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1 

CHAPTER 1: INTRODUCTION 

 

 

 

Expansion of the eukaryotic proteome by post-transcriptional gene regulation 

 

 

Genetic information within each cell of every living organism is stored in DNA 

molecules. An extensive network of cellular machines decodes the genetic information 

through transcription of DNA into RNA and translation of RNA with high fidelity to 

generate protein products, which are used by cells to carry out their basic biological 

functions such as metabolism, molecular transport, and division. The unidirectional flow 

of information from DNA to RNA leading to the generation of proteins is known as the 

central dogma of molecular biology (Crick, 1958). Coupling of all cellular functions in an 

orchestrated manner bestows organismal complexity, including a vast behavioral 

repertoire of learning, memory, and adaptation in response to environmental stimuli.  

It was originally believed that differences in complexity between eukaryotes arose 

from variations in genomic coding potential. After the sequencing of several eukaryotic 

genomes it became apparent that the number of genes does not correlate with 

morphological or behavioral complexity (Baltimore, 2001). Mammals appear to be 

immensely more complex than other eukaryotes, but their gene number (20,000) 

(Clamp et al., 2007) does not vary enormously when compared to a fly’s (14,000) 

(Adams et al., 2000), or a nematode’s (20,000) (C. elegans Sequencing Consortium, 

1998). It is now clear that organismal complexity develops through the expansion of the 

information potential encoded by a genome through post-transcriptional modifications 

such as alternative splicing and RNA editing (Nilsen and Graveley, 2010; Nishikura, 

2010). 



2 

 

Transcription of genes results in the generation of nuclear precursor messenger 

RNAs (pre-mRNAs) that contain the information for protein synthesis in a discontinuous 

form. The pre-mRNA contains coding (exons) and non-coding sequences (introns), and 

further processing by the splicing machinery, the spliceosome, ensures the removal of 

introns. Splicing generates mature messenger RNAs (mRNAs), which are translated by 

ribosomes in the cytoplasm into protein products. The discovery that diverse 

immunoglobulin proteins are encoded by the same gene (Alt et al., 1980) provided 

evidence that one gene does not necessarily encode for only one protein. Soon after, it 

was revealed that differential inclusion or exclusion of exons by alternative RNA splicing 

mediates the production of distinct immunoglobulin mRNAs (Early et al., 1980). Recent 

studies indicate that up to 95% of human pre-mRNAs are alternatively spliced, yielding 

diverse collections of exons in mRNAs (Pan et al., 2008; Wang et al., 2008). The 

Drosophila gene Down syndrome cell adhesion molecule (Dscam) has the potential to 

generate 38,000 different mRNAs through alternative splicing (Schmucker et al., 2000), 

a number much greater than the total number of genes present in the whole genome of the 

organism. Thus, alternative splicing expands the eukaryotic proteome by selective 

inclusion or exclusion of existing genomic information to generate a myriad of related 

protein isoforms.   

In contrast, RNA editing of select genes generates subtly different protein 

products by altering single nucleotides. Adenosine to inosine (A-to-I) RNA editing 

selectively converts specific adenosines in pre-mRNAs to inosines.  Upon translation, the 

ribosomal machinery interprets inosines as guanosines (Basillo et al., 1962), causing A 

 G changes in the coding sequence.  This may result in amino acid substitutions that 
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generate protein products not specified by the literal genomic information. If the protein 

diversification that can be generated by RNA editing is considered together with the 

enormous potential diversity created by alternative splicing, the number of distinct 

protein isoforms that may be encoded by a genome is astonishing. For example, the 

Drosophila paralytic gene has the potential to encode for more than two million protein 

isoforms as a result of combinatorial processing via alternative splicing and RNA editing 

(Hanrahan et al., 2000; Loughney et al., 1989; Reenan et al., 2000; Thackeray and 

Ganetzky, 1994). Thus, RNA editing has the capability to increase eukaryotic proteomic 

diversity by generating novel genetic information, a fascinating phenomenon that does 

not comply with the canonical rules of the central dogma.   

 

A-to-I RNA editing is mediated by adenosine deaminase acting on RNA (ADAR) 

enzymes 

 

A-to-I RNA editing is mediated by adenosine deaminases acting on RNA 

(ADARs), which hydrolytically deaminate adenosines to inosines in double stranded 

RNA (dsRNA) substrates (Bass, 2002; Nishikura, 2010) (Fig 1.1A). ADARs were first 

identified using antisense RNAs in Xenopus laevis eggs, a study designed to determine 

novel functions of maternal mRNAs during development (Bass and Weintraub, 1987). 

These studies revealed that stable RNA hybrids between endogenous sense and injected 

antisense RNAs are infrequent due to a novel unwinding activity (Bass and Weintraub, 

1987; Rebagliati and Melton, 1987). After closer examination of the final products from 

the unwinding reaction, it became clear that specific adenosine residues were converted 

to inosines, resulting in the destabilization of the RNA duplex (Bass and Weintraub, 
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1988; Wagner et al., 1989). Subsequently, various enzymes were cloned and 

characterized as adenosine deaminases that recognize dsRNA (Kim et al., 1994a; Kim et 

al., 1994b; Melcher et al., 1996b; O'Connell and Keller, 1994; O'Connell et al., 1995).  

ADARs are highly conserved in metazoans (Bass, 2002). Mammalian genomes 

encode three ADAR enzymes; ADAR1, ADAR2, and ADAR3 (Nishikura, 2010), the C. 

elegans genome encodes two, CeADR1 and CeADR2 (Tonkin et al., 2002), while only a 

single adar locus is present in the Drosophila genome (Palladino et al., 2000b). 

Furthermore, ADAR enzymes are also present in the invertebrate genomes of both sea 

urchin and sea anemone, suggesting an early origin of RNA editing enzymes in metazoan 

evolution (Jin et al., 2009). In contrast, ADAR genes do not appear to be present in 

fungal, plant and yeast genomes.  

Interestingly, although prokaryotic genomes do not contain ADARs, they do 

encode a transfer RNA (tRNA) adenosine deaminase (TadA), which modifies specific 

tRNAs (Wolf et al., 2002).  Orthologs of this RNA editing enzyme, adenosine 

deaminases acting on tRNAs (ADATs), are also highly conserved in metazoa and 

catalyze the deamination of specific adenosines to inosines adjacent to or at the anticodon 

position of tRNAs (Gerber and Keller, 2001). Sequence homology between the catalytic 

domains of ADARs and ADATs suggests a model in which tRNA modifying enzymes 

are the evolutionary ancestors of ADARs. In this model, an ADAT acquired one or more 

dsRNA binding domains that allowed recognition and binding of dsRNAs. This 

evolutionary novelty is thought to have conferred selective advantage due to repair of 

lethal DNA mutations by A-to-I modifications on mRNAs (Bass, 2002).  
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Transcriptional and posttranscriptional regulation of Drosophila ADAR 

 

In contrast to the mammalian and C. elegans genomes, Drosophila possesses just 

a single adar locus, located on the X chromosome (Palladino et al., 2000b). However, 

posttranscriptional modifications such as alternative splicing and RNA editing can 

generate multiple ADAR isoforms (Palladino et al., 2000b) (Fig. 1.2). For example, 

inclusion of an alternatively spliced exon (3a) occurs by splicing to an alternative 5’ 

splice donor site resulting in the incorporation of 37 extra amino acids between the two 

dsRBDs (Palladino et al., 2000b). The inclusion or exclusion of this alternative exon 

alters the linear distance between the two double-stranded RNA binding domains 

(dsRBDs), potentially regulating substrate specificity through binding. The in vivo 

significance of this alternative splicing event is still unclear, but in vitro editing assays 

suggest that inclusion of the 3a exon decreases editing levels of at least one target 

transcript (Keegan et al., 2005).  

The adar transcript is also subject to an auto-editing event that results in a serine 

to glycine coding change at a highly conserved residue in the deaminase domain 

(Palladino et al., 2000b). Similar to ADAR expression, this auto-editing event was found 

to be developmentally regulated and is only detectable at the pupal (5%) and adult 

stages (40%) (Palladino et al., 2000b). In vitro, adar auto-editing decreases enzymatic 

activity on two target adenosines, suggesting a negative auto-regulatory feedback 

mechanism for ADAR activity (Keegan et al., 2005).  

 Additionally, the Drosophila adar locus is transcriptionally regulated by two 

alternative promoters, -4a and -4b, similar to mammalian ADAR1. The two promoters 
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are differentially regulated in a temporal manner during development. Transcripts driven 

by the -4a promoter are detected throughout development, while -4b transcripts are only 

detected at the adult stage (Palladino et al., 2000b). ADAR expression and auto-editing 

appear to be predominantly adult-specific, suggesting that expansion of the proteome via 

RNA editing is primarily required at later stages of development.  

 

ADAR enzyme domain structure and function during A-to-I RNA editing 

 

All ADAR enzymes share a common domain structure consisting of one to three 

dsRNA binding domains (dsRBD) and a catalytic deaminase domain found at the N and 

C termini of the protein, respectively (Bass, 2002). Human ADARs possess two or three 

dsRBDs, while the C. elegans enzymes contain one or two. The single Drosophila 

ADAR contains two dsRBDs similar to the mammalian ADAR2 (Nishikura, 2010) (Fig. 

1.3). The crystal structure of the human ADAR2 deaminase domain suggests that the 

formation of a catalytic center and the presence of a cofactor are requirements for the 

deamination reaction to occur. In the active site, a glutamic acid residue (E396) hydrogen 

bonds to a water molecule, while a histidine (H394), and two cysteine residues (C451 and 

C516) coordinate a zinc ion that activates the water molecule for nucleophilic attack 

(Macbeth et al., 2005). Buried in the catalytic core, an inositol hexakisphosphate (IP6) 

molecule stabilizes multiple arginine and lysine residues and is required for catalytic 

activity (Macbeth et al., 2005). IP6 is an abundant metabolic product implicated in 

various cellular processes, including transcription (York et al., 1999), DNA repair 
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(Hanakahi and West, 2002) and chromatin remodeling (Shen et al., 2003), suggesting an 

unexpected association between RNA editing and diverse cellular pathways.  

 ADAR binding requires direct contact between the dsRBDs and dsRNA 

substrates (Valente and Nishikura, 2007). Nuclear magnetic resonance and X-ray 

crystallography studies have revealed that the binding of double stranded RNA binding 

proteins (dsRBPs) to dsRNA is not sequence specific (Bycroft et al., 1995; Nanduri et al., 

1998; Ryter and Schultz, 1998). This is a consequence of the structure adopted by most 

RNA molecules. Usually an RNA adopts a double-helical structure, known as an A-form 

helix, which contains a deep and narrow major groove, prohibiting both accessibility and 

recognition at the single nucleotide level. 

 Consistent with the binding properties of other dsRBPs, ADARs can bind to any 

dsRNA without sequence preference (Nishikura et al., 1991). For example, ADARs can 

bind to dsRNAs that form short duplexes (20-50bp) with mismatches, bulges and loops 

(imperfect dsRNAs) as well as perfectly base-paired long dsRNAs (100-1000bp). The 

structural diversity of RNA substrates results in a wide range of ADAR specificities 

(Bass, 2002; Nishikura, 2006). In short imperfect RNA duplexes, ADARs deaminate 

select adenosines (specific RNA editing). In contrast, promiscuous editing of multiple 

adenosines, also known as hyper-editing, usually occurs in long, perfectly paired RNA 

duplexes (Fig. 1.4).  

ADARs modify specific adenosines to inosines in imperfectly duplex RNAs of 

select transcripts (Nishikura, 2010). ADAR substrates can be generated from exonic 

sequences that fold back on each other to form simple hairpins (Bhalla et al., 2004; 

Hanrahan et al., 2000; Keegan et al., 2005; Ohlson et al., 2007). In addition, intronic 
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noncoding sequences with extensive complementarity to upstream or downstream exons 

containing the adenosine destined to be edited can form structurally diverse RNA 

duplexes. These intronic elements, also known as editing site complementary sequences 

(ECS), can form simple exon-intron hairpin structures (Burns et al., 1997; Hanrahan et 

al., 2000; Higuchi et al., 1993; Lomeli et al., 1994; Wang et al., 2000) or more complex 

RNA secondary structures such as pseudoknots (Reenan, 2005) (Fig. 1.5). 

 The majority of ECS-mediated dsRNA structures usually contain mismatches, 

bulges, and loops. It is thought that the presence of such structural imperfections directs 

the binding of ADARs to specific locations on the RNA duplex without any sequence 

recognition. However, upon binding, ADARs exhibit sequence preferences for modifying 

select adenosines over others. In vitro studies using synthetic editing substrates revealed 

that ADAR enzymes preferentially target adenosines with a uridine as a 5’ neighbor 

(Lehmann and Bass, 2000; Polson and Bass, 1994). In addition, adenosines found in 

mismatches with cytosines are edited more efficiently when compared to other 

adenosines (Wong et al., 2001). 

 

The mechanism of A-to-I RNA editing 

 

The involvement of RNA editing in creating an alternative 3′ splice site, which 

regulates ADAR2 expression and editing activity in vivo (Rueter et al., 1999), suggests 

that RNA editing must precede splicing. In addition, intronic sequences form dsRNAs 

with coding regions to serve as ADAR substrates, indicating that editing and splicing 

must be synchronized. Thus, in circumstances in which editing must take place before 



9 

 

splicing, a regulatory mechanism must exist to ensure an accurate coordination of RNA 

processing events. It should be noted that in RNA duplexes generated exclusively by 

exonic sequences, such as the para Fsp site (Hanrahan et al., 2000), RNA editing could 

occur after splicing.       

Considerable evidence suggests that RNA processing, including capping, splicing, 

and polyadenylation, occurs cotranscriptionally, implying that RNA editing must also be 

cotranscriptional. During transcription, the C-terminal domain (CTD) of RNA 

polymerase II coordinates RNA processing events with high fidelity (Kornblihtt et al., 

2004; Maniatis and Reed, 2002; Zorio and Bentley, 2004). The CTD is also required for 

coordination of cotranscriptional editing and splicing of the GluR-B pre-mRNA, an 

ADAR substrate. During processing of this pre-mRNA, the CTD decreases the splicing 

rate substantially to ensure that RNA editing proceeds before splicing. A non-functional 

CTD results in premature splicing, consequently abolishing editing (Ryman et al., 2007).  

 After the RNA editing reaction, the dsRNA must be resolved for further 

processing of the pre-mRNA. Usually during ADAR substrate RNA duplex formation, 

splicing signals are base-paired with complementary sequences, thus preventing their 

interpretation by the splicing machinery. Therefore, dsRNA helicases may be involved in 

the resolution of these duplexes. Drosophila Maleless (Mle), a dsRNA helicase, is 

thought to be required for the resolution of an exon-intron dsRNA that directs editing of 

the paralytic pre-mRNA. The mle
napts

 mutant background contains significantly fewer 

full-length Na
+
 channel transcripts because of aberrant splicing that occurs at the edited 

region (Reenan et al., 2000). It has been proposed that if the dsRNA remains unresolved, 

the 5’ splice donor site of the edited exon becomes inaccessible to the spliceosome, 
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leading to exon skipping and nonfunctional Na
+
 channels (Reenan et al., 2000). This 

model suggests that resolution of dsRNA complementary structures that direct RNA 

editing is required for further appropriate processing of pre-mRNAs. Whether the Mle 

helicase is involved in the resolution of structures that direct RNA editing in other pre-

mRNAs remains to be established.  

The catalytic domain of ADAR is highly homologous to the catalytic domain of 

cytidine deaminase (CDA) family of editing enzymes (Gerber and Keller, 1999). 

APOBEC-1 is a cytidine deaminase that edits cytidine to uridine (C-to-U) in 

apolipoprotein B mRNAs (Lau et al., 1994; MacGinnitie et al., 1995; Navaratnam et al., 

1998). Homodimerization of cytidine deaminases is required for catalytic activity 

(MacGinnitie et al., 1995; Navaratnam et al., 1998). Since the key residues that 

coordinate the zinc ion within the catalytic domain of both ADAR and CDAs are highly 

conserved, ADARs may also function as dimers (Gerber and Keller, 1999).  In vitro, both 

fly and mammalian ADARs require homodimerization for enzymatic activity (Cho et al., 

2003; Gallo et al., 2003).  Furthermore, fluorescence resonance energy transfer (FRET) 

experiments revealed that both ADAR1 and ADAR2 homodimerize in human cells 

independent of RNA binding (Chilibeck et al., 2006). ADAR enzymes can also form 

heterodimers, perhaps altering enzymatic activity, suggesting that differential ADAR 

isoform combinations could increase the repertoire of recoding output (Gallo et al., 

2003).  

 The observations that RNA editing must precede splicing, that an RNA helicase 

may be required for the resolution of RNA duplexes, and that dimerization may be a 

requirement for ADAR enzymatic activity, suggest a model for the mechanism of A-to-I 
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RNA editing of pre-mRNAs (Fig. 1.6). In this model, RNA polymerase transcribes the 

exon destined to be edited by ADAR. Concurrently, the CTD domain slows splicing rates 

until the downstream intronic elements are transcribed. These elements fold back on the 

exon, leading to the generation of an RNA duplex that serves as an ADAR substrate. One 

ADAR monomer binds to the duplex followed by the recruitment and binding of an 

additional monomer. The dimerization of the ADAR enzyme positions a specific 

adenosine into the catalytic domain, possibly due to conformational changes upon RNA 

binding, leading to deamination. While the RNA polymerase continues to transcribe the 

rest of the pre-mRNA, an RNA helicase resolves the dsRNA before splicing occurs.  

After RNA processing is completed, the mature mRNA is exported to the cytoplasm for 

translation.  

 

Tissue and cellular distribution of ADARs 

 

Mammalian ADAR1 and ADAR2 are expressed in many tissues, whereas 

ADAR3 is only present in the brain (Chen et al., 2000; Melcher et al., 1996a; Melcher et 

al., 1996b). Alternative promoter usage generates a full length (ADAR1p150) and a N-

terminally truncated (ADAR1p110) ADAR1 isoform in mammalian cells (Patterson and 

Samuel, 1995). While both the long and short isoforms contain three dsRNA-binding 

domains and a deaminase domain, their cellular distribution is different. ADAR1p110 

exclusively localizes to the nucleus (Desterro et al., 2003; Sansam et al., 2003), while the 

ADAR1p150 isoform shuttles in and out of the nucleus, though it predominantly 

accumulates in the cytoplasm (Patterson and Samuel, 1995; Poulsen et al., 2001). The 
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cytoplasmic localization of ADAR1p150 suggests that a select class of dsRNAs could be 

targeted outside the nucleus. However, cytoplasmic localization of RNA editing enzymes 

is unusual.  

Within a cell, ADARs are strongly localized to the nucleus. More specifically, 

ADAR1p110 and ADAR2 are present in the nucleolus and this localization is dependent 

on functional dsRBDs (Desterro et al., 2003; Sansam et al., 2003). ADAR nucleolar 

localization may be mediated by dsRNAs generated from ribosomal RNAs (rRNAs) and 

small nucleolar RNAs (snoRNAs), both known to be concentrated in the nucleolus. To 

date there is no evidence that ADARs can modify rRNAs or snoRNAs, thus the 

significance of this nucleolar localization remains enigmatic. However, translocation of 

ADAR2 from the nucleolus to the nucleoplasm results in higher editing levels in pre-

mRNA substrates (Sansam et al., 2003). Therefore, the nucleolar localization of ADARs 

may represent a cellular mechanism for regulating editing of pre-mRNAs through ADAR 

sequestration.  

 In Drosophila, dAdar transcripts are predominately restricted in the nervous 

system. More specifically transcripts were shown to accumulate in both the embryonic 

ventral nerve cord and the brain (Palladino et al., 2000b). During adulthood, dAdar 

transcripts accumulate in cortical regions of the central brain as well as in neurons of the 

lamina (Ma et al., 2001). However, the complete expression pattern and cellular 

distribution of ADAR in adult flies remains unknown. The localization of both 

mammalian and fly ADARs to the brain, suggests an important role for RNA editing in 

the functioning of the nervous system.  
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Identification of ADAR pre-mRNA targets 

 

Because inosine appears after reverse transcription as guanosine, 

electropherograms derived from edited cDNAs include mixed A/G peaks (Fig. 1.8). Such 

discrepancies in electropherograms are considered to be the signature of RNA editing. 

The comparison of cDNA to genomic DNA sequences led to the accidental discovery of 

RNA editing sites in various organisms (Bass, 2002; Nishikura, 2010). To further 

understand the biological significance of RNA editing, contemporary studies use novel 

approaches including comparative genomics and deep sequencing technologies to 

identify new RNA editing sites (Wulff et al., 2010).  

Comparative genomics approaches have uncovered an intriguing phylogenetic 

signature of A-to-I RNA editing in Drosophila (Hoopengardner et al., 2003). Comparison 

of 18 different Drosophila species revealed intronic cis-elements necessary for RNA 

duplex formation that are highly conserved (Hoopengardner et al., 2003). Furthermore, 

sequence conservation is higher in exonic sequences near editing sites compared to 

adjacent exons that are not modified by ADAR (Hoopengardner et al., 2003). Using this 

pattern of conservation as a possible signature of RNA editing, comparisons between 

species of Drosophila led to the identification of approximately 50 new editing sites 

found in 16 different genes. These genes encode proteins that are involved in electrical 

and chemical neurotransmission, including pre-synaptic enzymes, voltage- and ligand-

gated ion channels (Hoopengardner et al., 2003). Most of the ADAR modifications in 

these nervous system specific targets result in non-synonymous codon changes in 

functionally important residues (Fig. 1.9), suggesting a crucial role of RNA editing in 
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protein function. A more recent study in Drosophila using deep sequencing technology 

led to the identification of 972 new editing sites in 561 genes involved, not only in 

neurotransmission, but in a wide range of other functions suggesting that RNA editing 

events are more widespread than previously anticipated (Graveley et al., 2010).   

Furthermore, 207 human pre-mRNAs are subject to A-to-I specific RNA editing 

as identified by deep sequencing (Li et al., 2009). Most of the identified human mRNAs 

editing sites reside in ion channels and G-protein-coupled receptors, supporting previous 

reports that RNA editing targets in mammals are also involved in the functioning of the 

nervous system (Bhalla et al., 2004; Burns et al., 1997; Higuchi et al., 1993; Ohlson et al., 

2007).  

 

Consequences of RNA editing on protein function 

 

According to canonical Watson-Crick bonding, adenosine base pairs with uridine. 

Inosine shares the base pairing properties of guanosine, and thus base pairs with cytosine 

(Fig. 1.1B). Therefore, the translation machinery interprets inosine as if it were 

guanosine, altering the triplet codon and possibly leading to amino acid substitutions in 

protein products. Over half the triplet codons in the genetic code may be reassigned 

through RNA editing (Fig. 1.7). Due to the degeneracy of the genetic code, RNA editing 

can cause both synonymous and non-synonymous amino acid substitutions. However, 

RNA editing predominantly results in non-synonymous changes, and thus the 

diversification of protein products. While the functional consequences of most specific 

recoding events are currently unknown, various studies in different genetic model 
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organisms indicate that RNA editing of mRNAs can result in profound changes in protein 

properties. 

Mammalian, glutamate receptor channels (GluRs) are involved in fast 

neurotransmission at synapses in the brain (Dingledine et al., 1999), and are specifically 

recoded via RNA editing at multiple sites (Higuchi et al., 1993; Seeburg and Hartner, 

2003). At one of these sites, A-to-I modification results in an amino acid substitution of 

arginine for glutamine (Q/R site) in the pore-loop domain of the GluR-B subunit 

(Higuchi et al., 1993). This amino acid substitution leads to reduced channel conductance 

and permeability to Ca
2+

 ions (Dingledine et al., 1999; Seeburg et al., 2001). In addition, 

the presence of the arginine residue in the pore-loop acts as an endoplasmic reticulum 

retention signal (Greger et al., 2002). This retention mechanism inhibits 

homodimerization of edited channel subunits allowing only channels that consist of both 

edited and unedited subunit forms to exit, thus regulating synaptic signals through the 

diversification of channel subunit assembly (Greger et al., 2002).  

 Within the mammalian brain, serotonin signaling is promoted through a diverse 

family of G protein-coupled receptors (GPCRs) (Hoyer et al., 2002). One of these 

receptors undergoes A-to-I modification at five adenosines, resulting in codon changes 

within the second intracellular loop (Burns et al., 1997). RNA editing at these select 

adenosines leads to amino acid substitutions, causing an increase of the oligomerization 

potential of GPCRs and altering the ligand binding affinity of these receptors (Burns et 

al., 1997; Niswender et al., 1999; Wang et al., 2000).  

 Potassium ion (K
+
) channels are highly conserved, integral membrane proteins 

that form aqueous pores for K
+
 flow across cellular membranes (Miller, 2000). These 
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channels are involved in the regulation of various neuronal properties, including firing 

rates, resting potential, and recovery following an action potential (Pongs, 1999). 

Metazoan potassium channel pre-mRNAs undergo A-to-I RNA editing (Hoopengardner 

et al., 2003; Patton et al., 1997; Rosenthal and Bezanilla, 2002). While recoding events 

occur in different positions in the mammalian, fly, and squid K
+ 

channels, the functional 

consequences resulting from RNA editing are highly conserved. Amino acid substitutions 

that result from editing predominantly regulate the rate of inactivation of K
+ 

channels 

(Bhalla et al., 2004; Ingleby et al., 2009; Rosenthal and Bezanilla, 2002). These results 

suggest the importance of RNA editing in regulating potassium channel function 

throughout the animal kingdom.  

 These functional studies in GluR, GPCRs, and K
+ 

channels demonstrate that RNA 

editing has profound and specific consequences on the functionality of the protein 

products of its mRNA targets. However, much remains unknown about the effect of RNA 

editing on a multitude of other mRNA targets, providing great opportunities for further 

study.  

 

ADARs are required for appropriate nervous system function 

 

RNA editing deficiencies generated in various model genetic organisms, 

including mammals, worms, and flies, result in profound physiological consequences. 

Mice homozygous for ADAR1 null mutations die during early embryonic development. 

Isolation and examination of ADAR1
-/-

 embryos before death revealed widespread 

apoptosis in multiple tissues as the major cause of embryonic lethality (Wang et al., 
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2004). These results suggest that A-to-I editing of a currently unknown dsRNA target(s) 

is required for embryonic development of mice. Furthermore, ADAR2
-/-

 mice appear 

morphologically normal but suffer from repeated seizure episodes and die soon after birth 

due to lack of editing at the GluR-B Q/R site (Higuchi et al., 2000). A GluR-B allele that 

contains an arginine (R) codon at the Q/R site (GluR-B
R
) rescues the ADAR2

-/- 

phenotypes and mice appear normal throughout development (Higuchi et al., 2000). 

Thus, the GluR-B transcript is the most physiologically critical ADAR2 substrate in 

mice.  

Homozygous deletions in C. elegans of both ADR1 and ADR2 result in defects in 

chemotaxis (Tonkin et al., 2002). ADAR’s role in the chemosensation pathway and the 

targets involved in this behavioral response are currently unknown. However, when 

ADAR deficient worms are crossed to strains that are incapable of eliciting an RNA 

interference (RNAi) response, the chemotaxis defect is moderately rescued (Tonkin and 

Bass, 2003). These results suggest that in the absence of ADAR, dsRNAs that were 

otherwise protected by editing can enter the RNAi pathway leading to their degradation.  

In Drosophila, deletion of the single adar locus results in severe neurological 

defects, including extreme uncoordination, seizures, temperature-sensitive paralysis, lack 

of courtship display in males, and neurodegeneration (Palladino et al., 2000a). While all 

neurological phenotypes increase in severity with age, ADAR
-/-

 flies morphology and 

lifespan appears to be normal. Contrary to C. elegans, double mutants in both editing 

activity and RNAi response fail to rescue the neurological phenotypes (Jepson and 

Reenan, 2009). These results suggest that the neurological defects in ADAR null flies are 
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due to the lack of editing of nervous system mRNAs rather from the spurious entry of 

dsRNAs in the RNAi pathway.  

Nevertheless, ADAR deficiencies in the above model genetic systems point out 

crucial roles for RNA editing in the appropriate functioning of the nervous system and 

the regulation of adult-stage behaviors.  

 

Consequences of specific A-to-I RNA editing in non-coding sequences 

 

RNA editing affects splicing 

  

During formation of a dsRNA ADAR substrate, intronic cis-acting sequences can 

form RNA duplexes with splicing sites. ADARs can then modify select adenosines in 

splicing signals, resulting in the creation or elimination of splicing sites. The spliceosome 

recognizes inosine as guanosine in similar fashion to the translational machinery. A 

canonical 5’ splice site (GU) and 3’ acceptor site (AG) can be created via the 

deamination of AU to IU = GU and AA to AI = AG, respectively (Valente and Nishikura, 

2005). Correspondingly, a canonical 3’ splice site (AG) can be destroyed by RNA editing 

of AG to IG = GG (Valente and Nishikura, 2005). Mammalian ADAR2 edits its own 

transcript (auto-editing) leading to the generation of a novel 3’ splice site, which results 

in the inclusion of 47 nucleotides (Rueter et al., 1999). The inclusion causes a decrease in 

ADAR2 protein expression due to a frameshift and translation from an internal but 

inefficient initiation site (Rueter et al., 1999). The regulation of adar2 transcript splicing 

via RNA editing represents a negative regulatory feedback mechanism to modulate 
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ADAR2 protein levels since inhibition of auto-editing in vivo increases ADAR2 

expression and editing at many target adenosines in the transcriptome (Feng et al., 2006). 

 

Specific A-to-I RNA editing of Alu elements 

 

In primates, A-to-I editing predominantly occurs in Alu sequences (Athanasiadis 

et al., 2004; Kim et al., 2004) resulting in the diversification of the transcriptome (Paz-

Yaacov et al. 2010). Alu transposable elements are mobile, short DNA sequences that 

constitute 10% of the human genome (Lander et al., 2001). Editing in these widespread 

genomic elements results in the posttranscriptional creation of splicing signals that leads 

to exonization (Athanasiadis et al., 2004). A-to-I editing in the human nuclear prelamin A 

recognition factor (NARF), generates a novel 3’ splice site and alters the splicing 

enhancer signals (Lev-Maor et al., 2007). These post-transcriptional modifications are 

necessary for the inclusion of Alu elements in coding sequences in a tissue-specific 

manner (Lev-Maor et al., 2007). Furthermore, ADAR1 small RNA-mediated knockdown 

results in the aberrant exonization of Alu elements in a seryl-tRNA synthetase gene 

(SARS), suggesting that RNA editing could globally regulate Alu exonization events 

within the transcriptome (Sakurai et al. 2010). Thus, RNA editing in Alu elements may 

represent an evolutionary mechanism for generating novel functional proteins through the 

exaptation of transposed elements into protein domains (Moller-Krull et al., 2008). 
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Regulation of miRNA biogenesis and function through RNA editing 

 

Select deamination of adenosines found in non-coding regions can influence the 

biogenesis and target recognition of small interfering RNAs (siRNAs) involved in RNA 

interference (RNAi) (Nishikura, 2006). Micro RNAs (miRNAs) are highly conserved 

18-20nt non-coding RNAs that mediate gene silencing and regulate diverse cellular 

processes including development, differentiation, and apoptosis (Bartel, 2004; Meister et 

al., 2004). Encoded within non-coding regions, hairpin miRNA structures (pri-miRNAs) 

are post-transcriptionally processed by Drosha, an RNAse III enzyme, in the nucleus to 

yield 70nt double stranded miRNA precursors (pre-miRNAs) (Kim, 2005). Export of 

these precursors to the cytoplasm leads to further processing by Dicer to generate short 

RNA duplexes. Once loaded into a silencing complex, miRNAs guide degradation or 

translational repression of target mRNAs in a sequence specific manner (Bartel, 2004; 

Kim, 2005).  

 pri-miRNAs are fold-back dsRNA molecules which could serve as ADAR 

subtrates. Indeed, several miRNA precursors undergo A-to-I RNA editing at select 

adenosines (Blow et al., 2006; Luciano et al., 2004). ADAR2
 
null mice exhibit 

significantly higher levels of miR-142 compared to wild-type control mice (Yang et al., 

2006). Editing of pri-miR-142 near the base of the hairpin inhibits Drosha cleavage, in 

vitro (Yang et al., 2006) (Fig. 1.10B). Furthermore, specific RNA editing of pre-miR-151 

near the hairpin loop allows Drosha cleavage and nuclear export but inhibits Dicer 

cleavage, resulting in the accumulation of pre-miR-151 in the cytoplasm (Kawahara et 
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al., 2007a) (Fig. 1.10C). Editing of an adenosine within the miR-376 seed region is also 

sufficient to redirect silencing to a new target (Kawahara et al., 2007b) (Fig. 1.10D).   

 

Consequences of promiscuous A-to-I RNA editing 

 

Non-coding transcripts, sense-antisense RNA interactions, and exogenous RNAs 

can form long perfectly base-paired RNA duplexes that can serve as ADAR substrates 

(Bass, 2002; Nishikura, 2006). In these molecules, ADAR acts promiscuously resulting 

in up to 50% adenosine to inosine conversions (Nishikura et al., 1991; Polson and Bass, 

1994). Promiscuous editing causes structural distortions that affect the stability of the 

dsRNA, given that IU wobble base pairs are much less stable than Watson-Crick A-U 

base pairs (Serra et al., 2004). Inosine-rich dsRNAs (I-RNAs) have at least two fates; 

retention in the nucleus or cytoplasmic degradation. 

 

Nuclear retention 

 

Select nuclear dsRNA molecules undergo hyperediting, resulting in nuclear 

retention (Kumar and Carmichael, 1997). Synthetic I-RNAs are recognized and bound to 

p54
nrb

, an inosine-specific dsRNA binding protein, initiating the formation of a protein 

complex with matrin-3, a nuclear matrix protein (Zhang and Carmichael, 2001). This 

complex may anchor I-RNAs to the nuclear matrix, regulating their export to the 

cytoplasm (Zhang and Carmichael, 2001). Analysis of Alu repeats in the 3’UTR of a 

reporter system revealed higher levels of A-to-I modifications in RNAs isolated from the 
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nucleus compared to those from the cytoplasm. In addition, nuclear-retained RNAs 

showed almost complete colocalization with p54
nrb 

(Chen et al., 2008). These results 

suggest that hyperedited RNAs are retained in the nucleus due to their association with 

the p54
nrb 

complex, thus inhibiting their translation.   

The mouse cationic amino acid transporter 2 (CAT2) RNA is trapped within 

nuclear speckles and is only exported to the cytoplasm during stress (Prasanth et al., 

2005). Interestingly, the 3’UTR of this RNA, which is required for nuclear retention, is 

edited at multiple adenosine residues. Whether editing affects the export of this RNA 

from the nucleus to the cytoplasm is still unclear.  

 

Cellular defense 

 

The cellular presence of long dsRNAs is commonly indicative of invading nucleic 

acid parasites such as viruses and can elicit a variety of cellular responses. One such 

response is the adenosine deamination mediated by ADARs. Hyperediting has been 

detected in different viral RNAs, including polyoma (Kumar and Carmichael, 1997), 

measles (Bass et al., 1989), human parainfluenza (Murphy et al., 1991), and hepatitis C 

(Taylor et al., 2005). In addition, an ADAR1 isoform present in the cytoplasm can be 

induced by interferon response (Patterson and Samuel, 1995), a feature of antiviral 

defense mechanisms. These observations led to the proposal that hyperediting may act as 

an antiviral defense mechanism. Indeed, editing of hepatitis C RNAs limits viral 

replication (Taylor et al., 2005). In addition, I-RNAs are recognized and degraded rapidly 

by Tudor staphylococcal nuclease (Tudor-SN) in vitro (Scadden, 2005). Thus, 
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hyperediting could represent an efficient cellular defense mechanism, for marking viral 

RNAs for degradation (Fig. 1.11B). 

 

Regulation of RNA interference by ADARs 

 

Viral infection, injection of dsRNA, and endogenous sources of dsRNAs all lead 

to the production of siRNAs that direct a sequence-specific silencing mechanism 

(Hannon, 2002). This phenomenon, also known as RNA interference, is evolutionarily 

conserved and regulates both gene expression and transposable element surveillance 

(Ghildiyal and Zamore, 2009). The biogenesis of siRNAs requires processing of long 

dsRNA structures by a class of RNase III-like ribonuclease enzymes, called Dicer 

(Bernstein et al., 2001). The siRNA duplexes generated by Dicer are unwound for the 

incorporation of a single-stranded RNA (guide RNA) into the RNA-induced silencing 

complex (RISC). Ultimately, the targeting of RISC by the small guide RNA initiates 

transcriptional and post-transcriptional sequence-specific silencing (Hannon, 2002).  

C. elegans possess a potent RNAi response in most tissues. However, in neurons 

this silencing mechanism is much less efficient (Timmons et al., 2001). These 

observations suggest that neuronal cells possess a mechanism that inhibits RNAi. Both 

RNA editing and RNAi pathways involve dsRNAs, and ADAR modification of dsRNAs 

in neurons may antagonize the RNAi pathway at two levels. First, ADAR modification 

could alter the structure of dsRNA substrates leading to poor Dicer processing and thus 

decreased siRNA production. Second, RNA editing of siRNAs may prevent base pairing 

with mRNA targets, inhibiting the RISC cleavage step of RNAi (Nishikura, 2006). 
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siRNA biogenesis is progressively inhibited with increased RNA editing in vitro 

(Scadden and Smith, 2001a, b) (Fig 1.11B). In addition to I-RNAs being poor Dicer 

substrates, a single A-to-I modification in the mature siRNA may result in reduced RNAi 

efficacy (Scadden and Smith, 2001a, b). The in vivo functional consequences of ADAR’s 

antagonistic effects on RNAi are still unclear.  

ADAR1 and ADAR2 are catalytically active on dsRNAs in vitro (Gerber et al., 

1997; Lai et al., 1997; Melcher et al., 1996b). However, ADAR3 is not capable of 

deaminating adenosine residues at previously known RNA editing sites or adenosine 

residues present in synthetic long RNA duplexes (Chen et al., 2000). These results 

suggest that the binding of ADAR enzymes to dsRNA molecules could have a wide range 

of biological functions, independent of enzymatic activity.  

In vitro studies of synthetic 21-nt siRNA duplexes in electrophoretic mobility 

shift assays revealed that ADAR1p150 binds to siRNAs with high affinity independent of 

catalytic activity (Yang et al., 2005) (Fig 1.12). Sequestration of siRNA duplexes by 

ADAR results in a less potent RNAi response, and ADAR1 null cells exhibit more 

effective gene silencing by siRNAs when compared to wild-type cells (Yang et al., 2005). 

ADAR1 expression increases in mice injected with high doses of nonspecific siRNAs, 

suggesting that this is a feedback loop mechanism that regulates the cellular 

concentration of siRNAs through sequestration by ADAR (Hong et al., 2005). This 

feedback mechanism may represent a cellular immune response against the invasion of 

viral dsRNAs.   

ADAR binding can also influence the fate of nuclear dsRNAs. Catalytically 

inactive ADAR2 inhibited Drosha cleavage of pri-miRNAs, resulting in a significant 
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reduction in mature miRNAs (Heale et al., 2009). These results suggest that ADAR 

binding can influence the RNAi pathway independent of catalytic activity.  

Recent evidence suggests that ADAR interacts with the endogenous RNAi 

pathway in Drosophila (Kawamura et al., 2008). It was originally believed that 

endogenous small interfering RNAs (esiRNAs) were only present in organisms that 

possess RNA-dependent RNA polymerases (RDRPs). In plants,C. elegans, and fission 

yeast, RDRPs transcribe single-stranded RNA (ssRNA), generating dsRNA molecules 

that can be processed by Dicer for the biogenesis of esiRNAs (Okamura and Lai, 2008). 

However, genomic sources that encode for RNA duplexes can trigger the production of 

esiRNAs. In flies and mammals, both intramolecular and intermolecular dsRNAs can 

generate esiRNAs in somatic cells (Ghildiyal et al., 2008). These duplexes can be 

generated through transcription of transposons present in inverted orientation, convergent 

or bidirectional transcription, and trans-interactions between complementary RNAs 

(Ghildiyal and Zamore, 2009) (Fig 1.13). Purification and characterization of esiRNAs 

from Drosophila S2 cells revealed that the majority of esiRNAs are generated from 

transposable elements (TEs), suggesting that esiRNAs direct a somatic defense 

mechanism to repress TE activity (Kawamura et al., 2008). Indeed, mutations in or 

depletion of Dicer-2, the ribonuclease necessary for the biogenesis of esiRNAs, results in 

elevated levels of TE transcripts (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 

2008; Kawamura et al., 2008). In addition, a large number of esiRNAs possess adenosine 

to guanosine single nucleotide substitutions, suggesting that the endogenous dsRNA 

molecules that generate esiRNAs can serve as ADAR substrates (Kawamura et al., 2008). 

Although, the functional consequences of the interaction of RNA editing and esiRNA 
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silencing pathways are currently unknown, additional evidence suggests that ADARs 

could be involved in the regulation of heterochromatic gene silencing (Fagegaltier et al., 

2009).  

 

ADARs may regulate heterochromatic silencing 

 

Drosophila pericentromeric regions are highly heterochromatic and interact with 

histone H3 methylation on lysine 9 (H3K9). This association recruits Heterochromatin 

Protein 1 (HP1) that initiates a silencing-spreading mechanism to neighboring genes 

(Ebert et al., 2006). Mutations of several proteins involved in the Drosophila Piwi RNAi 

pathway, which is involved in the suppression of TEs in the gonads, result in profound 

alterations in HP1 distribution on polytene chromosomes (Pal-Bhadra et al., 2004). In S. 

pombe, esiRNAs are involved in transcriptional gene silencing by directing the formation 

of heterochromatin (Martienssen et al., 2008), suggesting that the esiRNAs in Drosophila 

could serve similar roles. Over-expression of both the B2 and P19 proteins, viral 

suppressors of RNAi, result in the suppression of esiRNA biogenesis and activity in 

Drosophila. This leads to less potent heterochromatic silencing through alterations in the 

chromosomal distribution of both the histone methyl transferase Su(var)3-9 and HP1 

(Fagegaltier et al., 2009). Therefore, esiRNAs may regulate heterochromatin formation in 

somatic tissues. The finding that ADAR targets esiRNA precursors indicates that the 

RNA editing pathway could regulate heterochromatic gene silencing by antagonizing 

both the biogenesis and activity of esiRNAs.  
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Further implicating the involvement of RNA editing in heterochromatic gene 

silencing, the dodeca-satellite binding protein 1 (DDP1) recognizes and binds I-RNAs in 

Drosophila. DDP1 associates with HP1 almost exclusively on polytene chromosomes in 

highly heterochromatic genomic regions, including telomeres and the chromocenter 

(Cortes et al., 1999). Elimination of DDP1 by RNAi in S2 cells results in several defects, 

including alterations in the structure of the chromocenter and mislocalization of HP1 

(Wang et al., 2005). Furthermore, the mammalian homolog of DDP1, Vigulin, also binds 

to hyper-edited RNAs and forms a complex containing ADAR1, RNA helicase A (RHA), 

histone variant H2AX, and HP1 (Wang et al., 2005). Binding of Vigulin to hyperedited 

RNAs may direct this complex to select genomic loci, initiating heterochromatin 

formation (Zhou et al., 2008). 

 

RNAi-dependent heterochromatin formation mediated by 1360 elements 

 

Studies in Drosophila over the past two decades have accumulated a vast array of 

data characterizing the initiation and maintenance of heterochromatin. Drosophila 

chromosome 4, also known as the dot chromosome, has been the focus of such studies 

because it is highly heterochromatic (Riddle et al., 2009). Heterochromatin is considered 

to contain both high levels of transposable elements and low gene density, resulting in a 

compact DNA organization compared to euchromatin (Grewal and Elgin, 2007). These 

differences in chromatin organization are usually probed using position effect variegation 

(PEV), a phenomenon in which a euchromatic gene juxtaposed near a heterochromatic 

region is silenced (Locke et al., 1988).  In Drosophila, PEV is monitored using 
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expression of a white
+ 

mini-gene reporter in eye ommatidia (Grewal and Elgin, 2007). A 

white
+
 reporter that is fully expressed results in a red eye while the same reporter exhibits 

a variegating eye phenotype when stochastically silenced via heterochromatization (Fig. 

1.14).  

An investigation of the heterochromatic domains using PEV revealed that the dot 

chromosome is largely heterochromatic, but euchromatic domains also exist (Riddle et 

al., 2008). More importantly, a specific transposable element, the 1360, was implicated in 

heterochromatin formation (Sun et al., 2004). A single copy of the 1360 element is 

capable of both initiating and spreading silencing at a neighboring promoter (Haynes et 

al., 2006), and reporters placed within 10 kb of a 1360 element can be silenced (Riddle et 

al., 2008). Interestingly, short RNA species that correspond to sense and antisense strands 

of 1360 elements are detected in KC cells, suggesting processing by the RNAi machinery 

(Haynes et al., 2006). Curiously, reporters are also silenced without having a 1360 

element nearby, implicating additional transposable elements in the formation of 

heterochromatin. Given that transposable elements in the genome must be silenced 

because of their powerful mutagenic potential, any TE sequence could serve as a target 

for initiating heterochromatin formation. 

Various heterochromatic proteins associate with the dot chromosome. Both 

proteins HP1 and H3K9 associate within heterochromatic regions in polytene 

chromosomes, including the telomeres, the chromocenter, and the dot chromosome 

(Cowell et al., 2002; Jacobs et al., 2001; James et al., 1989). The mechanisms for 

targeting these proteins to heterochromatic regions are still not well understood. Recent 

studies of RNAi and its role in transposon control suggest an attractive model of how 
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heterochromatin associated proteins can target repetitive DNA sequences to initiate 

heterochromatin formation. In particular, the germline-specific piRNA pathway is 

involved in the silencing of transposable elements (Aravin et al., 2007a; Aravin et al., 

2007b). In Drosophila, Piwi-interacting small interfering RNAs (piRNAs) are thought to 

be generated from long single-stranded RNA transcripts derived from transposon-rich 

loci (Brennecke et al., 2007). The piRNAs could serve in the targeting of the 

heterochromatic machinery to specific loci and transposable elements within the genome. 

Indeed, piwi mutants are sterile due to deregulation of transposable elements, suggesting 

the importance of the piRNA pathway in the silencing of these elements in the germ line 

(Aravin et al., 2007a). Furthermore, mutations in piwi act as suppressors of variegation, 

suggesting a role for this pathway in heterochromatin formation (Haynes et al., 2006; Pal-

Bhadra et al., 2004). Thus, an inefficient RNAi response could lead to deregulation of 

hererochromatic domains, resulting in the activation of TEs.   

In somatic cells esiRNAs silence transposable elements in a similar fashion to 

piRNAs in the germ line. Mutations in genes involved in the biogenesis or activity of the 

esiRNAi pathway act as suppressors of PEV, suggesting that this pathway also directs the 

formation of heterochromatin (Fagegaltier et al., 2009). One major difference between 

these two RNAi pathways is that esiRNAs arise from dsRNA molecules, whereas 

piRNAs arise from single-stranded transcripts. ADARs may target these dsRNA 

molecules in the nervous system, thus antagonizing the RNAi response. The observation 

that edited esiRNAs are occupying active RISC complexes (Kawamura et al., 2008) 

suggests that ADARs may potentially affect transposon silencing by regulating 

heterochromatin formation. 
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Open questions and current motivations for this study 

 

Diverse RNA editing systems are functionally active throughout metazoan 

transcriptomes (Bass, 2001). Intriguingly, the adenosine to inosine (A-to-I) RNA editing 

system, which is catalyzed by ADARs, is particularly active in the brain of higher 

eukaryotes (Nishikura, 2010). In previous sections of this work I emphasize the progress 

thus far achieved in ADAR biology including the identification of coding and non-coding 

RNA editing targets, the crystallization of the catalytic domain, the identification of their 

mechanistic preferences and specificities for site selective editing, and the consequences 

of specific and promiscuous editing in RNA transcripts. Furthermore, generation of 

ADAR deficiencies in various genetic model systems highlights an important role for 

these enzymes in the functioning of the nervous system (Higuchi et al., 2000; Palladino et 

al., 2000a; Tonkin et al., 2002).      

Although much progress has been made in the A-to-I RNA editing field over the 

last two decades, significant questions remain in our mechanistic understanding of how 

ADAR activity in the nervous system regulates both behavioral outputs and organismal 

fitness. Drosophila provides an ideal genetic system to study A-to-I RNA editing due to 

the presence of a single adar locus (Palladino et al., 2000b) In addition, an abundance of 

known target adenosines are present in a host of mRNAs encoding ion channels and pre-

synaptic release proteins (Hoopengardner et al., 2003). Furthermore, recent advances in 

the use of genetic techniques, such as ends-out homologous recombination, allow precise 

in vivo engineering of the Drosophila genome.  
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dADAR transcripts are detected predominately in the brain of both Drosophila 

embryos and adults (Ma et al., 2002; Palladino et al., 2000b). However, the complete 

ADAR expression and cellular distribution pattern in the adult nervous system is still 

unknown. The lack of a commercially available antibody has hindered our understanding 

on this subject. Furthermore, although previous studies using two substrates suggest that 

dADAR auto-editing acts to reduce its own catalytic activity in vitro (Keegan et al., 

2005), it’s in vivo consequences regarding the global regulation of the fly inosinome and 

adult-stage behaviors are still unknown. Lastly, several lines of evidence indicate that 

ADARs can antagonize RNAi-mediated gene silencing (Nishikura, 2006). Editing of 

endogenous small interfering RNAs in flies (Kawamura et al., 2008) suggests that 

ADARs interact with the endogenous RNAi pathway. The consequences, however, of 

such interactions and their effect on both gene expression and transposable element 

regulation in neuronal transcriptomes remain enigmatic.  

In this study I will use ends-out homologous recombination to address these 

issues, including defining the detailed expression profile of dADAR in the adult fly 

nervous system, the in vivo consequences of dADAR auto-editing on mRNA recoding 

and organismal behavior, and the regulation of heterochromatin formation by dADAR. 

The following chapters of this thesis substantially augment our understanding of the 

mechanisms regulating dADAR activity and how these processes contribute to 

Drosophila physiology and behavior. Lastly, I will provide evidence that ADARs interact 

with transposable element transcripts and demonstrate that this interaction can regulate 

heterochromatin formation in vivo. The research here highlights a more global function 
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for RNA editing regarding neuronal transcriptomic regulation and emphasizes its pivotal 

role in organismal fitness.   
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FIGURE 1.1. Hydrolytic deamination of adenosine to inosine by ADAR. (A) An 

adenosine is converted to inosine via the hydrolytic deamination of the adenine base. (B) 

Adenosine base pairs with uridine according to the Watson-Crick bonding configurations. 

In contrast, inosine shares the binding properties of guanosine and therefore base pairs 

with cytosine.   
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FIGURE 1.2. Posttranscriptional regulation of Drosophila ADAR. Inclusion or 

exclusion of an alternatively spliced exon, termed 3a, alters the linear distance between 

the double-stranded RNA binding domains (dsRBDs). Furthermore, an auto-editing event 

in exon 7 results in a serine to glycine (S  G) amino acid substitution in the deaminase 

domain. Example electropherograms showing the auto-editing levels from adult male 

(54%) and female heads (49%).   
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FIGURE 1.3. Domain structure of ADAR enzymes. Three human adenosine deaminase 

acting on RNA family members (ADAR1-3), D. melanogaster (Dm) ADAR, and two C. 

elegans (Ce) proteins, ADAR1-2, share common structural domains, including a 

deaminase catalytic domain and one to three double-stranded RNA binding domains 

(dsRBDs). Certain domain features, such as Z-DNA binding, are unique to human ADAR 

family members. Two human ADAR1 products are produced due to alternative promoter 

usage during transcription (Redrawn from information contained in Nishikura, 2006).   
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FIGURE 1.4. Editing-site selectivity of ADAR enzymes. A-to-I RNA editing of dsRNAs 

can be specific or promiscuous leading to deamination of select or random adenosines, 

respectively. (A) ADARs deaminate specific adenosines in short imperfect RNA 

duplexes (20-50bp). (B) In contrast, promiscuous editing of multiple adenosines occurs 

in long, perfectly paired dsRNAs (100-1000bp).    
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FIGURE 1.5. Schematic diagrams illustrating structurally diverse dsRNAs that serve as 

ADAR substrates. (A) Exonic sequences fold-back on each other to generate a simple 

hairpin. (B) Intronic sequences with extensive complementarity to the exon destined to be 

edited can generate an exon-intron hairpin structure. (C) Intronic sequences can also 

generate complex dsRNA structures when base-pairing with exonic sequences, such as a 

pseudoknot. Exonic sequences are shown as blue while intronic sequences are shown as 

grey. 
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FIGURE 1.6. The proposed A-to-I RNA editing mechanism for pre-mRNAs. RNA 

polymerase transcribes the exon destined to be edited and the editing complementary 

intronic sequences. An imperfect short dsRNA is generated that serves as an ADAR 

substrate. Two ADAR monomers are required for the deamination reaction to occur. 

While the RNA polymerase continues to transcribe the rest of the pre-mRNA, a dsRNA 

helicase resolves the RNA duplex before RNA splicing is initiated. After completion of 

RNA processing, the mature mRNA is exported to the cytoplasm for translation.  
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FIGURE 1.7. Amino acid recoding via RNA editing. More than half of the codons of the 

genetic code can be reassigned. Grey arrows indicate non-synonymous amino acid 

substitutions possible due to A-to-I RNA editing.  
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FIGURE 1.8. The signature of A-to-I RNA editing. An example electropherogram of the 

ard ligand-gated ion channel cDNA, showing mixed A/G peaks. Black arrows indicate 

the edited adenosines.   
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FIGURE 1.9. ADAR recoding occurs in functionally important amino acid residues. A 

schematic diagram illustrating four homologous domains of Na
+
 and Ca

2+
channels. Each 

subunit consists of six transmembrane-spanning helices (red). The + symbol indicates the 

voltage sensors. Blue spheres indicate RNA editing sites in L-type Ca
2+

 channels. The 

yellow sphere indicates an editing site found in the Caα1T T-type Ca
2+ 

channel, while the 

green spheres represent editing sites in DSCI Na
+ 

channel (Redrawn from information 

contained in Hoopengardner et al., 2003). 
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FIGURE 1.10. Regulation of the miRNA pathway via RNA editing. (A) Within the 

nucleus, hairpin miRNA structures (pri-miRNAs) are post-transcriptionally cleaved by 

Drosha to yield miRNA precursors (pre-miRNAs). In the cytoplasm, Dicer processing of 

pre-miRNAs generates short RNA duplexes that encode the mature miRNA (blue). (B) 

Specific A-to-I RNA editing near the base of the pri-miRNA results in the inhibition of 

Drosha cleavage preventing the biogenesis of mature miRNAs. (C) Specific editing near 

the loop of the pri-miRNA inhibits Dicer processing in the cytoplasm. (D) Editing of an 

adenosine within the seed region of the mature miRNA results to its redirection to a new 

target (Redrawn from information contained in Nishikura, 2010).   
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FIGURE 1.11. Regulation of RNA interference by ADARs. (A) Dicer processing of long 

perfect dsRNAs leads to the generation of small interfering RNAs (siRNAs) that direct 

sequence-specific silencing. (B) Promiscuous RNA editing of dsRNAs results in poor 

Dicer processing, leading to the generation of fewer siRNAs. In addition, inosine-rich 

dsRNAs can be degraded by Tudor-SN (Redrawn from information contained in 

Nishikura, 2010). 
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FIGURE 1.12. Sequestration of siRNA duplexes through ADAR binding. ADAR in the 

cytoplasm can bind to siRNA duplexes with high affinity, resulting in a less potent RNAi 

response. Thus, ADARs can antagonize the RNAi pathway through RNA binding, 

independent of catalytic activity.   
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FIGURE 1.13. Endogenous dsRNA triggers for esiRNA biogenesis in Drosophila. (A) 

Structured loci encoded within the genome are processed by Dicer to generate siRNAs. 

(B) Convergent and (D) bidirectional transcription as well as transcription of transposable 

elements found in inverted orientation (C), all lead to the generation of dsRNA 

molecules. (E) Trans-interactions between a gene and its inverted pseudogene also leads 

to the generation of dsRNA structures. Thin black arrows indicate transcription, whereas 

white arrows indicate orientation (Redrawn from information contained in Ghildiyal and 

Zamore, 2009).       
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FIGURE 1.14. Diagram illustrating position effect variegation (PEV) in Drosophila. 

When the white
+
 reporter gene resides within euchromatin (black), it is fully expressed, 

resulting in a full red eye phenotype. Juxtaposition of the white
+ 

gene close to 

heterochromatin (grey), results in a red and white mosaic eye phenotype. The presence of 

a suppressor of variegation, Su(var), leads to a less potent silencing effect, giving rise to 

more pigmented ommatidia in the eye. In contrast, the presence of an enhancer of 

variegation, E(var), results in a stronger silencing phenotype. 
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CHAPTER 2: 

 

 

Engineered Alterations in RNA Editing Modulate Complex Behavior in Drosophila 

 

 

 

 This chapter consists of previous published data. “Engineered Alterations in RNA 

Editing Modulate Complex Behavior in Drosophila”. Authors: James E. C. Jepson*, 

Yiannis A. Savva*, Chio Yokose, Arthur U. Sugden, Asli Sahin, and Robert A. Reenan. 

Journal of Biological Chemistry 286 (10): 8325-8337, 2011. (*) These authors 

contributed equally to this work. My specific contributions to this publication include: (a) 

I created the dAdar
hyp

 allele used in this study using homologous recombination, (b) I 

created the molecular reported of editing activity used in this study (Figure 2.2A), (c) I 

performed the molecular analysis on RNA editing sites in the ADAR hypomorph allele 

(Figure 2.3A-C), I performed the molecular analysis of various editing sites during 

development (Figure 2.4B-C), and I assisted in the behavioral analysis of ADAR 

hypomorphs (Figure 2.5A-E).   
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ABSTRACT 

 

Select proteins involved in electrical and chemical neurotransmission are re-coded 

at the RNA level via the deamination of particular adenosines to inosine by adenosine 

deaminases acting on RNA (ADARs). It has been hypothesized that this process, termed 

RNA editing, acts to “fine-tune” neurophysiological properties in animals and potentially 

downstream behavioral outputs. However, the extreme phenotypes resulting from 

deletions of adar loci have precluded investigations into the relationship between ADAR 

levels, target transcripts, and complex behaviors. Here, we engineer Drosophila 

hypomorphic for ADAR expression using homologous recombination. A substantial 

reduction in ADAR activity (>80%) leads to altered circadian motor patterns and 

abnormal male courtship, although surprisingly, general locomotor coordination is 

spared. The altered phenotypic landscape in our adar hypomorph is paralleled by an 

unexpected dichotomous response of ADAR target transcripts, i.e. certain adenosines are 

minimally affected by dramatic ADAR reduction, whereas editing of others is severely 

curtailed. Furthermore, we use a novel reporter to map RNA editing activity across the 

nervous system, and we demonstrate that knockdown of editing in fruitless-expressing 

neurons is sufficient to modify the male courtship song. Our data demonstrate that 

network-wide temporal and spatial regulation of ADAR activity can tune the complex 

system of RNA-editing sites and modulate multiple ethologically relevant behavioral 

modalities. 
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INTRODUCTION 

 

Informational recoding of RNA by the catalytic deamination of adenosine to 

inosine proceeds through the action of ADARs (Nishikura, 2010). Long double strand 

RNA duplexes exhibiting perfect complementarity can be modified extensively by 

promiscuous ADAR activity. However, mRNAs may also serve as site-specific substrates 

for ADARs via base pairing interactions that generate short imperfect duplexes that 

generally include the exon destined for editing and a cis-acting complementary sequence, 

usually found in a neighboring intron (Higuchi et al., 1993; Reenan, 2005). Because 

inosine is recognized by the translation machinery as guanosine (Basillo et al., 1962), A-

to-I editing in mRNAs can lead to the incorporation of amino acids differing from those 

specified by the literal genome.  

In Drosophila, the spectrum of ADAR substrates is peculiarly specific, consisting 

primarily of mRNAs encoding an array of voltage- and ligand-gated ion channels, as well 

as numerous pre-synaptic proteins involved in exo- and endocytosis of synaptic vesicles 

(Grauso et al., 2002; Hoopengardner et al., 2003; Semenov and Pak, 1999; Smith et al., 

1998). Similarly, several mammalian ion channels and G-protein-coupled receptors are 

also subject to RNA editing (Bhalla et al., 2004; Burns et al., 1997; Higuchi et al., 1993; 

Hoopengardner et al., 2003; Ohlson et al., 2007). In light of the ontological class and high 

sequence conservation of ADAR target genes, RNA editing has been invoked as an 

essential function in controlling synaptic transmission and neurophysiology. 

Correspondingly, deletion of the single Drosophila adar locus (dAdar) results in severe 

adult-stage behavioral abnormalities, including extreme uncoordination, seizures and a 

complete lack of courtship in dAdar null (dAdar
5g1

) males (Palladino et al., 2000a), 
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whereas mice lacking ADAR2 suffer from seizures and early mortality (Higuchi et al., 

2000).  

Due to the presence of a single X-linked adar locus and more than 100 mRNA 

sites of dADAR modification, Drosophila provides an ideal system to study the 

correlation between deaminase levels and recoding output. We have previously shown 

that restoration of editing in the adult nervous system partially rescues the locomotor 

defect of dAdar-deficient males, an effect that appears to be independent of any 

interactions between dAdar and the RNAi pathway (Jepson and Reenan, 2009). However, 

the pattern of dADAR expression and activity within the fly nervous system is currently 

unknown. Furthermore, although previous studies have focused on the relationship 

between dADAR activity and motor control, it is unclear whether complex behaviors 

require regulated editing and, if so, whether subpopulations of edited proteins contribute 

to distinct behavioral outputs.  

Here, we investigate these issues using homologous recombination and a 

molecular reporter for RNA editing activity. Although dADAR expression can be 

detected in almost all neuronal nuclei, significant variation in dADAR activity exists 

between genetically distinct neurons. Finally, through the generation of a novel 

hypomorphic dAdar allele, we demonstrate an unexpectedly complex relationship 

between in vivo dADAR levels and deamination of specific RNA editing targets. 

These data, combined with neuron-specific dADAR knockdown, demonstrate that correct 

regulation of editing activity at both cell-autonomous and network levels is required for 

behavioral outputs in Drosophila and provide mechanistic insight into the complex 

landscape of proteomic diversity generated by RNA editing.  
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MATERIALS AND METHODS 

 

Drosophila Strains and Genetics 

 

For a full list of Drosophila strains used, see supplemental Tables S2.1 and S2.2. 

Flies were raised at a constant 25 °C, on standard molasses food, and under 12-h 

day/night cycles. Both dAdar RNAi transgenes were obtained from the Vienna 

Drosophila RNAi Stock Center. Generation of the double RNAi line was described 

previously (Jepson and Reenan, 2009). Tissue-specific Gal4 lines were obtained from the 

Bloomington stock center. 

 

Ends-out Homologous Recombination of the dAdar Locus 

 

We performed ends out homologous recombination using a similar methodology 

to that reported previously (Maggert et al., 2008). Briefly, we utilized the ends-out 

targeting vector p [w25.2] that contains the white
+
 selectable eye color mini-gene flanked 

by LoxP sites for subsequent removal by Cre-recombinase. Homology arms were cloned 

and sequenced in pTOPO (Invitrogen) and then shuttled into the multiple cloning sites of 

the vector to generate p [w25-dADAR-HA], which was then introduced into the 

Drosophila genome by standard transgenic methods (Genetic Services Inc.). 

The cloning strategy is as follows, where all genomic coordinates are given by the 

Drosophila melanogaster draft, BDGP Release 5, with release 5.12 annotation provided 

by FlyBase at the UCSC Genome Browser. Arm 1 is the 5‟ arm of p [w25-dADAR-HA] 

(see Fig. 2.1) and was generated by PCR amplification to incorporate cloning sites as 

follows: Arm 1, BsiWI-1,673,865–1,676,526-AscI. Arm 2 is the 3‟ arm of 
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P [w25-dADAR-HA] and was generated in two parts by PCR amplification to 

incorporate cloning sites and an HA epitope tag; Arm2, Acc65I-1,676,602–1677784-

HA/NheI-1,677,788–1,679,400-NotI. The HA tag sequence was inserted after the 

terminal glutamate codon of dAdar (GAA) ending in an opal (TGA) stop codon and an 

NheI (gctagc) cutting site as follows: GAAtacccttacgatgttcctgattacgccagcctgTGAgctagc. 

Targeting was performed to generate multiple independent targeting events in 

which the HA tag was incorporated or excluded from the recombination events. Targeted 

alleles were validated by amplification using primers outside the region of targeting. All 

targeted alleles were sequenced to verify only the presence of indicated sequences. 

Subsequent removal of the white
+
 mini-gene selectable marker was achieved by 

performing crosses to animals expressing Cre-recombinase and re-isolation of targeted 

chromosomes containing a single LoxP site. The recombinant alleles were subsequently 

backcrossed to Canton-S for five generations. 

 

Behavioral Analysis 

 

Locomotor patterns were recorded using horizontal, single fly activity monitors 

(TriKinetics). Flies were left to acclimatize for 12 h before recording was initiated. An 

average daily pattern was calculated for each fly by averaging data from 3 consecutive 

days. These values were then further averaged across the experimental population. 

Mating assays and song recording were performed in a custom-made chamber. For each 

assay, 5–7-day-old males and 3–5-day-old virgin females were used, and the time taken 

for male initiation of courtship (latency) and the courtship index (time spent 

courting/total time) was recorded over 10 min. All mating assays were performed in a 
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narrow time window (7–10 a.m.) to minimize circadian influences on experimental 

outcome, blind to experimental genotype where possible. Mating songs were recorded 

using a MicroTrack mobile digital recorder (M-Audio) and were analyzed in Audacity. 

Because dAdar
hyp

 males expressed a white
+
 mini-gene and dAdar

WTLoxP
 did not, we 

crossed a white
+
 mini-gene-containing p [w25.2] vector inserted in the 3rd chromosome 

into the dAdar
WTLoxP

 background to restore eye pigment expression.  

 

RNA Editing Analysis 

 

RNA extractions from Drosophila heads (15–20 per sample) were performed 

using TRIzol reagent (Invitrogen). Edited cDNAs were amplified via RT-PCR using 

target-specific primers (Jepson and Reenan, 2009). Levels of editing were determined by 

measuring the area under A- and G-peaks in individual electropherogram traces using 

ImageJ. The percent editing is expressed at G/(A + G)  100. 

 

Western Blotting 

 

Protein samples were prepared in buffer containing SDS and -mercaptoethanol 

and electrophoresed on a 10% gel (Amresco). Anti-HA antibody (Covance) was used at 

1:500; anti-actin (Millipore) was used at 1:20,000–80,000. Band intensities were 

quantified on a Kodak Image Station following background subtraction. For adult heads, 

20-heads/100 l of buffer were used per sample. For developmental analysis, we used 

250 1st instar larvae, 10 3rd instar larvae, and 10 whole adult males per 100 l of buffer. 
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Confocal Microscopy and Immunohistochemistry 

 

A Zeiss LSM 510 meta-confocal microscope was used to obtain all images. 

Samples for immunohistochemistry were prepared as described previously (Wu and Luo, 

2006). Primary antibodies were used at the following concentrations: mouse anti-Lamin, 

anti-Elav, anti-Repo, and anti-Dachshund (Developmental Studies Hybridoma Bank) 

were all used at 1:50; mouse anti-HA and rabbit anti-HA (Santa Cruz Biotechnology) 

were used at 1:50. Alexa-Fluor secondary antibodies (goat anti-mouse Cy3 and goat anti-

mouse and anti-rabbit FITC (Invitrogen) were used at 1:200. DAPI (Invitrogen) was used 

at 1:1000. Confocal images were obtained at subsaturation levels of fluorescent intensity. 

Images were contrast-enhanced in Adobe Photoshop. Each image shown is a 

representative example of n  5. 

 

Online Supplementary Material 

 

 The supplemental material includes seven figures, three tables, and a movie. 

Supplementary figure 1 (S2.1) shows the expression of dADAR-HA in the male brain 

and thoracic ganglion. Supplementary figure 2 (S2.2) shows that the exon skipping of the 

syt-T reporter does not account for neuron-specific differences in editing. Supplementary 

figure 3 (S2.3) shows the frequency distribution of the reduction in editing levels 

observed at 68 dADAR target adenosines amplified from dAdar
hyp

 heads and thoraxes, 

compared to the same tissue in dAdar
WTLoxP

 males. Supplementary figure 4 (S2.4) shows 

examples of single-fly profiles of locomotor activity. Supplementary figure 5 (S2.5) 

shows no sex-specific exon skipping of the syt-T reporter when driven by fru-Gal4. 

Supplementary figure 6 (S2.6) shows lack of sexual dimorphism between endogenous 
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transcripts in male and female heads and thoraxes. Supplementary figure 7 (S2.7) shows 

that inhibition of dADAR activity in fruitless neurons does not alter circadian rhythms. 

Supplementary table 1 (S2.1) describes the Drosophila strains used in this study. 

Supplementary table 2 (S2.2) shows the editing levels at two sites, site 3 and site 4, of the 

syt-T molecular reporter expressed in discrete neuronal sub-populations. Supplementary 

table 3 (S2.3) shows the editing levels at 68 target adenosines in dAdar
WTLoxP

 and 

dAdar
hyp

 in male head and thorax. The supplementary movie shows that the locomotor 

activity of dAdar
hyp

 males is relatively robust, despite the severe reduction in dADAR 

expression. All the online supplementary figures, tables and movie is available at 

http://www.jbc.org/content/early/2010/11/15/jbc.M110.186817/suppl/DC1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.jbc.org/content/early/2010/11/15/jbc.M110.186817/suppl/DC1
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RESULTS 

 

dADAR Is Localized to the Neuronal Nucleus in the Drosophila Brain 

 

 

The endogenous dADAR protein expression pattern within the adult Drosophila 

nervous system has not been determined. To remedy this, we used ends-out homologous 

recombination (Rong et al., 2002) to generate three independent recombinant lines, two 

with HA epitope-tagged sequences at the 3‟ end of the dAdar locus (Fig. 2.1A and B) and 

one without. Editing levels did not significantly differ between both dAdar
HA

 lines and 

w
1118

 controls (supplementary Fig. S2.1).  

During homologous recombination, screening for recombinant flies is facilitated 

by the insertion of an 5-kb white
+
 mini-gene eye color selection cassette within an intron 

of the dAdar locus, subsequently removed via a Cre-recombinase step (Rong and Golic, 

2000; Rong et al., 2002). Western blotting using an anti-HA antibody revealed robust 

expression of an HA-immunoreactive protein at the predicted size of dADAR in both 

recombinant lines lacking the white
+
 mini-gene (Fig. 2.1C). We used these lines to detail 

the expression pattern of dADAR. Because dADAR-HA levels and endogenous editing 

were indistinguishable between the two independent lines, we use them interchangeably 

throughout all subsequent experiments. Confocal microscopy revealed broad expression 

of dADAR in the brain and thoracic ganglion (supplementary Fig. S2.1). Co-

immunostaining for HA and the nuclear envelope protein Lamin showed that dADAR 

expression was prominent only within nuclei (Fig. 2.1D). No significant dADAR 

localization to the cytoplasmic, axonal, or dendritic compartments was observed. In 

addition, dADAR co-localized with Elav (a marker for neuronal nuclei) but not Repo (a 
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glial nuclear marker), indicating that nuclear dADAR expression is widespread and 

enriched in the neuronal nucleus (Fig. 2.1E). 

 

Editing Activity Varies Widely between Neuronal Subpopulations 

 

 

Our initial analysis of dADAR localization revealed clear differences in dADAR 

protein expression even between neighboring neurons (Fig. 2.1D and E), suggesting that 

dADAR expression is under spatial control in the Drosophila brain, as is the case in 

mammals (Jacobs et al., 2009). To investigate how dADAR activity varies in genetically 

defined neurons, we used a molecular reporter of editing activity based on syt-1, which 

contains four editing sites in exon 9, of which sites 3 and 4 are edited most robustly (Fig. 

2.2A) (Hoopengardner et al., 2003; Reenan, 2005). The reporter (termed syt-T) consists 

of the edited exon flanked by the upstream and downstream introns and exons cloned into 

a pUAS vector (Jepson and Reenan, 2009), allowing targeted expression using the UAS-

Gal4 binary expression system (Brand and Perrimon, 1993).  

We used 21 neuronal Gal4 lines to drive two independent insertions of syt-T (see 

supplemental Table S2.2) and observed production of full-length transcripts with all Gal4 

drivers. Sequence analysis confirmed that all full-length transcripts were the result of 

accurate splicing. In certain cases, a minor band corresponding to exon 9 skipping was 

observed. However, alterations in editing of the reporter did not correlate with alternative 

splicing of the edited exon (supplementary Fig. S2.2). Editing at site 4 was detected in all 

neurons defined by the library of Gal4 lines but varied widely from 27 to 82% (Fig. 

2.2B–D). In contrast, editing at site 3 was either undetectable or 10% in 16/21 driver 

lines tested, and it was only observed at robust levels (20%) in the five subpopulations 
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that yielded the highest editing at site 4, suggesting that although low 

dADAR levels are sufficient for robust editing of site 4, editing at site 3 only occurs once 

a certain threshold of dADAR expression has been exceeded. 

To test whether dADAR expression correlated with editing of the syt-T reporter, 

we examined dADAR expression in two neuronal subtypes representing high and low 

levels of dADAR activity indicated by the syt-T reporter, glutamatergic (ok371) and 

mushroom body neurons, respectively (see supplemental Table S2.2). Robust dADAR 

levels were detected in many glutamate-releasing neurons labeled with a nuclear red 

fluorescent protein (Fig. 2.2E) (Barolo et al., 2004). In contrast, mushroom body cells 

labeled with the nuclear marker Dachshund showed strikingly lower dADAR expression 

levels relative to surrounding neurons (Fig. 2.2F). These data suggest that cell-

autonomous regulation of dADAR expression contributes to neuron-to neuron variation 

in editing of the molecular reporter. 

 

Stringent Reduction of dADAR Expression Reveals Differential Affinities of Edited 

Substrates 

 

 

Initially, the two pre-Cre recombinant lines generated contain a white
+
 mini-gene 

inserted in an inverse orientation relative to dAdar transcription. Western blots revealed 

that prior to removal of this white
+
 mini-gene insertion, dADAR-HA staining was 

reduced by 80  5% and 87  7% relative to post-Cre counterparts (Fig. 2.1C and D). 

Thus, insertion of white
+ 

serendipitously generated independent hypomorphic alleles of 

dAdar (which we refer to as dAdar
hyp

; control flies harboring a single LoxP site in intron 

7 of dAdar are referred to as dAdar
WTLoxP

).  
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The substantial reduction in dADAR expression also led to a tissue-specific 

decrease in auto-editing of the dAdar transcript, a developmentally regulated event that 

acts to down-regulate dADAR activity by re-coding a conserved serine residue to glycine 

near the active site (Keegan et al., 2005). Amplification of the dAdar transcript revealed 

that auto-editing was slightly but significantly reduced in dAdar
hyp

 heads relative to 

dAdar
WTLoxP

 (WTLoxP, 53.8%; hyp, 49.1%, n = 8 RT-PCRs, p  0.005, Mann-Whitney U 

test). In contrast, auto-editing in thorax tissue dropped from 38.1% in dAdar
WTLoxP

 

controls to 23.1% in dAdar
hyp

 thoraxes (n = 5–8, p  0.005). The decrease in ADAR 

protein production by the dAdar
hyp

 allele results in comparable or only slightly reduced 

levels of the less active (edited) form of Drosophila ADAR protein. Thus, any system-

wide changes in target deamination should be largely due to changes in ADAR levels 

rather than effects due to misregulated auto-editing. 

Complete loss of A-to-I RNA editing in Drosophila results in multifaceted adult-

stage behavioral abnormalities (Palladino et al., 2000a), consistent with the functional 

pleiotropy of dADAR. However, the extreme uncoordination exhibited by dAdar
5g1

 null 

flies has made investigations into the relation between A-to-I editing activity and 

complex behavior impossible. Surprisingly, despite the severe reduction in dADAR 

expression in dAdar
hyp

 males, locomotor activity appeared relatively robust under casual 

observation (supplemental movie), and no obvious uncoordination was apparent. These 

observations suggested that editing might perdure in a behaviorally relevant 

subpopulation of adenosines in dAdar hypomorphs, despite the severe reduction in 

dADAR protein expression. We tested this hypothesis by comparing editing in 68 target 

adenosines in the hypomorph and control backgrounds. Like editing in the dAdar
HA
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genetic background (supplemental Fig. S2.1), dAdar
WTLoxP

 males did not significantly 

differ from wild-type Canton-S (data not shown). In dAdar
hyp

 heads and thoraxes, 

however, editing was reduced by an average of 68  4% and 56  4%, respectively, 

relative to the post-Cre control (Fig. 2.3A). We observed a similar reduction in editing in 

dAdar
HA

 males in which the white
+
 mini-gene was not removed (data not shown). 

Intriguingly, the reduction in specific editing of targets was highly nonuniform 

(Fig. 2.3A and supplemental Fig. S2.3A and B). Editing at a substantial fraction of sites 

was reduced by 70–100% in hypomorph heads and thoraxes. In contrast, despite the 

extreme curtailing of wild-type dADAR levels, a subpopulation of adenosines was 

modified at nearly wild-type levels (Fig. 2.3A and supplemental Table S2.3). For 

example, in the male thorax, syt-1 site 4 and site 2 of the ard acetylcholine receptor (also 

known as D1) are edited at similar levels (95  1% and 94  2%, respectively) 

(supplemental Table S2.3). However, in dAdar
hyp

 thoraxes, editing at syt-1 site 4 was 

reduced by 12% relative to dAdar
WTLoxP

, while ard site 2 was reduced by 71%. A further 

striking example is site 4 of eag and the single site in Ca1T. Site 4 of eag is slightly 

reduced from 84  0.6% to 79  0.4% in dAdar
hyp

 heads, while editing in Ca1T is 

completely abolished in dAdar
hyp 

heads, despite its high level of editing in dAdar
WTLoxP

 

heads (87  0.7%). 

Based upon these data, we classified dADAR substrates into two groups 

according to their sensitivity to dADAR protein levels, which we term “high and low 

efficiency” (HE and LE) sites. We defined HE sites as those reduced by 30% in 

dAdar
hyp

 thoraxes, while LE sites are reduced by 70%. Importantly, HE and LE sites 

also exhibited similar responses to dADAR reduction in male dAdar
hyp

 head samples, 
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although these were shifted toward slightly lower reductions in HE sites and greater 

reductions in LE sites (supplemental Fig. S2.3). Many dADAR targets are edited at 

higher levels in the thorax relative to head tissue (average increase, 16  6% for all sites 

edited 10%; Fig. 2.3A), although notable exceptions such as shab site 5 and Ca1T 

were apparent. This trend may reflect increased dADAR activity in the thoracic ganglion 

relative to the head, perhaps due to lower levels of auto-editing in dAdar
hyp

 thoraxes. 

We took advantage of the dAdar
5g1

 null and hypomorphic dAdar
hyp

 alleles to 

generate females with a graded range of dADAR expression, and we examined editing at 

10 HE and 8 LE sites in head samples from four genetic backgrounds: hyp/hyp, 5g1/FM7 

(where FM7 is a balancer chromosome with a wild-type copy of dAdar
+
), hyp/FM7, and 

WTLoxP/WTLoxP. These genotypes have predicted relative dADAR expression levels of 

 20, 50, 60, and 100%, respectively. As expected, all LE sites exhibited very low levels 

of editing in hyp/hyp heads (0–23%), in contrast to HE sites (30–84%) (Fig. 2.3B and C). 

Every HE site tested showed wild-type levels of editing in 5g1/FM7 heads, and the mean 

reduction in hyp/hyp heads relative to wild-type controls was only 26  4%. Thus, only a 

minimal concentration of dADAR is sufficient to yield robust editing of HE sites. 

In contrast, the mean reduction in LE sites in hyp/hyp heads relative to wild-type 

controls was 80  4%. However, within the LE sites we examined, we could delineate 

two subpopulations. Five of the eight sites tested (ard sites 1–3, DSC1 and Ca1T) 

showed wild-type editing levels in 5g1/FM7 heads, despite severely reduced editing in 

the dAdar
hyp

 background. The remaining three sites (unc-13, Ca1D site 1, and site 6 of 

the D6 acetylcholine receptor) showed sequentially increased editing in proportion to 

higher dADAR levels and did not reach wild-type levels of editing in either 5g1/FM7 or 
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hyp/FM7 heads. We also examined five HE and LE sites in hyp/hyp, 5g1/FM7, hyp/FM7, 

and WTLoxP/WTLoxP thoraxes, with similar results (supplemental Fig. S2.3C and D). 

Finally, Western blotting indicated that there was no significant up-regulation of 

expression from a wild-type dAdar locus in dAdarHA/5g1 trans-heterozygote females 

(supplemental Fig. S2.3E), indicating that there does not appear to be a compensatory 

mechanism counteracting decreased ADAR production. 

The unexpectedly complex relationship between dADAR concentration and 

editing levels appears to vary on a site-by-site basis. One possible explanation for the 

variation in the sensitivity of edited adenosines to dADAR concentration is a differential 

ratio of substrate mRNA to dADAR enzyme, i.e. LE sites are present in mRNAs with 

high steady-state expression levels, although the converse is true for HE sites. However, 

this explanation is not consistent with the close proximity of HE and LE sites within 

transcripts from a single gene, which was observed for several mRNAs, including Ca1D 

and D6 (Fig. 2.3B and C), as well as shaker, shab, and eag (supplemental Table S2.3). 

For example, sites 5 and 6 of shaker are separated by just six nucleotides yet exhibit 

strikingly different reductions in editing in dAdar
hyp

 heads, with site 5 reduced by 22% 

and site 6 by 76% (supplemental Table S2.3). In addition, proteins re-coded by dADAR 

that function in the same sub-cellular compartment also exhibited drastically divergent 

responses in dAdar
hyp

. Synaptotagmin-1 (syt-1) and unc-13 both act to promote vesicle 

release at pre-synaptic nerve terminals. Nonetheless, site 4 of syt-1 is robustly edited in 

dAdar
hyp

, although editing of unc-13 is almost abolished in both dAdar
hyp

 heads and 

thoraxes (Fig. 2.3). Therefore, our data strongly suggest that the sensitivity of editing 

sites to changes in dADAR levels is a function of inherent primary sequence and/or 
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structural properties specific to the double strand RNA structural intermediates required 

for ADAR-mediated deamination.  

 

High and Low Efficiency Editing Sites Exhibit Distinct Patterns of Developmental 

Regulation 

 

 

Editing at many, but not all, dADAR substrates is under strong temporal control, 

appearing predominantly at the pupal and adult stages of Drosophila development. Edited 

adenosines exhibiting differential developmental regulation may even be found within the 

same transcript (Ingleby et al., 2009; Jones et al., 2009), yet how this is achieved remains 

unknown. Previous data has shown that dAdar transcription is low during the larval 

stages and rapidly peaks at the late pupal and adult stages (Palladino et al., 2000b). We 

hypothesized that adenosines showing high levels of editing throughout development 

represent HE sites and require low levels of dADAR expression for robust editing. 

Conversely, pupae/adult-specific sites would require higher concentrations of dADAR for 

efficient modification and populate the LE class. 

We assessed whether temporal changes in dAdar transcription result in similar 

alterations in dADAR protein levels by comparing dADAR expression in the adult 

thoracic ganglion and the ventral nerve cord of 3rd instar larvae (L3) (Fig. 2.4A). 

Although strong dADAR expression was observed in neuronal nuclei in the adult thoracic 

ganglion, dADAR was largely undetectable by immunohistochemistry in the larval 

ventral nerve cord. Furthermore, Western blotting revealed robust bands corresponding to 

dADAR-HA isoforms in adult male tissue, which were undetectable in samples prepared 

from the 1st instar (L1) and L3 larval stages (Fig. 2.4B, inset). Thus, the increase in 
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dAdar mRNA between the larval and adult stages is mirrored by a similar change in 

detectable dADAR protein expression. 

We next investigated whether HE and LE sites show distinct patterns of 

developmental regulation, in keeping with the above hypothesis. We measured editing at 

the same HE and LE sites examined above (Fig. 2.3B and C), amplified from Canton-S 

L1, L3, and adult-stage cDNAs. Editing sites representing HE and LE classes showed 

strikingly different developmental regulation (Fig. 2.4B and C). As predicted, all LE sites 

tested showed clear increases in editing between the L3 and adult stages (Fig. 2.4B). 

Across the eight sites studied, editing levels at the L3 stage averaged only 8  3% of the 

corresponding adult values. In contrast, HE sites were enriched for adenosines that were 

robustly edited in the early and late larval stages (Fig. 2.4C), with the mean values at L3 

averaging 53  10% of adult levels. Three of the four HE adenosines that did show 

developmental regulation mapped to the same transcript, encoding the Ca1D voltage-

gated calcium channel. Thus, although deamination of particular transcripts may be 

developmentally modulated by factors distinct from dADAR itself, editing site-specific 

responses to dADAR protein levels explains a significant proportion of the temporal 

variation in editing and correlates well with our functional definition of HE and LE 

classes. 

 

Reduction of dADAR Expression Affects Complex Behavior 

 

 

The lack of severe uncoordination in dAdar
hyp

 males allowed us to examine, for 

the first time, whether complex adult-stage behaviors are altered in a genetic background 
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with an engineered alteration in editing levels. 

Under light-dark (12:12 h) conditions, wild-type Drosophila exhibit diurnal peaks 

of activity centered on the lights-on (dawn) and lights-off (dusk) transitions. Importantly, 

spikes in activity are preceded by anticipatory increases in locomotion that are driven by 

an endogenous circadian clock (Allada and Chung, 2010). We examined rhythmic 

locomotor patterns using automated, single-fly activity monitors. dAdar
WTLoxP

 males 

displayed peaks of activity at subjective morning and evening, as well as anticipation of 

both dark-light and light-dark transitions (Fig. 2.5A and supplemental Fig. S2.4). Under 

constant dark conditions, dAdar
WTLoxP

 males displayed anticipation of subjective morning 

and night (data not shown), illustrating that the circadian clock remains intact in our 

control genotype. In dAdar
hyp

 males, peaks of morning and evening activity were present 

but reduced in amplitude relative to dAdar
WTLoxP

 (Fig. 2.5B), and anticipation of morning, 

but not night, was completely abolished. Importantly, this pattern of locomotor activity 

was distinct from dAdar
5g1

 males, which lack coordinated locomotor patterns (Fig. 2.5C 

and supplemental Fig. S2.4) (Palladino et al., 2000a). We quantified the degree of 

morning anticipation in the above three genotypes (defined as the number of beam breaks 

in the 3 h before lights-on normalized to the 6 h before lights-on). dAdar
WTLoxP

 males 

exhibited a 60 and 45% increase respectively in the degree of morning anticipation 

relative to dAdar
hyp

 and dAdar
5g1

 males, respectively (Fig. 2.5D). Thus, although limited 

expression of dADAR (20%) is sufficient to restore a degree of locomotor coordination 

and activity, including startle responses to changes in light stimuli, more robust dADAR 

expression is required for the manifestation of circadian anticipation of morning, a 

complex behavior. Analysis of total locomotor activity revealed that locomotion in 
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dAdar
hyp

 males and females was reduced by 52–58% relative to control genotypes (Fig. 

2.5E). Interestingly, hetero-allelic females revealed that a very modest increase of 

dADAR expression (from 50% in 5g1/FM7 to 60% in hyp/FM7 females) was 

sufficient to completely restore wild-type locomotor levels (Fig. 2.5E). 

Temperature-sensitive paralysis and circling behavior, other hallmarks of 

dAdar
5g1

 males (Palladino et al., 2000a), were not observed in dAdar
hyp

 males, although 

sporadic seizures were clearly apparent (see supplemental movie). Most surprisingly, 

hypomorphic males exhibited robust courtship toward wild-type females, a behavioral 

pattern completely absent in dAdar
5g1

 males (Palladino et al., 2000a). Because the 

relationship between RNA editing and mating behavior is unclear, we compared several 

courtship parameters in dAdar
WTLoxP

 and dAdar
hyp

 males. Although males from both 

genotypes court wild-type females, dAdar
hyp

 males exhibited an  4-fold increase in the 

time taken to initiate courtship (latency) relative to dAdar
WTLoxP

 males (p 0.00025, Mann-

Whitney U test; Fig. 2.6A). Despite this, the overall length of time spent courting did not 

significantly differ between either genotype (p 0.33; Fig. 2.6B and C). 

During mating, males produce a species-specific “love song” via unilateral wing 

vibration, which is proposed to both facilitate female acceptance and to act as an 

indicator of correct species identity during courtship. Mutations in several loci that also 

undergo RNA editing have been shown to alter the song waveform (Peixoto and Hall, 

1998). This suggested the possibility that RNA editing in neuronal mRNAs might 

modulate song properties. To test this, we recorded the pulse songs of dAdar
WTLoxP

 and 

dAdar
hyp

 males. 

Courting dAdar
WTLoxP

 males generated robust pulse songs with highly stereotyped 
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waveforms similar to previously published examples from wild-type Drosophila (n = 26, 

Fig. 2.6D) (Peixoto and Hall, 1998; Zehring et al., 1984). In contrast, pulse songs from 

dAdar
hyp

 males often exhibited abnormal waveforms characterized by polycyclic pulses 

and additional peaks (Fig. 2.6E). Of the 44 songs analyzed from dAdar
hyp

 males, only 7 

were similar to the dAdar
WTLoxP

 pulse pattern. The change in waveform was accompanied 

by alterations in several other song parameters, including a reduced number of pulses per 

song train, an increased pulse frequency, and a small but highly significant increase in the 

inter-pulse interval (dAdar
WTLoxP

, 38.6 ms  0.4, n = 312; dAdar
hyp

, 40.8 ms  0.4, n = 

281; p 0.0001, Mann-Whitney U test) (Fig. 2.6F–H). In addition, we observed striking 

variability in the dAdar
hyp

 pulse waveforms, even between distinct song trains from the 

same male (Fig. 2.6E). The coefficient of variation (defined as the S.D divided by the 

mean) of the pulse frequency increased from 0.121 in dAdar
WTLoxP

 to 0.265 in dAdar
hyp

, 

but it was similar when comparing the inter-pulse intervals of the two genotypes 

(dAdar
WTLoxP

, 0.175; dAdar
hyp

, 0.155). Thus, in addition to influencing multiple song 

parameters, robust editing also appears to be required for maintaining aspects of male 

song pulse stereotypy. 

 

 

 

Inhibition of RNA Editing in a Small Subset of Neurons Is Sufficient to Alter Complex 

Behavior 

 

 

In Drosophila, the male-specific isoform of the transcription factor Fruitless 

(Fru
M

) is a key mediator of male-specific behaviors, and the output of fruitless (fru) 
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neurons is known to be essential for correct courtship behavior and generation of the 

mating song (Clyne and Miesenbock, 2008; Manoli et al., 2005; Stockinger et al., 2005). 

Because both of these behavioral parameters were altered in dAdar
hyp

 males, we 

examined the pattern and function of A-to-I editing in this behaviorally important subset 

of neurons. 

fru neurons are present in both the male and female central brain and thoracic 

ganglion, composing 2% of the total neuronal population. Although the distribution and 

projection patterns of fru neurons are broadly similar between male and female 

Drosophila (Demir and Dickson, 2005; Manoli et al., 2005; Stockinger et al., 2005), 

subpopulations of fru neurons have been shown to exhibit sexual dimorphism in both 

number and wiring (Datta et al., 2008; Kimura et al., 2008; Kimura et al., 2005). We 

initially tested whether editing activity in fru neurons also showed sexual dimorphism by 

driving the two independent insertions of the syt-T reporter (Fig. 2.2) using fru-Gal4 and 

analyzing editing at syt-T sites 3 and 4 following RT-PCR amplification from male and 

female head and thorax cDNA. Interestingly, editing at site 4, which is more robustly 

edited than site 3, indeed showed subtle but significant sexual dimorphism. Site 4 

exhibited a relative increase of 20% in male versus female head cDNA (p = 0.004, 

Mann-Whitney U test). This trend was reversed in thorax cDNA, where site 4 editing in 

fru neurons was reduced by 10% in males relative to females (p = 0.03; Fig. 2.7A and 

B,). Editing at site 3 showed a similar trend, albeit at lower levels (Fig. 2.7B). 

Furthermore, site 4 editing was statistically unchanged between fru neurons in male 

heads and thoraxes (p = 0.94) but increased by 30.5% between female head and thorax 

samples (p = 0.003; Fig. 2.7B). No sex-specific alternative splicing of the syt-T reporter 
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was observed in either head or thorax tissues (supplemental Fig. S2.5). 

Because dAdar is X-linked, our results could potentially reflect sex-specific 

differences in dADAR expression throughout the nervous system. Thus, we examined 

editing of the endogenous syt-1 transcript in male and female whole head and thorax 

cDNA and found no significant sexual dimorphism at either site (supplemental Fig. 

S2.6). We next measured editing at a further five LE and eight HE sites (Fig. 2.3) in the 

same tissues. In this combined data set of 15 editing sites, we found a small but 

significant reduction in overall editing in female relative to male heads (mean reduction, 

9%, p = 0.0013, paired t test). However, in contrast to editing of the syt-T reporter, there 

was no significant alteration in editing of endogenous mRNAs when comparing male and 

female thoraxes (p = 0.198) nor a significant difference in editing of the 15 sites between 

female head and thorax samples (p = 0.68) (supplemental Fig. S2.6). Thus, the female 

tissue-specific differences in editing of syt-T cannot be explained in terms of a global 

alteration in editing activity. Collectively, these data suggest that dADAR activity is 

differentially controlled in male and female fru neurons. 

The existence of sexually dimorphic editing activity suggested a functional role in 

dADAR activity in fru neurons. Robust dADAR expression was detected in many fru 

neurons in both the male brain and the thoracic ganglion (Fig. 2.7C). Importantly, 

dADAR is expressed in fru neurons in the mesothoracic segment of the ventral nerve 

cord, which are thought to be a key component of the song pattern generator (Fig. 2.7C) 

(Hall, 1979; von Schilcher and Hall, 1979). We made use of a previously validated 

double-RNAi line (adr-IR1 + 2) directed against the 3‟ region of the dAdar transcript and 

under the control of the upstream activation sequence promoter (Jepson and Reenan, 
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2009) to selectively reduce dADAR expression in fru neurons. Knockdown of dADAR 

solely in fru neurons did not significantly alter male locomotor activity, latency to court, 

or total time spent courting (supplemental Fig. S2.7). Male-male courting, a hallmark of 

fruitless mutants, was not observed in fru-Gal4  adr-IR1 + 2 males (data not shown). 

This, as well as the robust courtship of females, indicates that the development and 

wiring of fru neurons are unlikely to be adversely affected by dADAR knockdown. 

We next examined the mating song in the experimental and both control 

genotypes. Song waveforms from control males containing driver or transgenes alone 

were indistinguishable from dAdar
WTLoxP

 (Fig. 2.7D and E). In contrast, 

12/27 song trains from males with dADAR expression inhibited in fru neurons exhibited 

polycyclic waveforms and/or additional peaks that were not observed in either genetic 

control (Fig. 2.7F), as was also observed in dAdar
hyp

 males (albeit in a higher proportion 

of songs). This was accompanied by an increase in the average number of pulses per song 

train (fru-Gal4  adr-IR1 + 2, 12.9  1.7; fru-Gal4/+, 6.6  1; adr-IR1 + 2/+ , 8  1.3; p    

0.005, Mann-Whitney U test) but no significant alteration in either pulse frequency or 

inter-pulse interval relative to both control genotypes. Thus, knockdown of dADAR in 

fru neurons can partially phenocopy a discrete subset of the multifaceted alterations in 

courtship behavior observed in dAdar
hyp

 males, namely the generation of mating songs 

with abnormal, often polycyclic, waveforms. 
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DISCUSSION 

 

Using a novel hypomorphic allele of dAdar generated through homologous 

recombination coupled with cell-specific dADAR knockdown, we have demonstrated 

that RNA editing serves a modulatory role in multiple adaptive behaviors in Drosophila. 

In short, we provide linkage between the loss of conserved and taxa-specific amino acid 

re-coding sites and alterations in wild-type ethological outputs that directly impinge on 

organismal fitness. Importantly, the behavioral defects observed in dAdar
hyp

 males 

correlate with the severe loss of a particular subset of edited adenosines, namely those 

that are preferentially edited at the adult stage (Fig. 2.4B). 

Our molecular analysis of dAdar hypomorphs revealed a striking diversity in the 

response of edited adenosines to changes in endogenous dADAR levels (Fig. 2.3). Both 

the local sequence surrounding edited adenosines and their predicted secondary structures 

vary widely between dADAR substrates, providing a potential mechanism to generate 

differential affinities for dADAR binding and deamination (Bhalla et al., 2004; Hall, 

1979; Reenan, 2005). This finding has important implications as follows. First, it 

provides a explanatory basis for the developmental regulation of a select population of 

editing sites (Fig. 2.4), a phenomenon common to both Drosophila and mammals 

(Hanrahan et al., 2000; Ingleby et al., 2009; Jones et al., 2009; Rula et al., 2008). Second, 

cell-specific variation in dADAR expression (Fig. 2.2) may allow spatial control of LE 

sites while simultaneously maintaining robust network-wide editing of HE sites, thus 

providing a means to fine-tune neuronal physiology through the diversification of a 

constrained population of proteins (see Fig. 2.8, for model). 

We have previously shown that pan-neuronal expression of the two hairpin RNAi 
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constructs used in this study reduces locomotor activity by 90% (Jepson and Reenan, 

2009), and this effect could not be phenocopied by dADAR knockdown in any particular 

neuronal subset tested. Furthermore, dADAR knockdown under these conditions was 

robust enough to strongly reduce editing even at HE sites such as syt-1 site 4. Although 

knockdown is subject to the level of hairpin expression and efficiency of RNAi in 

particular neurons, the abrogation of ADAR expression by transgenic knockdown was 

clearly effective. In contrast, editing at HE sites is still maintained in our purely genetic 

model using dAdar
hyp

 mutant males and females (Fig. 2.3), as is coordinated locomotion 

(albeit at lower levels; Fig. 2.5). Indeed, even dAdar
hyp

/dAdar
5g1

 trans-heterozygote 

females, predicted to express dADAR at 10% of wild-type levels, do not appear 

uncoordinated. Collectively, these data imply that network-wide editing of HE sites is 

sufficient to provide motor tone and prevent the extreme uncoordination observed in 

dAdar null flies. 

Conversely, it is tempting to speculate that developmentally regulated LE sites 

modulate adult-specific behaviors. Indeed, we examined two ethologically relevant 

behaviors in dAdar
hyp

 males, which show a severe disruption of developmentally 

regulated editing (Fig. 2.4), and we found both to be defective (Figs. 2.5 and 2.6). 

dAdar
hyp

 males did not show the circadian anticipation of lights-on seen in wild-type 

Drosophila (Fig. 2.5), and multiple aspects of courtship behavior were abnormal in 

dAdar
hyp

 males, including the time required to initiate courtship and the waveform of the 

mating song (Fig. 2.6). It should be stressed that defects in both of the above parameters 

are likely to be severely detrimental to reproductive fitness under competitive conditions 

in the wild. 
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Although our data lead us to hypothesize that loss of adult stage LE sites may 

underlie the locomotor and courtship defects exhibited by dAdar hypomorphs, we cannot 

currently link the loss of particular editing sites to the behavioral defects seen in dAdar
hyp

 

males due to the large number of characterized dADAR substrates. Over 100 editing sites 

in 24 mRNAs have been identified either serendipitously or through comparative 

genomics approaches (Hoopengardner et al., 2003), although a recent bioinformatic 

screen identified a further potential 27 mRNAs subject to re-coding (Stapleton et al., 

2006). The existence of functionally epistastic interactions between editing sites also 

makes it unlikely that any particular phenotype observed in dAdar
hyp

 males can be fully 

mapped to the loss of a single editing site (Ingleby et al., 2009; Jones et al., 2009). 

Rather, the relationship between re-coding and behavior can instead be viewed through 

the prism of the pleiotropic actions of dADAR on a wide range of RNA substrates, with 

many edited proteins simultaneously contributing to the total phenotype of interest.  

We mapped the cellular foci for behavioral abnormalities associated with 

stringent loss of dADAR expression using transgenic RNAi (Dietzl et al., 2007). 

Knockdown of dADAR specifically in fruitless-expressing neurons partially recapitulated 

the polycyclic songs observed in dAdar
hyp

 males (Fig. 2.7) but did not phenocopy 

alterations in other song properties or mating behavior, suggesting that these highly 

specific phenotypic components are influenced by editing in other fru-negative neurons 

and/or muscle tissue. Surprisingly, targeted expression of a molecular reporter for editing 

activity suggests that male and female fru neurons within both the brain and thoracic 

ganglion may differ in terms of dADAR activity (Fig. 2.7). Because only small 

subpopulations of fru neurons exhibit morphological sexual dimorphism, it has been 
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hypothesized that expression of the male-specific isoform of Fruitless (Fru
M

) may modify 

the physiological properties of fru neurons (Clyne and Miesenbock, 2008; Demir and 

Dickson, 2005; Manoli et al., 2005; Stockinger et al., 2005). Given the large number of 

transcripts re-coded by A-to-I editing (Hoopengardner et al., 2003), an alteration of 

dADAR expression or activity by Fru
M

 could hypothetically provide a means of enabling 

functional modulation of a wide range of ion channels and synaptic release proteins. 

Further experiments will be required to test whether the alterations in editing observed 

between male and female fru neurons represent large differences in a subset of fru 

neurons, subtle alterations across the fru neuron network, or are due to numerical sexual 

dimorphism in the fru neuron population.  

That RNA editing can modulate song properties is particularly intriguing, because 

editing sites are not static throughout insect evolution (Grauso et al., 2002; Jin et al., 

2007; Reenan, 2005). Indeed, even within the Drosophila lineage, we have observed 

species-specific changes in the magnitude of editing at orthologous adenosines in several 

ion channels (Hanrahan et al., 2000; Hoopengardner et al., 2003). Therefore, our data 

open the possibility that alterations in RNA editing may contribute to species-specific 

song waveforms, a key mechanism implicated in the reproductive isolation between 

Drosophilids. More broadly, our data suggest that, in principle, evolutionary divergences 

in RNA editing may contribute to the generation of adult-stage species-specific 

behavioral patterns. 
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FIGURE 2.1. Visualization of dADAR expression using ends-out homologous 

recombination. (A) Schematic representation of the targeting construct used to insert an 

HA epitope tag at the 3‟ of the dAdar locus. (B) Representative Western blot showing 

HA-positive bands in two independent lines lacking the white
+
 mini-gene. Actin was used 

as a loading control. *, nonspecific labeling. This is likely to be a head/brain-specific 

cross-reaction because it is not observed when using whole fly tissue (see Fig. 2.4B). (C) 

Quantification of relative dADAR-HA levels (normalized to actin) before and after Cre 

expression. Values are expressed relative to the mean of each post-Cre dAdarHA line (n = 

6 Western blots, three independent samples). Error bars, S.E. values. (D) Lamin and 

dADAR-HA staining in the male brain and thoracic ganglion. Scale bar, 10 m. E, 

dADAR-HA co-localizes with DAPI-stained nuclei and Elav, but not Repo, inthe male 

brain. Scale bar, 20 m. 
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FIGURE 2.2. Molecular reporter of RNA editing reveals neuron-specific patterns of 

dADAR activity. (A) Design of the reporter, termed syt-T. Exons 8–10 of syt-1, along 

with the intervening introns, were cloned into the pUAS expression vector. Upon 

transcription, the E1 and E2 elements form a pseudo-knot structure by base pairing with 

coding sequences in exon 9 (Reenan, 2005), leading to formation of a dADAR substrate 

and editing of sites 3 and 4. (B) Example electropherograms showing editing of sites 3 

and 4 in three genetically distinct cell types as follows: mushroom body   neurons (201y), 

fruitless-positive (fru), and glutamatergic (ok371) neurons. Average editing of site 3 and 

4 in 21 classes of neurons, defined by distinct Gal4 drivers, is shown in C and D. Each 

value is the mean of 4–6 RT-PCRs derived from males carrying each Gal4 driver and one 

of two independent insertions of syt-T. Error bars, S.E. values. (E) dADAR expression in 

glutamatergic neurons. dADAR-HA and the nuclear red fluorescent protein red-stinger 

(Barolo et al., 2004) driven by ok371-Gal4 are shown in the male brain and thoracic 

ganglion (upper panel), and at higher magnification in the central brain (middle) and 

thoracic ganglion (lower panel). (F) dADAR-HA expression in Dachshund-positive 

Kenyon cells is clearly reduced relative to the surrounding nuclei. Scale bars, 20 m. 
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FIGURE 2.3. Varied impacts on mRNA re-coding following reduction of dADAR 

expression. (A) Heat map representation of editing levels at 68 sites in dAdar
WTLoxP

 heads 

and thoraxes, and the corresponding reduction of editing in the same tissue from dAdar
hyp

 

males. Each editing site is represented by a four-symbol code (see supplemental Table 

S2.3 for details). (B) and (C) Editing levels in female heads for 8 LE sites (B) and 10 HE 

sites (C). The homozygotic and heterozygotic backgrounds containing various dAdar 

alleles are noted below each graph. Each value is the mean of 3 RT-PCRs. Error bars, 

S.E. values. 
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FIGURE 2.4. Dynamic control of dADAR expression underlies developmental patterns 

of editing at low efficiency sites. (A) dADAR and Elav expression in the L3 ventral nerve 

chord (VNC) and the adult thoracic ganglion (TG). Scale bar, 20 m. (B) LE sites are 

subject to strong developmental regulation. Editing at eight LE sites was examined at two 

larval stages (L1 and L3) and in adult males (A). Inset, representative example of n = 4 

Western blots showing a strong increase in dADAR expression at the male adult stage 

relative to L1 and L3. The two dADAR-HA bands likely represent dADAR proteins 

containing or lacking the alternatively spliced 3a exon, which is included at a higher level 

in the abdomen relative to the head and thorax. (C) Developmental profiles of 10 HE sites 

in L1, L3, and adult (A) males. Error bars, S.E. values. 
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FIGURE 2.5. Global reduction in dADAR activity leads to altered patterns of locomotor 

activity. (A–C) Mean activity profile of dAdar
WTLoxP

 (A, n = 30), dAdar
hyp

 (B, n = 30), 

and dAdar
5g1

 males (C, n = 16) under 12-h light-dark cycles (white and black bars). Each 

bar is an average value of time points from three consecutive days. In dAdar
WTLoxP

, but 

not dAdar
hyp

 or dAdar
5g1

 males, anticipation of morning and evening can be observed 

under both environmental conditions (arrowheads). (D) Quantification of morning 

anticipation in the three experimental genotypes. (E) Mean locomotor activity in male 

and female dAdar allelic backgrounds. Error bars, S.E. values. **, p  0.005; ***, p  

0.0005; not significant (ns): p  0.05 (Mann-Whitney U test). 
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FIGURE 2.6. RNA editing is required for appropriate male courtship. (A) Time taken to 

initiate courtship (latency) is significantly higher in dAdar
hyp

 males (n = 20) relative to 

dAdar
WTLoxP

 controls (n = 15), yet the total time spent courting virgin females over a 10-

min period (courtship index, CI) is not significantly different between either genotype (B 

and C). Courtship index was either calculated over the whole 10 min (B) or following 

initiation of courtship (C). Examples of three separate song trains are shown from a 

single dAdar
WTLoxP

 (D) or dAdar
hyp

 male (E). Note that although the trains from the 

dAdar
WTLoxP

 male are highly stereotyped, trains from even a single dAdar
hyp

 male show 

striking variability in waveform pattern. Scale bar, 10 ms. F–H, song parameters in 

dAdar
WTLoxP

 (n = 26 songs, 5 males) and dAdar
hyp

 (n = 44 songs, 9 males). Error bars, 

S.E. values. *, p  0.05; ***, p  0.0005; not significant (ns): p  0.05(Mann-Whitney U 

test). 
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FIGURE 2.7. Knockdown of dADAR in fruitless-expressing neurons alters the male 

courtship song. (A) Example of electropherograms showing editing of syt-T site 3 and 4 

expressed in fruitless-positive (fru) neurons within the male and female head or thorax. 

(B) Quantification of editing of two independent insertions of syt-T (n = 6–7 RT-PCRs 

for each value). (C) dADAR expression was examined specifically in fru neurons by 

expressing a nuclear red fluorescent protein using the fru-Gal4 driver line, in a dAdar
HA

 

background. Nuclei of fru neurons can be detected throughout the brain and thoracic 

ganglion (upper panel). Examples of dADAR expression in fru neurons in the dorsal 

anterior segment and pars intercerebralis (middle panels) and meso-thoracic ganglion 

(lower panel) are shown at higher magnification below. (D and E) Example of song trains 

from control males heterozygous for driver (w
+
; + ; fru-Gal4/+ , n = 26 song trains, 10 

males) or RNAi transgenes (w
+
; adr-IR1/+ ; adr-IR2/+ , n = 30 song trains, 10 males). 

Note the similarity in waveform between song trains shown in D and E compared with 

those from dAdar
WTLoxP

 males (Fig. 2.6D). (F) Example of song trains from males with 

reduced dADAR expression in fru neurons (w
+
; adr-IR1/+ ; fru-Gal4/adr-IR2) (n = 27 

song trains, 11 males). Note the extra spike in the first pulse and the polycyclic waveform 

in the last pulse. Scale bar, 10 ms. Error bars, S.E. values. *, p  0.05; **, p  0.005; not 

significant (ns): p  0.05 (Mann-Whitney U test). 
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FIGURE 2.8. Model for neuron-to-neuron variation in editing levels within the 

Drosophila nervous system. Top panel shows a graphical representation of the change in 

editing of one HE site (shab site 4; shb4) and two LE sites (ard site 2; ard2, and unc-13; 

unc1). Shab site 4 is edited at almost wildtype levels even in genotypes with very low 

dADAR expression, as is the case for all HE sites (Fig. 2.3). Thus, editing at this, and 

similar sites, is unlikely to vary widely from neuron to neuron, even though dADAR 

activity is highly variable in different neuronal populations (Fig. 2.2). In contrast, editing 

at LE sites is likely to vary substantially in neurons with differing levels of dADAR 

expression. Certain LE sites only required 50% of wild-type dADAR expression for 

achieving wild-type editing levels, while the others required more robust dADAR 

expression (Fig. 2.3). The bottom panel shows a diagrammatic representation of three 

distinct neuronal subtypes (derived from Fig. 2.2), with low, medium (med), and high 

relative expression of dADAR. In neurons with low dADAR activity (such as mushroom 

body neurons), only HE sites such as shab site 4 are likely to be strongly edited. At 

slightly higher levels (for example, fru neurons), both shab site 4 and ard site 2 (i.e. the 

“higher efficiency” LE sites) will show editing but not weak LE sites such as unc-13. 

Finally, in neurons with high dADAR expression (such as photo- receptors; supplemental 

Table S2.2), all subclasses may be open to robust editing. 
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FIGURE S2.1. (A) Expression of dADAR-HA in the male brain and thoracic ganglion 

(TG). Punctate HA-positive staining was observed in nuclear regions throughout both the 

brain and thoracic ganglion (TG) in dAdar
HA

 males but not w
1118

 negative controls. Scale 

bar = 50 μm. (B) Editing levels at 15 adenosines in three different transcripts were not 

affected by addition of the HA-tag to the dAdar locus. Two independent dAdar
HA

 alleles 

(12.5.2 and 4.5.2) were compared to w
1118

 males. Mean values for the population of 

editing sites are shown in C, after normalization to w
1118

. Error bars, S.E values. 
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FIGURE S2.2. Exon skipping of the syt-T reporter does not account for neuron-specific 

differences in editing. Only in a minority of the 21 neuronal sub-types in which the 

reporter was expressed (supplemental Table S2.2), did we observe skipping of the edited 

exon (exon 9, Figure 2.2) in RT-PCR products (three independent PCR reactions are 

shown for each Gal4 line). However, the degree of skipping did not correlate with the 

level of editing at either editing site in the syt-T construct. For example, when syt-T was 

driven using both 201y- and ok307-Gal4, we observed a small degree of skipping, yet 

these two neurons exhibit contrasting levels of editing at syt-T site 4. In adult heads, 

robust skipping only occurred when syt-T was driven in one neuronal subtype 

(peptidergic neurons) by dimm-Gal4. In this neuronal subtype, editing at site 4 is not 

significantly different from that seen when syt-T is driven by drl-Gal4 (MB and CC 

expression, Supp. Table S2.2), yet we observed no alternative splicing using this driver. 
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FIGURE S2.3. Frequency distribution of the reduction in editing levels observed at 68 

dADAR target adenosines amplified from dAdar
hyp

 heads (A) and thoraxes (B), 

compared to the same tissue in dAdar
WTLoxP

 males. (C-D) Editing levels in female 

thoraxes for five „low efficiency‟ (LE) sites (C) and high-efficiency (HE) sites (D). The 

female genetic backgrounds are noted below each graph. Each mean was calculated from 

≥ 3 RT-PCRs. (E) dADAR-HA expression levels in hyp
HA

, WTLoxPHA/5g1 and 

WTLoxPHA females. Inset shows example western blot from the above genotypes. We 

did not observe signs of any substantial feedback loop indicating increased expression 

from the single wild-type dAdar locus inWTLoxP
HA

/5g1 female (n = 3 western blots). 

Error bars, S.E values. 
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FIGURE S2.4. Examples of single-fly profiles of locomotor activity. For each genotype, 

five individual traces are shown across a single 24 h period. Dark bars represent lights-off 

and grey bars lights-on. Locomotion in dAdar
WTLoxP

 males is highly stereotyped, with 

peak levels of activity occurring at lights-on and lights-off in all cases, and very little 

activity observed under dark conditions. dAdar hypomorphs also show peaks at lights-on 

and lights-off, but the peaks are reduced in magnitude relative to dAdar
WTLoxP

. In 

addition, the increase in activity preceding lights-on, which can be observed in 

dAdar
WTLoxP 

males, is not generally present in dAdar hypomorphs. In contrast to dAdar 

hypomorphs, dAdar null (dAdar
5g1

) males exhibit an essentially random pattern of 

activity, with brief increases in beam breaks even observed in dark conditions. In some 

cases, no activity is observed over a 24 h period (third example). In the example given, 

locomotor activity was detected in the next 24 h period, indicating that the fly was not 

simply dead, but inactive. 
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FIGURE S2.5. No sex-specific exon skipping of the syt-T reporter when driven by fru-

Gal4. Four independent PCR products of syt-T amplified from male (A, C) or female (B, 

D) head and thorax are shown. No difference syt-T splicing in male head vs. thorax or 

male vs. female head tissue was observed. We noticed a slight degree of skipping in 

female thoraxes (D), but this was insignificant relative to the full length PCR product 

which was subjected to sequence analysis. 
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FIGURE S2.6. Lack of sexual dimorphism between endogenous transcripts in male and 

female heads (A) and thoraxes (B). Five LE sites and eight HE sites were examined (see 

Figures 2.3B and 2.3C), as well as the syt-1 transcript that is the basis for the syt-T 

reporter. Importantly, there was no significant difference between editing at either site in 

syt-1 amplified from either male or female tissue. Small reductions in female heads and 

thoraxes were observed relative to the corresponding male transcripts at several other 

sites. Notably, at only one site (shab site 6) was there an increase in females relative to 

males, but only in the female thorax. n > 3 RTPCRs for each data point. Error bars, S.E 

values. 
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FIGURE S2.7. Inhibiting dADAR activity in fruitless neurons does not alter circadian 

rhythms. (A-C) Average locomotor activity profiles for the three genotypes used in 

Figure 2.7. All genotypes showed anticipation of both lights on (morning) and lights of 

(evening) (n = 32 for each genotype). Black bars represent lights-off, white bars represent 

lights-on. (D) Under constant-dark conditions, males with reduced dADAR expression in 

fru-positive neurons still exhibit anticipation of lights-on and lights-off, illustrating that 

the circadian clock is intact under these conditions. (E-F) Average locomotion over 24 h 

(E), and for morning (F) and evening (G) peaks of activity. Error bars, S.E values. 
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TABLE S2.1. Description of Drosophila strains used in this study. 
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TABLE S2.2. Expression of a molecular reporter for RNA editing in discrete neuronal 

sub-populations. Mean values from two independent lines expressed using each driver are 

shown for both site 3 and 4 of the ectopically expressed region of syt-1 (termed syt-T). 
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TABLE S2.3. Editing levels at 68 target adenosines in dADAR

WTLoxP
 and dADAR

hyp
 

male head and thorax. 
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CHAPTER 3: 

 

 

Fine-tuning of mRNA Re-coding and Complex Behavior by Auto-regulatory RNA 

Editing in Drosophila 

 

 

 

 This chapter consists of data that was presented in a manuscript and submitted for 

peer review. “Fine-tuning of mRNA Re-coding and Complex Behavior by Auto-

regulatory RNA Editing in Drosophila”. Authors: Yiannis A. Savva*, James E.C. 

Jepson*, Asli Sahin, Arthur U. Sudgen, Ryan Bell, Lauren Alpert, Charles Lawrence, and 

Robert A. Reenan, 2011. (*) These authors contributed equally to this work. My specific 

contributions to this manuscript include: (a) I created the dAdar
WTLoxP

, dAdar
S
, dAdar

S-HA
 

alleles used in this study using ends-out homologous recombination. (b) I performed the 

molecular analysis on 100 RNA editing sites from all the alleles used in this study 

(Figure 3.1C-G; Figure 3.2; Supplementary Figures S3.2-12). (c) I performed immuno-

histochemistry of 3
rd

 instar larval salivary glands (Supplementary Figures S3.13-14). 
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ABSTRACT 

 

Auto-regulatory feedback loops are a common molecular strategy for optimizing 

protein activity. In Drosophila, many mRNAs involved in neuro-transmission are re-

coded at the RNA level by the RNA editing enzyme, dADAR, leading to the 

incorporation of amino acids that are not directly encoded by the genome. dADAR self-

edits its own transcript, but the consequences of this auto-regulation in vivo are unclear. 

Using homologous recombination to bi-directionally interfere with dADAR regulation, 

we show that dADAR auto-editing dramatically remodels the landscape of re-coding 

events in a site-specific manner. These molecular phenotypes correlate with altered 

localization of dADAR within the nuclear compartment. Finally, we demonstrate that the 

nervous system-wide control of dADAR auto-editing is necessary for adaptive complex 

behaviors. Our results reveal the in vivo relevance of homeostatic control over post-

transcriptional mRNA re-coding events. 
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INTRODUCTION 

 

ADARs (adenosine deaminases acting on RNA) act to facilitate amino acid re-

coding through the deamination of adenosine (A) to inosine (I) in dsRNA templates 

(Nishikura, 2010). Intriguingly, mRNAs that encode proteins involved in electrical and 

chemical neuro-transmission are highly over-represented in the population of mRNAs 

known to undergo editing (Hoopengardner et al., 2003; Seeburg and Hartner, 2003). In 

these cases, editing is mediated by the presence of cis-acting complementary sequences 

that bind the region surrounding the edited adenosine after transcription to form a dsRNA 

intermediate (Higuchi et al., 1993; Reenan, 2005). Furthermore, since inosine is 

interpreted as guanosine by the ribosome, editing in coding regions often leads to amino 

acid re-coding, and thus the translation of proteins that are not literally encoded by 

genomic DNA (Basillo et al., 1962).  

Both mammalian ADAR2 and the single Drosophila ADAR (dADAR) edit 

specific adenosines within their own transcripts (Palladino et al., 2000b; Rueter et al., 

1999). ADAR2 auto-editing acts as a negative feedback mechanism by generating a 

novel AI splicing acceptor site, leading to a N-terminal frame-shift and translation of a 

truncated ADAR2 isoform at reduced levels (Rueter et al., 1999). Correspondingly, 

abolition of ADAR2 auto-editing in vivo increases ADAR2 expression and editing at 

several target adenosines (Feng et al., 2006).  

In contrast, dADAR auto-editing results in a serine to glycine coding change in 

the C-terminal catalytic domain (Palladino et al., 2000b). Auto-editing is highly 

developmentally regulated, occurring predominantly at the pupal and adult stages, and is 

mediated by a complementary sequence within the edited exon (Keegan et al., 2005; 
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Palladino et al., 2000b). The genomic serine residue is conserved throughout metazoan 

ADARs and structurally maps to a loop near the active site in the human ADAR2 crystal 

structure (Macbeth et al., 2005) (supplementary Fig. S3.1). In vitro experiments using 

two dADAR substrates indicate that auto-editing acts to reduce dADAR activity, 

suggesting an evolutionary convergence in function of dADAR and ADAR2 auto- 

regulation (Keegan et al., 2005). However, it is unknown whether dADAR auto-editing 

acts generically to reduce editing at all target adenosines in vivo or, rather, to modify 

particular sites in a substrate-specific manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 

 

MATERIALS AND METHODS 

 

Drosophila Stocks and Ends-out Homologous Recombination of the dAdar Locus  

 

Flies were raised at 25C, on standard molasses food and under 12 h day/night 

cycles. Extensive details of the constructs used to manipulate the dAdar locus using 

homologous recombination have been published previously (Jepson et al. 2010). Briefly, 

we cloned two arms encompassing exons 4-7 (arm 1) and 8-10 (arm 2) of the dAdar 

genomic sequence into the p[w25.2] vector (Rong et al., 2002) (Fig. 3.1A). The auto-

edited adenosine in the dAdar transcript resides towards the 3‟ end of arm 1 (Fig. 3.1A). 

We used mutagenic primers to convert the endogenous AGT serine codon to a 

synonymous TCT codon or a GGT glycine codon. An arm 1 with an AGT codon served 

as a control. Arm 2 contains a HA epitope-tag immediately after the last coding amino 

acid of dADAR, and prior to an opal (TGA) stop codon. Following recombination with 

the endogenous dAdar locus, we isolated recombinants which either had incorporated the 

HA epitope-tag or had not, depending on the site of recombination, using the white
+
 eye-

color mini-gene as a selection marker. This was followed by molecular validation and 

determination of the presence or absence of both the HA tag and the desired mutation at 

the auto-editing site using direct sequencing and restriction digest analysis. The white
+
 

mini-gene was subsequently removed via cre-recombinase and each recombinant strain 

was then back-crossed into a Canton-S control stock for at least five generations.  
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RT-PCR and Computational Calculation of Editing Levels  

 

RNA extractions from Drosophila tissues were performed using Tri Reagent 

(MRC). Edited cDNAs were amplified via RT-PCR using target-specific primers (Jepson 

and Reenan, 2009). To computationally calculate editing ratios of the chosen 100 sites of 

the inosinome, editing sites were initially selected from RT-PCR electropherograms via 

an automated search for the local sequence surrounding the edited adenosine. All 

sequential peaks were then fit with a Gaussian mixture model (GMM; supplementary Fig. 

S3.16A). This prevents errors in which neighboring peaks of the same nucleotide 

artificially inflate the area under the curve. A grid search determines the relative positions 

of the peaks and a Markov Chain Monte Carlo process is used to find the best values for 

height (h), width (w), and standard deviation (c), as determined by the minimum chi-

square of the sum of the areas of the predicted peaks and the chromatogram data 

(supplementary Fig. S3.16B). The program may be found at http://grapheasy.org. A 

minimum of three independent PCR amplicons were used to derive the editing levels of 

each adenosine. To determine the degree of auto-editing in male hemizygotes and 

females heterozygous for various engineered dAdar alleles, we used the following 

methodology: dAdar
S
 and dAdar

G
 males and females were assumed to have auto-editing 

levels of 0% and 100% respectively. For the remaining genotypes, auto-editing was 

calculated using bulk RT-PCR electropherograms of the dAdar mRNA from male and 

female heads, with the % auto-editing calculated as G/(A+G) x 100. For 

dAdar
S
/dAdar

WTLoxP
 females, harboring both TCT and AGT serine alleles, the total level 
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of un-edited dAdar was calculated by summating the A and T peaks. The auto-editing 

level was then derived as G/(A+T+G) x 100.  

 

Microscopy, Immuno-histochemistry and Analysis of dADAR Punctae  

 

All confocal images were obtained on a Zeiss LSM 510 meta confocal 

microscope. Adult brain and 3
rd

 instar larval salivary gland samples for immuno-

histochemistry were prepared as described previously (Wu and Luo, 2006). Primary 

antibodies were used at the following concentrations: rabbit anti-HA (Santa Cruz 

Biotech) - 1:50; goat anti-human fibrillarin – 1: 200. Mouse anti-Lamin (Developmental 

Studies Hybridoma Bank) – 1:40; DAPI (Invitrogen) was used at 1:1000. To quantify the 

degree of extranucleolar punctal dADAR, cells were split by hand into individual images, 

using DAPI as a marker for nuclear location. In each image, the brightest point of 

fibrillarin staining was found and the computer expanded outward in steps, determining 

all contiguous pixels greater than 1/4 of the maximum. This area was taken to be the 

nucleolus, N. The brightest point of dADAR was found similarly, marking the center of 

dADAR staining, and the computer determined the brightest point of dADAR staining to 

be all contiguous pixels greater than 1/2 of the maximum, P. Because this program was 

designed to measure extranucleolar, point-like dADAR staining, any staining not 

matching both of these criteria was ignored; if the center of dADAR staining lay inside 

the nucleolus, N, then the nuclear concentration of dADAR was judged to be 

intranucleolar and P was set to 0. If the area of P exceeded that of N, it was determined 

not point-like and P was set to 0. 
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Western Blotting 

 

Protein samples were prepared as described previously (Jepson et al. 2010). Anti-

HA antibody (Covance) was used at 1:500, and anti-actin (Millipore) was used at 

1:20000. Band intensities were quantified on a Kodak Image Station following 

background subtraction. 20 adult heads / 100 µL of buffer were used per sample. 

 

 

Behavioral Analysis  

 

Locomotor patterns were recorded using horizontal single fly or vertical 

population activity monitors (TriKinetics). Flies were left for ~ 12h before data 

collection. For single-fly monitors, mean locomotor patterns were calculated for each fly 

by averaging data from three consecutive days, which were then further averaged across 

the experimental population. To quantify geotaxis using vertical population monitors, we 

took advantage of the presence of three concentric infra-red beams at the bottom, middle 

and top portions of the vial. We calculated the total number of beam breaks for all levels, 

and solely for the top level (close to the top of the vial). Relative geotaxis was calculated 

by dividing the number of beams breaks in the top ring by the total for all three rings, for 

each vial. Mating assays and song recording were observed or recorded in a custom made 

chamber using 5-7 day old males and 3-5 day old virgin females. The time taken for male 

initiation of courtship (latency) and the courtship index (time spent courting / total time) 

were recorded over 10 min. Mating events were observed over a narrow time window (7-

10 am) to minimize circadian influences on experimental outcome. Courtship songs were 
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recorded using a MicroTrack mobile digital recorder (M-Audio). Subsequently, songs 

were computationally divided into trains by testing for pulses greater than four inter-pulse 

intervals apart (supplementary Fig. S3.17A, red line). Pulses are determined by finding 

regions where intensities reach outside a 2 standard deviation threshold (supplementary 

Fig. S3.17B, red horizontal lines). Then, extrema, or cycles, are measured to determine 

the number of cycles per pulse. Each extremum is marked on the graph with a green line 

and the first major cycle is marked in magenta. The cycles are computationally counted 

and the IPI is measured as the time between first major cycles. 

 

 

Online Supplementary Material 

 

 The supplementary material includes 17 figures and a table. Supplementary figure 

1 (S3.1) shows the domain structure of the dADAR protein. Supplementary figure 2 

(S3.2) shows examples of edited adenosines that exhibit no alteration, mono-, or 

bidirectional changes in editing levels in the same mRNA. Supplementary figure 3 (S3.3) 

shows a heat map representation of alterations in editing levels at 100 adenosines in male 

thorax from dAdar
S
, dAdar

WTLoxP
, and dAdar

G
. Supplementary figure 4 (S3.4) shows a 

heat map representation of alterations in editing levels at 100 adenosines in male eye 

from dAdar
S
, dAdar

WTLoxP
, and dAdar

G
. Supplementary figure 5 (S3.5) shows a heat map 

representation of alterations in editing levels at 100 adenosines in male antennae from 

dAdar
S
, dAdar

WTLoxP
, and dAdar

G
. Supplementary figure 6 (S3.6) illustrates a heat map 

showing levels of editing at 100 adenosines in mRNAs amplified from dAdar
S/S

, 
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dAdar
S/L

, dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, and dAdar
G/G

 female heads. Supplementary figure 

7 (S3.7) illustrates a heat map showing levels of editing at 100 adenosines in mRNAs 

amplified from dAdar
S/S

, dAdar
S/L

, dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, and dAdar
G/G

 female 

thoraxes. Supplementary figure 8 (S3.8) shows a comparison of editing levels at 100 

adenosines in mRNAs amplified from male and female head/thorax cDNA. 

Supplementary figure 9 (S3.9) shows editing levels at 22 adenosines in mRNAs 

amplified from head tissue derived from dAdar
S/S

, dAdar
S/L

, dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, 

and dAdar
G/G 

allelic combinations. Supplementary figure 10 (S3.10) shows the rank 

ordering of editing levels at 100 adenosines amplified from dAdar
S
, dAdar

WTLoxP
, and 

dAdar
G
 male heads and thoraxes. Supplementary figure 11 (S3.11) shows the rank 

ordering of editing levels at 100 adenosines in females amplified from dAdar
S/S

, dAdar
S/L

, 

dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, and dAdar
G/G 

heads and thoraxes. Supplementary figure 12 

(S3.12) shows editing levels at novel editing sites detected in the dAdar
S
 genetic 

background. Supplementary figure 13 (S3.13) shows that dADAR transgenes expressed 

in larval salivary gland nuclei localize within the nucleolus. Supplementary figure 14 

(S3.14) shows that dADAR transgenes and endogenous dADAR localize within the 

nuclear envelope. Supplementary figure 15 (S3.15) shows a model that illustrates neuron- 

to-neuron variation in the regulation of editing levels at four adenosines by dAdar auto-

editing. Supplementary figure 16 (S3.16) illustrates the computational method used for 

analysis of editing levels. Supplementary figure 17 (S3.17) illustrates the computational 

method used for analysis of courtship song waveforms. Supplementary table 1 (S3.1) 

describes the nomenclature for the 23 transcripts analyzed in various dAdar allelic 

backgrounds. 
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RESULTS 

 

In order to determine the in vivo significance of auto-editing, we performed ends-

out homologous recombination (Rong et al., 2002) on the endogenous dAdar locus to 

generate Drosophila with either constitutive serine (S) or glycine (G) residues (Fig. 

3.1A). An allele producing only auto-edited dADAR protein (dAdar
G
) was engineered by 

mutating the edited adenosine of the serine codon (AGT) to guanosine (GGT), converting 

it to a glycine codon. Conversely, a dAdar
S
 allele, producing only un-edited dADAR, was 

generated by altering the same serine codon to its degenerate counterpart (TCT), 

rendering A-to-I modification impossible. A dAdar allele containing a single intronic 

loxP site but with no alteration at the edited serine residue (dAdar
WTLoxP

) served as a wild-

type control. In addition, we generated recombinant flies with the above alleles and an 

HA-epitope tag at the 3‟ terminus of the dAdar coding sequence (Fig. 3.1A), allowing us 

to compare expression levels and localization of wild-type, edited and un-edited dADAR. 

We have previously shown that the HA-tag has no effect on dADAR activity on several 

known targets (Jepson et al. 2010), and Western blot analyses revealed that modifying 

auto-editing has no significant effect on levels of dADAR protein expression (Fig. 3.1B). 

Drosophila possesses a large population of mRNAs subject to specific A-to-I 

editing, which encode voltage- and ligand-gated ion channels and regulators of exo- and 

endocytosis (Hoopengardner et al., 2003). To comprehensively determine the influence 

of dAdar auto-editing on mRNA re-coding, we examined editing levels at 100 adenosines 

in 23 mRNAs amplified from dAdar
WTLoxP

, dAdar
S 
and dAdar

G 
male head cDNA (Fig. 

3.1C-E, Fig. 3.2).   



122 

 

Comparative analysis of editing in the three X-linked dAdar alleles revealed a 

complex relationship between the editing status of dADAR and re-coding output. We 

were able to delineate three categories of editing sites from our initial dataset: adenosines 

that were completely insensitive to the edited state of dAdar (Fig. 3.1C); adenosines 

where elimination of auto-editing was ineffectual upon maximal editing levels, yet 

exhibited a significant reduction upon hard-wiring of dAdar auto-editing (Fig. 3.1D); and 

finally, adenosines which exhibited a bi-directional response to elimination or hard-

wiring of auto-editing (Fig. 3.1E). Importantly, the above classes were not biased towards 

adenosines with particular levels of editing, and comprise diverse mRNAs. Examples of 

each class could even be found in the same mRNA (supplementary Fig. S3.2). Thus, 

dAdar auto-editing acts as a negative auto-regulatory feedback mechanism to selectively 

modulate dADAR activity on particular target adenosines in the male Drosophila head 

(Fig. 3.2). 

Previous in vitro experiments have suggested that dAdar mRNA is efficiently 

deaminated by unedited dADAR (S) protein, but the edited version (G) is far less 

effective (10). This observation provided a clear prediction that the presence of either of 

our modified dAdar alleles should shift the auto-editing of a wild-type allelic counterpart 

in the opposite direction. We therefore generated females carrying all possible allelic 

combinations of dAdar
WTLoxP

, dAdar
S 

and dAdar
G
 (Fig. 3.1F). Curiously, we found that 

wild-type dAdar mRNA appears insensitive to the editing status of a modified dAdar 

locus in vivo (Fig. 3.1F): auto-regulation does not regulate auto-regulation.  

To test whether the selective negative-feedback effect of dAdar auto-editing 

observed in male heads was tissue- and/or sex-specific, we analyzed the same set of 100 
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adenosines using mRNA derived from three separate dAdar
WTLoxP

, dAdar
S 

and dAdar
G 

male tissues (thorax, eye and antennae; supplementary Figs. S3.3-5), and head and thorax 

cDNA from all six female allelic combinations (supplementary Figs. S3.6-7). From this 

dataset, we discerned multiple instances of tissue- and sex-specific editing states (Fig. 

3.1G, supplementary Fig. S3.8), demonstrating that the previously described spatio-

temporal control of editing in the Drosophila shaker potassium channel mRNA applies 

generically to much of the Drosophila inosinome (Ingleby et al., 2009).  

Layered onto these complex regulatory events, we found that dAdar auto-editing 

itself is sexually dimorphic in the thorax, but not the head (supplementary Fig. S3.8). 

Furthermore, in some cases, auto-editing of dAdar only exerted an influence in particular 

tissue- and/or sex-specific contexts (Fig. 3.1G). Broadly, however, in head tissue, 

substrate adenosines generally show similar responses to alterations in dAdar auto-

editing, independent of sex (Fig. 3.1C-E and supplementary Fig. S3.9A-C).  

Comparison of the editing levels across 100 adenosines in head and thorax tissue 

from the three male and six female genotypes comprehensively demonstrates that the 

dAdar
S
 allele dominates endogenous dADAR activity in vivo (supplementary Fig. S3.10-

11). In addition, we observed novel editing sites that were only apparent in bulk RT-PCR 

from dAdar
S
 backgrounds (supplementary Fig. S3.12). One of these, a K  E 

substitution in the cyclic nucleotide binding domain of eag, is 100 bp from the closest 

known editing site (Hoopengardner et al., 2003), suggesting the presence of a novel 

dADAR substrate that is only deaminated in neurons where dAdar auto-editing is very 

low, such as in antennal lobe interneurons.  
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What is the mechanism by which auto-editing reduces dADAR function given the 

wide response range of different target adenosines to dADAR auto-editing? We recently 

engineered a novel hypomorphic allele of dAdar (dAdar
hyp

), in which dADAR expression 

is reduced by ~ 80% (Jepson et al. 2010). In this background, editing at many sites, but 

not all, is significantly reduced. Males and females hemi- or homozygous for the dAdar
G

 

allele also show reduced editing at a subset of adenosines (Fig. 3.1 and 3.2, 

supplementary Fig. S3.3-7 and S3.10-11). If auto-editing is modulating substrate-

specificity, there is no a priori reason that the dAdar
G
 and dAdar

hyp
 alleles should exhibit 

a molecular phenotypic resemblance. However, for the editing sites that showed a 

significant reduction in dAdar
G
 males, we found a strong correlation between the degree 

of reduction in both dAdar
G
 and dAdar

hyp
 heads (r = 0.57, P = 0.008, permutation test; 

Fig. 3.1H) and thoraxes (r = 0.61, P = 0.0061; data not shown). Thus, in essence, auto-

editing appears to post- transcriptionally phenocopy a weak hypomorphic allele of dAdar.  

To explore this further, we examined the localization of dADAR in our various 

genetic backgrounds using HA-tagged versions of each allele (Fig. 3.1A), with the 

underlying hypothesis that auto-editing might in some way be lowering the effective 

concentration of dADAR within the nucleus.  Mammalian ADARs have been shown to 

localize to the nucleolus and alter their localization in response to substrate abundance 

(Sansam et al., 2003). dADAR transgenes comparable to the dAdar
WTLoxP

 and dAdar
S
 

alleles also localized to the nucleolus when ectopically expressed in 3
rd

 instar larval 

salivary gland nuclei (supplementary Fig. S3.13). 

Since dADAR is strongly expressed throughout the adult nervous system (Jepson 

et al. 2010), we next examined the endogenous localization of the dADAR isoforms in 
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neuronal nuclei of the adult brain. Both ectopically expressed dADAR transgenes and all 

HA-tagged endogenous alleles localized to within the nuclear envelope (supplementary 

Fig. S3.14), and in the adult nervous system, HA-tagged dADAR co-localized with the 

nucleolus to a degree that was independent of its auto-editing status (Fig. 3.3A-D). 

However, we observed that the dADAR
G-HA

 isoform showed strong additional punctal 

staining in regions outside the nucleolus (Fig. 3.3C, E; supplementary Fig. S3.14). This 

pattern was rarely seen in neurons expressing dADAR
S-HA

, which showed dispersed 

expression in the non-nucleolar regions of the nucleus (Fig. 3.3A). Interestingly, wild-

type dADAR
HA

 exhibited an intermediate phenotype – in a sub-population of neurons, 

extra-nucleolar punctae were visible, but were reduced in intensity relative to those seen 

in the dADAR
G-HA

 background (Fig. 3.3B, F). The variation in dADAR
WTLoxP-HA

 

localization presumably reflects neuron-specific control of auto-editing levels. These 

results suggest that auto-editing leads to the sequestration of dADAR to a distinct nuclear 

compartment, perhaps reflecting binding to a form of dsRNA that is not bound by 

dADAR
S-HA

 stably enough to be detectable by confocal microscopy. We hypothesize that 

this localized depot of dADAR
G
 effectively lowers the concentration of total dADAR at 

active sites of target transcription, generating a molecular phenocopy of a dAdar 

hypomorph.  

A common consequence of many ADAR mutations in higher metazoans is the 

disruption of normal nervous system function (Higuchi et al., 2000; Palladino et al., 

2000a; Tonkin et al., 2002). We therefore asked whether the relatively subtle changes in 

editing observed in dAdar
S
 and dAdar

G
 could also confer abnormal adult-stage behaviors. 

We initially assessed locomotor patterns using both automated horizontal single-fly and 



126 

 

vertical population monitors (Fig. 3.4A-D). In constant dark conditions, all genotypes 

exhibited rhythmic locomotor patterns (data not shown), indicating that the circadian 

clock is intact in the recombinant lines. However, in 12 h light:dark conditions, we 

observed a bi-directional change in the degree of morning anticipation, an output of a 

subset of the circadian neuronal network that is also absent in dAdar hypomorphs (Allada 

and Chung, 2010; Jepson et al. 2010) (Fig. 3.4A). In both single-fly and population 

settings (Fig. 3.4B-C), altering auto-editing did not significantly change locomotor 

activity relative to dAdar
WTLoxP

, although dAdar
S
 males were significantly more active 

than dAdar
G
 under horizontal conditions (Fig. 3.4B). In addition, in the vertical assay, the 

proportion of time dAdar
S
 males spent towards the top of the vial was significantly lower 

compared to dAdar
WTLoxP

 and dAdar
G
 males, suggesting that loss of auto-editing impairs 

normal climbing ability and/or geotaxis while sparing general locomotor activity (Fig. 

3.4C).  

Finally, we investigated male courtship behavior. We noted alterations in length 

of the mating song and the strength of the song waveform in both experimental genetic 

backgrounds (Fig. 3.4E-H). Also, while the total time spent courting was equivalent to 

wild-type, dAdar
G
 males initiated courtship significantly slower than dAdar

WTLoxP 

controls or dAdar
S
 males (Fig. 3.4I-J). Thus, homeostatic control of dADAR function 

through auto-regulation modulates ethologically relevant behavioral modalities that are 

subject to intense natural selection.  
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DISCUSSION 

 

In summary, we have investigated the role of auto-regulatory RNA editing using 

homologous recombination, allowing us to assess molecular and behavioral consequences 

while keeping the remaining endogenous control of dADAR expression intact. Auto-

editing is developmentally synchronized with a robust increase in dADAR expression at 

the pupal and adult stages (Palladino et al., 2000b). Surprisingly, however, auto-editing is 

not greatly reduced in dAdar
 
hypomorphs (Jepson et al. 2010). Thus, spatio-temporal 

changes in auto-editing are not simply a response to synchronous alterations in dADAR 

protein levels. Rather, we propose that auto-editing levels are set on a neuron-to-neuron 

basis to fine-tune cellular physiology (supplementary Fig. S3.15). We envision that such 

regulation could be necessary for appropriate behavioral outputs, since recent studies 

have shown that manipulation of the firing properties of a single neuron can alter global 

behavioral states (Li et al., 2009). Indeed, in our accompanying paper, we infer 

differential control of auto-editing even between spatially close neuronal subtypes within 

the Drosophila mushroom bodies. Our results elaborate the complex nature of A-to-I 

RNA editing in the Drosophila nervous system and the multi-layered regulatory 

mechanisms that control mRNA re-coding, neuronal physiology and behavior. 
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FIGURE 3.1. (A) Schematic of the dAdar locus illustrating targeting arm design to 

induce homologous recombination, and nomenclature for the three dAdar alleles used in 

this study. (B) Modification of dAdar auto-editing does not affect dADAR protein levels 

(n = 5-6 Western blots from 3 separate head-protein samples for each HA-tagged allele; P 

= 0.383, Kruskall-Wallis Rank Sum test). Top band - dADAR-HA; middle band - non-

specific; lower band – actin. Values are presented as dADAR/actin. (C-E) Examples of 

edited adenosines that show no alteration (C), a mono- (D) or bi-directional (E) shift in 

editing levels in dAdar
S
 and dAdar

G
 when compared to dAdar

WTLoxP
. All RT-PCRs were 

performed using mRNA isolated from male heads. See Supplementary Table 1 for 

description of mRNA target annotations. (F) Total auto-editing levels at a wild-type 

dAdar locus in combination with engineered mutations in dAdar auto-editing. dAdar
S
 

hemi- and homozygotes are defined as having 0 % auto-editing, while dAdar
G
 is 100 %. 

Auto-editing levels in the remaining allelic combinations were determined 

experimentally. The data is consistent with a model where the auto-editing levels of each 

dAdar allele are determined independently. The LoxP wild-type allele is indicated by L.  

(G) Pattern of editing levels of site 3 of complexin (cpx3) and site 1 of shab (shb1) 

mRNAs amplified from various tissues in male and female dAdar allelic backgrounds. 

(H) Correlation between the reduction in editing at 18 adenosines in dAdar
G
 and dAdar

hyp
 

male heads. Error bars: standard error.  
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FIGURE 3.2. Heat map representation of alterations in editing at 100 adenosines in 

dAdar
S
 and dAdar

G
 males relative to dAdar

WTLoxP
 controls, amplified from male head 

cDNA. Data are derived from  3 RT-PCRs for each adenosine, and are presented in rank 

order relative to the endogenous editing levels in dAdar
WTLoxP

. Dashed boxes indicate a > 

100% increase.   
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FIGURE 3.3. Auto-editing modifies the sub-nuclear localization of dADAR. We 

examined the nuclear localization of HA-tagged control and experimental dADAR alleles 

(A-C) in the adult male nervous system. To control for spatial differences in dADAR 

localization, confocal slices were obtained from nuclei surrounding the antennal lobes. 

All dADAR alleles co-localized with DAPI-stained DNA (blue) and the nucleolus 

(stained with fibrillarin, red). (D-G) Quantification of the relative dADAR signal 

intensity in the nucleolus (N) compared to dispersed (D) or punctate (P, arrowheads) 

extra-nucleolar staining between WTLoxP-HA, S-HA and G-HA dADARs. Number of 

cells used for computational analysis: dADAR
WTloxP-HA

 – 36; dADAR
S-HA

 – 26;  

dADAR
G-HA

 – 33. Images were derived from  5 brains for each genotype. Scale bar = 5 

µm. 
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FIGURE 3.4. Dysregulation of dAdar auto-editing alters complex behaviors. (A) 

Locomotor profile of control and experimental male under 12 h light: dark (LD) 

conditions. Top panel – bar graph showing mean LD activity in dAdar
WTLoxP

 control 

males (n = 65). Note that circadian anticipatory increases in locomotion preceding 

morning and night are present. Lower panel –mean locomotion in dAdar
S
 (n = 67) and 

dAdar
G
 (n = 77) males normalized to dAdar

WTLoxP
. Light bars indicate standard error of 

the mean. (B) Total locomotor levels derived from single-fly activity data. (C-D) Relative 

geotaxis and total locomotor levels derived from vertical population activity monitors. 

dAdar
WTLoxP

: n = 15 vials each containing 5 male flies; dAdar
S
: n = 14; dAdar

G
: n = 14. 

(E-I) Courtship song and mating parameters in dAdar
WTLoxP

, dAdar
S
 and dAdar

G
 males. 

Representative pulse-song traces are shown in (E). Both auto-editing mutants exhibit 

longer pulse-song lengths (F) and reduced song strength (G) relative to dAdar
WTLoxP

 

controls. dAdar
WTLoxP

: n = 63 songs, 510 waveforms; dAdar
S
: n = 136, 1534; dAdar

G
: n = 

126, 1599. (H) Total time spent courting virgin females in a 10 min window (courtship 

index) did not differ between control and experimental genotypes. However, dAdar
G
 

males (n = 49) took significantly longer to initiate courtship relative to dAdar
WTLoxP

 (n = 

41) or dAdar
S
 (n = 30) males (I). *: P < 0.05; **: P < 0.005; ***: P < 0.0005, one-way 

ANOVA with Tukey’s HSD post-hoc test. Error bars: standard error.  
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FIGURE S3.1. (A) Domain structure of the dADAR protein. The auto-edited residue 

resides within the C-terminal catalytic deaminase domain, which is downstream of the 

two double-strand RNA binding motifs (DSRBMs).  Zinc ion coordinating residues 

(H394, C541, and C516) are shown in pink and the proton shuttling residue (E396) is 

shown in yellow. Auto-editing results in an amino acid substitution (serine  glycine) at 

a residue that is completely conserved between ADARs from highly divergent species 

(B), and the orthologous position in the human ADAR2 crystal structure is close to the 

active site of the deaminase domain (C).    
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FIGURE S3.2. Examples of edited adenosines that exhibit no alteration, mono-, or bi-

directional changes in editing levels in the same mRNA. (A) Six editing sites in the Da6 

acetylcholine receptor transcript show differential regulation in dAdar
S 

and dAdar
G
 when 

compared to dAdar
WTLoxP

. One site in Da6 shows no alteration, three sites show a mono-

directional alteration, and two sites show a bi-directional alteration in response to 

abolishing or hard-wiring dAdar auto-editing. (B) Nine editing sites in the Da5 

acetylcholine receptor transcript show differential regulation in dAdar
S 

and dAdar
G
 when 

compared to dAdar
WTLoxP

. Two sites in Da5 show no alteration, five sites show a mono-

directional, and two sites a bi-directional alteration upon changes in dAdar auto-editing. 

mRNAs were amplified from male head cDNA. Data are derived from  3 RT-PCR 

amplicons for each adenosine.  
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FIGURE S3.3. Heat map representations of alterations in editing at 100 adenosines 

(presented in four digit annotations – see Supplementary Table 1 for nomenclature) in 

male thorax from dAdar
S
, dAdar

WTLoxP
, and dAdar

G
. Data are derived from  3 RT-PCRs 

for each adenosine, and are presented in rank order relative to the endogenous editing 

levels in dAdar
WTLoxP

. Dashed boxes indicate a  100% increase. 
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FIGURE S3.4. Heat map representations of alterations in editing in dAdar
S
, dAdar

WTLoxP
, 

and dAdar
G
 male eye cDNA. Data are derived from  3 RT-PCRs for each adenosine. 
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FIGURE S3.5. Alterations in editing in dAdar
S
, dAdar

WTLoxP
, and dAdar

G
 male antennae. 

Data are derived from  3 RT-PCRs for each adenosine. 
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FIGURE S3.6. Heat map showing levels of editing at 100 adenosines in mRNAs 

amplified from dAdar
S/S

, dAdar
S/L

, dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, and dAdar
G/G

 female 

heads. Data are derived from  3 RT-PCRs for each adenosine, and are presented in rank 

order relative to the endogenous editing levels in dAdar
L/L

. L indicates the dAdar
WTLoxP

 

allele. Dashed boxes indicate a  100% increase. 



140 

 

 
FIGURE S3.7. Editing levels at 100 adenosines in mRNAs amplified from dAdar

S/S
, 

dAdar
S/L

, dAdar
S/G

, dAdar
L/L

, dAdar
G/L

, and dAdar
G/G

 female thorax cDNA. Data are 

derived from  3 RT-PCRs for each adenosine, and are presented in rank order relative to 

the endogenous editing levels in dAdar
L/L

. 
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FIGURE S3.8. Comparison of editing levels at 100 adenosines in mRNAs amplified 

from male and female head cDNA (A) and thorax cDNA (C). Data are derived from  3 

RT-PCRs for each adenosine, and are presented in rank order relative to the endogenous 

male editing levels in dAdar
WTLoxP

 head and thoraxes. Example electropherograms 

depicting the auto-editing state of dAdar in male and female head (B) and thoraxes (D).  
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FIGURE S3.9. Editing levels at 22 adenosines in mRNAs amplified from head tissue 

derived from six different female dAdar allelic combinations, which show a graded shift 

in auto-editing levels. In male heads, the same adenosines either exhibit no response (A), 

a mono-directional (B) or bi-directional change (C) in editing in response to reducing or 

increasing dAdar auto-editing levels (Fig. 3.1C-E). Similar responses to alterations in 

dAdar auto-editing were generally observed when comparing male and female head 

samples. However, there were exceptions: editing at rdl site 2 (rdl2) and shaker site 3 

(sha3) were not reduced in dAdar
G
/Y males relative to wild-type controls (Fig. 3.1C), yet 

editing at both sites was robustly reduced in dAdar
G
/dAdar

G
 females relative to 

dAdar
WTLoxP

 homozygotes (A). Conversely, editing at stoned-B site 1 (stn1) was 

significantly higher in dAdar
G
/Y males relative to controls, yet was unchanged in 

dAdar
G
/ dAdar

G
 females relative to dAdar

WTLoxP
 homozygotes (C). These results 

emphasize the context-specific nature of the molecular effects of dAdar auto-editing.  

The LoxP wild-type allele is indicated by L. 
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FIGURE S3.10. Rank-ordered editing levels at 100 adenosines amplified from 

dAdar
G
/Y, dAdar

WTLoxP
/Y and dAdar

S
/Y male heads (A) and thoraxes (B). Each 

population is rank-ordered independently. Overall, the change in editing levels in 

dAdar
S
/Y heads and thoraxes (in terms of absolute values) is relatively subtle, 

particularly in the head. However, in both tissues, hard-wiring dAdar auto-editing 

significantly reduces editing across the inosinome. 



144 

 

 
FIGURE S3.11. Rank-ordered editing levels at 100 adenosines amplified from female 

head (A) and thorax (B) cDNA from six allelic dAdar combinations. As in male heads 

and thoraxes (fig. S3.10), editing in dAdar
G
/ dAdar

G
 homozygote females is robustly 

reduced across almost all of the inosinome relative to all other possible allelic 

combinations. Importantly, the introduction of just a single wild-type dAdar allele 

(reducing auto-editing by ~ 25%) is sufficient to restore broad editing levels to 

approximately wild-type levels in both head and thoraxes. The LoxP wild-type allele is 

indicated by L. 
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FIGURE S3.12. (A) Editing levels at novel editing sites which were only detected in the 

dAdar
S 

background. Editing at Synaptotagmin-1 site 5 (syt5) and eag site 7 (eag7) lead to 

the amino acid substitutions K  R and K  E respectively. RNA editing at 

synaptotagmin-1 site 6 (syt6) and cacophony site 13 (cac13) leads to synonymous 

changes. (B-D) Example electropherograms showing editing of the novel editing sites in 

three genetically distinct dAdar backgrounds: dAdar
S
, dAdar

WTLoxP
, and dAdar

G
. 
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FIGURE S3.13. dADAR transgenes expressed in 3
rd

 instar larval salivary gland nuclei 

co-localize with the nucleolus. Two separate transgenes representing the predominant 

adult-stage isoform of dADAR, which lacks the alternatively spliced 3a exon (termed 

„3/4‟) were expressed in larval salivary glands using the c155-Gal4 driver. At the auto-

editing site, the serine codon was either wild-type (AGT) („S/G‟) and is capable of being 

edited by the dADAR transgene, or was mutated to an un-editable synonymous TCT 

codon („S‟). In the adult nervous system, the wild-type dADAR transgene is robustly 

edited. Both the 3/4 S/G (A) and the 3/4 S transgene (B) primarily co-localized with the 

nucleolus, labeled with an anti-fibrillarin antibody. Upper panels: scale bar = 50 m. 

Lower panels: scale bar = 5 m.  
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FIGURE S3.14. dADAR transgenes and endogenous dADAR localize to within the 

nuclear envelope irrespective of the auto-editing state. (A) Ectopically expressed dADAR 

transgenes either capable of auto-editing (3/4 S/G) or with a hard-wired serine codon (3/4 

S) localize internally to the nuclear envelope (labeled with an anti-Lamin antibody) in 3
rd

 

instar larval salivary glands. Scale bars = 20 m. (B) In adult neuronal nuclei, WTLoxP-

HA, S-HA and G-HA dADARs also localize to within the nuclear envelope. Arrows 

indicate the primary concentrations of nuclear dADAR. Note the presence of multiple 

punctae within the nucleus in neurons expressing G-HA dADAR, but not S-HA dADAR 

(Fig. 3.3). Scale bar = 5 m. 
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FIGURE S3.15. Top panel illustrates a graphical representation of the change in editing 

of four substrate adenosines in the dAdar
WTLoxP

, dAdar
S
, and dAdar

G
 genetic 

backgrounds. Unc-13 site 1 (unc1) belongs to the category of editing sites that displayed 

no effect upon elimination of auto-editing, but exhibited a significant reduction upon 

hard-wiring of dAdar auto-editing (Fig. 3.1D). Shaker site 3 (sha3) belongs to the 

category of editing sites that was insensitive to the edited status of dAdar (Fig. 3.1C), 

while ard site 3 (ard3) belongs to the category of editing sites that displayed a bi-

directional change upon elimination or hard-wiring of auto-editing (Fig. 3.1E). Finally, 

eag site 7 (eag7) is a novel RNA editing site that only appears upon elimination of auto-

editing (supplementary Fig. S3.9). The bottom panel illustrates a diagrammatic 

representation of three distinct neuronal subtypes: a neuron in which dAdar auto-editing 

is lacking (S), a neuron in which edited and unedited states of dAdar are present at wild-

type levels (LoxP), and a neuron in which dAdar auto-editing is at maximum (G). dAdar 

auto-editing regulates the editing levels of the four adenosines in a site-specific manner. 

While the levels of editing of shaker site 3 are the same between the three different 

neuronal subtypes, ard site 3 and unc-13 site 1 exhibit differential editing levels 

depending on the degree of dAdar auto-editing. Finally, eag site 7 is only edited in 

neurons where auto-editing is absent, or possibly very low.  
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FIGURE S3.16. (A) Example electropherogram showing the edited adenosines ard1 and 

ard2 (sites 1 and 2 of the ard acetylcholine receptor), in which the best fit Gaussian 

curves for the A and G residues are shown as filled green and black, respectively. (B) A 

and G chromatograms on the left and right in which each best fit Gaussian curve and its 

parameters are shown. 
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FIGURE S3.17. (A) The waveform of a full courtship song with a red line showing 

where the computer split the song. (B) The waveform of one train: that of the latter part 

of the song in (A). Green vertical lines show the positions of each pulse and red 

horizontal lines show the error from -2 to 2 standard deviations. Magenta vertical lines 

show the first major cycle in a pulse. (C) A normal pulse from the train in (B). Similar 

colors apply. Cycles are judged as extrema that lie outside the noise threshold. (D) An 

unusual song containing many cycles. 
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Table S3.1: Nomenclature for the 23 transcripts analyzed in various dAdar allelic 

backgrounds. Sites (1, 2...) are labeled in a 5‟ to 3‟ order within the transcript.
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CHAPTER 4: 

 

 

Visualizing inter-individual variation in adenosine-to-inosine RNA editing 

 

 This chapter consists of data that was presented in a manuscript and submitted for 

peer review. “Visualizing inter-individual variation in adenosine-to-inosine RNA editing” 

Authors: James E.C Jepson, Kyle A. Jay, Yiannis A. Savva and Robert A. Reenan. My 

specific contributions to this manuscript include: (a) I created the dAdar
WTLoxP

, dAdar
S
 

and dAdar
hyp

 alleles used in this study using ends-out homologous recombination.



153 

 

ABSTRACT 

 

 Informational recoding by adenosine-to-inosine (A-to-I) RNA editing functionally 

diversifies neuronal proteomes by chemically modifying structured messenger RNAs 

(mRNAs)
 
(Bass and Weintraub, 1988; Keegan et al., 2001; Nishikura, 2010). However, 

techniques for analyzing editing activity on substrates within defined neuronal 

populations in vivo are lacking. Here, guided by comparative genomics, we reverse-

engineer a fluorescent reporter sensitive to Drosophila adenosine deaminase acting on 

RNA (dADAR) activity and auto-regulation. While the reporter demonstrates spatially 

relevant expression, we also found measurable non-stereotypy of RNA editing activity in 

the nervous system between individuals. Our results demonstrate the feasibility of 

structurally mimicking ADAR substrates as a means to regulate protein expression and, 

potentially, therapeutically repair mutant mRNAs. In addition, our data suggest 

differential RNA editing as a credible molecular mechanism for mediating individual-to-

individual variation in neuronal physiology and behavior. 
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INTRODUCTION 

 

 A-to-I RNA editing results when deamination of adenosine to inosine occurs within 

double-stranded (ds) RNA substrates
 
(Bass and Weintraub, 1988), catalyzed by ADARs 

(adenosine deaminases acting on RNA)
 
(Keegan et al., 2001; Nishikura, 2010). In 

animals, a variety of mRNAs encoding proteins involved in fast electrical and chemical 

neuro-transmission are subject to A-to-I editing
 
(Grauso et al., 2002; Higuchi et al., 1993; 

Hoopengardner et al., 2003; Seeburg and Hartner, 2003), and ADAR activity is crucial 

for neuronal integrity and behavior in several model genetic organisms
 
(Higuchi et al., 

2000; Mombereau et al., 2010; Palladino et al., 2000a; Singh et al., 2009; Tonkin et al., 

2002). 

 Editing levels in mRNAs are generally studied as a bulk property via RT-PCR 

followed by analysis of cDNA clones or electropherograms. However, robust PCR 

amplification from smaller tissues such as sub-populations of neurons is technically 

demanding. An alternative strategy that can be exploited lies in ADAR‟s ability to edit 

the amber (UAG) stop codon to tryptophan (UIG). Such a read-through approach has 

previously been used to generate molecular reporters for editing activity by linear 

coupling of a modified ADAR substrate containing an editable amber codon to a 

downstream output, such as b-galactosidase or luciferase
 
(Gommans et al., 2010; 

Pokharel and Beal, 2006). However, no reporter system for editing activity has been 

validated in the primary site of ADAR activity in vivo, namely, the nervous system.  
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MATERIALS AND METHODS 

 

In vitro expression studies 

 

 Transformation into Drosophila S2 cells was performed as previously described
 

(Reenan, 2005). Briefly, transformations of the various reporter constructs were 

performed with 1 mg of pCoBLAST::reporter construct and 0.2 mg of pCoBLAST 

(empty vector) or pCoBLAST::dADAR to assess dADAR dependence. Cells were 

transfected, allowed to recover for 24 h, and then induced with copper. Cells were 

imaged at 24 h post-induction. 

 

Drosophila stocks and genetics 

 

 For all epi-fluorescence and confocal images, we used 1-2 day old male Drosophila 

raised at a constant 25°C, on standard molasses food and under 12 h day/night cycles. 

The dAdar and indy RNAi transgenes were obtained from the VDRC stock center and 

have been validated previously
 
(Jepson and Reenan, 2009). For experiments involving 

dAdar null males, we used the dAdar
5g1

 allele, previously shown to lack all detectable 

RNA editing activity (Palladino et al., 2000a). The dAdar
WTLoxP

, dAdar
S
, dAdar

G
 and 

dAdar
hyp

 alleles were generated using ends-out homologous recombination, described 

previously for dAdar
hyp 

(Jepson et al. 2010). The tubulin-Gal4 line was obtained from the 

Bloomington stock center.  

 For experiments involving analysis of variation in YFP
splice 

and GFP
edit

 expression, 

we used 2-3 independent transgenic insertions of each construct to control for position 
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effects on the stability of expression. A single copy of two independent YFP
splice 

transgenes (both located on chromosome III) was sufficient to yield robust fluorescence 

in whole-mount and confocal imaging experiments (see below) when driven with tubulin-

Gal4. Since only a fraction of GFP
edit

 transcripts generate functional GFP due to the 

requirement for successful A-to-I editing, we found that generally, lines expressing 

multiple insertions of GFP
edit

 were optimal for robust GFP fluorescence. The insertions 

used in this study were located on chromosome X (and thus up-regulated relative to 

autosomal copies), homozygosed on chromosome II, or a single copy on chromosome III, 

all in conjunction with tubulin-Gal4. In figures showing multiple examples of GFP
edit

 or 

YFP
splice

 expression/fluorescence, all examples are from males expressing the same 

transgene insertion.   

 

RNA editing analysis 

 

 RNA was extracted from the heads of 1-3 day old male Drosophila (15-20 per 

sample) were performed using TRIzol reagent (Invitrogen). The GFP
edit

 construct was 

amplified via RT-PCR using the following primer sets: for the RT reaction, we used a 

reverse primer specific to the UAS construct (UAS-R1: 5' 

GTCACACCACAGAAGTAAGGTTCC 3'). The following primers were used for PCR: 

forward – 5' GCGAGGAGCTGTTCACTGGGGTGG 3'; reverse – 5' 

GTCTAGATTACTTGTACAGCTCGT 3'. Sequencing primer: 5' 

CATCCTGGTCGAGCTGGACGGCGA 3'. Primers for amplifying and sequencing unc-

13 were described previously
 
(Jepson and Reenan, 2009). Levels of editing were 



157 

 

determined by measuring the area under A- and G-peaks in individual electropherogram 

traces using Image J. The % editing is expressed at G/(A+G) x 100.     

 

Microscopy and immuno-histochemistry 

 

 To quantify variation in YFP
splice

 and GFP
edit

, we used different approaches 

depending on whether the imaging was epi-fluorescent or confocal. A Zeiss LSM 510 

meta was used to obtain all confocal z-stacks and slices, while a Zeiss AX10 Imager.M1 

was used for epi-fluorescent whole-mount imaging. For epi-fluorescent imaging of heads 

and forelegs, fluorescence of YFP
splice

 or GFP
edit

 was measured directly via excitation at 

488nm. Fluorescence in the clypeus or forelegs was subsequently quantified using Image 

J. For confocal immune-histochemistry, adult and larval brains were prepared as 

described previously
 
(Ingleby et al., 2009). Primary antibodies were used at the following 

concentrations: mouse anti-nc82 and anti-Dachshund (Developmental studies hybridoma 

bank) were all used at 1:40. We labeled both GFP and YFP using a rabbit anti-GFP 

primary (Invitrogen) at 1:200, followed by a cy5-tagged secondary to avoid excitation of 

the fluorophore itself. Alexa-fluor secondary antibodies (goat anti-mouse Cy3 and goat 

anti-rabbit cy5 (Invitrogen Molecular Probes)) were used at 1:200. Confocal images were 

obtained at sub-saturation levels of fluorescent intensity. Images were contrast-enhanced 

in Adobe Photoshop.  

Since we re-used primary antibodies for consecutive batches, we controlled for 

any potential reduction in anti-GFP concentration by normalizing anti-GFP intensity to 

the nc82 counter-stain signal (for antennal lobe fluorescence, YFP or GFP glomerular 
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staining was normalized to nc82 staining in the same glomeruli; for the mushroom body 

α/β and g-lobes, YFP and GFP staining was normalized to nc82 staining in ipsi-lateral g-

lobe, which were easily identifiable). We next normalized the GFP/nc82 or YFP/nc82 

values in each batch of brains to the batch mean; if the mean absolute GFP or YFP 

staining was not significantly different between separate batches (P > 0.05, Mann-

Whitney U-test), batches were pooled. Mushroom body α- and β-lobes were analyzed 

separately and pooled following normalization. To rule out any contribution of 

differences in signal/noise ratios between YFP
splice

 and GFP
edit

, we only compared 

batches of YFP
splice

 and GFP
edit

 that did not significantly differ in cy5 fluorescent 

intensity (P > 0.05, Mann-Whitney U-test). 

 

Online Supplementary Material 

 

 The supplementary material includes 7 figures. Supplementary figure 1 (S4.1) 

shows the molecular design of the GFP
edit 

reporter. Supplementary figure 2 (S4.2) shows 

GFP
edit 

fluorescence in S2 cells is dependent on dADAR expression. Supplementary 

figure 3 (S4.3) shows the cell-types responsible for GFP
edit 

expression in the antennal 

lobe (AL) and mushroom bodies (MB). Supplementary figure 4 (S4.4) shows that 

expression of GFP
edit 

in vivo is dependent on dADAR expression. Supplementary figure 5 

(S4.5) shows the expression of GFP
edit

 in dAdar
hyp

 allele. Supplementary figure 6 (S4.6) 

shows the developmentally regulated spatial control of dADAR activity. Supplementary 

figure 7 (S4.7) shows representative examples of YFP
splice

 driven by tubulin-Gal4 in male 

heads and forelegs.  
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RESULTS 

 

To generate a more natural in vivo reporter for dADAR activity, we made use of 

structural information gleaned from comparative genomics
 

(Reenan, 2005). The 

Drosophila synaptotagmin-1 (syt-1) mRNA is edited at four positions (A-D), of which 

editing at site D is most robust
 
(Hoopengardner et al., 2003). The structure that directs 

editing at sites C and D has been partially solved, is ultra-conserved amongst 

Drosophilids, and consists of a complex pseudoknoted interaction between the edited 

exon and two complementary and conserved non-coding elements (E1 and E2) located in 

the downstream intron
 
(Reenan, 2005). Importantly, the duplex structure that directs 

editing at site D has the property of consisting largely of intronic sequence
 
(Reenan, 

2005) (supplementary Fig. S4.1A). Utilizing this fact, we generated a chimeric gene 

construct that would express full-length wild-type green fluorescent protein (GFP) only 

when acted upon by correct RNA splicing and dADAR modification. First, we inserted 

the entire intron 9 of syt-1, containing all splicing signals and the E2 cis-element 

directing editing at site D, directly into the GFP coding sequence, artificially generating 

two GFP „exons‟ (Fig. 4.1A and supplementary Fig. S4.1B). The GFP sequences were 

arranged such that the second position guanosine of a conserved GFP tryptophan codon 

(UGG) would be positioned at the normally edited third position adenosine of the 

isoleucine codon (AUA) within the RNA structure of syt-1. This tryptophan residue is the 

only such position in the Aequorea victoria GFP gene and resides very near the 

chromophore. By then mutating this tryptophan to an amber stop codon (UGG  UAG), 

we re-created a potentially editable adenosine at the same conceptual position as syt-1 
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site D. Finally, we re-engineered element E2 with structurally compensatory changes (as 

well as a single synonymous change in GFP coding sequence) to mimic the normal base-

paired structure between E2 and syt-1 site D (Fig. 4.1A, supplementary Fig. S4.1C-D). 

We term this construct GFP
edit

. A separate construct based on YFP was also generated, 

which contained a tryptophan residue in place of the amber stop codon to serve as a 

splicing control (YFP
splice

).   

We inserted the above constructs into the pMT and pUAS plasmids to allow both 

inducible expression in Drosophila S2 tissue culture cells and cell-specific expression in 

vivo using the Gal4-UAS binary expression system, respectively
 
(Brand and Perrimon, 

1993). As predicted, transient expression of GFP
edit

 in S2 cells resulted in detectable GFP 

fluorescence only upon co-transfection of a dADAR transgene (supplementary Fig. 

S4.2A). The wild-type chimera with the amber stop codon, but without structural 

mutations to mimic the syt-1 structure, showed no fluorescence (data not shown). Thus, 

the intended structure reverse-engineered into the reporter clearly directs coupled splicing 

and editing to produce functional GFP protein utilizing a jellyfish/fruitfly chimera and a 

structural mimic of a natural dADAR substrate.   

To visually probe A-to-I editing in Drosophila, irrespective of tissue-type, we 

expressed constructs using a ubiquitous driver (tubulin-Gal4). Global expression of the 

YFP
splice

 control yielded fluorescence in the anterior and dorsal regions of the head 

capsule, as well as the clypeus, labellum, and legs (Fig. 4.1B,C). When GFP
edit

 was 

driven using the same driver, GFP fluorescence was observed in a similar pattern to 

YFP
splice

, albeit with higher fluorescence intensity in the clypeus and labellum, likely due 

to the fact that YFP is only partially excited at the optimal excitation wavelength for 
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GFP. Furthermore, fluorescence was not observed in any tissue when GFP
edit

 was driven 

by tubulin-Gal4 in a dAdar null (dAdar
5g1

) background (Fig. 4.1B,C). Thus, GFP
edit

 

fluorescence is limited to areas in which the transcript is accurately spliced, and is 

dependent on dADAR activity in vitro and in vivo.  

In the adult Drosophila nervous system, YFP
splice

 and GFP
edit

 expression was 

limited primarily to three neuronal centers: the - and -lobes of the mushroom bodies 

(MBs), antennal lobe (AL) glomeruli, and the central complex (CC) (Fig. 4.1D,E). For 

both YFP
splice

 and GFP
edit

, MB and AL fluorescence was deduced to originate from 

Dachsund-positive Kenyon cells and local AL interneurons respectively (supplementary 

Fig. S4.3). No YFP
splice

 expression was detected in the thoracic ganglion or non-neuronal 

cell types (upplementary Fig. S4.2B), possibly due to splicing regulatory elements within 

the syt-1 intron that only allow correct splicing in a nervous system and cell-specific 

manner. When expressed in adult heads, GFP
edit

 was edited at ~ 25% - less than the 

endogenous syt-1 site D but at a similar (or higher) level to a significant proportion of the 

Drosophila inosinome
 
(Jepson and Reenan, 2009; Jepson et al. 2010) (supplementary Fig. 

S4.4A). In a dAdar
5g1

 background, the GFP
edit 

transgene was successfully edited upon co-

expression of dADAR transgenes representing two distinct splice-forms of dADAR 

(supplementary Fig. S4.4B,C). Co-expression of GFP
edit

 with RNAi constructs targeted to 

dADAR
 
(Jepson and Reenan, 2009), or in a background containing a hypomorphic allele 

of dAdar, further confirmed that GFP
edit

 fluorescence in the adult brain is dADAR-

dependent and responsive to dADAR levels (supplementary Fig. S4.4D-G and 

supplementary Fig. S4.5). 

Interestingly, while the adult nervous system patterns of YFP
splice

 and GFP
edit
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expression largely overlapped, this was not the case at earlier stages of development, 

where dADAR protein levels are relatively low
 
(Jepson et al. 2010). In the 3

rd
 instar 

larval brain, YFP
splice

 expression was observed in both the MB -lobes and the larval AL 

(supplementary Fig. S4.6). In contrast, GFP
edit

 was limited solely to the -lobes, 

illustrating that our in vivo reporter system is capable of detecting spatio-temporal 

alterations in dADAR expression and activity during development.   

To analyze the response of GFP
edit

 to more subtle modifications of dADAR 

activity, we next determined the response of GFP
edit

 expression to changes in dADAR 

auto-editing. At the pupal and adult stages of Drosophila, dADAR edits its own 

transcript, leading to a serine (S) to glycine (G) substitution close to motif II of the 

catalytic domain
 
(Keegan et al., 2005; Palladino et al., 2000b). In vivo, auto-editing 

reduces dADAR‟s catalytic activity on a subset of edited adenosines. Expression of 

GFP
edit

 in a genetic background lacking auto-editing (dAdar
S
) significantly increased 

editing measured on GFP
edit

 transcripts by 17.5% relative to dAdar
WTLoxP

 controls 

(absolute value; p = 0.004, Kruskal-wallis test, n = 6 PCRs for all genotypes), while 

editing of GFP
edit

 transcripts in males containing a constitutively edited allele of dAdar 

(dAdar
G
) was reduced by 2.5% (p = 0.006). Intriguingly, the changes in editing of the 

GFP
edit

 transgene in RNA isolated from whole head tissue was not reflected by 

corresponding uniform spatial changes in MB or AL fluorescence (Fig. 4.2). In AL 

glomeruli, GFP
edit

 expression did not increase in a dAdar
S
 background compared to 

dAdar
WTLoxP

 controls, but was significantly reduced in dAdar
G
 males, suggesting that 

dAdar mRNAs expressed in neurons contributing to AL fluorescence are largely un-

edited. In contrast, in both the /- and -lobes of the MBs, fluorescence significantly 
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increased in dAdar
S
 males. We also observed a reduction in -lobe fluorescence in 

dAdar
G
 males, but not in /-lobes (Fig. 4.2D), suggesting that dAdar auto-editing may 

be spatially regulated even within distinct Kenyon cell subtypes.  

The above results comprehensively demonstrate that the GFP
edit

 reporter is 

sensitive to alterations in dADAR expression and catalytic activity in an in vivo setting. 

Previous analyses of epitope tagged endogenous dADAR expression indicated substantial 

neuron-to-neuron variation in expression levels
 
(Jepson et al. 2010). We thus used our 

novel reporter system to address a fundamental question not easily answered using 

standard molecular techniques: how stereotyped is editing activity between individuals 

within a population, both at the tissue and cellular levels?  

When examining fluorescence of GFP
edit

 in Drosophila heads, we noticed a 

surprising degree of spatial variation in fluorescent intensity within the head capsule 

between 1-2 day old male flies (Fig. 4.3A). We then quantified the degree of variation in 

GFP
edit

 and YFP
splice

 epi-fluorescence in the clypeus and leg tissues. Although a slight 

increase in the proportion of outliers from the mean fluorescence in the clypeus could be 

detected when driving GFP
edit

 relative to YFP
splice

 (Fig. 4.3A), GFP
edit

 fluorescence in the 

clypeus was, on average, highly stereotyped and the variance in fluorescence did not 

significantly differ from YFP
splice

 (p = 0.48, F-test) (Fig. 4.3C; for examples of YFP
splice

 

see supplementary Fig. S4.7A). In contrast, while YFP
splice

 expression in the femur of the 

prothoracic legs was also highly stereotyped (s.d = 0.21), we observed a robust increase 

in the degree of variation in GFP
edit

 fluorescence in the same tissue type (s.d = 0.44, p = 

1.1 x 10
-7

, F-test) (Fig. 4.3B, D and supplementary Fig. S4.7B). This significant increase 

in the standard deviation of GFP
edit

 relative to YFP
splice

 fluorescence indicates that the 
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variability of GFP
edit

 fluorescence is not due to either RNA splicing or the tub-Gal4 

driver, but instead is a function of dADAR activity.  

 We next investigated two aspects of variation in YFP
splice

 and GFP
edit

 fluorescence 

in behaviorally relevant neuronal structures (Fig. 4.4A,B). For the control fluorophore, 

YFP
splice

, variation within and between batches can occur via stochastic differences in 

driver strength and technical issues relating to immune-histochemistry (re-use of 

antibodies etc.). In these cases, however, fluorescence in distinct neurons within a single 

brain should co-vary, rather than varying independently. This was indeed the case when 

comparing YFP
splice

 fluorescence in the - and -lobes of the MB (which share a 

common cell body) (Lee et al., 1999) and between the MB -lobes and ALs (which do 

not) (Fig. 4.4C,D). In contrast, while as expected, GFP
edit

 fluorescence still strongly co-

varied between MB - and -lobes (Fig. 4.4E), fluorescence in the MB -lobes and ALs 

was only weakly correlated (Fig. 4.4F), demonstrating that RNA editing in distinct 

regions of the Drosophila brain can be autonomously controlled.  

Finally, we tested for non-stereotypical patterns of GFP
edit

 fluorescence in the 

MBs and ALs. To avoid signal: noise differences between populations, we only analyzed 

batches of brains with mean fluorescent signals that were not significantly different for 

each neuronal structure, blind to the variance within batches. Consistent with Figure 4.3, 

in both the MB and the AL, we observed a significant increase in the standard deviation 

of normalized GFP
edit

 versus YFP
splice

 fluorescence within batches (see methods) when 

comparing multiple aged-matched male Drosophila (/-lobes: s.d increase = 35%, p = 

7.8 x 10
-5

, F-test; -lobes: 57%, p = 0.0001; AL: 49%, p = 0.0027) (Fig. 4.4G-L).  Thus, 

dADAR activity as measured by fluorescence output of an editing-dependent reporter 
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exhibits non-stereotypical patterns within neuronal populations controlling complex 

adult-stage behaviors such as the processing of olfactory information and memory 

formation. 

 

DISCUSSION 

 

In summary, we have reverse-engineered a novel dADAR substrate that generates 

full-length GFP only following successful splicing and A-to-I editing, thus demonstrating 

the capacity of ADARs to repair mutant mRNAs in the presence of engineered cis-acting 

(and hypothetically, trans-acting) RNA elements. We have used this in vivo reporter 

system not only to infer neuron-specific control of dAdar auto-editing and dADAR 

activity (Figs. 4.2 and 4.4), but to document significant spatial variation in dADAR 

activity within behaviorally important tissues and neuronal sub-types (Figs. 4.3 and 4.4). 

Particularly intriguing is our observation of variable dADAR activity within Kenyon cells 

and AL interneurons, as recent work has revealed significant electrophysiological non-

stereotypy in both of these cell types
 
(Chou et al., 2010), as well as in behavioral outputs 

associated with mushroom body function
 
(Murthy et al., 2008).  

In our accompanying paper, we demonstrate that even subtle modifications of 

dADAR activity may have profound effects on several adaptive behavioral outputs. 

Taken together, our data suggests that differential modification of the functional 

properties of ion channels and synaptic release proteins through variable RNA editing
 

(Claridge-Chang et al., 2009; Hoopengardner et al., 2003) could provide a plausible 

mechanism for neuro-physiological and behavioral variability.  
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FIGURE 4.1. Design and validation of a fluorescent reporter of A-to-I editing. (a) 

Schematic illustration strategy used to generate full length GFP only in the presence of 

active dADAR, and the dsRNA structure directing editing of the GFP
edit

 construct. (b-c) 

Epi-fluorescent whole-mount images of 1-2 day old male heads (b) and forelegs (c) 

expressing the YFP
splice

 control (left panel), or GFP
edit

 in a wild-type (middle) or dAdar 

null (dAdar
5g1

; right) background, driven by tubulin-Gal4 (tub). Top panel – bright-field 

image (La – labellum; Cly – clypeus). Lower panel - excitation at 488nm. Middle and 

right panels were exposed to the same fluorescent intensity. In the adult nervous system, 

both the YFP
splice

 (d) and GFP
edit

 (e) constructs exhibit a similar expression pattern when 

driven by tub-Gal4. YFP and GFP were visualized using an anti-GFP antibody and a 

fluorescent cy5-conjugated secondary antibody (see methods). Top panel: z-stacks 

showing expression in the mushroom body lobes (/, ) and antennal lobes (ALs). 

Bottom panel: confocal slices detailing expression in the central complex (CC). Scale bar, 

20 m. 
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FIGURE 4.2. Neuron-specific modulation of GFP
edit

 fluorescence by alterations in 

dADAR auto-editing. (a-c) Representative confocal z-stacks of GFP
edit

 expression in the 

mushroom bodies and antennal lobes of dAdar
WTLoxP

 (WT) control males (a) and 

experimental males generated through homologous recombination in which auto-editing 

of the dAdar transcript is either abolished (dAdar
S
; S) (b) or constitutively hard-wired 

(dAdar
G
; G) (c). (d) Quantification of GFP

edit
 fluorescence in /- and -lobes of the 

mushroom bodies, and the antennal lobes in dAdar
S
 and dAdar

G
 males, normalized to 

dAdar
WTLoxP

 controls. n-values for each neuronal sub-population are indicated. ***: p < 

0.0001; ns: p > 0.05, one-way ANOVA with Dunnett post-hoc test. Scale bars, 20 m.  
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FIGURE 4.3. Variability in dADAR activity between individual male Drosophila. (a) 

Examples of GFP
edit

 fluorescence in individual adult male heads. Upper panel: whole 

head fluorescence, illustrating differential GFP
edit

 expression within the head capsule 

(magnified in lower panels). Note the differential fluorescence in regions corresponding 

to the antennal lobes and the Kenyon cells (for example, compare a2‟ and a4‟). (b) 

Examples of GFP
edit

 fluorescence in adult male forelegs. (c-d), Histograms illustrating 

variation in YFP
splice 

(c) or GFP
edit

 (d) fluorescence in the clypeus. Values for the 

population studied are normalized such that the average fluorescence = 1. n-values and 

standard deviation of the mean (s.d) are shown. (e-f) Variability in YFP
splice

 or GFP
edit

 

fluorescence in the large segment of adult forelegs.  
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FIGURE 4.4 Non-stereotypical patterns of RNA editing in Drosophila neurons. (a-b) 

Example images of variation in YFP
splice

 and GFP
edit

 fluorescence in the MBs and ALs. 

Scale bars, 20 µm. (c-d) Variation in YFP
splice 

fluorescence between ipsi-lateral MB - 

and -lobes (c) and -lobes and ALs (d) is highly correlated. In contrast, while GFP
edit

 

fluorescence in the MB - and -lobes strongly co-varies (as would be expected, given 

their shared cell bodies) (e) only a weak relationship between -lobes and AL 

fluorescence was observed (f). (g-i) Histograms detailing variation in YFP
splice

 expression 

within the /- and -lobes of the mushroom bodies, and the antennal lobes. (j-l) 

Corresponding histograms detailing variation in GFP
edit

 expression in the same tissues. n-

values and s.d are shown.   
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FIGURE S4.1. Molecular design of the GFP
edit

 reporter. (a) The organization of the 

endogenous dsyt-1 is shown (above) with the experimentally verified dsRNA secondary 

structures in the pre-mRNA (below).  Exonic sequences (black) base pair with intronic 

sequences (blue) to generate this structure.  Editing site D is shown in green.  E1 and E2 

represent the highly conserved intronic elements that direct dADAR-mediated 

modification. (b) The structure depicted here represents the insertion of dsyt-1 intron-9 

into the open reading frame of GFP in such a way that the second-position guanosine (G, 

in green) of a tryptophan codon (TGG) is positioned at precisely the same position as the 

edited adenosine of site D.  However, the natural dsRNA structure is obviously disrupted. 

(c) Mutations were introduced into the construct in part (b) shown in red, that restore the 

secondary structure (but not primary sequence) of the endogenous dsyt-1 dADAR 

substrate, while the tryptophan codon is wild-type (TGG). Thus, while this construct 

requires splicing to produce emGFP protein, it is editing independent. (d) The structure 

shown is the same as in part (c), except that the tryptophan codon has been converted to 

an amber (TAG) nonsense codon.  Correct production of emGFP protein requires both 

ADAR modification of the adenosine of the amber codon, and correct splicing. 
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FIGURE S4.2. GFP
edit

 fluorescence in S2 cells is dependent on dADAR expression. (a) 

The pCoBLAST::GFP
edit

 construct was transfected into Drosophila S2 cells and induced 

with copper in the absence (left) or presence (right) of pCoBLAST::dADAR. Shown are 

representative cell fields 24 h after induction demonstrating robust emGFP protein 

production only when exogenous dADAR is supplied. (b) Expression of YFP
splice

 under 

the control of tubulin-Gal4 in the male brain and thoracic ganglion. Although tubulin-

Gal4 is a ubiquitous driver, we only observed YFP fluorescence in the central brain. No 

fluorescence was observed either in the optic lobes, the medulla, or the thoracic ganglion. 

A cluster of YFP-positive cell bodies can also be observed in the dorsal portion of the 

lobula. Scale bar, 100 m.  
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FIGURE S4.3. Elucidating the cell-types responsible for GFP
edit

 expression in the AL 

and MB. (a) YFP
splice

 and GFP
edit

 expression in the mushroom bodies is localized to 

dachshund-expressing Kenyon cells (representative images of n > 6). We did not observe 

any YFP
splice

 and GFP
edit

 positive innervations of the MBs from non-Kenyon cell bodies. 

AL fluorescence could arise from either pre-synaptic sensory neurons innervating the AL 

from the antennae and maxillary palps, local interneurons, or post-synaptic projection 

neurons (PNs). Since we did not observe any GFP-positive projections to the lateral horn, 

we ruled out PNs as a likely source of GFP
edit

 (Fig. 4.1). In contrast, two lines of 

evidence point to local interneurons as the source of GFP
edit

. Firstly, GFP-positive cell 

bodies surround the AL, and axons from these cell-bodies clearly innervate the AL (b), 

consistent with previously described morphological and arborization characteristics of 

pan-glomerular interneurons. Secondly, removing the antennae and maxillary palps did 

not reduce AL expression of either YFP
splice

 (p = 0.63, Mann-Whitney U-test) or GFP
edit

 

(p = 0.31) in age-matched controls, ruling out a contribution from sensory neurons (c, d). 

n = 8-14 per genotype. As expected following sensory synapse retraction, pre-synaptic 

bruchpilot (nc82) intensity in the antennal lobe is reduced in both experimental 

populations (YFP
splice

: 31.8% reduction; GFP
edit

: 20% reduction) (e). Scale bars, 20 m. 
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FIGURE S4.4. GFP
edit

 fluorescence in vivo requires dADAR expression. (a-c) 

Expression of one copy of GFP
edit

 (driven by tubulin-Gal4) in a wild-type (w
1118

) (a) or a 

dAdar null (dAdar
5g1

) background co-expressing transgenes encoding two of the 

predominant dADAR isoforms lacking (3/4 – b) or containing (3a – c) the alternatively 

spliced 3a exon, results in detectable editing at the adenosine of the amber stop codon 

within the GFP
edit

 open reading frame. In w
1118

 male heads, editing levels at the GFP
edit

 

stop codon were 25.4% ± 1.2 (n = 3 PCRs). (d-h) Co-expression of two separate RNAi 

transgenes directed against dADAR (adr-IR1 and adr-IR2) abolishes editing of the 

GFP
edit

 stop codon. In contrast, co-expression of a control RNAi construct targeting the 

indy transcript had no effect on editing of GFP
edit

. Example electropherograms are shown 

in (d-f). (g-h) Quantification of editing in GFP
edit

 (g) and the endogenous unc-13 

transcript (h) following co-expression of GFP
edit

 with experimental or control RNAi 

transgenes (n = 3 PCRs for all genotypes). (i) Knockdown of dADAR using transgenic 

RNAi abolishes fluorescence of GFP
edit

 in the adult mushroom bodies. When dADAR 

activity is reduced using transgenic RNAi, fluorescence of a single copy of GFP
edit

 is 

inhibited in the mushroom bodies (expressing a single autosomal copy of GFP
edit

 does not 

result in robust fluorescence in the antennal lobes or central complex, which requires 

expression of two copies of the GFP
edit

 construct – see methods). Expression of an indy 

RNAi transgene had no effect on GFP
edit

 fluorescence. Thus, fluorescence of GFP
edit

 in 

the adult brain correlates with the degree of editing at the amber stop codon. Figure 

shows a representative image of n  5 male brains. Scale bar, 20 m.   
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FIGURE S4.5. Expression of GFP
edit

 in a genetic background carrying a hypomorphic 

dAdar allele leads to decreased reporter fluorescence. (a) Example confocal images of 

GFP
edit

 expressed in either dAdar
WTLoxP

 controls of dAdar
hyp

 males. (b) Quantification of 

GFP
edit 

fluorescence, normalized to bruchpilot (nc82), in the antennal lobes (AL), MB 

/-lobes, and MB -lobes. Stringent loss of dADAR expression leads to significant 

reductions in GFP
edit

 fluorescence in all neuronal subtypes examined (AL: 56% 

reduction; /-lobes: 46%; -lobes: 42%). n-values are indicated in white. **: p < 0.005; 

***: p < 0.0005, Mann-Whitney U-test. Scale bar, 20 m. 
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FIGURE S4.6. YFP
splice

 and GFP
edit

 fluorescence in the 3
rd

 instar larval nervous system 

reveals developmentally regulated spatial control of dADAR activity. In 36/36 wandering 

3
rd

 instar larval brains expressing YFP
splice

 using tubulin-Gal4, we observed YFP staining 

in the larval mushroom body -lobes and the larval antennal lobe (LAL). In contrast, 

25/26 larval brains expressing GFP
edit

 only exhibited fluorescence in the -lobes, with no 

GFP staining observable in the LAL. Five representative examples of YFP
splice

 and four 

of GFP
edit

 are shown (a1-5 and b1-4). Only 1/26 larval brains expressing GFP
edit

 

exhibited weak GFP expression in the LALs (b5). This suggests that, while previous 

studies testing for developmental regulation of dADAR transcript and protein levels have 

indicated that dADAR expression is significantly lower at the 3
rd

 instar larval, subsets of 

neurons may still exhibit robust dADAR activity at the larval stages of development. 

Scale bar, 20 m. 
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FIGURE S4.7. Representative examples of YFP
splice 

driven by tubulin-Gal4 in 1-2 day 

old adult male heads (a) and forelegs (b). 
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CHAPTER 5: 

 

 

RNA Editing Generates a Natural Regulator of Heterochromatic Gene Silencing 

 

 

 

ABSTRACT 

 

 

Heterochromatic gene silencing and RNA interference (RNAi) are widely 

proposed to functionally converge in defending against nucleic acid parasites. Here, we 

utilize the binding activity of adenosine deaminases acting on RNAs (ADARs) to 

visualize the in vivo production, by transposons, of long double-stranded RNA (dsRNA) 

at the Hoppel killer locus (Hok). Using homologous recombination to interfere with 

dADAR binding, we show that Hok deletions dramatically alter the chromatin 

architecture of the fourth chromosome of Drosophila melanogaster. Furthermore, we 

demonstrate that dADAR can act as an enhancer or suppressor of position effect 

variegation (PEV) and this action can be bi-directionally modulated by an auto-regulatory 

editing event that alters a single amino acid. Together, our findings indicate that the 

dosage of long dsRNA from Hok, as well as ADAR‟s role in determining long dsRNA 

fate, are key regulators of heterochromatin formation. 
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INTRODUCTION 

 

In eukaryotic cells, informational recoding and RNA interference (RNAi) proceed 

through structurally diverse double-stranded (ds) RNA molecules (Bass, 2002). Highly 

conserved sequences within exclusive pre-mRNAs involved in neurotransmission, 

generate short (20-50bp) imperfect dsRNAs that are modified selectively through the 

action of ADARs (Nishikura, 2010). In these dsRNA molecules, hydrolytic deamination 

of adenosine to inosine (A-to-I) usually results in amino acid substitutions because an 

inosine in mature mRNAs is interpreted as guanosine by the translation machinery, 

leading to novel protein coding potential (Basillo et al., 1962). However, perfectly paired 

long (100-1000bp) dsRNAs that enter the RNAi pathway may also serve as ADAR 

substrates. In this scenario, ADAR activity is promiscuous resulting in the deamination of 

up to 50% of the adenosines within the dsRNA; a process that affects both small 

interfering RNA (siRNA) biogenesis and activity (Nishikura, 2006).  

 In somatic tissues, nuclear pools of siRNAs ranking from 18-22nt in length guide 

RNA induced silencing complexes (RISCs) to discrete regulatory targets for initiation of 

a sequence-specific silence mechanism known as RNAi (Chapman and Carrington, 2007; 

Peters and Meister, 2007). The biogenesis of siRNAs, including endogenous small 

interfering RNAs (esiRNAs), microRNAs (miRNAs), and repeat-associated small RNAs 

(rasi-RNAs), proceeds through the action of Dicer on dsRNAs transcribed from distinct 

genomic sources (Ghildiyal and Zamore, 2009). In Drosophila, the majority of esiRNAs 

derive from read-though transcription of transposable elements (TE) that are widely 

distributed throughout the fly genome (Kawamura et al., 2008). Mutations in Dicer-2, the 
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ribonuclease involved in the biogenesis of esiRNAs, result in elevated TE transcript 

levels, suggesting that this RNAi pathway operates to inhibit transposon activation in 

somatic cells (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et 

al., 2008).  

In the Drosophila germ line a different class of small RNAs, piwi-interacting 

RNA (piRNAs), facilitate the silencing of transposons (Aravin et al., 2007a; Aravin et al., 

2007b). piRNAs are thought to be generated from single-stranded (ss) RNA transcripts 

derived form transposon-rich loci through a Dicer-independent pathway (Brennecke et 

al., 2007). Given that TEs represent a threat to the genome in which they reside because 

of their mutagenic potential as mobile genetic elements, TEs sequences have been 

proposed to serve as targets for silencing through heterochromatin formation (Riddle et 

al., 2009).  

Heterochromatin is considered to contain both high levels of TEs and low gene 

density, resulting in a compact DNA organization compared to euchromatin (Grewal and 

Elgin, 2007). Genes that are normally reside in euchromatin are silenced when juxtaposed 

nearby or into heterochromatin (Schulze and Wallrath, 2007). In Drosophila, these 

differences in chromatin organization are exemplified by position effect variegation 

(PEV) (Grewal and Elgin, 2007; Locke et al., 1988). Using PEV in various screens for 

suppressors of silencing, at a variegating reporter, resulted in the characterization of 

multiple loci that are involved in the initiation of heterochromatin formation. 

Interestingly, mutations in proteins that encode RNAi components result in a loss of 

silencing suggesting that heterochromatin formation is directed by siRNAs. In 

Drosophila, mutations in proteins that direct the piRNA pathway result in reduction of 
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H3 Lys
9 

methylation, a heterochromatic modification marker, as well as aberrant 

localization of heterochromatin protein 1 (HP1). These molecular phenotypes correlate 

with loss of silencing at a variegating reporter (Pal-Bhadra et al., 2004). Mutations in 

components of the esiRNAi pathway lead to suppression of heterochromatic silencing in 

a similar fashion to piRNAi pathway (Fagegaltier et al., 2009). These results suggest that 

nuclear pools of esiRNAs initiate heterochromatin formation in somatic tissues in 

Drosophila.    

Sequence analysis of esiRNAs from Drosophila S2 cultured cells revealed that a 

large number of these small RNAs contain adenosine to guanosine single mismatches 

relative to the genomic sequence, suggesting that dsRNA structures that enter this RNAi 

pathway serve as ADAR substrates (Kawamura et al., 2008). However, it is unknown 

whether dADAR regulates heterochromatin formation or whether A-to-I RNA editing is 

involved in the regulation of transposon transcripts in the nervous system of Drosophila.  
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MATERIALS AND METHODS 

 

 

Drosophila Stocks and Ends-out Homologous Recombination of the caps Locus 

 

Flies were raised at 25C, on standard molasses food and under 12 h day/night 

cycles. We performed ends out homologous recombination using a similar methodology 

to that reported previously (Maggert et al., 2008). Briefly, we utilized the ends-out 

targeting vector p [w25.2] that contains the white
+
 selectable eye color mini-gene flanked 

by LoxP sites for subsequent removal by Cre-recombinase. Homology arms were cloned 

and sequenced in pTOPO (Invitrogen) and then shuttled into the multiple cloning sites of 

the vector to generate p [w25-dADAR-HA], which was then introduced into the 

Drosophila genome by standard transgenic methods (Genetic Services Inc.). 

Targeting was performed to generate multiple independent targeting events in 

which the HA tag was incorporated or excluded from the recombination events. Targeted 

alleles were validated by amplification using primers outside the region of targeting. All 

targeted alleles were PCR validated for the deletion of the Hoppel elements. Subsequent 

removal of the white
+
 mini-gene selectable marker was achieved by performing crosses to 

animals expressing Cre-recombinase and re-isolation of targeted chromosomes 

containing a single LoxP site. The recombinant alleles were subsequently backcrossed to 

Canton-S for five generations. 

 

RNA Editing Analysis 

 

RNA extractions from 3
rd

 instar salivary glands (20-30 per sample) were 
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performed using TRIzol reagent (Invitrogen). Edited cDNAs were amplified via RT-PCR 

using target-specific primers (Jepson and Reenan, 2009). 

 

Imaging and Eye-pigmentation Measurements 

 

A zeiss LSM 510 meta was used to obtain all confocal z-stacks and slices of salivary 

gland nuclei and adult brains. A Zeiss AX10 Imager.M1 was used for polytene 

chromosomes. For confocal immune-histochemistry, adult brains and salivary glands 

were prepared as described previously (Wu and Luo, 2006). To measure eye 

pigmentation, the heads of 20 male flies, 2-3 days old and raised at 25
O
C, of each 

genotype were homogenized in methanol (1 ml, acidified with 0.1% HCL). Eye 

pigmentation was represented as the absorbance of the supernatant at 480 nm.  

 

FISH of Polytene Chromosomes  

Probes were generated form PCR products with Biotin-dUTP. Larvae were dissected in 

45% acetic acid and transferred to a fixative solution for 5 min. Slides were frozen in 

liquid nitrogen and washed in ethanol and PBS for 10 min each. The chromosomes were 

placed at 70
 O

C in 2X SSC for 45 min. The chromosomal DNA was denatured in 0.14M 

NaOH/2XSSC for 3 min, and subsequently washed in 70% ethanol for 20 min and 95% 

ethanol for 10 min. The FISH probe was hybridized to the polytene chromosomes at 37
 

O
C for 20 hours. An anti-biotin Texas Red secondary antibody was used to detect the 

FISH probe.  
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RNAase Treatment of Polytene Chromosomes 

 

RNAase teatment of chromosomes was carried out in situ in the salivary glands. Glands 

were dissected are room temperature and incubated with RNAase A or RNAase H for 10 

min.  Glands were then transferred to formaldehyde for fixation.  
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RESULTS 

 

 

dADAR auto-editing dramatically affects the level of A-to-I modification of short 

imperfect duplex double-stranded mRNA targets, dADAR subnuclear localization, and 

complex behavior (Savva et al., 2011). Our over-expression studies of tagged dADAR-

HA in whole salivary glands revealed a surprise; a peculiarly intense site of localization 

in polytene nuclei, in addition to nucleolar staining (Fig. 5.1A). Chromosome squash 

preparations of these glands exhibited a concentrated, RNAase-sensitive band of 

dADAR-HA localization on the fourth chromosome, as well as numerous fainter bands 

throughout the genome (Fig. 5.1B-D). dADAR auto-editing results in a serine (S) to 

glycine (G) coding change in the C-terminal catalytic domain (Palladino et al., 2000). 

Localization of dADAR to the fourth chromosome was independent upon the auto-

editing status (supplementary Fig. S5.1A-D), as well as irrespective of the alternative 

splice form of dADAR (supplementary Fig. S5.1E-F). ADAR(S) protein, produced via 

expression of auto-editing incompetent transgenes, localizes to the nucleolus and on the 

fourth chromosome (supplementary Fig. S5.1C-D). Similar localization was observed for 

auto-editing competent dADAR transgenes, which resulted in the production of 50% 

dADAR(G) transcripts after expression in salivary glands (Fig. 5.1B, supplementary Fig. 

S5.1A-B, G). Furthermore, ectopic expression of an HA-tagged Hydra magnipapillata 

ADAR (hADAR) transgene in salivary gland nuclei, yielded a similar localization pattern 

as dADAR (Fig. 5.2A), but with additional strong bands throughout the genome (Fig. 

5.2B-E). Flock house virus B2 (FHV-B2) protein binds both long and short dsRNA in its 

role as a natural inhibitor of dicer cleavage and RNAi (Chao et al., 2005; Lingel et al., 
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2005; Sullivan and Ganem, 2005). In addition, expression of FHV-B2 has been shown to 

suppress heterochromatic gene silencing in Drosophila by antagonizing the endogenous 

small interfering RNAi (esiRNAi) pathway that is active in somatic tissues (Fagegaltier et 

al., 2009). Co-expression of FHV-B2 protein and dADAR resulted in completely 

overlapping localization patterns (Fig. 5.3). Thus, dADAR efficiently binds to long 

dsRNA in vivo, and could possibly interfere with dsRNA processing and gene silencing 

in a manner akin to FHV-B2. 

In order to better understand the nature of the dADAR binding site on the fourth 

chromosome, we performed fluorescence in situ hybridization (FISH) for a number of 

genes on the fourth chromosome coupled with immuno-staining for HA-tagged dADAR. 

These data suggested that the band of dADAR localization is near the caps locus at the 

telomere of chromosome 4 (Fig. 5.4A-B). In fact, we discovered one undocumented site 

of dADAR modification in the caps mRNA in salivary glands over-expressing dADAR 

(supplementary Fig. S5.2A). However, we also showed comparably high levels of editing 

for a known fourth chromosome target of dADAR, unc-13 (supplementary Fig. S5.2B), 

without observing a band of dADAR protein localization (data not shown). A careful 

examination of the genomic region of the caps locus revealed a unique sequence feature 

which could account for the abundant localization of dADAR and FHV-B2 proteins. 

Nested within the caps transcription unit, we observed numerous copies of the 

transposable element Hoppel (a.k.a. 1360), three of which were tandemly repeated 

(supplementary Fig. S5.3A). Two copies are a direct inverted repeat capable of forming 

an extensive (>1kb) nearly perfect dsRNA foldback (supplementary Fig. S5.3B). We 

scanned the annotated D.melanogaster genome for other instances of tandem inverted 
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repeats of Hoppel and found none (data not shown). We then showed that dADAR 

localization also overlaps with FISH signal for Hoppel elements (Fig. 5.5A-B). As a 

direct test of the potential for Hoppel elements to generate a dsRNA capable of binding 

dADAR, we performed ends-out homologous recombination (HR) to create a deletion 

mutation of the three tandemly repeated Hoppels from the intron within the caps locus 

(supplementary Fig. S5.4, Methods). Indeed, removal of these three elements resulted in 

complete loss of dADAR binding to the telomeric region of chromosome 4 as 

demonstrated by FISH for the white
+
 gene in the deleted allele and dADAR localization 

in a deletion heterozygote (Fig. 5.6A-E). We call this locus of dsRNA generation Hoppel 

killer (Hok), in keeping with the similarly arranged Mu killer (Muk) locus in plants 

(Slotkin et al., 2005). 

We then tested the sufficiency of the Hok locus to generate an dADAR-binding 

dsRNA by engineering flies transgenically expressing a UAS-Hok mini-gene construct. 

Expression of this construct inserted at several locations using the Gal4-UAS binary 

expression system resulted in the generation of robust ectopic sites of dADAR binding 

(Fig. 5.7A). This expression was dependent upon induction by Gal4, as we did not observ 

dADAR localization in a promoter-less transgenic construct (Casper-Hok, Fig. 5.7B-C). 

Thus, we demonstrate that Drosophila possesses a site of dsRNA production coupled to 

caps expression to an endogenous transposable element and that dADAR is capable of 

binding to, and possibly regulating the processing of, the Hok duplex RNA. 

Previous studies have shown that components of the RNAi pathway regulate 

nucleolar organization. Mutations in dicer-2 result in the formation of extra nucleoli 

compared to wild-type cells that contain single nucleoli (Peng and Karpen, 2007). When 
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overexpressing dADAR, hADAR, and FHV-B2 proteins in salivary gland nuclei, we 

observed a striking change in nucleolar organization accompanied with changes in 

silencing marks. Staining for fibrillarin, a component of rRNA machinery (Tollervey et 

al., 1993), revealed that salivary gland nuclei contained multiple nucleoli (supplementary 

fig. S5.5). In addition, HP1 localization was reduced in FHV-B2, dADAR, and hADAR 

overexpression (supplementary fig. S5.5). These results suggest that binding of RNAi 

substrates by FHV-B2 and ADAR proteins results in an inefficient RNAi response 

leading to disorganization of both nucleoli and chromatin states. 

The fourth chromosome in Drosophila comprises about 80 genes nestled within 

~1.2Mb highly enriched for transposable elements (TEs), including Hoppel (Riddle et al., 

2009). Because of this genomic organization, chromosome four is considered to have 

features of both euchromatin and heterochromatin (Riddle et al., 2008). Importantly, 

Hoppel elements on chromosome 4 induce gene silencing (as evidenced by position 

effect variegation (PEV)) of mini-white gene (w
+
) reporters in a proximity-dependent 

manner via a mechanism involving RNAi pathway components (Haynes et al., 2006; Sun 

et al., 2004). Moreover, siRNAs of a size consistent with dicer function and homologous 

to Hoppel were detected in these studies and mutations in dicer were shown to affect 

PEV (Haynes et al., 2006). An intermediate in targeting the Hok locus for deletion by HR 

is the insertion of a mini-gene copy of the white
+
 gene flanked by loxP sites (Hok

del.w+
) 

(supplementary fig. S5.4). Heterozygotes for this insertion (Hok
del.w+

/Hok
+
) displayed 

robust PEV (Fig 5.8), suggesting that the white
+ 

gene in the vacant Hok locus is subject to 

heterochromatic gene silencing. A similar reporter inserted into the caps intron 

containing Hok
+
 was previously reported to show PEV. To our surprise, we observed 
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striking loss of PEV upon homozygosis of the white
+
-containing Hok deletion allele 

(Hok
del.w+

/Hok
del.w+

) (Fig 5.8). We attribute this loss of silencing to complete absence of 

the Hok
+
 dsRNA. 

The organization of the caps locus suggests a mechanism for the PEV observed in 

Hok
del.w+

/Hok
+
 animals. Given the close proximity (~7kb) of a fourth Hoppel element 

within the caps locus, we suggest that dsRNA generated from Hok
+
 homologue enters the 

RNAi pathway and initiates heterochromatization by targeting silencing machinery to the 

remaining proximate Hoppel element remaining on the Hok
del.w+

 homologue 

(supplementary fig. S5.6). This is consistent with previous data that suggests that 

silencing marks spread effectively to induce PEV of reporters within <10kb of a Hoppel 

element (Sun et al., 2004). Thus, genetic deletion of the Hok locus appears to reduce or 

eliminate the triggering action of Hok in establishing the silenced state in the vicinity of a 

target Hoppel element within the caps locus. 

Numerous P-element reporters for PEV have been generated and characterized 

with respect to PEV and proximity to Hoppel elements on the fourth chromosome 

(Riddle et al., 2008). We utilized a number of these reporters to characterize the ability of 

Hok dosage to affect PEV at sites distal to the caps locus. We found that decreasing the 

dosage of Hok in animals containing a PEV reporter suppressed variegation in two out of 

three reporters tested. Importantly, the Hok
del.loxP

 allele had the largest effect on reporters 

near a Hoppel element as well as on a variegating reporter not under the influence of 

Hoppel (Fig. 5.9). These confirms previous data that suggest the involvement of 

additional cis-acting elements in the formation of heterochromatin (Riddle et al., 2008). 

Given the increased density and distribution of Hoppel elements on the fourth 
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chromosome, we looked at the effect of Hok deletion on chromatin state. In homozygotes 

for Hok deletions, we noticed a change in chromatin architecture by DAPI staining alone. 

In addition, positioning with respect to the chromocenter was altered homozygotes 

deleted for Hok (Fig 5.10A-C). Furthermore, HP1 localization on the fourth chromosome 

is severely reduced in both heterozygotes and homozygotes Hok deletions (Fig 5.11). 

These results suggest that in Hok deletions the chromatin architecture of the chromosome 

4 is altered resulting in loss of silencing at specific domains along the chromosome.   

 Since the Hok locus attracts dADAR, suggesting a functional interaction, we 

assessed the effect of genetic alterations in dADAR activity on heterochromatic gene 

silencing. Using HR, we generated endogenous dAdar loci hardwired for the production 

of dADAR(S) or dADAR(G) proteins (Savva et al., 2011). In addition, we generated the 

wild-type control (dAdar
loxP

) and a dAdar null allele (dAdar
null

). In males heterozygous 

for three independent variegating white
+
 alleles at the Hok locus (Hok

del.w+
/Hok

+
), 

hemizygosity for the dAdar
G
 allele acted as a complete suppressor of PEV (Su(var)), 

comparable to complete deletion of the Hok locus (Fig 5.12).  In contrast, hemizygosity 

for either dAdar
null

 or dAdar
S
 alleles (genotypes incapable of producing dADAR(G) 

protein) in the same three variegating genetic backgrounds resulted in enhancement of 

PEV (E(var)). The wild type, auto-editing competent control (dAdar
loxP

) displayed robust 

variegation as expected (Fig 5.12). These results suggest that heterochromatic gene 

silencing at this variegating reporter is directed by dsRNA intermediates that are 

regulated in a dADAR dependent manner. More importantly, dADAR auto-editing 

generates a natural regulator of heterochromatin gene silencing. 
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Given the effects of dADAR on silencing, we decided to determine whether 

altering dADAR activity through auto-editing could result in changes of heterochromatic 

marks in neuronal nuclei. We observed decreased levels of HP1 in neuronal nuclei in the 

dAdar
G
 adult brains when compared to the dAdar

loxP
 allele supporting its role as a 

suppressor of variegation (Fig. 5.13). In complete agreement with previous PEV 

experiments, neuronal nuclei in the dAdar
S 

and dAdar
null 

alleles exhibit higher levels of 

HP1, suggesting that these alleles act as enhancers of variegation 
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DISCUSSION 

 

Taken together, these data demonstrate that the status of dADAR auto-editing acts 

as a mechanistic basis for the generation of variegating gene expression (PEV), likely by 

affecting the rate of entry of dsRNA molecules into downstream processing pathways 

that lead to the establishment of heterochromatic states. Furthermore, our data support an 

intersection of dADAR activity with gene silencing pathways very early in the 

mechanism, at the site of generation of dsRNA molecules destined to enter the RNAi 

pathway. Interestingly, the dAdar
G
 allele acts as a Su(var) while the dAdar

S
 allele acts as 

an E(var). The precise mechanism for this bi-directional response of dADAR activity via 

auto-editing is unclear. However, intervention at this key point by the dADAR(G) 

protein, acting in a manner similar to viral proteins which mask dsRNA from dicer 

activity, potentially provides a versatile mechanism for bestowing cell-autonomous 

tuning of gene silencing (Fig. 5.14). Neuronal cells expressing dADAR at low levels, or 

only dADAR(S) would experience no diminution of the silencing effect of expressed 

long dsRNAs. Conversely, cells expressing varying amounts of dADAR(G) and 

dADAR(S), as in the case of dADAR
loxP

 allele, would lead to moderate antagonistic 

effects on dsRNAs.  

In rodents, recent studies have shown that neuronal genomes are not static 

because of active transposition that results in the generation of somatic mosaicism 

(Muotri et al., 2005). Given that ADAR anzymes are highly expressed in the nervous 

system of metazoans (Nishikura, 2010), RNA editing of dsRNA molecules that enter the 

RNAi pathway could affect the biogenesis and activity of siRNAs, resulting in the 
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derepression of TEs. Consequently, this could allow stochastic transposition that could 

generate novel genomic sequences and chromatin architectures in neuronal cells. Thus, 

RNA editing could represent a credible molecular mechanism for generating somatic 

variations in neuronal genomes, which could regulate plasticity and behavior. 

Hypothetically, such a mechanism could broaden the behavioral phenotypic repertoire 

that can originate from a single genome.  
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FIGURE 5.1. dADAR-HA transgene expressed in 3
rd

 instar larval salivary gland nuclei 

and polytene chromosomes. (A) dADAR transgene driven by the c155-Gal4 driver 

revealed an intense site of localization (arrow) in salivary gland nuclei. (B) Chromosome 

squash preparation of salivary gland nuclei showed dADAR localizes on the fourth 

chromosome as well as numerous bands throughout the genome (arrows). In addition, 

dADAR localizes within the nucleolus. (C) dADAR binding on the fourth chromosome is 

not abolished by RNAase A digestion (arrow). In contrast, dADAR binding in the 

nucleolus is abolished by RNAase A treatment. (D) RNAase H digestion results in loss of 

dADAR binding on chromosome 4 (arrow) without abolishing dADAR bound within the 

nucleolus.  
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FIGURE 5.2. hADAR transgene localization on polytene chromosomes. (A) Expression 

of Hydra magnipapillata ADAR transgene using the c155-Gal4 driver yielded a similar 

localization pattern as dADAR (arrows). hADAR binds on chromosome 4 as well as on 

numerous other locations throughout the genome (B-E).  
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FIGURE 5.3. Flock house virus B2 protein co-localizes with dADAR on chromosome 4. 

Simultaneous expression of dADAR-HA and FHV-B2-FLAG transgenes using the c155-

Gal4 driver results in completely overlapping localization pattern.  
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FIGURE 5.4. dADAR and hADAR localize near the caps locus on the fourth 

chromosome. FISH probes generated from PCR products spanning the caps locus were 

hybridized to fixed polytene chromosomes. FISH coupled with immuno-staining for HA-

tagged dADAR (A) and hADAR (B) transgenes, showed co-localization of ADAR with 

the caps FISH probe.  
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FIGURE 5.5. dADAR and hADAR localize near Hoppel elements on the fourth 

chromosome. FISH probes generated from PCR products spanning a Hoppel element 

were hybridized to fixed polytene chromosomes. FISH coupled with immuno-staining for 

HA-tagged dADAR (A) and hADAR (B) transgenes, showed co-localization of ADAR 

with the Hoppel FISH probe.  
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FIGURE 5.6. Removal of Hoppels from the intron within the caps locus results in 

complete loss of dADAR binding to the telomeric region of chromosome 4. FISH probes 

generated from PCR products spanning the white
+ 

gene
 
were hybridized to fixed polytene 

chromosomes to identify the deleted allele in a Hoppel deletion heterozygote. (A-E) 

FISH coupled with immuno-staining for HA-tagged dADAR transgene, resulted in a 

completely non-overlapping localization pattern. 
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FIGURE 5.7. The Hok locus can generate a dADAR-binding dsRNA. FISH probes 

generated from PCR products spanning the white
+ 

gene
 
were hybridized to fixed polytene 

chromosomes to identify the UAS-Hok and Casper-Hok mini-gene constructs. (A) FISH 

to identify the UAS-Hok construct coupled with immuno-staining for HA-tagged dADAR 

transgene, resulted in completely overlapping ectopic localization pattern (white box). 

(B-C) FISH to identify the Casper-Hok construct coupled with immuno-staining for HA-

tagged dADAR transgene, resulted in no dADAR ectopic localization (white boxes).1- 

c155 Gal-4 driver, 2- endogenous white
+ 

gene, and 3- dADAR-HA transgene.  
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FIGURE 5.8. Homologous recombinants display robust PEV. Heterozygotes for three 

independent Hok deletion alleles displayed robust PEV whereas homozygotes exhibited 

striking loss of PEV. Eye-pigment levels were determined by measuring absorbance at a 

wavelength of 480 nm. 
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FIGURE 5.9. Hok dosage affects PEV at sites distal to the caps locus. Three independent 

variegating reporters were used to characterize the ability of Hok dosage to affect PEV. 

8m22 is located within the caps locus adjacent to the Hoppel elements where as the 

118E-25-5-variegating reporter is located 2.5 kb away from a single Hoppel element. 

Conversely, the 8m1-variegating reporter has no Hoppel elements near by. (A) 

Suppression of PEV variegation of 8m22 reporter in three independent Hok deletion 

heterozygote alleles. (B) Decreasing the Hok dosage does not affect silencing of the 

118E-25-5-variegating reporter. (C) Interestingly, decreasing the Hok dosage suppresses 

the silencing of 8m1-variegating reporter despite the fact that there are no Hoppel 

elements nearby. Eye-pigment levels were determined by measuring absorbance at a 

wavelength of 480 nm. 
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FIGURE 5.10. Hok deletions dramatically alter the chromatin architecture of the fourth 

chromosome. (A-C) DAPI stained fourth chromosomes (arrows) in three independent 

Hok deletion alleles. In homozygote deletion alleles the chromatin architecture of the 

fourth chromosome is altered when compared to heterozygote and WT alleles.   
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FIGURE 5.11. HP1 localization is reduced in Hok deletion alleles. (A) Chromosomes 

spreads were costained with anti-HP1 and anti-POF in two independent Hok deletion 

alleles. (B-C) Fluorescent intensity ratios between HP1:DAPI and HP1:POF revealed that 

HP1 localization on chromosome four is severely reduced in Hok deletion alleles. *: P < 

0.05; **: P < 0.005; ***: P < 0.0005, one-way ANOVA with Tukey‟s HSD post-hoc test. 

Error bars: standard error.   
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FIGURE 5.12. dADAR auto-editing generates a natural regulator of heterochromatin 

gene silencing. In males heterozygous for three independent variegating white
+
 alleles at 

the Hok locus (Hok
del.w+

/Hok
+
), hemizygosity for the dAdar

G
 allele acted as a complete 

suppressor of PEV (Su(var)). In contrast, hemizygosity for either dAdar
null

 or dAdar
S
 

alleles (genotypes incapable of producing dADAR(G) protein) in the same three 

variegating genetic backgrounds resulted in enhancement of PEV (E(var)). The wild type, 

auto-editing competent control (dAdar
loxP

) displayed robust variegation as expected. Eye-

pigment levels were determined by measuring absorbance at a wavelength of 480 nm. 
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FIGURE 5.13. Alterations in dADAR activity via auto-editing regulate heterochromatin 

in neuronal nuclei. Male neuronal nuclei were costained with anti-FIB, anti-H3K9me2, 

and anti-HP1 in dAdar
null

, dAdar
S
, and dAdar

G 
alleles. In complete agreement with 

previous PEV experiments, neuronal nuclei in the dAdar
S 

and dAdar
null 

alleles exhibit 

higher levels of HP1. Conversely, HP1 levels are reduced in neuronal nuclei in the 

dAdar
G
 adult brains when compared to the dAdar

loxP
 allele supporting its role as a 

suppressor of variegation.  
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FIGURE 5.14. A mechanistic model for cell-autonomous tuning of gene silencing via 

dADAR regulated heterochromatin formation. The dAdar
G
 allele acts as a Su(var) while 

the dAdar
S
 allele acts as an E(var). Hypothetically, dADAR may intersect with gene 

silencing pathways very early in the process (at the site of generation of dsRNA 

molecules destined to enter the RNAi pathway), and could thus regulate the concentration 

of siRNAs. Neuronal cells expressing dADAR at low levels, or only dADAR(S) would 

experience no diminution of the silencing effect of expressed long dsRNAs, thus acting 

as enhancers of variegation. Furthermore, cells expressing varying amounts of 

dADAR(G) and dADAR(S), as in the case of dADAR
loxP

 allele, would lead to moderate 

antagonistic effects on dsRNAs and the balance of chromatin states is determined 

between the strength of activities that promote either heterochromatin or euchromatin 

formation. Finally, intervention at this key point by the dADAR(G) protein, acting in a 

manner similar to viral proteins which mask dsRNA from dicer activity, could result in 

reduced siRNA levels that leads to loss of silencing. Grey arrows and lines indicate the 

spreading of heterochromatin.  
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FIGURE S5.1. Localization of dADAR to the fourth chromosome is independent of 

auto-editing and alternative splicing. Three separate dADAR transgenes were expressed 

in larval salivary glands using the c155-Gal4 driver. (A-B) Localization of a transgene 

representing the predominant adult-stage isoform dADAR, which lacks the alternative 

spliced 3a exon (termed 3/4). At the auto-editing site, the serine codon is wild-type (S/G) 

and is capable of being edited by the dADAR transgene (G). This transgene is localized 

to the fourth chromosome (arrows). (C-D) Localization of a 3/4 dADAR transgene that is 

incapable of auto-editing, due to the serine codon being mutated to an un-editable 

synonymous TCT codon (S). The un-editable dADAR transgene localizes to the fourth 

chromosome (arrows) in similar fashion to the editable one. (E-F) Localization of a 

transgene to the fourth chromosome (arrows) representing the 3a alternatively spliced 

dADAR isoform. (G) Example electropherogram depicting the auto-editing state of 3/4 

S/G transgene in salivary glands.   
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FIGURE S5.2. Editing status of caps and unc13 in salivary glands after dADAR 

expression. Example electropherograms depicting the editing state of caps (A) and unc13 

(B) in salivary glands in the absence or presence of dADAR. Both targets are highly 

edited after a dADAR transgene was expressed in salivary glands using the c155-Gal4 

driver. Black arrows point out the editing sites.  
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FIGURE S5.3. Hoppel elements are capable of forming an extensive nearly perfect 

dsRNA foldback. (A) Schematic of the caps locus illustrating the arrangement of the 

Hoppel elements. There are four copies of the transposable element Hoppel within the 

caps locus, three of which are tandemly repeated. Red arrows point out the orientation of 

each element. (B) The Mfold web server dsRNA program predicted that the Hoppel 

elements are capable of forming 1kb nearly perfect dsRNA structure.   
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FIGURE S5.4. Schematic illustrating the homologous recombination process used for 

the deletion of the Hoppel elements. Two arms that have perfect homology to the 

sequences flanking the Hoppel elements within the caps locus are integrated into a 

targeting vector. After standard P-element transformation the vector is inserted randomly 

into the Drosophila genome. Homologous recombination is initiated by the action of FLP 

recombinase and I-sceI enzymes. After remobilization and linearization the donor DNA 

is integrated into the caps locus along with the white
+
 gene that replaced the three tandem 

Hoppel elements. Finally, expression of Cre recombinase removes the white
+
 gene from 

the caps locus. The end product is a genetically engineered caps locus with a single LoxP 

site with no Hoppel elements present.  
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FIGURE S5.5. Expression of dADAR, hADAR, and B2 transgenes in salivary gland 

nuclei results in a disorganized nucleolus phenotype. Salivary glands were stained with 

anti-FIB, anti-H3K9me2, and anti-HP1 after expression of dADAR(S/G), hADAR, and 

B2 transgenes using the c155-Gal4 driver. (A) WT salivary gland cells have one 

nucleolus. (B-D) Salivary gland cells that express dADAR(S/G), hADAR, and B2 

transgenes display multiple disorganized nucleoli. In addition, HP1 expression is reduced 

when compared to wild-type cells.  

 

 

 

 

 

 

 



218 

 

 

 
 

FIGURE S5.6. The proposed mechanism for the PEV observed in Hok
del.w+

/Hok
+
 

animals. Dicer processing of Hok dsRNA generates siRNAs that direct an RNA silencing 

complex to the fourth Hoppel element within the caps locus. Hypothetically, this recruits 

heterochromatic marks, such as HP1 to initiate the spresding of heterochromatin that 

silences the white
+
 gene found in close proximity (7kb).  
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CHAPTER 6: 

 

Discussion and Conclusions  

 

A-to-I RNA editing modifications are functionally important within the nervous 

system of organisms as diverse as nematodes, insects and mammals (Higuchi et al., 2000; 

Palladino et al., 2000a; Tonkin et al., 2002). Diversification of the neuronal proteome via 

RNA editing is required for neuronal function, behavior and physiology (Nishikura, 

2010). RNA editing enzymes are functionally pleiotropic through their ability to bind to 

both short imperfect and long perfectly base-paired dsRNA molecules (Bass, 2002; 

Nishikura). In short imperfect dsRNA templates, ADARs modify specific adenosines to 

inosines that usually leads to genomic recoding, since inosine is interpreted as guanosine 

by the translational machinery (Basillo et al., 1962). ADAR-mediated ion-channel 

diversification results in subtle modifications of protein function (Ingleby et al., 2009; 

Jones et al., 2009), suggesting that RNA editing acts as a “fine-tuning” mechanism to 

regulate enzymatic activity (Bass, 2002). Furthermore, ADARs recognize and modify 

perfectly long dsRNA templates that are required for the initiation of RNAi (Nishikura, 

2006). ADAR-mediated modification of these dsRNA templates is promiscuous resulting 

in the deamination of up to 50% of the adenosines. Promiscuous editing activity of RNAi 

dsRNA precursors affects both siRNA biogenesis and activity (Nishikura, 2006).  

Although much progress has been made in ADAR biology over the last two 

decades, the biological consequences of specific and promiscuous A-to-I RNA editing are 

not well understood, especially in an in vivo setting. In order to better understand the 
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contributions of RNA editing in both behavior and organismal fitness via specific and 

promiscuous ADAR catalytic activities, we precisely genetically engineered the 

Drosophila genome to create a series of mutant adar loci. This in vivo setting allowed us 

to investigate thoroughly the molecular mechanism of dADAR regulation of neuronal 

mRNA recoding and behavior. In addition, my work has focused on ADAR interactions 

with dsRNA templates that enter the RNAi pathway and demonstrated a novel role of 

RNA editing enzymes in the regulation of heterochromatin formation. My work here 

highlights a more global role for RNA editing enzymes regarding the regulation of 

neuronal transcriptomes and emphasizes their pivotal roles in organismal fitness.  

 

Generation of a Hypomorphic dAdar Allele Implicates A-to-I RNA Editing in 

Serving a Modulatory Role in Complex Behavior 

 

 The extreme neurological phenotypes resulting from deletions of adar loci 

(Palladino et al., 2000a), have precluded investigations of how mRNA recoding regulates 

complex behaviors. Using a novel hypomorphic allele of dAdar generated via ends-out 

homologous recombination, we have demonstrated that RNA editing modulates multiple 

adaptive behaviors in Drosophila. More specifically, reduction in ADAR activity (80%) 

leads to substantial alterations in circadian motor patterns and abnormal male courtship 

behavior (Fig. 2.5, 2.6). Our molecular analysis of the inosinome in dAdar hypomorhs 

revealed an unexpected dichotomous response of ADAR target transcripts. Interestingly, 

editing of certain adenosines is severely decreased or eliminated, whereas editing of 

others is minimally affected (Fig. 2.3). Based upon the nonuniform reduction in specific 
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editing of ADAR targets, we classified RNA editing sites into two groups, which we 

termed “high and low efficiency” (HE and LE) sites. According to this differential 

sensitivity of RNA editing sites to dADAR levels, we provided an explanatory basis for 

the developmental regulation of a select population of adenosines (Fig. 2.4). Furthermore, 

we used a novel reporter to map RNA editing activity across the fly nervous system. We 

demonstrated that editing activity varies widely between neuronal subpopulations, 

suggesting a cell-specific variation in dADAR expression (Fig.2.2). Together, our data 

suggest that variation of dADAR expression across the nervous system may allow spatial 

control of LE sites while simultaneously maintaining robust network-wide editing of HE 

sites, thus providing means to fine-tune neuronal physiology via the diversification of a 

select population of proteins (Fig. 2.8). This fine-tuning mechanism is required for 

appropriate adult stage behaviors since dAdar
hyp

 males often exhibit abnormal waveform 

patterns (Fig. 2.7). This suggests that alterations in RNA editing could impinge 

organismal fitness. Within the Drosophila lineage, species-specific changes in the 

magnitude of editing at ortholous adenosines have been previously observed (Grauso et 

al., 2002; Jin et al., 2007; Reenan, 2005). Thus, our data open the possibility that RNA 

editing may contribute to species-specific song waveforms, a key mechanism in the 

process of speciation. It will be intriguing to see whether species-specific editing sites 

contribute to the generation of adult-stage species-specific behavioral patterns.  
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dADAR is Localized to the Neuronal Nucleus in the Drosophila Brain  

 

dAdar transcripts are detected predominately in the brain of both Drosophila embryos 

and adults (Ma et al., 2002; Palladino et al., 2000b). However, the complete dADAR 

expression and cellular distribution pattern in the adult nervous system is still unknown. 

The lack of a commercially available antibody has hindered our understanding on this 

subject. To remedy this, we used ends-out homologous recombination to generate 

recombinant lines with HA epitope-tagged sequences at the 3‟ end of the dAdar locus 

(Fig. 2.1). Confocal microscopy revealed broad expression of dADAR in the brain and 

thoracic ganglion (Fig. S2.1). Specifically, co-immunostaining for HA and the nuclear 

envelope protein Lamin showed that dADAR expression was prominent only within 

nuclei (Fig. 2.1).  

 

dADAR auto-editing as a Master Regulator of mRNA Re-coding and Behavior  

 

Intriguingly, both mammalian and Drosophila ADARs have evolved distinct 

auto-regulatory feedback loops as a mechanism to tune enzymatic function, based on the 

deamination of adenosines within their own transcripts (Palladino et al., 2000b; Rueter et 

al., 1999). Rat ADAR2 auto-editing acts as a negative feedback mechanism by generating 

a novel AI splicing acceptor site, leading to an N-terminal frame-shift and translation of a 

truncated ADAR2 isoform at reduced levels (Rueter et al., 1999). Correspondingly, 

abolition of ADAR2 auto-editing in vivo increases ADAR2 expression and editing at 

several target adenosines (Feng et al., 2006). In contrast, dADAR auto-editing results in a 
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serine to glycine coding change in the C-terminal catalytic domain (Palladino et al., 

2000b). In vitro experiments using two dADAR substrates indicate that auto-editing acts 

to reduce dADAR activity, suggesting an evolutionary convergence in function of 

dADAR and ADAR2 auto-regulation (Keegan et al., 2005). However, it is unknown 

whether dADAR auto-editing acts generically to reduce editing at all target adenosines in 

vivo or, rather to modify particular sites in a substrate-specific manner. 

We used ends-out homologous recombination to bi-directionally interfere with 

dADAR auto-editing (Fig. 3.1) and defined the in vivo role of this auto-regulation at both 

the molecular and behavioral levels. We demonstrated that dADAR auto-editing 

dramatically remodels the landscape of the Drosophila inosinome in a site-specific matter 

(Fig. 3.1). Furthermore, we showed that alterations in re-coding events correlate with 

altered localization of dADAR within the neuronal nuclear compartment (Fig. 3.3). 

Finally, we demonstrated that modifying dADAR auto-editing affects adaptive complex 

behaviors (Fig. 3.4).  Our results greatly expand on the previous in vitro methods used to 

investigate dADAR auto-editing and yielded distinct paradigms in relation to the 

functional consequences of this auto-regulation in an in vivo setting. Specifically, our 

data suggest that auto-editing effectively acts to generate a weak hypomorphic dAdar 

allele through ADAR sequestration to a nuclear sub-compartment, thus lowering the 

active concentration of dADAR at active sites of transcription. It will be interesting to see 

if this mysterious sub-nuclear compartment corresponds to paraspeckle-associated 

complexes since in mammalian cells, transcripts with high inosine content are often 

retained within these nuclear compartments. It will also be interesting to determine the 



224 

 

 

mechanistic basis of how a single amino acid change can result in such a profound effect 

in protein localization. 

 

dADAR Auto-editing Generates a Natural Regulator of Heterochromatic Gene 

Silencing 

 

In somatic tissues, nuclear pools of endogenous small interfering RNAs 

(esiRNAs) ranking from 20-22nt in length guide RNA induced silencing complexes 

(RISCs) to discrete regulatory targets for initiation of a sequence-specific silence 

mechanism known as RNAi (Chapman and Carrington, 2007; Peters and Meister, 2007). 

The biogenesis of esiRNAs proceeds through the action of Dicer on dsRNAs transcribed 

from distinct genomic sources (Ghildiyal and Zamore, 2009). In Drosophila, the majority 

of esiRNAs derive from read-though transcription of transposable elements (TE) that are 

widely distributed throughout the fly genome (Kawamura et al., 2008). Mutations in 

Dicer-2, the ribonuclease involved in the biogenesis of esiRNAs, result in elevated TE 

transcript levels, suggesting that this RNAi pathway operates to inhibit transposon 

activation in somatic cells (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; 

Kawamura et al., 2008). Additionally, Mutations in components of the esiRNAi pathway 

lead to suppression of heterochromatic silencing (Fagegaltier et al., 2009), suggesting that 

nuclear pools of esiRNAs initiate heterochromatin formation in somatic tissues in 

Drosophila. Intriguingly, sequence analysis of esiRNAs from Drosophila S2 cultured 

cells revealed that a large number of these small RNAs contain adenosine to guanosine 

single mismatches relative to the genomic sequence, indicating that dsRNA structures 
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that enter this RNAi pathway serve as ADAR substrates (Kawamura et al., 2008). 

However, it is unknown whether dADAR regulates heterochromatin formation. 

Over-expression studies of tagged dADAR-HA transgenes in salivary glands 

revealed that dADAR localizes on the fourth chromosome in Drosophila (Fig. 5.1). 

Using FISH we identified a unique sequence feature, which could account for the 

abundant localization of dADAR within the caps locus (Fig. 5.4, S5.3). By using 

homologous recombination, we demonstrated that dADAR binds to long dsRNA 

mediated by the Hoppel transposable elements in vivo (Fig. 5.6). Furthermore, we 

showed that Hoppel deletions via homologous recombination dramatically alter the 

chromatin architecture of the fourth chromosome (Fig. 5.10). We also determined that the 

Hoppel mediated dsRNA template regulates PEV (Fig. 5.8, 5.9). More importantly, we 

demonstrated that dADAR can act as an enhancer or suppressor of variegation and this 

action can be bi-directionally modulated by auto-regulatory RNA editing (Fig. 5.12). 

Together, our findings support a versatile mechanism for bestowing cell-autonomous 

tuning of gene silencing through ADAR regulation of heterochromatin formation (Fig. 

5.14).   

 

A-to-I RNA Editing Could Mediate Inter-neuronal Variation  

 

Using a novel reverse-engineered fluorescent reporter of dADAR activity, we 

inferred cell-specific control of auto-editing levels within the Drosophila nervous system 

(Fig 4.2). Intriguingly, we observed differential auto-editing levels between neurons 

projecting to the mushroom bodies, antennal lobes, and even within sub-populations of 
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Kenyon cells. dAdar auto-editing levels may thus be set on a neuron-to-neuron basis, and 

contribute to optimizing cell-specific electrophysiological and synaptic release properties. 

The mechanistic basis for such variable regulation of auto-editing is unclear. 

Hypothetically, the degree of auto-editing may be controlled by trans-acting factors 

whose expression varies between neurons. These results suggest that distinct neuronal 

subtypes exist within a nervous system regarding dADAR auto-editing states; a neuron in 

which dAdar auto-editing is lacking (S), a neuron in which edited and unedited states of 

dAdar are present in a 1:1 ratio, and a neuron in which dAdar auto-editing is at maximum 

(G). The collective observations that dADAR auto-editing regulates both mRNA re-

coding and heterochromatin formation provide tantalizing clues about a complex 

molecular mechanism that leads to inter-neuronal variation regarding transcriptomic 

potentials and chromatin architectures (Fig. 6.1). In neurons in which dAdar auto-editing 

is lacking, mRNA re-coding is at maximum. In addition, these neurons exhibit a potent 

RNAi response that leads to heterochromatin gene silencing. Conversely, in neurons in 

which dAdar auto-editing is at maximum, mRNA re-coding is at minimum. In these 

neurons RNAi is inefficient, resulting in a loss of silencing. If correct, this hypothesis 

predicts neuronal position effect variegation mediated through A-to-I RNA editing.  

 

ADAR-mediated neuronal somatic mosaicism?   

 

In rodents, recent studies have shown that neuronal genomes are not static 

because of active LINE-1 (L1) retrotransposition that results in the generation of somatic 

mosaicism (Muotri et al., 2005). L1 “jumping” can lead to transcriptional disruption, 



227 

 

 

which suggests that novel insertion sites can influence gene expression (Han et al., 2004). 

The observation that edited esiRNAs are occupying active RISC complexes (Kawamura 

et al., 2008) suggests that ADARs may potentially affect transposon silencing since the 

esiRNA pathway acts to repress trasposon activation in somatic tissues (Chung et al., 

2008; Czech et al., 2008; Kawamura et al., 2008). Specifically, in neurons in which 

dAdar auto-editing is at maximum (G), inhibition of esiRNA biogenesis could lead to 

somatic activation of trasposons and result in stochastic trasposition. Therefore, ADARs 

may create quantitative genetic variation within neuronal populations that “fine-tunes” 

gene expression. The observation that substantial variability exists in dADAR activity 

between individual male Drosophila (Fig. 4.3), insinuates that RNA editing could 

represent a credible molecular mechanism for generating individual-to-individual 

variation in neuronal plasticity and behavior. Thus, A-to-I RNA editing in the nervous 

systems of higher metazoans could represent a molecular force towards individuality.  
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FIGURE 6.1. Inter-neuronal variability via dADAR auto-editing. A diagrammatic 

representation of three distinct neuronal subtypes that represent differential dADAR auto-

editing states. In neurons in which dAdar auto-editing is lacking (S), mRNA re-coding is 

at maximum. In addition, these neurons exhibit a potent RNAi response that leads to 

heterochromatin gene silencing and transposon silencing. Conversely, in neurons in 

which dAdar auto-editing is at maximum (G), mRNA re-coding is at minimum. In these 

neurons RNAi is inefficient, resulting in a loss of silencing and activation of transposons. 

Neurons in which dADAR auto-editing is in a 1:1 ratio exhibit intermediate molecular 

phenotypes. 


