterozygote wings with blemishes. The hidA206/hidA329 allelic combination 
was lethal. Blemishes became more severe as animals aged, e.g. (B) 30 days old hidA22/hidA329 wing. 
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Figure 2-5. Cell death defective persisting cells in hidA22/hidA329 trans-heterozygote wings. 
 
(A) 3 hour old wing from a fly with genotype: yw; NeoFRT42D ubi mRFP nls. RFP signal is restricted to 
the veins, since all the epithelial cells have already been cleared from the blade. (B) 1 day old wing from 
hidA22/hidA329 fly, RFP positive persisting cells can be seen throughout the wing blade. (C) Wing from a 
hidA22/hidA329 3 hour old fly with persisting epithelial cells. (D) Boxed region from (C), cells that have 
started nuclear condensation (yellow arrowhead) as well as cells that have already undergone nuclear 
fragmentation (yellow arrow) can be observed in hidA22/hidA329 3 hour old wings. Scale bar = 50 um, 
except in bottom right panel = 20 um. 
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Figure 2-6. Developmental induction of hid is transcriptionally regulated in the wing. 
 
(A) Quantitative RT-PCR assay showing GFP expression in hid>GFP (hid5’F-WT) pupal and eclosed 
wings. GFP expression pattern resembles endogenous hid expression (** indicates p-value = 0.006). (B) 
Quantification of GFP expression in eclosed wings from hid>GFP and hidmutE2F>GFP (hid5’-E2FMut) 
flies. No significant difference is observed in GFP levels when the E2F binding site in the 2.2 Kb 
promoter region of hid is mutated (ns indicates not significant). (C) Quantitative RT-PCR assay for GFP 
expression in pupal wings from hid>GFP and hidmutE2F>GFP (hid5’-E2FMut) flies. GFP expression is 
significantly higher in hidmutE2F>GFP (* indicates p-value = 0.02). (D) Semi-quantitative RT-PCR 
assay on pupa and eclosed wings from GHP150 flies. No GFP expression is detected while rp49 levels 
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are comparable to hid>GFP and hidmutE2F>GFP samples. (E) Nuclear GFP signal in wing epithelial 
cells from hid>GFP flies. (F) No GFP signal is observed in a newly eclosed wild type wing.  
 
 
 
 

 
 
 
 
Figure 2-7. Phylogenetic footprint and promoter bashing for the 2.2 Kb promoter sequence of hid.  
 
Sequence conservation of the 2.2 Kb promoter of hid between 12 different Drosophila species including 
melanogaster using the UCSC Genome Browser (Kent et al. 2002). Blue bars indicate 4 blocks of highly 
conserved sequences. A, B, and C indicate three different overlapping fragments that I fused to GFP 
(green boxes) using the same pH-Stinger vector used in the original hid>GFP reporter line and generated 
transgenic lines from them.  
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Figure 2-8. Pro-apoptotic gene expression in eclosed wings from wild type and hid trans-
heterozygotes.  
 
RT-ddPCR assay showing absolute number of hid, rpr, skl, and rp49 transcripts in wild type and hid 
trans-heterozygote eclosed wings. The hid alleles that were used to make the hid trans-heterozygote 
animals are point mutations. hid levels are lower in the trans-heterozygotes when compared to wild type, 
suggesting that the point mutations might be generating unstable transcripts that are being degraded by 
nonsense mediated decay. rpr levels are higher in hid trans-heterozygotes, which suggests a 
compensatory up-regulation effect, but protein levels need to be compared before making any 
conclusions.  
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Figure 2-9. Bursicon hormone silencing in the CNS generates cell death defective phenotypes in the 
wing. 
 
(A) Schematic showing the expression pattern (in red) of the pan-neuronal synaptobrevin-gal4 driver 
(nsyb-gal4) used to knock-down bursicon. (B) Wings from bursicon knock-down flies appear wild type at 
eclosion. (C) As these animals age, late-onset blemishes start to appear throughout the wing blade. Inset 
is showing bursicon knock-down efficiency, Lane 1 is Bursicon protein levels in wild type eclosed wings, 
Lane 2 is Bursicon protein levels in bursicon knock-down eclosed wings. Tubulin is shown as loading 
control. (D) Schematic showing the expression pattern (in red) of the burs-gal4 driver, which mimics the 
expression pattern of endogenous bursicon alpha subunit (burs), burs is only expressed in 14-16 neurons 



40 

 

in the adult nervous system. (E) Wings from burs knock-down flies using the burs-gal4 driver appear 
wild type at eclosion. (F) These animals also develop late-onset blemishes as they age. (G) Using a 
ubiquitous RFP reporter, persisting cells can be observed in the blade of burs knock-down flies 1 day 
after eclosion (white arrow).  
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2-10. Bursicon does not affect hid transcript and protein induction and accumulation. 
 
(A) ddPCR assay showing the absolute number of hid transcripts in samples from pupal and newly 
eclosed wings from bursicon knock-down (nsyb>burs RNAi) and bursicon control (burs RNAi, no 
driver) flies. There is no significant difference in the pattern of hid induction between both samples. (B) 
Western blot with anti-Hid CL1C3 antibody shows no difference in Hid protein expression between wild 
type (w1118) and bursicon knock-down (burs KD) (same samples as in (A)) pupal and eclosed wings. 
PW= Pupal wings, EW= Eclosed wings. 
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Figure 2-11. rickets (rk), a gene that encodes a Bursicon receptor, is expressed in wing epithelial 
cells.  
 
(A) Pupal wing from a fly expressing rkpan-gal4 and UAS-DsRed, signal can be observed throughout the 
unexpanded pupal wing, suggesting that rk is expressed in wing epithelial cells. (B) Eclosed wing from a 
fly with the same genotype as in (A), DsRed signal can be visualized throughout the wing blade, 
establishing that the Bursicon receptor is expressed in this tissue at this developmental stage.  
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Figure 2-12. A “Lock, load and trigger” model for collective cell death in the wing epithelium.  
 
By eclosion, transcriptional regulation has loaded wing epithelial cells with abundant Hid protein, but the 
action of this apoptotic inducer is putatively “locked” and cells remain alive.  Bursicon is released into the 
hemolymph, reaches the wing and binds to DLGR2 (rickets). The Bursicon/ DLGR2 signaling pathway, 
in conjunction with the cAMP/PKA signaling pathway, could modify Hid* or alter Hid* localization, or 
Diap1 could be modified as well, enabling active Hid to trigger collective PCD.   
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Primers Sequence 
grim fwd 
 

CGCTGCTGATCTCGAAGGATATCT GAA 

grim rev 
 

AAGACTTAAAGTGCAAGCAGTGAATGG 

sickle fwd 
 

CGCATGGAATCTTAGCCACATATTGCT 

sickle rev 
 

GAGAGAATGAGCGAGACAGTGACAGAGA 

reaper fwd 
 

TTGCGATGGCTTGCGATATTTGCC 

reaper rev 
 

GTGTGCGCCAGCAACAAAGAACTA 

hid fwd 
 

CAGCCGCAACCACATCCGTCATAT 

hid rev 
 

TGGCAGACTGGATTATTGCTGCTG 

rp49 fwd 
 

ACAAATGTGTATTCCGACCAGG 

rp49 rev 
 

ATGACCATCCGCCCAGCATACA 

CG7320 fwd 
 

TGATGAACGAACAGTGGCGATTATTG 

CG7320 rev 
 

CCTGACGATACCAGCGATAAGAATCC 

CheA75a fwd 
 

TGATAATAGTACTCCTCCAACTGCTG 

CheA75a rev 
 

AGGGTTGCACAAACTGGACATAGAAC 

CG5103 fwd 
 

TCTGCTCGGACATAGGCACTGAAATG 

CG5103 rev 
 

GTGCCGTAATGCAATCCTCCTCCAAT 

CG13700 fwd 
 

ACAATGATAATGATTCCTTGGGCGAC 

CG13700 rev 
 

ATACGCCTGACTCTGAGCATTAGCAA 

CG32196 fwd 
 

TTCCCTACAATCTGTGCGTGTGTCTT 

CG32196 rev 
 

CATTGTGCTTGATCCCTCTCAGCCAT 

CG4306 fwd 
 

TGAACTACGAGTGTCTTATCGGTGTT 

CG4306 rev 
 

TGCTTAATGCTCCTCAATCGCTGAAC 

diap1_F 
 

GATGAGAGTGATGTCTGCTG 

diap1_R 
 

GAGGCGGGTTTCTTCTATAC 

diap2_F GGCCTGACATGGTTCAATAA 
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Table 2-1. Primer sequences used in RT-PCR reactions. 
 
 
 
 
 
 
Primers (or probes) Sequence 
hid probe 
 

TCCGCCGCCAAGCCCCTCTTGCAATTTCACG 

hid fwd 
 

GATGGGGATTCGAGTTCGGATTCGGAT 

hid rev 
 

CACTGCCCACCGACCAAGTGCTATA 

rpr probe 
 

TCGGATGACATGAAGTGTACTGGCGCAGGGTT 

rpr fwd 
 

GTGTGCGCCAGCAACAAAGAACTA 

rpr rev 
 

TTGCGATGGCTTGCGATATTTGCC 

skl probe 
 

CTTGCACTGGGCCGACCACCTACGAGAATCTAAC 

skl fwd 
 

GAGAGAATGAGCGAGACAGTGACAGAGA 

skl rev 
 

TCGATTTGAAAACTAGCGACTGCTTACA 

rp49 probe 
 

ATCGATCCGACTGGTGGCGGATGAAGTGCTTGGT 

rp49 fwd 
 

ATGACCATCCGCCCAGCATACA 

rp49 rev 
 

CGTAACCGATGTTGGGCATCAGATACT 

 
Table 2-2. Primer and probe sequences used in Digital RT-PCR reactions. 
 
 
 
 
 
 
 
 
 

diap2_R 
 

CAGCCTATGTAAGCGAAGTG 
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Primers Sequence 
SacII_F 
 

GAGCACTTAAAACGTGTCGCAGAC 

XhoI_R 
 

CCAATTCGACGACACAGTGCACTC 

XhoI_R.1 
 

TGCTTACTCGAGCAGTAAAACCTGAGCTAAGCAAGTTGG 

SacII_F.1 
 

TAAGCACCGCGGCGTGTTTTTGAATATACGATAAGGAGT 

SacII_F.2 
 

TAAGCACCGCGGCAATGTGAAGGGTATGTCTCAGTTGGT 

XhoI_R.2 
 

TGCTTACTCGAGTTCTTCAGAATTTTCGACGGGCCTCTT 

GFP3 Fwd 
 

CAACCACTACCTGAGCACCC 

GFP3 Rev 
 

AGCTCGTCCATGCCGAGAGTG 

rp49 fwd qpcr 
 

GCTTGTTCGATCCGTAACCGATGTTG 

rp49 rev qpcr 
 

GTCCTTCCAGCTTCAAGATGACCATC 

 
 
Table 2-3. Primer sequences used to generate hid>GFP constructs and for qRT-PCR.  
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CHAPTER THREE 
Other Projects 

 
FUR1, A NOVEL CELL DEATH GENE CANDIDATE? 

(A collaborative effort with the Kramer lab) 

 
 

Introduction 

One of the Abrams’ lab main interests is the exploration and discovery of genetic 

determinants that regulate cell death in vivo. There has been an ongoing screen for novel cell 

death mutations using the wing as a model to identify genes required for cell death. The two 

characteristic wing phenotypes that are scored in this screen are late-onset blemishes and 

persisting cells in the wing blade. Both phenotypes have been characterized as surrogates for 

defective cell death and are shared by all the components of the apoptotic pathway tested so far.  

Mohammed Akbar, in the lab of Helmut Kramer, in the department of Neuroscience in 

UT Southwestern, generated a compound deletion affecting two genes: fur1 and vps33b. As seen 

in Fig. 3-1, this deletion goes 1410 bp into the fur1 gene and removes the first non-coding exon 

and a small part of the first intron. This same deletion removes the 5’UTR and the first 3 coding 

exons of vps33b (~200 amino acids of 640 amino acids in total)(Fig. 3-1). The deletion is known 

as 33B(del) and it is homozygous viable. Interestingly, the homozygous mutants present a late-

onset blemishing phenotype and Nichole Link, a previous member of our lab, crossed in a 

nuclear RFP marker and showed that these flies failed to properly remove the wing epithelial 

cells. The wing phenotype is worse over a deficiency of the region that uncovers both genes 

(Df(3R)Exel6202), but no phenotype is observed over a deficiency which does not uncover 

either fur1 or vps33b (Df(3R)BSC788)(Fig. 3-1), and given that 33B(del) is a deletion almost 
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certainly null for vps33b, the more severe wing phenotype implicates fur1 as a potential novel 

cell death gene.   

What is fur1? 
 

The gene furin1, also known as dFur1, Furin, dKLIP-1, or Dfurin1, is a 125 Kb gene with 

9 annotated transcripts and it encodes a protein with serine-type endopeptidase activity. It has 

been described as being involved in different biological processes such as protein processing, 

synaptic target recognition, and proteolysis (dos Santos et al. 2014). One of its main functions is 

to activate cellular and pathogenic precursor proteins by cleavage, for example, cleaving pro-

NGF and generating NGF plus a pro-domain, which could be promoting the formation of a 

signaling complex to initiate apoptosis (Hayflick et al. 1992).  

Since fur1 has not been previously implicated in PCD, this project has two main 

objectives:  

1) Determine if the wing phenotypes are caused by defects in PCD 

2) Determine if fur1 is a novel cell death gene 

 

Results 

33B(del) homozygous flies show late-onset blemishes and persisting cells 
 

Since I got these flies from the Helmut Kramer lab, I wanted to check that in my hands, 

they indeed showed the late-onset blemishing wing phenotype, characteristic of defective PCD. 

As seen in figure 3-2, flies homozygous for the 33B(del) deletion appear wild type at eclosion 

(A), but 7 days after, blemishes start to appear throughout the wing blades (B and C). 

Furthermore, I also obtained a stock from the Kramer lab that contained a genomic rescue 
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fragment in the 33B(del) deletion background. This rescue fragment spans all of dVps33B plus 2 

kb of the 5’ upstream region (Fig. 3-3, A), and I examined these flies at eclosion and 7 days 

after. As was observed by the Kramer lab before, the genomic rescue does not rescue the 

blemishing phenotype and these flies developed late-onset blemishes in my hands (Fig. 3-3 B 

and C). These results suggest that the deleted region of fur1 is generating the late-onset 

blemishing phenotype, since the genomic rescue does not cover the region of fur1 that was 

deleted by the 33B(del) deletion.  

Next, I wanted to check whether the genomic rescue could rescue persisting cells, since 

Nichole Link had previously shown that 33B(del) homozygous flies and 

33B(del)/Df(3R)Exel6202 flies had persisting cells  (data not shown). Using the MS1096-gal4 

wing specific driver, I expressed nuclear DsRed in the genomic rescue; 33B(del) flies and 

imaged their wings 4 hours after eclosion. As shown in figure 3-4 A and B, DsRed positive, 

persisting cells can be observed in wings from flies with genotype: MS1096-gal4; genomic 

rescue/UAS-DsRed; 33B(del). These results suggest that the vsp33B genomic rescue cannot 

rescue the persisting cells phenotype in the 33B(del) deletion.  

Single-gene mutations for fur1 and genetic interactions 
 

Since the 33B(del) deletion is a compound deletion affecting two genes, I decided to 

check which mutants were available in Bloomington that I could test in genetic interactions and 

gather more information on whether fur1 alone is causing the late-onset blemishes and persisting 

cells. Unfortunately, there are no single-gene mutations for vps33B, but I found one allele of 

fur1, fur1rL205, and put it in trans to the 33B(del) and deficiencies and checked for late-onset 

blemishes. This allele is a p-element insertion, but it has not been reported what class of allele it 

is. The results are presented in figure 3-5 and table 1. fur1rL205 is viable over the 33B(del) 
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deletion as well as the deficiency, and no late-onset blemishes were observed when I aged these 

flies, therefore, there was no use in crossing the nuclear DsRed to check for persisting cells. 

Taken together, these results suggest that the fur1rL205 allele does not recapitulate the cell death 

defective phenotypes of the compound 33B(del) deletion, either because fur1 is not the culprit of 

the cell death defective phenotypes, or fur1rL205 is not a strong allele.  

fur1 cDNA rescue constructs 
 

In order to determine whether loss of fur1 is the cause of the late-onset blemishes and 

persisting cells phenotypes in 33B(del) homozygotes, I generated a UAS-Fur1 rescue construct 

with fur1 full-length cDNA clone from Bloomington. I ordered the LD33976 clone from 

Bloomington and upon arrival, sequenced verified it to check for any mutations and the sequence 

was had no mutations. This clone is a 3.4 kb cDNA sequence subcloned into the pOT2 vector 

with XhoI cut sites on each end. Melissa O’Neal subcloned the fur1 cDNA into the pENTR1A 

vector and subsequently into the pTW vector, which is used to generate UAS- constructs and 

Rainbow Transgenics Inc. injected the final construct and 14 different p-element transformant 

lines were recovered. I mapped 4 insertions to the 2nd chromosome, which is the convenient one 

since the deletion is on the 3rd and it needs to be homozygous. Those four lines are ready to be 

crossed to a stock that I generated that carries the wing specific vestigial-gal4 driver on the 2nd 

chromosome and the 33B(del) deletion on the 3rd. It is expected that 50% of the offspring of 

these crosses carry the driver, the rescue and the homozygous deletion. The offspring should be 

aged and checked for late-onset blemishes. If a UAS-Fur1 construct is found that rescues the 

late-onset blemishing phenotype, the persisting cells phenotype should be tested as well. This 

can be done by using the same ubiquitous RFP transgenic line that I used in Chapter 2 for the hid 
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trans-heterozygotes experiments and the MS1096-gal4 wing specific driver, which is on the X 

chromosome, rather than the vestigial-gal4, which is on the 2nd.  

Discussion and Future Directions 
 

The compound deletion 33B(del), which affects two genes: fur1 and vps33B, shows late-

onset blemishes and persisting cells in the wing blade. These phenotypes are surrogates for 

defects in programmed cell death and are shared by all the components of the apoptotic pathways 

tested so far by our lab and others. The Helmut Kramer lab also generated a genomic rescue that 

was able to rescue, to some extent, other phenotypes associated with vps33B gene activity, for 

example death by infection and bacterial accumulation in hemocytes. The late-onset blemishing 

phenotype was not rescued by this genomic transgene and these results suggested that fur1 might 

be the one generating the late-onset blemishing phenotype, characteristic of defective PCD. I 

showed that the genomic rescue does not rescue the persisting cells and tested another available 

fur1 allele, in hopes of finding single-mutants that could show the involvement of fur1 in these 

phenotypes. Making use of the available RNAi lines, I silenced fur1 specifically in the wing with 

both wing drivers: MS1096-gal4 and vg-gal4, but none of them gave any wing phenotypes (data 

not shown). Negative results from RNAi experiments can have many explanations, and not 

necessarily because there is no effect when silencing your gene of interest, so I couldn’t conclude 

anything from these results.  

I generated 14 different p-element transformant lines with a UAS-Fur1 transgene 

containing full-length fur1 cDNA. 4 of these lines were mapped to the 2nd chromosome. Future 

experiments include crossing those 4 lines to a driver/deletion stock that I generated and testing 

for late-onset blemishes in the 33B(del) homozygous background. If any of these transformant 

lines rescues the late-onset blemishing phenotype, then the next step would be to verify if the 
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persisting cells phenotype is also rescued. Furthermore, the other 10 p-element transformants 

need to be mapped and if any of them maps to the X chromosome, these can also be used to test 

for late-onset blemishes and persisting cells in the 33B(del) homozygous background.  
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Figure 3-1. 33B(del), a compound deletion affecting fur1 and vps33B.  
 
Schematic representation showing the fur1/vps33B locus, the 2.3 kb deletion 33B(del) and two 
deficiencies tested for late-onset blemishes and persisting cells in the wing in trans to 33B(del). Flies with 
the 33B(del) over the deficiency Df (3R) Exel6202 have a severe late-onset blemishing phenotype (data 
not shown), while flies with the 33B(del) over the deficiency Df (3R) BSC788 do not develop late-onset 
blemishes.  
 
 
 
 
 
 

 
 
 
 
 
Figure 3-2. Late-onset blemishes in 33B(del) homozygous flies.  
 
(A) Newly eclosed 33B(del) homozygous fly has wild-type looking wings. (B and C) Flies from the same 
genotype as (A) start showing blemishes 7 days after eclosion. Black arrows are pointing to blemished 
areas.  
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Figure 3-3. vps33B genomic rescue does not rescue late-onset blemishes.  
 
(A) Schematic of the fur1/vps33B genomic locus. 33B(del) is depicted as a parenthesis. The vps33B 
genomic rescue, generated in the Kramer lab, is shown as a green box. (B) Newly eclosed fly with the 
genomic rescue in the homozygous deletion background has wild type looking wings. (C) Fly with the 
same genotype as (B) develops late-onset blemishes 7 days after eclosion. Black arrow is pointing to 
blemishes.  
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Figure 3-4. vps33B genomic rescue does not rescue persisting cells phenotype.  
 
(A) ~4 hour old wing from a fly with the vsp33B genomic rescue in the 33B(del) background expressing 
nuclear DsRed. DsRed positive, persisting cells can be observed throughout the wing blade. (B) 20x 
image from the same wing as in (A), intact nuclei as well as debris can be observed in the wing blade.  
 
 
 
 

 
 
 
Figure 3-5. Single-gene mutations in the fur1 locus.  
 
Schematic showing the fur1 and vps33B genomic loci with reported transgenic insertion sites. fur1rL205 

allele (red box) was used in genetic interactions with 33B(del) and deficiencies.  
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 Viability Late-onset blemishes Persisting cells 
33B(del) + ++ ++ 
Rescue; 33B(del) ++ ++ ++ 
33B(del)/df + +++ +++ 
Fur1rL205 - N/A N/A 
Fur1rL205/33B(del) +++ - N/A 
Fur1rL205/df +++ - N/A 
 
Table 3-1. fur1 complementation tests. 
 
Three phenotypes were assayed for the different complementation tests: viability, late-onset blemishes 
and persisting cells. fur1rL205 is not homozygous viable, but when put in trans to 33B(del) and the 
deficiency, it becomes viable. No late-onset blemishes were observed when these flies aged and persisting 
cells were not assayed (N/A = not applicable). 
 
 
Primer Sequence 
Fur1 F 
 

ACTACCACTTCGCACATCAC 

Fur1 R 
 

CAGGCGGGTATCACATTCAT 

fur1.2 
 

GTTATCGCTCTCTGTCTCTTTC 

fur1.3 
 

GCCCTACGTTCTCGATTATG 

fur1.4 
 

CGATCCAAACGGGACTTTATC 

fur1.5 
 

ATGAATGTGATACCCGCCTG 

fur1.6 
 

CTCCTAACGCCTAGGATACA 

fur1.7 
 

TGGCATAGCCGCCCTGGTGC 

fur1.8 R 
 

CGTAGAATATCATATCCCAT 

UAS fwd 
 

CACCCGGAAGCTCACGATGAGAATG 

UAS rev 
 

GTACTCCGCTCGGAGGACAGTACTC 

 
 
Table 3-2. Primer sequences used for sequencing validation of the UAS-Fur1 construct and 
transformants.
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CHAPTER FOUR 
Other Projects 

 
CHROMOSOMAL LOOPING AND CTCF 

 

Introduction 
 

A second biomedical theme of great interest for the Abrams’ lab is the characterization of 

the p53 regulatory network by uncovering the principles of noncanonical transcription, genome 

organization, and ‘noncoding’ RNAs. In this chapter, I will talk about my efforts to try to 

elucidate the mechanism by which a single p53 response element is capable of coordinating 

stimulus dependent induction of multiple genes spanning over 300 Kb throughout the Reaper 

region.  

Previous lab members characterized a p53 response element (Dp53RE) that lies 4 Kb 

upstream of the pro-apoptotic gene reaper (rpr). Drosophila p53 protein binds to this response 

element and acts as an enhancer for rpr, a cell death gene that becomes induced after stress 

(Brodsky et al. 2000). In vivo experiments showed that this Dp53RE is sufficient for stimulus 

responsive p53 dependent expression associated with DNA breaks (Brodsky et al. 2000) (Lu et 

al. 2010).  

More recently, through loss-of-function analyses, Nichole Link demonstrated that this 

single Dp53 enhancer confers long-range cis regulation upon multiple linked genes in the Reaper 

region as well controlling unlinked loci mapping across the centromere and on different 

chromosomes (Link et al. 2013). Using chromosome conformation capture (3C), she found that 

the Dp53RE contacts these distant genes via looping interactions. These observations indicate 



57 

 

that when bound, a single p53 enhancer exerts long-range multigenic regulation in cis and in 

trans, promoting long-range interactions that organize chromatin architecture.  

I folded into this project by initiating studies on two different aims: 1) Determine the 

minimal DNA region required for chromosomal looping and gene regulation and, 2) Searching 

for transcriptional factors and binding sites necessary for p53RE regulatory function.  

Results 

Addressing sequences required for chromosomal looping by the p53RE 
 

Previous published work showed that a 19-kb rescue construct (BAC 17) containing the 

p53RE enhancer on the 2nd chromosome, when crossed into the D2p53RE line (which lacks the 

native enhancer), was able to restore some, but not all the looping contacts to the Reaper region 

despite the fact that the p53RE was relocated to a nonnative site on a different chromosome 

(Link et al. 2013). Furthermore, a smaller fragment was also tested, Rpr11, and this construct 

was able to contact sites at hid and skl (Link et al. 2013).  

Various sized rescue constructs had been generated in the lab some time ago, including a 

multimerized p53 binding site, 150 bps surrounding the p53 binding site, 2 kb, 3.5 kb, and 3.5 kb 

lacking the binding site (Brodsky et al. 2000). I chose some of these constructs to generate 

transgenic stocks.  

In order to test two things at the same time with these constructs, 1) whether a shorter 

sequence was able to restore contacts and regulation, and 2) if the p53 binding site is necessary 

for the restoration of contacts and regulation, I cloned the 3.5 kb and the 3.5dRE (mutated p53 

binding site) into the Gateway® system. This cloning technology allows for the injection of 

constructs into embryos carrying an attP-integration site for transformation and in this manner, 
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both constructs were inserted in the exact same position on the 2nd chromosome and then the 

transformants were placed in a D2p53RE background (Figure 4-1).  

To address the question whether the p53 binding site is necessary and sufficient for 

restoring chromatin contacts and regulation from ectopic positions, I took the BAC 17, which has 

been shown to be capable of restoring some contacts and regulation (Link et al. 2013) and 

mutated the p53 binding site to generate the 17dRE rescue construct (Venken et al. 2009). Using 

the recombineering technique, I inserted an RFP-KAN cassette into the BAC 17, cut it out and 

pasted the ends together to generate a mutated version of the p53 binding site (Fig. 4-2). This 

construct was injected into embryos carrying the same attP-integration site as the ones used to 

generate BAC 17 rescue flies to have both constructs in the same exact integration site on the 2nd 

chromosome, which is a different site from the 3.5 kb constructs. The 17dRE rescue 

transformant flies were then placed in a D2p53RE homozygous background in the same way as the 

3.5 kb transformant flies.  

What determines looping specificity? 
 

While the rescue constructs were being generated and placed into the D2p53RE 

homozygous background, I wanted to investigate if there are other sequences that are essential 

for the formation, stabilization and activity of these chromatin loops. In order to do this, I 

performed bioinformatics analyses to annotate the Reaper region with binding sites for 

‘chromatin architecture’ factors that have been published in the modENCODE datasets (Celniker 

et al. 2009) (Roy et al. 2010).  

Interestingly, several dCTCF binding sites have been reported in the Reaper region (Fig. 

4-3 A), and, surprisingly, two of them are flanking the p53 binding site upstream of rpr. I then 

ran several sequence alignments of both dCTCF binding site sequences from modENCODE 
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against the dCTCF core motif: AGATGGCGC (Ni et al. 2012), and only the site between rpr and 

skl had an almost perfect match to the core motif sequence (Fig. 4-3 B). These findings brought 

up two more ideas that I wanted to test. 1) Using recombineering, I could mutate the dCTCF 

binding site on BAC 17 and check if it is necessary for restoring contacts and regulation, and 2) 

Using CRISPR technique, delete the endogenous dCTCF binding site and check for differences 

in the looping pattern.  

Using the same recombineering protocol as in Fig. 4-2, I mutated the dCTCF binding site 

in the 17 BAC and generated flies with the rescue construct 17dCTCF. I then placed the rescue 

construct in the D2p53RE background and added the stock to the rescue construct stocks to check 

for restoration of contacts and regulation side by side with all of them. I have generated 4 

different rescue constructs: 3.5 Kb, 3.5dRE, 17dRE and 17dCTCF. All of them have been placed 

in the D2p53RE background and should be tested by future lab members to obtain looping and 

gene regulation profiles that can be directly compared.  

To mutate the endogenous dCTCF binding site, Melissa O’Neal and I designed a strategy 

to use the CRISPR genome-editing technique described in (Gratz et al. 2013). We designed two 

‘chimeric RNAs’ (chiRNAs) to generate a 158 bp deletion and sent them to Rainbow 

Transgenics Inc., for injection in w1118 flies alongside a Cas9 plasmid that generates double-

stranded breaks at specific PAM sites (Gratz et al. 2013). Out of 460 injected w1118 embryos, 22 

became fertile adults and I PCR-genotyped them with primers specific to detect the 158 bp 

deletion or any other kind of mutation that might have been introduced. As shown in Fig. 4-4, I 

found that 16 out of the 22 genotyped adults were mosaics for the deletion (72.7%), but the next 

step was to make sure that at least one of the mutations had gone germline. With the help of Erin 
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Regan and Ashley Olivo, we PCR-screened over 1000 single flies from the mosaics’ progeny. 

Unfortunately, no germline mutations were found.  

The so-called “CRISPR craze” is changing and growing at high speed, with new 

techniques and applications being published almost on a monthly basis, it might be worth re-

visiting this idea of generating endogenous mutations for different binding sites of interest, in 

particular the p53 binding site upstream of rpr and the CTCF binding sites that I have annotated 

in the Reaper region, specifically, by using the transgenic stock that expresses Cas9 in the 

germline.  

 

Characterizing the role of CTCF in the p53RE looping mechanism 
 

In the past 10 years, the field of transcriptional regulation has shifted from the study of 

transcription at a specific gene locus in a linear manner to three-dimensional models of gene 

regulation. This has raised the possibility that factors exist with the purpose of mediating intra- 

and inter-chromosomal contacts.  

CTCF is a highly conserved zinc finger protein implicated in diverse roles in gene 

regulation, including context-dependent promoter activation/repression, enhancer blocking 

and/or barrier insulation, hormone-responsive silencing, genomic imprinting, and, most recently, 

long-range chromatin interactions (Phillips and Corces 2009). The Drosophila genome encodes 

several different insulator proteins, but it has been suggested that CTCF may be the only 

enhancer-blocking protein in vertebrates (Smith et al. 2009). This, in addition to my previous 

observations and annotations of CTCF binding sites in the Reaper region, made me want to 
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investigate further the role of CTCF protein in the chromatin looping interactions and gene 

regulation of the p53RE.  

There are some available CTCF mutants, but since it is a very important protein involved 

in many different functions, true nulls are lethal. Therefore, I decided to use the available TRiP 

lines and tried different drivers to test whether I could see any interesting phenotypes when 

knocking down CTCF. Interestingly, when I knocked down CTCF in a wing-specific manner 

using the early driver vestigial-gal4 (vg-gal4), wings appeared wild type at eclosion but started 

to develop late-onset blemishes as early as 7 days after eclosion (Fig. 4-5, A, B and F). vestigial-

gal4 is an early wing-development driver, so it is very interesting that no congenital defects in 

wing development or patterning were observed when CTCF is silenced. I crossed the same 

CTCF RNAi line to a different wing specific driver, MS1096-gal4, which is expressed later than 

vg-gal4.  These flies also looked wild type at eclosion and developed late-onset blemishes that 

became more severe with time (Fig. 4-5, E). In addition, I also crossed a second CTCF RNAi 

line (on the 2nd chromosome), with a different RNAi target sequence, to both drivers and again 

observed the same late-onset blemishing phenotype (Fig. 4-5, C and D). Taken altogether, these 

results show that silencing CTCF in a wing-specific manner with two different drivers and two 

different RNAi lines, generates late-onset blemishes in the wing blade which is a surrogate for 

cell death defects.  

Next I wanted to test if silencing CTCF in the wing also gave the persisting cells 

phenotype. To do this, I crossed in the nuclear RFP that I had used in the previous chapters to the 

CTCF RNAi (on the 3rd) and both wing specific drivers, and imaged the wings 1 and 3 days after 

eclosion (Fig. 4-6). In both cases, RFP positive persisting cells could be seen throughout the 
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blades, indicative of PCD failure. These results suggest that silencing CTCF in the wing affects 

developmental PCD in the wing epithelium. 

I wanted to know if silencing CTCF could affect more general pathways of cell death, for 

example, developmental PCD in the embryo. To test this, I crossed the CTCF RNAi line (on the 

3rd chromosome), to an early and ubiquitous driver called armadillo-gal4 (arm-gal4). These 

embryos developed normally into adults, which was unexpected since CTCF is supposed to be 

very important and I was expecting to see severe developmental defects when silencing it in a 

broader pattern. I stained the embryos with Acridine Orange, which stains dying cells, and there 

was no significant difference in cell death patterns between wild type embryos and CTCF KD 

embryos (data not shown).  

After looking for phenotypes in different tissues with the CTCF RNAi lines, the late-

onset blemishing and persisting cells in the wings made me want to look further into what 

exactly is causing these phenotypes. Therefore, I checked the CTCF knock-down efficiency by 

comparing CTCF RNA levels between wild type and CTCF KD newly eclosed wings with RT-

PCR. As seen in Fig. 4-8 A, even though the levels of CTCF transcript are low in comparison to 

rp49, there seems to be a reduction in expression in CTCF KD wings. Nevertheless, these are 

preliminary results that need to be repeated comparing either the CTCF RNAi line alone (without 

the driver) or the driver line alone instead of w1118, and control for the saturation of rp49 signal. 

Next, I looked at the transcript levels in newly eclosed wings of the pro-apoptotic genes hid and 

rpr. I chose these two genes because they are the only pro-apoptotic genes in the Reaper region 

with CTCF binding sites near them, and I hypothesize that if CTCF is silenced, that might 

disrupt the chromatin loops in the region and the regulation of these genes, generating defects in 

PCD. The results are shown in Fig. 4-8 B, and there are two points worth mentioning, first, the 
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levels of hid are massive, compared to rpr, and are almost as high or even higher than rp49 

levels. Second, even though the levels of rpr are low, there seems to be a change in expression 

when CTCF is silenced in the wings. Nevertheless, these results are preliminary and should be 

repeated using the CTCF RNAi line alone or the driver line alone as controls instead of w1118, 

and rp49 signal is saturated and should be controlled for.   

To further extend these findings, I used the RT-ddPCR (same as in Chapter 2), to 

quantify the absolute number of hid transcripts in newly eclosed wings from the driver line alone 

(vg-gal4, CTCF wild type), the CTCF RNAi line alone (CTCF wild type), and the CTCF KD. As 

seen in Fig. 4-9, hid transcripts are lower in CTCF KD newly eclosed wings when compared to 

the controls and the average of both controls, but there also seems to be a difference in hid 

transcript levels between both ‘wild type’ samples. These results are preliminary and should be 

repeated, adding samples from pupal wings from all the genotypes, to draw any conclusions 

regarding hid expression in CTCF KD wings. In addition, as was discussed in Chapter 2, Hid 

protein expression should also be quantified in CTCF KD wings. Taken all together, these results 

suggest that there might be a change in hid expression in CTCF KD eclosed wings, but 

experiments should be repeated and carefully controlled for to draw any definite conclusions.  

 

Discussion and Future Directions 
 

In the past ten years, the study of 3D organization of genomes and its functional relation 

to transcriptional regulation has seen many advances in discoveries, techniques, and different 

applications. In this chapter, I showed the follow up experiments and results to our previous 

published work demonstrating the ability of a single p53 enhancer region to physically contact its 
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target genes through chromatin interactions and regulate their stress-dependent induction (Link 

et al. 2013). 

I generated 4 different rescue constructs, inserted them in specific landing sites on the 2nd 

chromosome for direct comparison (See Apendix A), and placed them in the p53RE deletion 

background (D2p53RE): 17dRE, 17dCTCF, 3.5 kb and 3.5dRE. These constructs are kept as 

homozygous and heterozygous stocks and are ready for 3C experiments as well as gene 

induction experiments. It will be very interesting if there are differences in looping patterns 

between the same rescue sites that have the wild type p53 binding site and the mutated binding 

site as well as the wild type CTCF binding site. It would also be worth comparing the larger 

rescue construct, BAC 17 (which is around 19 Kb) with the smaller construct, the 3.5 Kb, even 

though they are not in the same landing site. If any differences are observed, it will be important 

to place both rescue constructs in the same landing site to make a rigorous and direct 

comparison. Furthermore, it is also important to test for rescue of induction after irradiation of all 

of the constructs, because interesting observations could come out from those rescue 

experiments.  

Since our first try with the CRISPR/Cas9 system did give us mosaic animals, and a lot of 

different techniques have been developed and optimized since, for example, using the available 

transgenic germline Cas9 flies to inject the gRNAs into them and increase the chances of having 

the desired mutations in the germline (Xue et al. 2014). It would be worth to try again to mutate 

the endogenous CTCF binding sites as well as the p53RE, since the deletion that we have 

currently in the lab is around 20.6 Kb (D2p53RE) and it will be cleaner to definitely assign the 

looping patterns and induction after irradiation results to just a mutation of the p53 binding site 

(20 base pairs).  
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Silencing CTCF specifically in the wing generates late-onset blemishes and persisting 

cells, and both phenotypes are surrogates for defective PCD (discussed in Chapter 2). I also 

looked for phenotypes in more general PCD pathways in the embryo and in the wing discs when 

CTCF is silenced, but there were no visible differences from wild type animals (data not shown). 

These results suggest that CTCF might have a role in the regulation of genes involved in the 

collective PCD process in the wing epithelium. To further test this hypothesis, I quantified the 

levels of the pro-apoptotic genes in the Reaper region. As discussed in detail in Chapter 2, hid 

was the only gene that was highly expressed in newly eclosed wings from wild type and CTCF 

KD animals, and I showed some preliminary data, which needs to be repeated and carefully 

controlled for, that suggests that CTCF KD might affect hid expression in eclosed wings. It 

would be interesting to generate a 3C looping profile in wings from wild type and CTCF KD. 

These results might shed some light into how CTCF is involved in regulation of chromatin 

conformations and if this might be affecting the levels of hid prior to collective PCD. Another 

formal possibility that needs to be explored, is whether CTCF protein affects the levels of Hid 

protein. If a change is observed, this could suggest that CTCF might be involved at the 

translational level. Furthermore, it could also be possible that CTCF affects the state of Hid, by 

post-translational modifications and/or changing its subcellular localization, and these ideas 

might also be worth testing in order to directly assign a role for CTCF in collective cell death in 

the wing epithelium.  
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Figure 4-1. Generating 3.5 kb and 3.5dRE rescue constructs.  
 
Schematic of how the 3.5 kb and 3.5dRE flies were generated. A 3.5 kb sequence (blue) containing the 
p53 binding site (green) or a mutated version of the p53 binding site (green with red cross) was injected 
into embryos carrying an attP-integration site on the 2nd chromosome. These transformants (with eye 
color), were crossed to D2p53RE homozygous flies (no eye color) and the offspring was used to establish 
stocks with both rescue constructs in the D2p53RE homozygous background (eye color). 
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Figure 4-2. Generating 17dRE rescue construct with recombineering. 
 
Schematic of how the 17dRE rescue construct was generated. An RFP-KAN cassette was PCR amplified 
flanked by homology arms (ha) to the BAC 17. Thick orange line represents the 100 bp that include the 
p53RE and the thin orange lines are the homology arms. This cassette was recombined into the BAC 17 
and the p53RE sequence was exchanged for the RFP-KAN sequence.  The homology arms had two NotI 
digestion sites, the recombined BAC 17 was digested with NotI and then re-ligated to generate the 17dRE 
with 23 random base pairs instead of the p53 binding site. This construct was then injected into the same 
attP line as the BAC 17 and placed in the D2p53RE homozygous background.  
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Figure 4-3. dCTCF binding sites in the Reaper region.  
 
(A) Schematic showing the Reaper region, modified from (Link et al. 2013). Blue boxes represent 
radiation non-responsive genes, red boxes represent radiation-responsive cell death genes and grim is a 
radiation non-responsive cell death gene (yellow box). dCTCF binding sites are represented as yellow 
stars and the p53 binding site is represented as a green diamond.  (B) Multiple sequence alignment of the 
dCTCF binding site between rpr and skl (red box in A) and the dCTCF core motif. An almost perfect 
match is observed between both sequences with just one different base pair (highlighted in green).  
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Figure 4-4. CRISPR results for endogenous CTCF binding site mutation. 
 
Top panel shows a table with the results in numbers from the embryo injection all the way to the 
genotypes mosaic adults. Bottom panel shows EtBr agarose gel with PCR results from the 22 fertile 
adults that were genotyped for mosaicism. The CTCF binding site wild type band is 576 bp. If there was a 
perfect repair after the 158 bp deletion, the band should be 418 bp. Band of different sizes from this can 
be explained as different repairs and are also considered as mutants. All potential mosaic animals are 
marked with red stars.  
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Figure 4-5. Silencing CTCF in the wing generates late-onset blemishes.  
 
(A) Wings from a 1 day old fly of the genotype vg>CTCF RNAi (3rd chromosome) appear wild type. (B) 
Same fly as in (A) 7 days after has developed late-onset blemishes in the wing blade. (C and D)  Driving 
a second RNAi line (on the 2nd chromosome) with MS1096-gal4 and vg-gal4 wing specific drivers also 
generates late-onset blemishes. (E and F) Driving the CTCF RNAi line on the 3rd chromosome (same as 
in A) with both wing specific drivers generates late-onset blemishes.  
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Figure 4-6. Silencing CTCF generates PCD defective, RFP positive, persisting cells in the wing 
blade. 
 
Digital-light microscope images showing RFP positive persisting cells in wings 1 and 3 days after 
eclosion from the genotypes: vg>CTCF RNAi and MS1096>CTCF RNAi. 
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Figure 4-7. hid and rpr expression after silencing CTCF in newly eclosed wings (preliminary data).   
 
(A) Semi-quantitative RT-PCR of newly eclosed wings from w1118 and CTCF KD flies shows modest 
CTCF expression and a possible decrease CTCF KD lane, but rp49 levels need to be controlled better.  
(B) Levels of hid are the same or even higher than levels of rp49 in both w1118 and CTCF KD wings, 
there mighta reduction in rpr levels in CTCF KD wings but the overall rpr expression is very low when 
compared to hid and rp49 and rp49 levels need to be controlled better to normalize.  
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Figure 4-8. hid transcripts in newly eclosed wings from the different stocks used to silence CTCF in 
the wing (preliminary data).  
 
RT-ddPCR assay shows the absolute number of hid transcripts normalized to rp49 absolute number of 
transcripts from newly eclosed wings from vg-gal4 flies (CTCF wild type), CTCF RNAi line flies (CTCF 
wild type), CTCF KD flies, and the average of both controls. hid transcripts are lower in CTCF KD wings 
when compared to each of the controls and the average of both. There is also a significant difference in 
hid transcript numbers between the controls. These results need to be repeated adding samples from pupal 
wings from all the genotypes.  
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Primer Sequence 
RE rfpkan fwd 
(recombineering 
p53RE) 
 

ATTTATTTGAATGTTCTTTTTGTTTGTCTACCGAAGATTTGTCCGTCCG 
CTATCGATGCGGCCGCGCGCGCCCACCCTTATAACTTC 
 

RE rfpkan rev 
(recombineering 
p53RE) 
 

AATCTATGGAAAAAGGGCGAAAATTACTCAAATAAAAGTGGAAGAA 
CCAACCGCGGCCGCTTGACCCCCACCCTTTGCTGCTGCG 

150bp_fwd 
 

AACAAAGGCCGTAGACGGTGCCAAAG 

150bp_rev 
 

CACCTCCACATGACAATCAAGTAGGTGC 

skl-RE fwd gap2 
(recombineering 
CTCF binding site) 
 

TTACAACGCCAAAAACACACACACACACACACCGTACTAATCATGCG 
AGTGATGCGGCCGCGCGCGCCCACCCTTATAACTTC 

skl-RE rev 2 
(recombineering 
CTCF binding site) 
 

GACAATAATAACTCATACGGCCATTTAAGTGCCGCCCAGGTTAGCGG 
CCGCCCCACCCTTTGCTGCTGCG 

CTCF Right F 
 

GAGTCGAGGGCATACATTAC 
 

CTCF Right R 
 

TATTAGTCAACACGCTGGAC 
 

CTCF Set1 A 
(CRISPR) 

/5Phos/CTTCGACGGCTATTGAATCGACAG 
 

CTCF Set1 B 
(CRISPR) 

/5Phos/AAACCTGTCGATTCAATAGCCGTC 
 

CTCF Set2 A 
(CRISPR) 

/5Phos/CTTCGGTGCGGATAGCAGAGTATC 
 

CTCF Set2 B 
(CRISPR) 

/5Phos/AAACGATACTCTCGTATCCGCACC 
 

CTCF check F 
 

CGTGATGGTAGGGTATATCCCTACATTTGG 
 

CTCF check R 
 

CATCCACAATTTGATGATTGTCCTAAGAC 
 

 
Table 4-1. Primer sequences used for recombineering BAC 17 and for mutating the endogenous 
CTCF binding site with CRISPR.  
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APPENDIX A 
Fly stocks 

 
Fly strains used in Chapter Two  

Name Genotype 
hidA22 
 

induced by X-radiation on parental 
chromosome (red e) 

hidA329 
 

derived from parental chromosome (ru h th ri 
e) by EMS 

hidA206 
 

derived from parental chromosome (ru h th ri 
e) by EMS 

hidWR+XI 
 

chromosome rearrangement on ln(3L) 
75C1,2; heterochromatin 

ubimRFPnls 
 

y[1] w[1118]; P{ry[+t7.2]=neoFRT}42D 
P{w[+mC]=Ubi-mRFP.nls}2R 

nsyb-gal4 
 

y[1] w[1118]; M{w[+mC]=nSyb-
GAL4.P}ZH-86Fb/TM3, Sb[1] 

burs RNAi 
 

y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02260}attP2 

burs-gal4 
 

w[*]; P{w[+mC]=Burs-GAL4.P}P12 

hid MiMIC 
 

y[1] w[*]; 
Mi{y[+mDint2]=MIC}hid[MI06452 

Fly strains used in Chapter Three  
Name Genotype 

Df(3R)Exel6202 w[1118]; Df(3R)Exel6202, P{w[+mC]=XP-
U}Exel6202/TM6B, Tb[1] 

Df(3R)BSC788 
 

w[1118]; Df(3R)BSC788/TM6C, Sb[1] cu[1] 

fur1rL205 ry[506] P{ry[+t7.2]=PZ}Fur1[rL205]/TM3, 
ry[RK] Sb[1] Ser[1] 

fur1 RNAi y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01855}attP2 
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Fly strains used in Chapter Four    
Name Genotype 

attP line 24869 (for 3.5 Kb constructs) y[1] M{vas-int.Dm}ZH-2A, PBac{y[+]-attP-
9A}VK00030 

attP line 24872 (for BAC 17 constructs) y[1] M{vas-int.Dm}ZH-2A w[*]; 
PBac{y[+]-attP-3B}VK00037 

CTCF RNAi (2nd) y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS02017}attP40 

CTCF RNAi (3rd) y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.GL00266}attP2 
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APPENDIX B 
Construct sequences 

 
Fur1 cDNA cloned into pTW (for UAS-Fur1 construct) 
Fur1 cDNA sequence, coding sequence 
pTW sequence 
pENTR1A 
 
TGCANGTTAAAGTGAATCAATTAAAAGTAACCAGCAACCAAGTAAATCAACTGCAA
CTACTGAAATCTGCCAAGAAGTAATTATTGAATACAAGAAGAGAACTCTGAATAGG
GAATTGGGAATTATCGAGGCCTGTCTAGAGAAGCTTGTTCGAATCTCGAGTGCGCGC
TTCCGGAGGTATACACCTAGGCGGTACCACTGCAGTGAATTCGGAGCTCTACCGGTA
TACAAGTTTGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGAT
CCGGTACCGAATTCGGCACGAGCCGAAGCGAGAGTTTGTCGTGGGAAGTTGTTGC
GCGCGCCCTGTTCGCATTTATGTGTTTTTATCGTGATTCCGTCAACCGAAATCATATG
TTTTTAGCCAGGAGAGAGACGATTGCCAAAACAGCAGCAAAACGGGCGGAGTTCTG
CGGTGGAAAATCGAAAATTAGCAAGCGCACGGAACACACTGTGATTGGAGCGAATT
AAATGTGAATCAAAATATGGTTAGCCATTCGAAAAGCGTGTAATAAAATCGTGAAG
AAAAACCAGAAAACAAATTTGTTATCGCTCTCTGTCTCTTTCTCTCTCCCATTCTCGC
TGCGATTTGCTCTCCGTGTGTTTATGTCTCAGCTGTCCAAGTGTGTGTGCGGGTGTGT
GTGACGTATGTGCGTGCAAGTGTTTGTGATTTTATGTTGTTGTCTTGCCTGCTTTCGC
GTGAAATTCAACAACAACAACAACAGCAGCGGCAGCAACAACAAGCAAAGCAACA
GCCAACAACAAATTTAAATTGAGATTTTCCATATTATCAAAAGTTACAGGCGCCTAT
TTTGCAGTTATCAGTCTGAAGTCGGTGTGAAGTGCTATCCTGGACTTTTCGTTTTAGT
CACCCCTTGGCCTCATCTAACATCCACTTAATTGAAATAGAACATTTGCATCTCAGC
CTCACAACCAATATCCCGAGCAACGTGCACAAAAACTATTGGAAATATCCTAACCC
ACAATGAAAAACGACGTCGTGCGATGGAGCAGGCAGCCAACTAGCAACACCACTAA
CAGCAGCAGCAGCAGTAGAAGCGATAGCAACAGCACTCATAAGCACAGAAGCAAA
AGCAACAAATTAAATGCTCGACAATTAGGGTCAAATGCTGCCAGAAGTTGTCAGCA
AAGATCCTCTGTGGCAACAACACTAGAAGATGAACAACAAACAATCATTGAATGTG
ATATAGGAAATTTCAATTTCGATTGCAATTTATTCAAAACTAGTTTTTTAACGCAACA
CAAACAGAAACGTAGTGNCAAGAGCAGCAGCAAAAGTAAGAGCAACAGANGTAGA
CCCCTAGCGAAAACGAAAGCGGTGTTTCTATTAGCTCTGCAATTTAGTGCCGTAGTT
TTTTTATGTAATATTAATGTCGGTTTCGTGGNCGGAAGTGTGGCAACTGCGGCATCA
TCGGCAGGCGGNTCATCGCNGGCAGCTCCATCATCTGCGCCCTCATCCCCGCCNACA
GTTGCTGTACCACCGCCGCCGCCACCTTCGTCGGCACTCAAAGTGGATCCAAATGGT
CAGTCACCAGTGCTGCCGCCCTACGTTCTCGATTATGAGACGGGGGGCAAGGCCAA
GCTAACGCCAAACAATGGCAAGTTCGGCCAATCGGGCAGTTCCGGGAGCAATAACA
ACCACATCGTCGGACACTATACCCACACCTGGGCGGTGCACATACCAAACGGCGAT
AATGGCATGGCCGATGCGGTTGCCAAGGATCACGGATTCGTCAATTTGGGCAAGAT
CTTCGATGATCACTACCACTTCGCACATCACAAGGTCTCGAAGCGGTCGCTCTCCCC
CGCCACGCATCACCAGACTCGCCTGGATGACGACGATCGCGTCCACTGGGCGAAGC
AGCAGCGGGCCAAGTCGCGATCCAAACGGGACTTTATCCGCATGCGACCCTCAAGG
ACCTCCTCGCGAGCCATGTCGATGGTGGACGCCATGTCCTTTAACGACTCCAAGTGG
CCGCAGATGTGGTATCTGAATCGTGGTGGTGGCCTGGACATGAATGTGATACCCGCC
TGGAAGATGGGCATAACCGGCAAGGGCGTGGTGGTGACAATTCTGGATGATGGCCT
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GGAATCCGATCATCCGGACATACAGGATAACTACGATCCCAAAGCCTCGTACGATG
TGAATAGCCACGACGACGATCCGATGCCGCATTACGATATGACGGACTCGAACCGC
CATGGAACTCGCTGTGCCGGCGAGGTGGCAGCCACCGCCAACAATTCGTTCTGCGC
GGTGGGTATTGCCTACGGCGCCAGTGTGGGCGGAGTCAGGATGCTGGACGGAGACG
TCACGGATGCGGTTGAGGCACGGTCGCTGTCGCTGAATCCGCAGCACATTGACATAT
ACAGTGCCTCCTGGGGACCCGATGACGATGGCAAGACGGTGGACGGACCCGGCGAA
CTGGCATCGCGCGCCTTTATCGAGGGCACAACTAAGGGTCGCGGCGGCAAGGGCAG
CATCTTCATATGGGCATCGGGCAATGGTGGGCGGGAGCAGGATAACTGCAACTGCG
ACGGCTACACGAACTCCATCTGGACGCTGTCCATCTCCAGTGCCACGGANGAGGGC
CATGTGCCCTGGTACTCGGAGAAGTGCAGCTCCACGCTGGCCACCACCTACAGCAG
CGGCGGGCAGGGCGAGAAGCAGGTGGTCACCACGGACCTGCACCACTCGTGCACTG
TCTCCCACACGGGCACCTCGGCGTCGGCCCCGCTCGCCGCTGGCATAGCCGCCCTGG
TGCTGCAGTCCAACCAGAATCTCACCTGGNGCGATCTGCAGCACATTGTTGTGCGCA
CCGCCAAGCCGGCGAACCTTAAGNACCCCAGCTGGTCACGCAATGGGGNGGGGCGN
CGGGNGAGCCACTCCTTTGGCTACGGATTGATGGACGCCGCCNANANGNNCGCGTG
NCCGCAACTGGANGGCGGTGCNGGNNCNNCANCGGTGCGAGATTNACGCTCCCNAT
NNCGANANGNCATTCCACCTCNNACCCATAT.......(179).....ATCATNNTGGCCCTTCAT
GTCTGTGCACACCTGGGGAGAGTCGCCGCAAGGAAACTGGCAGCTGGAGATCCACA
ACGAGGGTCGCTATATGGCACAAATCACACAATGGGATATGATATTCTACGGCACC
GAAACGCCCGCCCAACCCGATGACGTGGCCAATCCCAGCCAGTCGAACCAGTTCAA
TCTGTACGGCAACGATATGGCCCACAATGACGTCGAGTACGATTCCACCGGCCAGT
GGAGGAATATGCAGCAGGTGGGCGAGGTGGGCATGACCCGAGATCACAGCAACAC
CGCCGCGTGCCTTAAGTGGAGCGATCGCAAGTGCTTAGGTTTGTCCTTACTCTTTTTT
ATGATCATGCAAGTCTTCTTTCTAAACTTTAAACATGCCAACGACAACAACAACAAG
AACAAAAACAACATTATCAAATGCATTAGATAATTTAGTAACAAATGACGGTAAAA
AAAAAAAAAAAAAACTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTGGTGA
CGTAAGCTAGAGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGA
CAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATA
ATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTTTAGATTCCAACCTATGGAACT
GATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTTGCTCAGA
AGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCC
AAAAAGAAGAGAAAGGTAGAAGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTT
TTGAGTCATGCTGTGTTAGTAATAGAACTCTTGCTTGCTTTGCTATTTACACCACAAN
GAAAANCTGCNNT 
	  
3.5 Kb in D2p53RE background (p53 binding site in red) 
 
TTTTTGTTTGTCTACCGAAGATTTGTCCGTCCGCTCGACTTGTTCAAACATGTCAGGT
TGGTTCTTCCACTTTTATTTGAGTAATTTTCGCCCTTTTTCCATAGATTTTCATAGATA
ACGAATTTTCGGAATGGGTTTTCAGATTTCTTCACTCAGCGTGCATCGACGTGTTCGA
AGGCCTATTTGGGTTCCTTTGTGTGTGTCCTATTTGCTTTATGTCATTATTTGTCTTTA
GTCTTAGTTGCACTAATATTTTCCCCATGGGCAGTAGTCAAGTGTACAGCGGTGGAG
TGAGGATTTTACATCGCCTATGAGTCATGCTGCGAGTTTTCATTCGGTTCGTGTGTGT
AAATGTGTGGAAATTAGAGGTGGGCTATAAAAACGGTGGTTAGGCACCTACTTGA 
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3.5dRE in D2p53RE background (mutated p53 binding site in red) 
 
TCTTTTTGTTTGTCTACCGAAGATTTGTCCGTCCGCTGGCGCGCCGGTTGGTTCTTCC
ACTTTTATTTGAGTAATTTTCGCCCTTTTTCCATAGATTTTCATAGATAACGAATTTTC
GGAATGGGTTTTCAGATTTCTTCACTCAGCGTGCATCGACGTGTTCGAAGGCCTATTT
GGGTTCCTTTGTGTGTGTCCTATTTGCTTTATGTCATTATTTGTCTTTAGTCTTAGTTG
CACTAATATTTTCCCCATGGGCAGTAGTCAAGTGTACAGCGGTGGAGTGAGGATTTT
ACATCGCCTATGAGTCATGCTGCGAGTTTTCATTCGGTTCGTGTGTGTAAATGTGTGG
AAATTAGAGGTGGGCTATAAAAACGGTGGTTAGGCACCTACTTGATTGTCATGTGGA
GGTGAC 
 

17dRE in D2p53RE background (mutated p53 binding site in red) 
 
GTTCTTTTTGTTTGTCTACCGAAGATTTGTCCGTCCGCTATCGATGCGGCCGCGGTTG
GTTCTTCCACTTTTATTTGAGTAATTTTCGCCCTTTTTCCATAGATTTTCATAGATAAC
GAATTTTCGGAATGGGTTTTCAGATTTCTTCACTCAGCGTGCATCGACGTGTTCGAA
GGCCTATTTGGGTTCCTTTGTGTGTGTCCTATTTGCTTTATGTCATTATTTGTCTTTAG
TCTTAGTTGCACTAATATTTTCCCCATGGGCAGTAGTCAAGTGTACAGCGGTGGAGT
GAGGATTTTACATCGCCTATGAGTCATGCTGCGAGTTTTCATTCGGTTCGTGTGTGTA
AATGTGTGGAAATTAGAGGTGGGCTATAAAAACGGTGGTTAGGCACCTACTTGATT
GTCGTG 
 
 
17dCTCF in D2p53RE background (mutated CTCF binding site in red) 
 
AAGGAGGTATCATTAACCTTTCAACCACAAATCACCCAGCTCATACCCTATACTATT
CGTATAACATTTCAAATATACTCAAACAACGCAGTTAGATATAACTTATATATATAT
AAAATGTATCTTTGATGCTACATAAGATATTCCTTAAGCTTTGGAATTTCATCTAACG
CAAACTTTCCGATTGCTAATATACCTTATAAGAAAATATTTAGGCTTTAAGGTTTTTT
GTTCTCCCAAATGTAGGGATATACCCTACCATCACGGGGTATCAAAATATATCACTN
GCTCGCGCACATGGCGAGCAAAACAAAAGCTGACAACTCTCGTGAGTCCATTGGCA
GGAGGAGGCCCGGAAAGAACACAGGACTACGGCTATTGAATCGACAGCGGAGTCG
AGGGCATACATTACAAAAAGCAATTACAACGCCAAAAACACACACACACACACACC
GATGCGGCCGCTAACCTGGGCGGCACTTAAATGGCCGTATGAGTNANTATTGTCGG
GGGGGCATCTCAAGGGACATCCGAAAGGCAGAAAGAAGGCTCTTGGGGCTTTATNA
GTCAACACGCTGGACTTTTATCGCCTGGGCGGGACTTAATTACCACGCACAATTTAT
AGGCCAAAAAGGGNGTTGGGCATTTTTAATATCGTGCGCANCAAAAAGTCTTAGGA
CAATCATCAAATTGTGGATGATAATTAAAAATAATTTGATTGCGAGATCGGACAAA
ATTATGGTCAATATTTACATAAATGCATGTGAAAATTTATGGTCGAAANTAAAGGGT
ATGTGAGGTAGTAAGCTGAAAAGAGAAAAAATAGTACATTTATTATGTGCTAGCAT
TT 
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