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The regulation of ADAR-mediated A-to-I RNA editing in Drosophila melanogaster

ABSTRACT

RNA editing is an important mechanism for generating RNA and protein diversity, and defects in 

RNA editing can cause disease. The predominant form of RNA editing in metazoans is adenosine (A)-to-

inosine (I) editing, mediated by Adenosine Deaminases Acting on RNA (ADAR) enzymes that bind dsRNA. 

The translational machinery reads inosine as guanine, and hence A-to-I editing can lead to non-coding 

and  coding  alterations.  A-to-I  editing  is  particularly  prevalent  in  neurons,  where  it  is  essential  for 

generating properly functioning ion channels and neurotransmitter receptors.

ADAR  activity  is  regulated  in  a  spatiotemporally-controlled  fashion,  but  the  mechanisms 

underlying this regulation are largely unknown. I propose to study the regulation of ADAR activity in 

Drosophila melanogaster, which is already a model organism for studying ADAR-mediated A-to-I editing.

Intriguingly,  changes  in  ADAR expression levels  do  not  fully  account  for  the  range of  ADAR 

activity  seen in different tissues over development.  Furthermore, inter-individual  variability  in ADAR 

activity  has  been  observed  in  regions  of  the  fly  brain  involved  in  complex  behavior.  Therefore,  I 

hypothesize  that  ADAR  activity  is  regulated  by:  1)  “upstream” regulators  of  ADAR  expression,  e.g., 

transcriptional regulators, 2) “downstream” regulators of ADAR activity, i.e., inhibitors and activators of 

the ADAR enzyme, and 3) in the case of neurons, neuronal activity. My specific aims are:

I. To generate and isolate mutants with aberrant ADAR activity, using an available in vivo reporter 

system that monitors ADAR activity;

II. To identify and characterize the genes responsible for aberrant ADAR activity; and

III. To determine whether perturbations in neuronal activity affect ADAR activity.

These proposed studies will help elucidate the regulation of ADAR activity and hence of RNA editing, 

which is increasingly appreciated as a fundamental mechanism for achieving RNA diversity.

SPECIFIC AIMS

Aim I: To generate and isolate mutants with aberrant ADAR activity, using an available   in vivo   reporter   

system that monitors ADAR activity

ADAR activity can be monitored in flies in vivo using a dual-reporter system, in which an artificial ADAR 

substrate is coupled to both: 1) a fluorescent reporter sensitive to ADAR editing activity (GFPedit), and 2) a 

fluorescent reporter sensitive to splicing to serve as a splicing control (YFPsplice) (Jepson et al, 2012). I 
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propose to  perform mutagenesis  on these dual-reporter  transgenic  flies,  and to perform crosses to 

obtain  homozygous  mutant  flies.  I  will  use  microscopy  to  screen  for  flies  that  have  a  loss  of  GFP 

expression concomitant with a normal  pattern of  YFP expression,  suggesting dysregulation of  ADAR 

activity despite intact splicing. Subsequently, I will perform validation experiments to ensure that these 

mutants have decreased A-to-I editing.

Aim II: To identify and characterize the genes responsible for aberrant ADAR activity

To identify the genes mutated in Aim I that are responsible for diminished ADAR activity, I will use a 

combination of mapping techniques and whole-genome sequencing (WGS). After identifying the genes, I 

will  characterize  whether  they  are  positive  or  negative  regulators  of  ADAR  activity,  whether  they 

modulate ADAR expression (“upstream” regulators) or solely ADAR enzymatic activity (“downstream” 

regulators),  and  their  relative  order  of  gene  action.  Furthermore,  I  will  investigate  the  expression 

patterns of the genes to determine whether they correspond to the observed patterns of ADAR activity.

Aim III: To determine whether activation of neurons affects ADAR activity

To explore the possible links between neuronal activity and ADAR activity, I will generate transgenic flies 

carrying both GFPedit YFPsplice and channelrhodopsin-2 (ChR-2), a light-activatable ion channel. Using this 

non-invasive optogenetic system in vivo at single-cell resolution, I will activate  neurons and determine 

whether GFPedit expression is affected.

Through these specific aims, I will begin to unravel the molecular and cellular basis of the regulation of 

ADAR activity. 

BACKGROUND AND SIGNIFICANCE

Despite  the  limited  number  of  genes  in  eukaryotic  genomes,  phenotypic  diversity  can  be 

achieved via a complex array of post-transcriptional and post-translational mechanisms. RNA editing is 

increasingly recognized as a key mechanism for generating diversity at the level of RNA and proteins 

(Maas  et  al.,  2006).  In  metazoans,  the  most  common  type  of  RNA  editing  is  A-to-I  deamination, 

mediated by Adenosine Deaminases Acting on RNA (ADAR) enzymes, which bind to dsRNA and convert 

adenosine (A) to inosine (I) via a hydrolytic deamination reaction. Since inosine (I) preferentially base 
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pairs with cytidine (C), inosine is interpreted as guanosine (G) by translational and splicing machinery. As 

a result, A-to-I editing can have result in amino acid substitutions, alternative splicing, and changes in 

RNA  structure  (Jin  et  al.,  2009;  Zinshteyn  and  Nishikura,  2009).  Although  the  exact  prevalence  is 

unknown, A-to-I editing occurs at both coding and non-coding sites and affects hundreds to thousands of 

transcripts, with profound effects on biology (Amariglio and Rechavi, 2007; Nishikura, 2010).

ADAR-mediated  A-to-I  editing  is  essential  for  normal  physiology,  particularly  in  the  central 

nervous system (CNS). ADARs are absent in yeast and plants, but present in metazoans from worms and 

flies to mammals. ADARs have a conserved role in altering the properties of neurotransmitter receptors 

and ion channels, thereby fine-tuning neurotransmission. For instance, editing of the glutamate receptor 

subunit GluR-2 at the Q/R site is required for proper function, and even slight decreases in Q/R editing 

cause early epileptic death in mice (Maas et al., 2006). Defects in ADAR-mediated A-to-I editing activity 

have  been  implicated  in  neurologic  and  psychiatric  diseases,  including  sporadic  amyotrophic  lateral 

sclerosis (ALS) and epilepsy (decreased editing of GluR-2 in both), and schizophrenia and depression 

(altered editing of 5-HT2CR in both). Additionally, decreased ADAR activity has been observed in gliomas 

and pediatric astrocytomas (Maas et al., 2006; Nishikura 2010).

All ADAR enzymes share a common modular organization consisting of dsRNA-binding domains 

and a catalytic deaminase domain (Jin et al., 2009). Mammals have 3 ADAR genes: ADAR1 and ADAR2 

are  expressed  in  most  tissues  and  are  catalytically  active,  while  ADAR3  is  CNS-specific  but  has  no 

catalytic activity. ADAR1-/- mice exhibit embryonic lethality with widespread apoptosis, while ADAR2-/- 

mice exhibit early postnatal death with severe epilepsy. In contrast, flies have a single ADAR, Drosophila 

ADAR (dADAR), that is most closely related to mammalian ADAR2. All known A-to-I editing events in flies 

are mediated by dADAR (Valente and Nishikura, 2005; Zinshteyn and Nishikura, 2009). Although viable, 

dADAR-/-  flies  exhibit  temperature-sensitive  paralysis,  uncoordinated  locomotion,  tremors,  and 

neurodegeneration (Palladino et al., 2000).

Surprisingly, although ADAR was cloned nearly two decades ago (Kim et al., 1994), little is known 

about the molecular mechanisms regulating its activity. Flies are an excellent model for studying the 

regulation of ADAR-mediated A-to-I editing. In flies, ADAR expression in particularly high in the CNS but 

also expressed in other tissues. ADAR activity increases throughout development, beginning at late pupal 

stage and reaching highest levels in the adults (Paro et al., 2012). The best-characterized aspect of ADAR 

regulation is the self-editing of dADAR in flies and ADAR2 in mammals. In a negative feedback loop, 

dADAR/mammalian ADAR2 self-edits its catalytic domain to an isoform with decreased editing activity. In 
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flies, this self-editing is developmentally regulated and required for survival, as flies with constitutive 

activity of unedited dADAR experience early death due to hyperediting (Keegan et al., 2005).

Other  than  ADAR  self-editing,  the  regulation  of  ADAR  is  poorly  characterized.  In  terms  of 

transcriptional regulation, computational methods predict a CREB-bound enhancer upstream of dADAR 

(Paro et al., 2012), and in a rat model of brain ischemia, CREB appears to induce ADAR2 expression (Peng 

et al., 2006). Other transcriptional regulators have not yet even been hypothesized.

Intriguingly, ADAR mRNA and protein levels do not directly correlate with RNA editing activity, 

suggesting  the  presence  of  post-translational  regulatory  mechanisms  (Farajollahi  and  Maas,  2010; 

Nishikura 2010).  Many post-translational regulatory mechanisms have been  postulated (Table 1), but 

experimental evidence is anecdotal or absent in most cases. 

Lastly,  recent  evidence suggests  a  tantalizing  new link  between neuronal  activity  and  ADAR 

activity:  in the fly brain,  different subpopulations of  neurons,  particularly  those involved in complex 

behaviors such as memory formation and the processing of olfactory information, show differences in 

ADAR activity. Moreover, there are inter-individual differences between flies in neuronal ADAR activity, 

possibly giving rise to inter-individual differences in behavior (Jepson et al., 2012). RNA editing is known 

to affect  neuronal  activity  via  alteration of  receptors  and channels,  but  it  is  unknown whether  the 

opposite also occurs—that is, whether neuronal activity regulates RNA editing. Certain types of neuronal 

activity are known to involve transcriptional changes. For instance, the switch from short-term to long-

term memory formation is mediated by activation of CREB (Yin et al.,  1996), a possible activator of 

ADAR. However, whether ADAR activity is altered as a result of neuronal activity is unknown. 

Here,  I  propose  a  series  of  experiments  to  identify  the  molecular  players  underlying  the 

regulation of ADAR activity at the transcriptional level and post-translational level. Additionally, I  will 

investigate whether neuronal activity regulates ADAR activity. Using Drosophila melanogaster, which has 

already been established as a model system for studying ADAR regulation, I will apply molecular biology 

tools that have already been developed, in order to probe ADAR regulation in vivo.

With the advent of next-generation sequencing (NGS), the list of known A-to-I edited sites is 

rapidly growing. Latest estimates are that flies have nearly 1000 A-to-I edited sites (Paro et al., 2012), 

while mice have about 7,000 (Daneck et al., 2012).  Recent attempts to use NGS to comprehensively 

catalog RNA edited sites in humans have yielded controversial results due to technical and analytic errors 

(e.g., Kleinman and Majewski 2012; Li et al., 2011; Peng et al., 2012; Schrider et al., 2011). Sequencing 

data  alone  cannot  distinguish  biologically  relevant  signals  from  noise,  and  the  ability  to  grasp  the 
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significance  of these  newly  identified  A-to-I  edited  sites  awaits  a  better  understanding  of  the 

mechanisms underlying RNA editing.  Many of the principles governing ADAR regulation in  Drosophila 

may extend to humans, even if the molecular players are different. Moreover, interspecific differences in 

ADAR regulation,  especially  in  the  brain,  between  Drosophila and humans may provide insight  into 

uniquely human traits related to cognition and behavior. 

Far from being a mere intellectual curiosity, A-to-I RNA editing has emerged as an important 

mechanism of generating RNA and protein diversity, and whose dysregulation is linked to disease, but 

whose regulation is still poorly understood. An understanding of the regulation of ADAR activity is likely 

not only to prove fascinating from a basic science perspective, but also to prove crucial to understanding 

the full spectrum of human disease from a clinical perspective.

EXPERIMENTAL DESIGN

My specific aims address the following hypotheses:

(1) I  hypothesize  that  ADAR  activity  is  regulated  both  by  transcriptional  regulation  and  post-

translational  mechanisms.  In  Aims  I  and  II,  I  will  identify  these  molecular  regulators  by 

generating mutants with aberrant ADAR activity, validating these mutants, and characterizing 

the responsible genes.

(2) I  hypothesize  that  ADAR  activity  is  regulated  by  neuronal  activity.  In  aim  III,  I  will  perturb 

neuronal activity and determine whether ADAR activity is affected.

Aim I: To generate and isolate mutants with aberrant ADAR activity, using an available   in vivo   reporter   

system that monitors ADAR activity

Sub-aim 1: To obtain homozygous mutant flies in an ADAR activity reporter background

To identify regulators of ADAR activity, I will generate mutant flies with aberrant ADAR activity. 

Recently, doubly transgenic flies have been created that carry GFPedit, which is a fluorescent reporter 

sensitive to ADAR-mediated A-to-I editing activity (Jepson et al., 2012). The GFP mRNA has an artificial 

amber  (UAG)  stop  codon,  which  requires  splicing  and  A-to-I  editing  (UGG,  or  tryptophan)  for  GFP 

fluorescence. The transgenic flies also carry YFPsplice, which is a fluorescent reporter sensitive to splicing. 

YFPsplice  carries the wild-type codon (UGG) and requires splicing (but not editing) for YFP fluorescence. 

Hence, YFPsplice  serves as a splicing control. Both the GFPedit  and the YFPsplice  transgenes are under the 
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control of the ubiquitous driver tubulin-Gal4. Flies with a specific defect in ADAR activity will have an 

abnormal pattern of GFP expression but intact YFP expression.

 GFPedit YFPsplice  transgenic flies have been validated as accurate reporters of endogenous ADAR 

activity. GFPedit expression reflects the endogenous spatiotemporal distribution of ADAR activity (GFP is 

higher  in  the  larval  mushroom  body  (MB)  than  in  the  adult  MB)  and  is  sensitive  to  regulatory 

mechanisms (GFP decreases is response to dADAR self-editing). Thus, GFPedit YFPsplice flies can used for the 

in vivo monitoring of ADAR activity. 

I  will  obtain GFPedit YFPsplice  flies from the laboratory of Dr.  RA Reenan (Brown University) and 

perform mutagenesis using EMS, chosen for its high efficiency at inducing point mutations. The Reenan 

lab created multiple lines of GFPedit YFPsplice  transgenic flies to rule out positional effects (Jepson et al., 

2012). I will use two homozygosed lines, both of which have a GFPedit  YFPsplice  background: A) Line A, in 

which GFPedit  is integrated on the X chromosome and YFPsplice is integrated on chromosome III; B) Line B, 

in which GFPedit is integrated on the X chromosome and YFPsplice is integrated on chromosome II.  

Prior to mutagenesis, I will create two balancer stocks: A) Balancer Stock A, which carries CyO (a 

chromosome  II  balancer)  in  a  Line  A  background,  and  B)  Balancer  Stock  B,  which  carries  TM3  (a 

chromosome III balancer) in a Line B background. The creation of these balancers stocks requires two 

generations of crosses: first, I will cross the GFPedit  YFPsplice line (Line A or B) to a balancer stock (CyO or 

TM3, respectively), and second, I will cross the resulting F1's to each other to obtain flies that carry the 

balancer, and are also homozygosed for GFPedit and YFPsplice (as confirmed by sequencing). Balancer Stocks 

A and B will be used in later crosses.

To begin the screen, I will use standard procedures for EMS mutagenesis as previously described 

(Ashburner and Roote, 2007). Briefly, GFPedit YFPsplice males starved for 12-24 hours will be allowed to feed 

for 12-24 hours on 25 mM EMS with 1% sucrose. The mutagenized males will then be used for a series of 

crosses that will ultimately generate homozygous mutant flies in a GFPedit YFPsplice background (numbered 

steps correspond to those in Fig. 1):

(1) Mutagenized GFPedit YFPsplice  males will be crossed to GFPedit YFPsplice  females carrying a balancer 

chromosome;

(2) F1 females will be crossed to  GFPedit YFPsplice males carrying a balancer chromosome;

(3) The resulting F2 siblings (m/B) will be crossed to each other;

(4) F3 males that do not carry the balancer markers are homozygous mutant. These individual will 

be scored as adults. For reasons described below, only males will be scored.
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Each series of crosses will  be performed twice with different lines and balancers (Table 2).  Crossing 

Scheme A will allow the isolation of mutations on chromosome II, while Crossing Scheme B will allow the 

isolation of mutations on chromosome III. Since GFPedit  is on the X chromosome, and endogenous ADAR 

is also on the X chromosome (at 2B6-7), I will not isolate mutations in GFPedit  or the ADAR gene itself. 

Moreover, due to the way that I have designed the crosses, I will not isolate mutations in YFPsplice.

Very recently, differences in the spatial regulation of ADAR activity between males and females 

have been reported (Savva et al., 2012). The sexual dimorphism in ADAR activity provides another realm 

of mechanisms governing ADAR regulation that, while potentially interesting, is outside the scope of this 

aim. Hence, I will minimize inter-individual differences by scoring only males, which is the sex whose 

GFPedit and YFPsplice expression patterns have previously been characterized (Jepson et al., 2012).

Sub-aim 2: To phenotypically screen for homozygous mutant flies with dysregulated ADAR activity

The homozygous mutant flies carrying  GFPedit  YFPsplice,  isolated from the F3 generation, will  be 

scored via visualization under a fluorescent microscope according to a streamlined algorithm (Fig. 2). Any 

animal with absent YFP expression will be discarded, because it likely has a splicing defect, rendering the 

scoring of GFP expression (which depends on intact splicing) unnecessary. Animals will then be scored 

for the distribution of GFP expression. Because EMS induces primarily point mutations, most mutations 

will be loss-of-function. Therefore, loss of GFP expression likely indicates a loss-of-function mutation in a 

positive  regulator  of  ADAR  activity,  while  ectopic  GFP  expression  likely  indicates  a  loss-of-function 

mutation in a negative regulator of ADAR activity. Fig. 3 shows the normal patterns of YFPsplice and GFPedit 

expression (Fig. 3a and 3b), as well as an example of a complete loss of GFPedit expression (Fig. 3c). 

Sub-aim 3: To validate that mutants have decreased or increased A-to-I editing

For the flies with putative mutations in regulators of ADAR activity, I  will  validate that ADAR 

activity is abnormal by measuring A-to-I editing levels. The current standard for measuring A-to-I editing 

levels is to perform sequencing of the transcripts of well-characterized sites (e.g., Savva et al., 2012). 

Using the non-mutagenized GFPedit YFPsplice as controls, I will first dissect out the anatomical region of the 

fly that shows the aberrant GFP expression. From this region, I will extract mRNA, reverse transcribe to 

cDNA, and sequence 10 well-characterized A-to-I  editing sites with Sanger sequencing to determine 

whether A-to-I editing has occurredl.  
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As an orthologonal validation approach, I will use a biochemical assay used by Palladino et al., 

2000 in the initial characterization of dADAR-/- flies. For this assay, again using the non-mutagenized 

GFPedit YFPsplice as controls, I will dissect out the relevant anatomical region, but instead of harvesting RNA, 

I will harvest total protein for incubation with synthetic chemically labeled dsRNA. After digestion with 

P1  ribonuclease  to  obtain  mononucleotides,  I  will  use  thin-layer  chromatography  (TLC)  to  separate 

adenosine from inosine. A decreased adenosine:inosine ratio would indicate decreased ADAR activity.

Timeline of Aim I: I anticipate completing Aim I in the first year of the granting period, as follows:

• Sub-aim 1 (mutagenesis and crosses to obtain homozygous mutants): 2-4 months

• Sub-aims 2 and 3 (phenotypic screening and validation): 6-9 months

Limitations of Aim I:

1) The success of my approach depends on the ability of GFPedit to accurately report endogenous 

ADAR activity. The ADAR substrate for GFPedit is an artificial one, and as such, may not reflect 

ADAR  activity  for  all  endogenous  substrates.  Nonetheless,  GFPedit expression  accurately 

recapitulates known patterns of ADAR activity, even when the artificial substrate is substituted 

with an endogenously edited site from another species (Jepson et al., 2012). One option would 

be to use multiple GFPedit constructs, each coupled to a different substrate.

2) I have designed my study to isolate genes on chromosomes II and III but not chromosome X. 

Given that the spatial  distribution of  ADAR activity exhibits sexual  dimorphism (Savva et al., 

2012), future studies may aim to identify X-linked genes involved in ADAR regulation that may 

contribute to the observed sexual dimorphism.

3) Since  I  will  be  phenotyping  adult  flies,  I  will  overlook  regulators  that  do  not  act  in  adults. 

However, since ADAR activity is highest in adults (Paro et al., 2012), my study will likely reveal 

many  of  the  major  positive  regulators.  In  principle,  the  study  could  be  conducted  at  other 

developmental time points to investigate developmental aspects of ADAR regulation. 

4) In scoring for GFP expression, I will examine only qualitatively obvious abnormalities (complete 

loss  of  GFP  expression  in  a  region  that  normally  exhibits  GFP  expression,  or  ectopic  GFP 

expression in  a  region that  does  not  normally  exhibit  GFP expression).  My screen does not 
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detect quantitative changes in GFP expression and hence does not identify regulators that have 

subtle effects of ADAR activity. However, quantitative imaging methods could be used.

5) Any homozygous lethal mutations will not be recovered in my study, but since dADAR-/- flies are 

viable and fertile (Palladino et al., 2000), it is unlikely that mutations in ADAR regulators would 

be lethal, unless they have essential roles outside of ADAR regulation.  

Aim II: To identify and characterize the genes responsible for aberrant ADAR activity

Sub-aim 1: To use mapping techniques to identify candidate intervals containing the mutated loci

To begin to identify the genes mutated in Aim I, I will perform SNP mapping to localize the region 

containing the mutation.  In flies,  SNP mapping is  rapid,  inexpensive,  high-resolution and particularly 

suited  to  EMS-induced  mutations,  i.e.,  point  mutations  (Johnston,  2002).  SNP  mapping  has  been 

described  elsewhere  (e.g.,  Russell,  2008),  but  briefly:  by  crossing  mutants  to  wild-type  animals, 

heterozygous animals can be obtained for crossing to one another. In the next generation, the resulting 

recombinants are assayed with SNP markers to a resolution of 1-5 Mb. For subsequent higher-resolution 

mapping, mutant flies are then crossed with the appropriate 2EP line (stocks containing transposon 

insertions spaced 0.5-2 Mb apart in the genome) to an average final resolution of 100 kb, corresponding 

to about 10 genes (Russell, 2008). 

Sub-aim 2: To use whole-genome sequencing (WGS) to identify the responsible genes

After SNP mapping, I will perform WGS on the mutants. As sequencing costs drop, the limiting 

step in WGS will likely be the interpretation of sequencing data. Having already mapping the responsible 

gene to a narrow interval, I will be able to focus my analysis on the defined interval, with a particular 

emphasis  on non-synonymous  coding  mutations.  Of  particular  interest  will  be  genes  related to  the 

mechanisms  listed  in  Table  1,  e.g.,  genes  involved  in  the  subcellular  localization  of  proteins,  post-

translational modifications, and the phospholipase C pathway, and proteases. Besides non-synonymous 

coding mutations, in theory I would also be able to identify mutations in genes encoding ncRNAs, such as 

snoRNAs, which have also been postulated to regulate ADAR activity.

If  I  have a large number of mutants to sequence, instead of WGS, I  may sequence only the 

interval defined by SNP mapping.
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Sub-aim 3: To determine whether the genes are positive or negative regulators of ADAR activity

Once the relevant gene has been identified, I will verify the function of the gene as related to 

ADAR  activity  using  a  loss-of-function  approach:  using  a  deficiency  line,  RNAi  line,  or  knockout 

(depending on what is available for the particular gene), I will demonstrate that loss-of-function in the 

gene results in increased or decreased ADAR activity, as assayed by the same methods as in Aim I, Sub-

aim 3. If loss-of-function results in increased ADAR activity, I  would infer that the gene is a negative 

regulator of ADAR activity. On the other hand, if loss-of-function results in decreased ADAR activity, I 

would infer that the gene is a positive regulator of ADAR activity.

Sub-aim 4: To determine whether the genes act modulate ADAR expression or strictly enzymatic activity

For each gene identified, I will characterize whether it is an “upstream” regulator affecting ADAR 

expression,  or  a  “downstream” regulator  affecting  ADAR  enzymatic  activity  without  affecting  ADAR 

expression. 

First, I will measure the level of ADAR expression at the mRNA and protein levels using RT-PCR 

and Western assays in the GFPedit  YFPsplice  mutant compared to non-mutant. As in Aim I, Sub-aim 3, I will 

dissect out the relevant anatomical region, and measure ADAR mRNA and protein levels in these tissues. 

Genes that affect ADAR expression level are likely “upstream” regulators.

If  the  gene  is  an  upstream regulator,  I  will  determine  whether  it  is  a  direct  transcriptional 

regulator,  i.e.,  whether  it  binds  to  the  ADAR  genomic  locus,  by  performing  chromatin 

immunoprecipitation (ChIP) and probing for the ADAR region. Since CREB is postulated to bind to an 

enhancer  upstream  of  dADAR,  I  will  perform  ChIP  against  CREB,  regardless  of  whether  I  isolate  a 

mutation in CREB pathways.

Lastly, if the gene is a “downstream” regulator, I will determine whether its gene product has a 

physical interaction with the ADAR protein by performing co-immunoprecipitation (co-IP). If a physical 

interaction is found, I will then perform a modified version of the TLC biochemical assay described in Aim 

1, Sub-aim 3: I will add increasing amounts of the gene product that I have identified to see if there is a 

dose-dependent effect on ADAR activity. This will provide evidence that my identified gene is an agonist 

or antagonist of ADAR activity.
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Sub-aim 5: To determine the relative order of action of the genes, using epistasis analysis

Once I have identified several regulators, I will use epistasis analysis to determine their relative 

order of action. I will begin by creating double mutants of my identified gene and ADAR, to confirm that 

the gene is indeed “upstream” or “downstream” of ADAR as expected from sub-aim 4. Next, I will create 

double mutants of an “upstream” regulator and a “downstream” regulator, with the expectation that an 

upstream regulator will act before a downstream regulator. Finally, I will order the upstream regulators 

with respect to one another by creating double mutants, and the downstream regulators with respect to 

one another by creating double mutants.

Sub-aim 6: To investigate the expression patterns of the genes

To provide evidence that my identified genes regulate ADAR activity in vivo, I will investigate the 

expression patterns of the genes using immunostaining. If  reliable antibodies are not available, I will 

either attempt to create antibodies myself, or create LacZ reporters. I expect the spatial distribution of 

the genes to correspond to regions of ADAR activity (as observed by GFPedit). If this is the case, I will 

proceed to examine the expression patterns of the genes at different stages in development to see if 

there is a correspondence with developmental changes in ADAR activity.

Timeline of Aim II: I anticipate completing Aim II in the second and third years of the granting period, as 

follows:

• Sub-aims 1 and 2 (mapping and sequencing): 6-9 months

• Sub-aims 3-6 (characterization): 12-18 months

Limitations of Aim II:

Although I have argued for a distinction between “upstream” and “downstream” regulators and 

envision them to act in an ordered pathway, in reality there may be complex feedback loops that cause 

this distinction to be blurred. However, the beauty of genetics lies in the power to study components of 

a pathway individually or several at a time, as I have proposed here. Ultimately, though, a systems-level 

approach may be needed to fully understand ADAR regulation.

Aim III:  To  determine whether  perturbations  in  neuronal  activity  affect  ADAR activity  on  a  short 

timescale
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Sub-aim 1:  To  generate  GFP  edit    YFP  splice    flies  carrying  channelrhodopsin  (ChR2),  a  light-activatable  ion   

channel

Channelrhodopsin-2  (ChR2)  is  a  light-activatable  channel  that  allows  blue  light-controlled 

activation of neuronal activity. ChR2 thus provides a non-invasive means of perturbing neuronal activity 

in vivo. I will create transgenic flies carrying ChR2 in a GFPedit YFPsplice background.

Zhang et al. (2007) have created lines of transgenic flies carrying UAS-ChR2 in chromosome II or 

chromosome III. These UAS-ChR2 flies are publicly available, and since GFPedit YFPsplice are under tub-Gal4 

drivers, I  will  only need one generation of crosses, between GFPedit YFPsplice  and UAS-ChR2 flies.  I  will 

create two lines (Table 3), which will be used in sub-aim 2.

Sub-aim 2: To determine whether neuronal activation can alter ADAR activity

I will activate large populations, subpopulations, or single neurons by delivering pulses of blue 

light to activate ChR2. I will then record GFPedit expression using time-lapse imaging for seconds, minutes, 

or hours. If neuronal activation affects ADAR activity, I may observe changes in the signal intensity of 

GFPedit , while YFPsplice fluorescence should remain stable.

I  will  begin  by  analyzing  adult  males  only.  If  I  find  that  neuronal  activation  alters  GFPedit 

expression in adult males, I will:

1) Analyze both males and females to investigate the possibility of sexually dimorphic responses 

(Savva et al., 2012); and

2) Analyze larval and young adult flies to investigate the relationship between neuronal activation 

and ADAR activity over development.

If  ChR2-mediated  neuronal  activation  does  not  appear  to  alter  GFPedit  expression,  I  will  adopt  an 

alternative approach. 

Timescale of Aim III: Aim III is independent of, and can be conducted concurrently with, Aims I and II:

• Sub-aim 1 will take less than two weeks.

• Sub-aim 2 may take less than 1 month to several months, depending on the initial results in 

adult males. 

12
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Limitations:

My proposed approach has several advantages: it is non-invasive, has single-cell resolution, and 

does  not  require  substantial  specialized  training.  However,  a  failure  to  detect  changes  in  GFPedit in 

response to ChR2-mediated neuronal  activation could reflect  a true aspect of  biology (i.e.,  neuronal 

activation does not alter  ADAR activity)  or  a problem with the assay.  GFP expression may not be a 

sufficiently sensitive measure of ADAR activity in this context, or the timescale of ADAR response to 

neuronal activity may be longer than that capture by this assay. For instance, changes in ADAR activity 

may require long-term neuronal activation. To address this possibility, I may collaborate with labs that 

conduct behavioral assays, such as olfactory conditioning, to examine whether longer-term changes in 

neuronal  activity  can  affect  ADAR  activity.  Additionally,  I  may  consider  collaborating  with 

electrophysiology  labs to  determine if  blocking neuronal  activity  via  pharmacologic  means can alter 

ADAR activity. 

13
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TABLES AND FIGURES

Table 1. Proposed post-translational mechanisms of regulation of ADAR activity
PROPOSED MECHANISM EVIDENCE

(1) Dynamic regulation of ADAR localization 
within the nucleus may affect its access to 
substrate

Abolishing dADAR autoregulation alters dADAR 
localization within the nucleus (Savva et al., 2012)

(2) Protein modifications may affect ADAR 
activity

Repressive SUMOlyation of ADAR1 has been 
documented (Desterro et al., 2005);
Phosphorylation is bioinformatically predicted to be 
important (Orlandi et al., 2012)

(3) Inositol hexakisphosphate (IP6) levels may 
be important for the proper folding and hence 
stability and activity of ADAR2

Crystal structure studies indicate that IP6 binds and is 
required for ADAR2 function (Macbeth et al., 2005)

(4) Proteolytic cleavage may inactivate ADAR2 Glutamate excitotoxicity induces cleavage of ADAR2 
by calpain protease (Mahajan et al., 2011)

(5) Non-coding RNAs may act as competitive 
inhibitors of ADAR 

A snoRNA complementary to 5-HT2CR RNA inhibits a 
particular A-to-I editing event (Doe et al., 2009)

Table 2. Details of crossing schemes. Numbered steps correspond to those in Fig. 1.
Crossing Scheme A Crossing Scheme B

Site of mutations 
ultimately isolated

Chromosome II Chromosome III

Males to be mutagenized 
(step 1)

Line A
(GFPedit on X chromosome;
YFPsplice on chromosome III)

Line B
(GFPedit on X chromosome;
YFPsplice on chromosome II)

Balancer stocks to be used 
(steps 1 and 2)

“Balancer Stock A”
(CyO, a chromosome II balancer, in a 
Line A background)

“Balancer Stock B”
(TM3, a chromosome III balancer, in 
a Line B background)

Phenotype of desired F3 
male (step 4)

Non-curly Non-stubble

Table 3. Generation of ChR2 GFPedit YFPsplice flies.
ChR2 Line 1 ChR2 Line 2

GFPedit YFPsplice line to be used Line A
(GFPedit on X chromosome;
YFPsplice on chromosome III)

Line B
(GFPedit on X chromosome;
YFPsplice on chromosome II)

UAS-ChR2 line to be used UAS-ChR2 on chromosome II UAS-ChR2 on chromosome III

Genotype of resulting flies GFPedit/+; UAS-ChR2/+; YFPsplice/+ GFPedit/+; YFPsplice/+; UAS-ChR2/+

14
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Image adapted from Wang et al., 2010

Fig. 1. Overview of crossing scheme (see text for description).
Abbreviations: B = balancer, m = mutation

(1)

(2)

(3)

(4)
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Fig. 2. Flow diagram for phenotyping mutants.
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