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Förord 
 

 

Det är en otrolig lättnad och glädje men också ett vemod som sprider sig i mitt sinne då jag 

skriver dessa sista rader. Ja tänk, snart är dessa fem år av studier över. Fem år som har tagit 

mig genom en fantastisk oförglömlig resa genom forskningens alla fram- och baksidor. Där 

frustration och motgångar har upplevts, men även stunder av lycka och glädje. Kanske är det 

dynamiken mellan dessa två som fungerar som en drivkraft till forskningen, vars slut är 

oändlig! Jag har förstått att det är näst intill omöjligt att förstå hur cellen fungerar med alla 

dess molekylärbiologiska processer. Då vi tror vi är som närmast sanningen är det alltid något 

som gör att ekvationen inte går ihop. Frågan är om vi någonsin kommer att hitta svaret. 

Kanske blev livet skapt för att inte förstå hela sanningen, om det nu finns någon sådan. 

 

 

 

 

 

 

 

 

 

 

 

RNA, the messenger of all genetic material, 
made from four building blocks of A; C; G and U in various combinations. 
A simple solution for next to an endless creation.  
Modifications bring the diversity even higher. 
RNA neither cares nor knows,  
RNA just is and we dance to its music! 
 
 

 
 
Helene Wahlstedt  
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Abstract  
Adenosine (A) to inosine (I) RNA editing is a widespread post-transcriptional mechanism in 

mammals that contributes to increase the protein diversity. Adenosine deaminases that act on 

RNA (ADARs) are the enzymes catalyzing RNA editing. ADARs are particularly active 

within the brain where they act on transcripts involved in neurotransmission. In this work the 

editing efficiency of all known site-selectively edited substrates have been analyzed during 

development of the mouse brain. We show that there is a global regulation of RNA editing, 

where editing levels of sites increase as the brain matures. This increase in editing efficiency 

cannot be explained by an increase in ADAR protein expression. During differentiation of 

primary cells from the mouse brain, editing levels increases similar to what we observe in 

vivo. Interestingly, the subcellular localization of the ADAR enzymes of cultured neurons 

show a different distribution in immature compared mature neurons. An accumulation of the 

ADAR enzymes in the nucleus may explain elevated A-to-I editing during brain development. 

Furthermore, we find that certain adenosines work as principal sites where editing of the 

transcript is initiated. Presumably, these sites are kinetically favored and are hypothesized to 

recruit the ADAR enzymes to the RNA substrate. Editing is then coupled to sites located in 

multiples of 12 nucleotides from each other. Interestingly, these sites reside on the same side 

in the 3D helix structure. The Gabra-3 transcript is site-selectively edited at a single position 

changing an isoleucine codon for a methionine upon editing. Gabra-3 encodes the α3 subunit 

of the GABAA receptor. We show that receptors assembled with edited α3 are less stable at 

the cell surface than the non-edited α3.  We propose that the amino acid change upon editing, 

could affect protein interactions important for trafficking and stability of the GABAA 

receptors. Further, the editing event in α3 may have the function to reduce the number of α3 

subunits in favor of other α subunits. 
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Sammanfattning på svenska 
I cellen finns vårt DNA som är bärare av den ärftliga genetiska informationen.  DNA består 

av fyra baser A, T, G och C som är sammankopplade till långa kedjor. Den genetiska 

informationen i DNA-kedjorna är uppdelad i bitar, där varje bit utgör en gen. En gen 

innehåller en instruktion om hur ett protein skall bildas. När cellen skall tillverka ett protein 

skapas en kopia av genen som utgörs av budbärar-RNA som sedan översätts till ett protein. 

Under min tid som doktorand har jag studerat en molekylärbiologisk process som kallas för 

RNA editering. RNA editering är en vanligt förekommande mekanism hos människan och 

andra däggdjur, där den har visat sig vara väldigt viktig för en normalt fungerande hjärna. 

Framför allt är det budbärar-RNA som kodar för receptorproteiner i det centrala nervsystemet 

som är editerade. RNA editering kan göra så att budbärar-RNAt ändras så att kopian skiljer 

sig från den ursprungliga DNA mallen. Detta leder oftast till att ett nytt protein skapas som 

skiljer sig från originalet. Vi har upptäck att RNA editeringen är en process som inte sker i så 

stor utsträckning tidigt i den outvecklade hjärnan men som ökar med hjärnans utveckling. 

Detta betyder att vi har olika proteiner (oediterade) i den outvecklade hjärnan jämfört med de 

(editerade) som finns i vuxen hjärna. Detta kan bero på att vår hjärna är otroligt komplex och 

behöver finjusteras och regleras på många olika sätt. Svaret på varför RNA editeringen är 

reglerad under hjärnans utveckling, kan vara att det protein som är ansvarigt för RNA 

editeringen inte finns på samma plats som budbärar-RNA’t som skall editeras. Vi har 

nämligen upptäckt att proteinet (ADAR) som är ansvarig för att editeringsprocessen ändrar 

lokaliseringen i cellen under hjärnans utveckling. Ett receptor protein vars budbärar-RNA är 

editerade är GABAA receptorn. Denna upptäck gjordes endast för några år sedan i vårt 

laboratorium (Ohlson et al, 2007). Vi har jobbat med att försöka förstå den bilogiska 

relevansen vad som skiljer en GABAA receptor som är editerad jämfört med en som inte är 

editerad. Vi har upptäckt att de receptorer som är editerade inte är lika stabila på cellytan och 

bryts ner snabbare än de oediterade. Kanske RNA editeringen är ett sett för cellen att reglera 

mängden GABAA receptorer som uttrycks. Till sist vill jag även tillägga att RNA editering 

faktiskt har större påverkan på vår hjärna än man kanske kan tro. Vissa sjukdomar som 

drabbar det centrala nervsystemet som epilepsi, schizofreni och depression kan kopplas till en 

missreglering av RNA editerings maskineriet. Det är därför viktigt att förstå hur RNA 

editeringen är reglerad både under utvecklingen och i den vuxna fullt utvecklade hjärnan för 

att i förläggningen kunna utveckla mer specialiserade mediciner till dessa neurologiska 

sjukdomar. 
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Abbreviations 
 
A             Adenosine  

ADAR Adenosine deaminase that acts on RNA 

ADAT Adenosine deaminase that acts on tRNA 

ADBP-1 ADR-2 binding protein-1 

ALS   Amyotrophic lateral sclerosis 

AMPA  Alpha-amino-3-hydroxy-5 methyl-4 isoxazolepropionic acid 

BLCAP  Bladder cancer associated protein 

bp  base pair 

C                   Cytosine  

Ca        calcium 

Cl  chloride 

CNS  Central nervous system 

CTD  carboxy-terminal domain  

Cyfip2 Cytoplasmic fragile x mental retardation interaction protein 2 

DNA             Deoxyribonucleic acid 

ds  double stranded 

dsRBM double stranded RNA binding motif 

ECS  editing complementary sequence 

FlnA  Filamin A protein 

G                   Guanosine 

G-protein      guanine nucleotide – binding protein 

GABA  gamma-aminobutyric acid 

GluR  Glutamate receptor 

5-HT2C            5-hydroxytryptamine 2C serotonin receptor 

hESCs  human embryonic stem cells 

IFN  interferon 

Igfbp7 Insulin-like growth factor binding protein 7 

IP3  inositol trisphospate 

IP6  inositol hexakisphosphate  

KA  Kainate receptor 

miRNA microRNA 
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mRNA          messenger RNA 

NES              nuclear export signal 

NLS              nuclear localization signal 

nt  nucleotides 

p54(nrb) nuclear binding protein 54 

PKR             RNA-dependent protein kinase  

RNA             Ribonucleic acid 

RNAi  RNA interference 

siRNA small interference RNA 

snoRNA small nucleolar ribonucleic acid 

T                   Thymine 

Tm  transmembrane 

tRNA transfer RNA 

U                   Uridine 
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General introduction  
 

Since the discovery of the DNA structure, nearly 60 years ago, scientist have started to grasp 

the understanding of this genetic flow. In the central dogma of genetics DNA is transcribed 

into messenger RNA (mRNA), which is translated into protein (Fig. 1). Eukaryotic pre-

mRNAs need to be processed in various ways to become mature RNA transcripts. This is a 

complex multistep process in which that includes 5’end capping, splicing, 3’ end cleavage 

and polyadenylation of the RNA transcript. Many of the factors involved in these steps are 

coupled to each other and occur during ongoing transcription (Bentley, 2005). The number of 

genes in higher eukaryotes is much lower than the number of proteins expressed. The 

sequencing project of the human genome that was completed in 2003 and revealed that 

humans have only around 20 000-25 000 genes (Collins et al, 2004). This is barely more 

genes than what is found in the nematode worm Caenorhabditis elegans, which consists of 

only 1000 cells ([Anon] & Consortium, 1998). It is therefore evident that the number of genes 

does not reflect the complexity of organisms like mammals. As a matter of fact, these 

complex organisms have developed different strategies to increase their protein repertoire, 

without extending the number of genes. One such strategy is alternative splicing of the RNA 

transcripts. However, alternative splicing is by no means the only cellular mechanism that 

contributes to enlarge the proteome repertoire. Another cellular process that adds a layer of 

complexity is RNA editing. The term RNA editing refers to sequence alterations in the 

mRNA sequence, so that it differs from the DNA template. RNA editing was discovered 

nearly 25 years ago in mitochondrial mRNA of trypanosomes where nucleotides of uridines 

were found to be either inserted or deleted in the mRNA, to reconstitute the reading frame 

(Benne et al, 1986). RNA editing was first believed to only act on mis-transcribed RNA to 

repair the correct information encoded by the genome. We know today that there are many 

diverse types of RNA editing, some of which act to increase the diversity of the proteome. In 

metazoans, RNA editing is a widespread mechanism and two classes of RNA editing have 

been identified in mRNAs, which involve nucleotide deamination (Keegan et al, 2001; 

Knoop, 2011). One class of RNA editing modifies cytosine (C) to uracil (U) (Conticello, 

2008). C-to-U RNA editing is carried out by a large family of enzymes known as cytidine 

deaminases. Interestingly, members of the cytidine deaminases can act on RNA or DNA and 

are involved in processes ranging from regulation of immune system to fatty acid 

transportation (Blanc & Davidson, 2010; Hamilton et al, 2010). The other class, which is by 
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far the most common type of RNA editing in mammals, is the modification of adenosine (A) 

to inosine (I) (Bass, 2002; Nishikura, 2010). A-to-I conversion is carried out by enzymes 

known as adenosine deaminases that act on RNA (ADARs). ADAR enzymes are particularly 

active within the central nervous system (CNS), where they act on transcripts involved in 

neurotransmission (Seeburg & Hartner, 2003). The aim of this thesis was to gain knowledge 

of how A-to-I RNA editing is regulated during development of the mammalian brain. Further, 

the biological function of the editing event in the α3 subunit of the γ-aminobutyric acid 

GABAA receptor has also been elucidated. 

 

 

 

 

 
Figure 1. ”The central dogma” DNA is transcribed to RNA which is translated into proteins in the eukaryotic 

cell. 
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Historical overview of A- to-I RNA editing  
 
Adenosine to inosine (A-to-I) RNA editing was first discovered in the late eighties, when 

RNA duplexes were injected into developing frog embryos (Bass & Weintraub, 1987; 

Rebagliati & Melton, 1987). These RNA duplexes were aimed to inhibit gene expression, as 

during that time the antisense RNA technique had just started to bloom. It turned out that the 

inhibition of gene expression within the frog embryos was never successful, since the 

introduced RNA duplex was unwinded. It soon became clear that the unwinding of the RNA 

duplex was caused by introduced I:U mismatches which destabilized the RNA structure. This 

was the beginning of the discovery of the A-to-I RNA editing mechanism, later shown to be 

carried out by the editing enzymes known as ADARs (adenosine deaminases that act on 

RNA). Within a few years it became evident that A-to-I RNA editing is a widespread 

mechanism in higher eukaryotes (Bass, 2002). A-to-I RNA editing has a large impact on the 

transcriptome since inosine is recognized as guanosine by the translational and splicing 

machineries (Fig. 2) (Basilio et al, 1962; Rueter et al, 1999). An editing event within coding 

sequence can give rise to a codon change, which may result in an altered amino acid. This 

amino acid change could affect the properties of the translated protein. Most often, a fraction 

of the transcripts are not edited, resulting in two different isoforms of the protein that are 

expressed within the cell. RNA editing is not only found within coding sequences, it also 

occurs in non-translated regions where it can create or disrupt consensus splice sites or change 

the RNA structure (Rueter et al, 1999; Zinshteyn & Nishikura, 2009). In other words there are 

many ways in which A-to-I RNA editing can affect the transcriptome, adding an extra layer of 

complexity to this molecular process (Fig. 3).  

 

 
 
Figure 2. The hydrolytic deamination of adenosine to inosine. Due to the similarities between inosine and 

guanosine, inosine is recognized as guanosine by most cellular machineries. 
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Figure 3. Different A-to-I RNA editing events and their potential consequences that can modulate the pre-

mRNA. 

 

The ADAR enzymes 
 
Three members of the ADAR family (ADAR 1 - 3) have been identified in mammals (Fig. 4) 

(Kim et al, 1994; Melcher et al, 1996b; Oconnell et al, 1995). The ADAR enzymes catalyze 

the conversion of A-to-I by a hydrolytic deamination of the C6 position of adenosines within 

highly structured double stranded (ds)RNA (Polson et al, 1991). ADAR1 and ADAR2 have a 

wide tissue distribution, but are predominately found in the CNS, where they act on 

transcripts coding for receptors involved in neurotransmission (Bass, 2002; Valente & 

Nishikura, 2005). ADAR3 is exclusively expressed within the brain but exhibit no catalytic 

activity (Chen et al, 2000). None of the identified ADAR substrates can be edited by ADAR3 

and neither can artificial dsRNA in vitro. However its restricted localization to specific brain 

regions indicates an important function for this ADAR member yet to be discovered. 

Common features for the ADAR enzymes are two or three dsRNA binding motifs (dsRBMs) 

in their N-terminal. The dsRBMs make direct contact with ds or highly structured RNA. A 

deaminase domain is located within the C-terminus and contains several amino acids that are 

conserved in the deaminase protein family (Schaub & Keller, 2002). A zink atom is 

coordinated within the catalytic center of the deaminase domain and is a necessity for the 

editing reaction to occur. Another factor that is important for the enzymatic activity is the 

small molecule inositiol hexakisphosphate (IP6), which is positioned in close proximity to the 
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catalytic centre (Macbeth et al, 2005). It is believed that the ADAR enzymes evolved from the 

family of adenosine deaminases that act on tRNA (ADATs) (Gerber & Keller, 2001). The 

ADAT enzyme modifies the wobble position tRNAs to increase their decoding capacity. Two 

protein isoforms of the ADAR1 enzyme have been detected in mammals, referred to as p110 

and p150, according to their size. The short isoform of ADAR1 (p110) is constitutively 

expressed while the long variant ADAR1 (p150) has a promoter that is interferon (INF) 

inducible (George & Samuel, 1999; Patterson & Samuel, 1995). It has been suggested that 

this enzyme is involved in a host defense mechanism against RNA-viruses (Toth et al, 2009). 

Most RNA viruses form long dsRNA molecules during their lifecycle and are potential targets 

for extensive RNA editing by the ADAR enzyme in the cytoplasm (George et al, 2011). In 

addition, the long form of ADAR1 contains two Z-DNA binding domains while the short 

form contains one. The Z-DNA binding domain of ADAR1 may play a role in localizing the 

enzyme to the site of transcription of editing substrates (Herbert et al, 1997). All ADAR 

enzymes contain nuclear localization signals (NLS) and are mainly found within the nucleus. 

Furthermore, the long form of ADAR1 contains also a nuclear export signal (NES) in N-

terminus, and shuttles between the nucleus and the cytoplasm (Poulsen et al, 2001). Several 

splice variants of both ADAR1 and ADAR2 have been identified that may further fine-tune 

their specificity and/or activity (Agranat et al, 2010; Gerber et al, 1997; Kawahara et al, 2005; 

Lai et al, 1997; Liu et al, 1997; Lykke-Andersen et al, 2007; Maas & Gommans, 2009; Rueter 

et al, 1999). However, it should be kept in mind that despite all ADAR splice variants 

identified, it is not fully elucidated whether all transcripts are translated into functional 

proteins. Both ADAR1 and ADAR2 are crucial for organism survival. Mice with a disrupted 

ADAR2 gene die within three weeks after birth from epileptic seizures (Higuchi et al, 2000). 

ADAR1 knockout mice are embryonically lethal due to liver failure and massive apoptosis 

(Hartner et al, 2004). ADAR1 plays an important role in interferon signaling and in the 

maintenance of hematopoiesis during embryogenesis, however there might be other specific 

roles for ADAR1 that have not examined (Hartner et al, 2009).  

 

ADAR in other species  

No ADAR genes have been found within the genomes of plant, fungi or yeast. Nevertheless, 

ADAR enzymes have been identified within invertebrates where different organisms contain 

various numbers of ADAR genes (Fig. 4). For example, the fruit fly Drosophila melanogaster 
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has one single ADAR gene (dADAR) that is a homologue to the mammalian ADAR2 

(Palladino et al, 2000b). As in mammals the dADAR is important for editing of transcripts 

involved in neurotransmission (Palladino et al, 2000a). Flies with a deleted dADAR gene 

show locomotion defects and age related neurodegeneration. This implies that dADAR has an 

important function in “tuning” receptors involved in neurotransmission and normal behavior 

(Palladino et al, 2000a). The squid Loligo opalescens has two splice variants of ADAR2 with 

high homology to the human ADAR2 (Palavicini et al, 2009). Two ADAR genes have been 

identified within the worm Caenorhabditis elegans (Adr-1 and Adr-2), despite their names 

they are not homologues to the mammalian ADAR1 and ADAR2 (Tonkin et al, 2002). RNA 

editing in C. elegans has only been found within non-coding RNAs, where editing may play a 

role in antagonizing the effect on natural occurring small interference RNA (siRNA) (Morse 

et al, 2002b;Knight & Bass, 2002). Worms with disrupted adr-1 and adr-2 genes have defects 

in chemotaxis, (the ability to find and avoid chemicals) (Tonkin et al, 2002). These animals 

can be rescued by mutations in the RNA interference (RNAi) pathway, indicating that small 

RNAs (siRNAs) are major target for ADR-1 and ADR-2 to antagonize the effect of siRNAs 

that otherwise lead to gene silencing of chemotaxis genes (Tonkin & Bass, 2003). 

 

 

 
 

Figure 4. Members of the ADAR family, showing common domains in the enzymes. In addition ADAR3 
contains an arginine (R) rich motif that can bind single stranded RNA.  
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Substrate recognition by ADAR  
 
The ADAR enzymes do not recognize a specific consensus sequence motif, and no co-factors 

are known to be required for their activity. However, common to all edited adenosines is that 

they are found within a stretch of dsRNA (Lehmann & Bass, 1999). It has been proposed that 

the RNA structure of the substrate rather than the sequence determines the selectivity of the 

ADAR enzymes. Several studies on natural ADAR substrates and artificial RNA duplexes 

have been carried out in order to understand the underlying mechanism for substrate 

recognition (Dawson et al, 2004; Källman et al, 2003; Lehmann & Bass, 1999; Nishikura et 

al, 1991; Polson & Bass, 1994). These studies have revealed that both ADAR1 and ADAR2 

have nucleotide preferences in close proximity to the edited position. U and A are the most 

common nucleotides neighboring the 5’ side of the targeted adenosine, whereas G is under 

represented (Polson & Bass, 1994). The 3’ neighboring base to the edited site is preferentially 

a G (Lehmann & Bass, 2000; Li et al, 2009; Riedmann et al, 2008). In summary, the 

adenosine subjected to RNA editing is commonly found within the trinucleotides UAG and 

AAG, with the targeted adenosine underlined. The opposing nucleotide to the edited position 

in the dsRNA structure is also important for editing, and is often U or C (Wong et al, 2001) 

Nevertheless, most adenosines are not subjected to RNA editing even though they appear to 

be within the right sequence context of the RNA molecule. This suggests that there are other 

factors such as the thermodynamic stability of the RNA molecule that also influence the 

ability of the ADAR enzyme to bind and edit the RNA substrate.  

 

The role of the dsRBMs in substrate recognition  

The double stranded RNA binding motifs (dsRBMs) in the ADAR enzymes are highly 

conserved, found also in a number of other RNA binding proteins (Bycroft et al, 1995; 

Kharrat et al, 1995). It is assumed that the dsRBM interacts with the sugar-phosphate 

backbone without any direct base contact (Bycroft et al, 1995). However, most dsRBM 

containing proteins have been shown to selectively occupy specific sites on RNA duplexes 

(Klaue et al, 2003; Spanggord & Beal, 2001; Stefl et al, 2006; Stephens et al, 2004). The 

distance between the dsRBMs and their numbers are different in the ADAR enzymes; 

ADAR1 has three dsRBMs while ADAR2 has two. This affects the enzymes binding 

properties hence, giving them both unique and overlapping substrate specificities (Lehmann 
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& Bass, 2000). The dsRBMs influence which adenosine within a RNA duplex that is edited. 

This was shown by Samuel and co- workers when a protein chimera was made in which the 

dsRBMs of ADAR1 were substituted for the dsRBMs of the RNA-dependent protein kinase 

(PKR) (Liu et al, 2000). The chimeric ADAR protein could deaminate synthetic double 

stranded RNA. Intriguingly, the editing activity was dramatically reduced or abolished on 

natural ADAR substrates, demonstrating that the dsRBMs contributes to gain functional 

selectivity of the ADAR enzyme. 

 

Two modes of A-to-I RNA editing 
 
RNA editing can broadly be classified into two modes known as site-selective RNA editing 

and non-selective hyper-editing. Short RNA duplexes between 30-70 base pairs (bp) in length 

that are interrupted by mismatches and bulges, are site-selectively edited only at one or a few 

adenosine sites (Dawson et al, 2004; Lehmann & Bass, 1999). Selectively edited sites have 

mainly been found within coding regions but also shorter non-coding RNAs are prone to this 

type of RNA editing (Nishikura, 2007; Seeburg & Hartner, 2003). Long dsRNA structures of 

more than 100 bp in length are targeted for deamination at multiple adenosines leading to a 

phenomenon referred to as hyper-editing. Long stretches of dsRNA have mainly been found 

within non-coding regions, where sequences of repetitive elements interacting with inverted 

repeats serve as ADAR substrates (Athanasiadis et al, 2004; Blow et al, 2004; Levanon et al, 

2004). It has been shown that ADAR1 and ADAR2 can deaminate 50 % of the adenosines 

within long stretches of duplex RNAs in vitro (Bass & Weintraub, 1987). The length of the 

RNA duplex is one factor that determines if a substrate is hyper-edited or site-selectively 

edited. Presumably, within long stretches of nearly completely dsRNA, ADARs bind in an 

”unrestricted manner” resulting in hyper-editing, where several adenosines are deaminated. 

Within short RNA duplexes with mismatches and bulges, binding of ADAR is more restricted 

resulting in fewer deaminated adenosines. Some ADAR substrates can be edited by both 

ADAR1 and ADAR2, and others are strictly recognized by one of the enzymes. It would 

therefore be of interest to find out if they have specific preferences regarding the RNA 

structure. As a comparison, one of the squid ADAR2 enzymes (sqADAR2a) contains an 

“extra” dsRBM and thus three functional dsRBMs (Palavicini et al, 2009). This additional 

dsRBM appears to have functional consequences since this enzyme edits several additional 

sites on a substrate compared to the sqADAR2b that only have two dsRBMs. It is tempting to 



 19 

speculate that ADAR2, with its two dsRBMs, is the key player involved in site-selective 

editing while ADAR1 is more prone to promiscuous hyper-editing within non-coding regions. 

In support of this notion, Rechavi and co-workers showed that, in undifferentiated human 

embryonic stem cells (hESCs) editing levels within non-coding regions is highly dependent 

on ADAR1 (Osenberg et al, 2010) . 

 

 

 

A-to-I editing within coding sequences 
 
Many of the site-selectively edited substrates code for receptors involved in 

neurotransmission. In these transcripts, editing gives rise to amino acid changes that serve to 

fine-tune the molecular properties of these receptors. Despite the importance of editing in the 

receptor transcripts only a limited number of target genes have been identified in the 

mammalian brain, these will be brought up in this section. Many of the edited sites within 

coding sequences are dependent on intronic editing complementary sequences (ECS) to form 

the partially dsRNA structure required for the ADAR enzyme to bind and edit (Fig 5.) 

(Higuchi et al, 1993). Sometimes the ECS is located several hundreds nucleotides away from 

the editing site (Bass, 2002). Interestingly, both the exonic sequence in the vicinity to the 

edited site and the ECS in the intron are conserved between species (Aruscavage & Bass, 

2000). This indicates an evolutionary pressure to preserve the sequence making up the RNA 

secondary structure that is important for efficient editing. One has to presume, that editing is a 

nuclear event that occurs co-transcriptionally, since ADAR editing has to occur before intron 

removal. The two RNA processes, splicing and editing, are thought to be coordinated in vivo 

(Bratt & Öhman, 2003). The carboxy-terminal domain (CTD) of the large subunit of the RNA 

polymerase II has been suggested to be involved in coordination of splicing and editing, so 

that editing precedes splicing (Ryman et al, 2007). 
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Figure 5. An illustration showing how ADAR binds to the dsRNA structure that is formed between the exon 

with the targeted adenosine (A) and the downstream intron making up the ECS.  

 

 

 

The Glutamate receptor family 

In the mammalian brain, excitatory neurotransmission is mediated by the glutamate receptors. 

Two subclasses of the glutamate receptor family undergo A-to-I RNA editing; the alpha-

amino-3-hydroxy-5 methyl-4 isoxazole propionic acid (AMPA) and kainate receptors (KA) 

(Seeburg et al, 1998). AMPA receptors are comprised of four subunits, GluR-A, -B, -C and -

D that assemble in various combinations to form functional homomeric or heteromeric 

receptors (Borges & Dingledine, 1998). Five subunits of the KA receptor have been reported, 

KA1, KA1, GluR-5, GluR-6 and GluR-7 (Dingledine et al, 1999). Similar to the AMPA 

receptor, KA receptors are formed from four subunits that assemble in various combinations. 

The GluR-B transcript was one of the first substrates found to be subjected to A-to-I RNA 

editing and has been studied extensively ever since (Sommer et al, 1991). Editing at the so-

called Q/R site converts the genomically encoded (CAG) codon to a (CIG) codon, which 

results in a glutamine (Q) to arginine (R) amino acid change in the translated protein. The 

Q/R site is located in the second trans-membrane domain of the GluR-B subunit; a region that 

lines the pore of the receptor and controls calcium permeability (Sommer et al, 1991). AMPA 

receptors containing an edited GluR-B have low Ca2+ permeability compared to receptors 

with non-edited GluR-B subunits. Within the mammalian brain close to 100% of the GluR-B 

transcripts are edited at the Q/R site, no other ADAR substrate is that extensively edited. 

Perhaps editing at this site has evolved as a correction of a G-to-A mutation that occurred on 
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the DNA level. Transgenic mice lacking the ability to edit this position have revealed the 

importance of editing at the Q/R site (Brusa et al, 1995). These mice die of epileptic seizures 

a few weeks after birth, as a direct consequence of increased calcium influx through the non-

edited AMPA receptor. Intriguingly, ADAR2-/- knock out mice can be rescued by introducing 

a point mutation that encode a genomic (R) version of the Q/R site of GluR-B, indicating that 

the Q/R site is the primary target for ADAR2 (Higuchi et al, 2000). In addition to the Q/R site 

of GluR-B, the transcript contains another edited position known as the R/G site. Editing at 

the R/G site changes an arginine (R) codon for a glycine (G). The recoded amino acid 

influences the recovery rate from desensitization of the receptor (Lomeli et al, 1994). Editing 

at the R/G position also occurs within the transcripts of GluR-C and GluR-D (Seeburg et al, 

1998). A dramatic increase in the editing efficiency for the R/G site of the GluR-transcripts 

during development has been reported (Lomeli et al, 1994). Site-selective RNA editing has 

only been found in two kainate receptor transcripts; GluR-5 and GluR-6 (Herb et al, 1996). 

The GluR-5 and GluR-6 transcripts harbor a Q/R site equivalent to the position found in 

GluR-B. Editing at this site also influences the calcium permeability, although the Q/R sites in 

GluR-5 and GluR-6 are not edited to 100% (Vissel et al, 2001). Further, the GluR-6 transcript 

contains at least three additional sites I/V, Y/C and M/V that are named after the amino acid 

substitution the editing event give rise to. Editing of these sites may further modulate the 

calcium permeability of the receptor (Vissel et al, 2001). 

 

 

 
Figure 6. The predicted secondary RNA structure of the Q/R site in the GluR-B transcript. The targeted 

adenosine is marked. The bold line represents the exon whereas the thin line represents the intron containing the 

ECS. 

 

The GABAA receptor 

The γ-aminobutyric acid (GABAA) receptors are the major inhibitory receptors in the adult 

mammalian brain (Farrant & Kaila, 2007). These receptors are activated by the 

neurotransmitter GABA. Upon activation chloride ions (Cl-) pass trough the channel that 

hyperpolarizes the cell, making it less prone to fire an action potential. Interestingly, during 

embryogenesis, the GABAA receptor exerts depolarizing action potentials (Ben-Ari, 2002). 
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The reason for this is the high intracellular concentration of Cl-, due to the lack of a Cl- co-

transporter. Hence, Cl- ions are extruded from the cell upon the activation of these GABAA 

receptors. It is suggested that the depolarization actions of the GABAA receptor during early 

embryogenesis is the only excitatory drive before the glutamate receptors are expressed. 

However, once a Cl- co-transporter (KCC2) is up-regulated the GABAA receptor starts to exert 

its inhibitory action (Ben-Ari et al, 2007). The GABAA receptor is a pentamer composed of 

two α, two β and one γ subunit (Fig 7). Multiple subtypes of each of the subunits exist within 

the brain (Cromer et al, 2002). It was recently discovered that the Gabra-3 transcript, coding 

for the α3 subunit of the GABAA receptor undergoes site-selective editing, recoding an 

isoleucine (I) codon to a methionine (M) at the I/M site (Ohlson et al, 2007). Most of the 

editing sites within coding sequences are dependent on intronic sequences that participate in 

the formation of the dsRNA structure needed for ADAR to bind and edit. Interestingly, the 

dsRNA structure surrounding the I/M site is made entirely from the exonic sequence (Fig.7). 

This implies that it is possible for the ADAR enzymes to edit this position following intron 

removal. Within the adult mammalian brain the Gabra-3 transcript is highly edited, indicating 

that there is more of the edited version α3(M) present than the non-edited α3(I) subunit 

(Ohlson et al, 2007; Rula et al, 2008). The biological relevance of the editing event of the α3 

subunit is still under investigation. Since the edited site is positioned in the third 

transmembrane (TM3) domain of the subunit, it is possible that the Ile to Met change affects 

the environment in the channel (Fig. 7) Thus, editing at the I/M site potentially affects the 

activation or gating properties of the receptor. In support of this, Emeson and co-workers 

showed with electrophysiological studies that the edited and non-edited α3 subunit have 

different activation and deactivation rates (Rula et al, 2008). 
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Figure 7. The predicted secondary RNA structure of the I/M site of Gabra-3 is shown in the top diagram, where 

the targeted adenosine is marked. The pentameric arrangements of the subunits in the GABAA receptor, in which 

two α3 subunits potentially can have recoded amino acids. The amino acid editing affects is located in TM3 of 

the α3subunit.  

 

 

The Potassium channel KV1.1 

The voltage-gated potassium channel Kv1.1 plays an important role in membrane 

repolarization during an action potential (Dolly & Parcej, 1996). The mammalian KV1.1 

transcript has been shown to be a target for RNA editing at a single site, where an isoleucine 

codon is changed for a valine upon editing at the so called I/V site (Bhalla et al, 2004). This 

modification affects the recovery rate of the receptor, thereby allowing earlier activation 

(Bhalla et al, 2004). Similar to Gabra-3, the duplex RNA required for ADAR editing is found 

entirely within the exonic sequence of this intronless transcript (Fig. 8). This again raises the 

question if it possible for the editing machinery to edit these positions outside the nucleus. 

Interestingly, the same editing site (I/V) is also found in the potassium channels of the fruit 

fly D. melanogaster and the squid Loligo paelei, which encompass evolutionarily distant 

members of the Kv subfamilies (Hoopengardner et al, 2003; Rosenthal & Bezanilla, 2002). 

 

 
Figure 8. The predicted secondary RNA structure of the Kv1.1 transcript is made entirely from the exonic 

sequence. The targeted adenosine at the I/V site is marked. 
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The Serotonin receptor 5-HT2C 

The serotonin 5-hydroxytryptamine 2C (5-HT2C) is a member of the superfamily of seven 

transmembrane domain receptors that signal to the internal cellular environment via 

heterotrimeric guanine nucleotide – binding proteins (G-proteins) (Werry et al, 2008). 

Activation of the 5-HT2C receptor can regulate several intracellular pathways such as the 

phospholipase C patway, leading to production of inositol trisphospate (IP3) and release of 

Ca+ stores. The 5-HT2C receptor signaling is involved in a variety of physiological processes 

such as feeding behavior, anxiety, mood and reproductive behavior (Heisler et al, 2007; 

Werry et al, 2008). The serotonin 5-HT2C transcript undergoes A-to-I RNA editing at five sites 

(A, B, C’, C and D) in close proximity to each other (Fig. 9) (Burns et al, 1997; Fitzgerald et 

al, 1999). Editing of these sites affects codons of amino acids positioned within the second 

large intracellular loop of the receptor (Fig. 9). This region has been shown to be important 

for the interaction with the G-protein. Non-edited receptors have high affinity for the G-

protein, interestingly; these receptors can also be activated without a ligand. Fully edited 

receptors have reduced affinity for the G-protein (Berg et al, 2001; Burns et al, 1997; Werry 

et al, 2008). 
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Figure 9. The predicted secondary RNA structure of the five edited positions in 5-HT2C transcript is shown in the 

top diagram. Non- edited or fully edited adenosines give rise to different amino acids in the translated protein. 

The amino acids editing affects are located in the second intracellular loop of the 5-HT2C receptor.  
 

 

Editing of non-receptor substrates 
 
The site-selective editing events described in the previous section occur within neuro-receptor 

transcripts that are highly expressed in the brain. However, a few other selectively edited 

substrates that do not code for receptors have been found in transcripts encoding the Filamin 

A protein (FLNA), the Cytoplasmic fragile mental retardation interaction protein 2 (CYFIP2), 

the Bladder cancer associated protein (BLCAP) and the Insulin-like growth factor binding 

protein 7 (IGFBP7). The FLNA protein is highly expressed in the CNS (Levanon et al., 

2005). The protein is involved in cross-linking actin but interacts also with a range of other 

proteins with diverse cellular functions (Popowicz et al, 2006). The editing event, which 
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recodes a glutamine for an arginine at the Q/R site, is located in a region were many different 

interaction partners potentially can bind (Levanon et al, 2005). The CYFIP2 protein recodes a 

lysine (K) for a glutamic acid (E) upon RNA editing at the K/E site. In ADAR2 - /- knock out 

mice, editing of Cyfip2 transcripts are dramatically reduced indicating that ADAR2 is the 

main enzyme editing this particular site (Riedmann et al, 2008) The BLCAP protein was first 

identified within bladder cancer, but its function remains largely unknown, (Gromova et al, 

2002; Levanon et al, 2005). RNA editing recodes a tyrosine codon (T) for a cysteine (C). The 

IGFBP7 protein is involved in modulating the availability of the insulin growth factors within 

the cell. The Igfbp7 transcript harbors two edited positions, the R/G site and the K/R site 

named after the amino acid they substitute (Levanon et al, 2005).  In all the substrates named 

above, the biological relevance of the editing event remains to be elucidated.  

There have been many attempts to reveal new ADAR targets with combined bioinformatics 

and molecular biology methods (Athanasiadis et al, 2004; Blow et al, 2004; Ensterö et al, 

2010; Kim et al, 2004; Levanon et al, 2004; Li et al, 2009; Sakurai et al, 2010). Most often 

new edited positions are found within non-coding regions as will be described in the next 

section. However, some novel edited substrates have been found within coding regions of the 

transcripts but the editing frequency is usually low. For instance, the neuron-specific RNA 

binding proteins HuB and HuD have been shown to be edited within their transcripts (Ensterö 

et al, 2010). The Hu family of proteins plays an important role in neuronal differentiation and 

proliferation (Hinman & Lou, 2008). Although the edited positions within the transcripts of 

HuB and HuD are not efficiently edited, the editing events give rise to amino acid changes 

that may create a small pool of proteins that have relevant biological functions during certain 

conditions.  

 
 

 

Editing within non-coding RNA 
 
Several groups have developed bioinformatic screens for genome wide identification of new 

A-to-I edited substrates (Athanasiadis et al, 2004; Blow et al, 2004; Kim et al, 2004; Levanon 

et al, 2004). These screens revealed that the vast majority of all A-to-I edited sites found in 

the human transcriptome are within non-coding RNA such as in 5’ and 3’ untranslated regions 

(UTRs) as well as within introns. Most of these sites are within the repetitive Alu elements. 
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Alu repeats are primate specific repetitive sequences of about 300 nucleotides in length that 

belong to the family of short interspersed nuclear elements (SINEs) of retrotransposons. Two 

Alu elements inversely orientated and in close distance to one another in the same transcript, 

can base pair and form long dsRNA structures recognized as an ADAR substrate. Usually 

several adenosines are hyper edited within these RNA structures (Fig. 10). The sequence 

similarity between two reversely oriented Alu elements reflects the extent of editing, with less 

adenosines being deaminated with increased diversity. Several biological functions of editing 

in these repetitive elements have been suggested although the importance of the editing events 

is still to be determined (Lev-Maor et al, 2007). For example a base-paired A:U is changed to 

a wobble I:U pair upon editing and thereby destabilize the duplex structure. On the other 

hand, an A:C mismatched adenosine can be subjected to editing and thereby create a more 

stable I:C base-pair. In either case the dsRNA structure is changed with the possibility of 

affecting RNA binding proteins, the localization of the RNA or RNA stability. In a study by 

Lev-Maor and co-workers it was shown that editing of an Alu element affected splice site 

selection, shifting from a constitutive to an alternative splice site (Lev-Maor et al, 2008). This 

result demonstrates that RNA editing within these repetitive elements has the ability to 

regulate the fate of the RNA transcript. Interestingly, exonisation of parts of the Alu elements, 

may give rise to a translated product with altered function (Gerber et al, 1997).  

There have been reports that the nuclear multifunctional protein p54nrb binds extensively 

edited RNA molecules and retain them in the nucleus (Chen et al, 2008; Prasanth et al, 2005). 

In mouse p54nrb may play a role in nuclear retention of the edited CAT2 transcribed nuclear 

RNA (CTN-RNA) (Prasanth et al, 2005). The CTN-RNA is transcribed from the protein-

coding mouse cationic amino acid transporter 2 (mCAT2) gene through an alternative 

promoter and 3’UTR. The CTN-RNA and mCAT2 mRNA differ only in their 5′UTRs and 

3′UTRs. The 3’UTR of CTN-RNA contains inverted repeats of SINEs that are subjected to 

editing at several sites. Presumably binding of the p54nrb protein to these inosines traps the 

CTN-RNA within nuclear speckles. Under stress, the CTN-RNA is posttranscriptionally 

cleaved in the 3’UTR, which allows the RNA to enter the cytoplasm for translation (Prasanth 

et al, 2005). This allows a rapid production of mCAT2 like proteins upon stress. However, 

nuclear retention of inosine containing RNA is not a general mechanism used to prevent 

endogenous hyper-edited RNA from being translated, since several mRNAs are exported and 

translated efficiently in the cytoplasm independent of their editing status in the UTRs 

(Hundley et al, 2008). Furthermore, Scadden and co-workers have shown that extensively 
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edited dsRNA can be cleaved by a specific endonuclease (Scadden & Smith, 2001). It is 

possible that cleavage occurs in extensively edited repetitive elements, which may function as 

a regulatory mechanism to control the number of transcripts. The absence of Alu elements in 

other mammals than primates make them less prone to RNA editing, although editing occurs 

to some extent in SINEs in mouse (Neeman et al, 2006). Mouse SINEs are shorter (≈150 

nucleotides), not as widely spread in the genome and more divergent than the Alus, reflected 

by lower editing levels in these repetitive elements (Neeman et al, 2006). Further, a limited 

number of editing sites have been identified in repetitive sequences in non-coding regions the 

transcriptome of C. elegans (Morse et al, 2002). 

Regardless of the biological role of RNA editing in non-coding regions, editing is allowed to 

“play around” with the sequence without affecting the amino acid code. Editing within non-

coding regions can be seen as a trail and error mechanism that may affect the RNA in 

different ways. If the editing event is beneficial to an organism it is most likely to “stay” over 

generations, increasing the complexity and survival rate of the organism. In other words, 

RNA editing within non-coding regions may be a process that contributes to an accelerated 

evolution. 

 

 
 
Figure 10. The predicted RNA structure of two inversely oriented Alu elements, with the potentially targeted 

adenosines. 
 

Editing of microRNAs  

A fairly new and interesting field is editing of microRNAs (miRNA) (Nishikura, 2007). 

MicroRNAs are small non-coding RNAs with the potential to regulate the expression of a 

large number of genes. They are approximately 22 nt long and base pair with their so-called 

seed sequence to complementary sequences found in the 3’ UTRs of mRNAs (Öhman, 2007). 

In this way, they diminish translational expression of the protein. MicroRNAs are transcribed 

as precursor RNA molecules that need to be processed in various steps, both within the 

nucleus and the cytoplasm (Nishikura, 2006). Interestingly, the short stem- loop structures of 
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the precursor miRNAs are very similar in length and structure to some of the known site-

selectively edited substrates (Fig. 11).  In fact, several of these short stem-loop structures are 

subjected to RNA editing. Maas and colleagues reported the first editing event of a miRNA in 

2004 (Luciano et al, 2004). However, the editing efficiency was low and no biological 

function was found for this editing event of the miRNA. Since then several other groups have 

found that RNA editing occurs in a number of precursor miRNAs (Blow et al, 2006; 

Kawahara et al, 2007a; Kawahara et al, 2007b. Editing of precursor miRNAs may affect 

processing steps that result in less production of mature miRNAs, or the editing event may 

affect the seed sequence. In 2007, it was reported from the Nishikura laboratory that an 

editing event within the mammalian mir-376a redirected the miRNA to a new target 

(Kawahara et al, 2007b). All of the above-mentioned findings indicate that RNA editing can 

regulate miRNAs in several ways; either by interfering with the processing steps or by 

changing the nucleotide sequence so that the miRNA is directed to a new target. This newly 

gained knowledge brings the RNA editing mechanism to another level of regulation of 

biological processes. 

 

 
 
 

Figure 11. The similarity of the predicted secondary RNA structures of Gabra-3 and pri-miR-36, both targeted 
for RNA editing. 
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Efficiency of editing and its coupling to RNA structures 
 
Substrates targeted for RNA editing are far from equally edited; hence, the editing efficiency 

can vary from very low to nearly 100% between different ADAR substrates. There are a 

number of factors that influence the extent of editing; the neighboring nucleotides next to the 

targeted adenosine, the nucleotide opposing the targeted site as well as the length and 

thermodynamic stability of the RNA duplex. Further, the transcription rate of the substrates as 

well as the speed of splicing may also influence RNA editing. Site selectivity and editing 

efficiency have been analyzed at the R/G site of the GluR-B substrate (Källman et al, 2003). 

In this study it was shown that editing efficiency at the R/G site was reduced when the 

substrate was mutated into a complete dsRNA structure. In this mutant substrate several 

additional adenosines were edited. This implies that a complete RNA duplex is not an ideal 

substrate, neither for editing efficiency nor for site selectivity. In our laboratory, we have 

shown by the use of scanning force microscopy, that ADAR2 prefer binding to the natural 

R/G site in the GluR-B substrate over a long completely dsRNA structure when these two are 

fused in the same transcript (Klaue et al, 2003). The preference for ADAR2 binding to the 

R/G of GluR-B was also reflected in editing levels; the R/G site was efficiently edited 

compared to sites within the long RNA duplex. Only ADAR2 was investigated in this study 

and it is not known whether ADAR1 behaves in the same way. Intriguingly, when 

mismatches and bulges are introduced to divide a long dsRNA structure into micro-regions of 

shorter RNA helices, it results in fewer adenosines being edited but some adenosines are 

targeted more frequently increasing the efficiency of these particular sites (Lehmann & Bass, 

1999).  

 

 

Regulation of RNA editing  
 
RNA editing needs to be tightly controlled within the cell to prevent accidental editing on 

unwanted substrates. Most likely there are several levels of editing regulation that may affect 

enzymatic activity of the ADAR enzymes; localization, amount or stability of the proteins. 

There may also be factors that regulate the substrates that are targeted for RNA editing. In the 

next few paragraphs I will highlight some of the known mechanisms found to influence RNA 

editing. 
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Sub-cellular compartmentalization of ADAR  
ADAR1 and ADAR2 harbors putative nuclear localization signals (NLS) and are found 

within the nucleus. The long form of ADAR1 (p150) is also found in the cytoplasm due to its 

nuclear export signal (NES) (Poulsen et al, 2001). Within the nucleus, both ADAR1 and 

ADAR2 localize in the nucleolus (Desterro et al, 2003; Sansam et al, 2003). The nucleolus is 

a non-membrane sub cellular compartment in which the ribosomal RNA is transcribed and 

processed among other RNA processing events. It is assumed that the ADAR enzymes bind 

ribosomal RNA, that acting as a “holding bay” to sequester the enzymes until the appearance 

of editing substrates in the nucleoplasm. In this way the nucleolus prevent the editing 

enzymes from rampant RNA editing. In support of this, increased editing levels have been 

observed on substrates upon releasing ADAR from the nucleolus by blocking ribosomal 

synthesis (Sansam et al, 2003). However, the precise role of how the nucleolus is involved in 

the editing process is far from understood. Huttenhofer and co-workers demonstrated that 

ADAR2 but not ADAR1 was functionally active in the nucleolus on the serotonin 5-HT2C 

transcripts transcribed from a polymerase I promoter (Vitali et al, 2005). This result raises the 

question: is it possible that ADAR2 can edit endogenous substrates within the nucleolar 

compartment? Intriguingly, a brain specific small nucleolar RNA (snoRNA) has been 

identified, which contains a sequence complementary to the region that can be edited within 

the 5-HT2C-receptor transcript (Vitali et al, 2005). The snoRNA named MBII-52, is predicted 

to target the C site within the 5-HT2C transcript for ribose methylation (Vitali et al, 2005). The 

methylation potentially reduces the ability of the ADAR enzymes to edit this site. Thus, 

MBII-52 might be involved in fine- tuning the editing efficiency of the C site. Small nucleolar 

RNAs are mainly involved in modification and processing of ribosomal RNA precursors, 

albeit the serotonin 5-HT2C transcript is one mRNA reported to have sequence 

complementarities to a snoRNA.  

 

IP6 is required for ADAR activity 

When the crystal structure of the deaminase domain of ADAR2 was solved, the small 

signaling molecule inositol hexakisphosphate (IP6) was unexpectedly found within the 

enzymatic core (Macbeth et al, 2005). It has been proven that IP6 is essential for the activity 

of ADAR2. Interestingly within the CNS, activation of the 5-HT2C receptor leads to increased 

IP6 production. Therefore, increased IP6 levels may influence ADAR activity. As mentioned 

before, the 5HT2C transcript is also a target for RNA editing that affects receptor affinity for 
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the G-protein (Berg et al, 2001). This raises the question if there is a connection between 

serotonin receptor activation, IP6 levels and ADAR activity.  

 

Dimerization of ADAR  

In mammals, ADAR1 and ADAR2 form homodimers as well as heterodimers (Chilibeck et 

al, 2006; Cho et al, 2003; Poulsen et al, 2006). This interaction has been shown to be a 

protein-protein interaction independent of RNA (Valente & Nishikura, 2007). However, it is 

not fully elucidated whether dimerization is a requirement for RNA editing. The dADAR 

enzyme also forms a dimer, which is essential for editing activity (Gallo et al, 2003). 

Heterodimerization between ADAR enzymes opens several possibilities on how RNA editing 

can be regulated within the cell. As mentioned above, several splice variants of the ADAR 

enzymes have been reported to exhibit different levels of enzymatic activity that could 

generate several combinations of ADAR dimers. ADAR3 forms dimers in vivo, it is possible 

that dimerization occur between ADAR3 and one of the two active ADARs (1-2), which may 

reduce the editing activity of the active enzymes (Cho et al, 2003). Homodimerization as well 

as heterodimerization could potentially provide a rapid regulatory mechanism to modulate 

editing activity within the cell. 

 

Alternative splicing of ADAR transcripts 

Another mechanism for regulation of editing activity of the ADAR enzymes arises from 

alternative splicing of both ADAR1 and ADAR2 (Gerber et al, 1997; Lai et al, 1997; Liu et 

al, 1997; Rueter et al, 1999). Different protein isoforms have shown differences in editing 

activity on ADAR substrates in vitro. The human ADAR2 can be alternatively spliced so it 

includes a cassette of an Alu element. This inclusion expands the protein with 40 amino acids. 

The ADAR2 enzyme, with the inclusion of the Alu element, binds the same substrates as 

ADAR2 without the Alu. Nevertheless, the alternatively spliced ADAR2 has reduced 

enzymatic activity compared to the enzyme without the Alu cassette.  

 

Auto-inhibitory role of ADAR2 

The two dsRBMs of ADAR2 has been proposed to exert an auto-inhibitory role on enzymatic 

activity of ADAR2 (Macbeth et al, 2004; Poulsen et al, 2006). In the absence of an edited 
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substrate the ADAR2 protein has a conformation in which the dsRBMs are close to the 

deaminase domain and prevents the enzyme from editing. When the enzyme interacts with a 

substrate both of the dsRBMs are involved in binding to the RNA. Upon binding to the RNA, 

a conformational change is assumed to occur, enabling the ADAR enzyme to carry out its 

deaminase reaction. ADAR2 cannot edit the natural R/G site of GluR-B if the substrate is 

shortened to only 15 bp. It is hypothesized that if not both the dsRBMs of ADAR2 bind to the 

substrate, a conformational change does not take place. However, when one of the dsRBMs is 

deleted, editing of the shortened GluR-B substrate is possible. This implies that as long as the 

enzyme can bind to a RNA duplex the deamination reaction can occur (Macbeth et al, 2004). 

This study shows that a certain length of an ADAR2 substrate is required involving both of 

the dsRBMs so that the deaminase domain can come in close proximity to the targeted 

adenosine.  

 

 

ADAR2 auto-regulation 

It has been suggested that the ADAR2 enzyme can regulate its own protein expression by an 

auto-regulatory feedback loop mechanism (Rueter et al, 1999). ADAR2 can edit its own 

transcript at several positions within the intron between exon 4 and exon 5 (Dawson et al, 

2004). Since inosine is also read as guanosine by the splicing machinery, editing within intron 

4 of the ADAR2 transcript at the so-called -1 site creates an alternative 3’ splice site (Fig. 12). 

The alternatively spliced transcript generates a frame shift that results in a non-functional 

truncated protein. ADAR2 auto-editing may act as a negative feedback mechanism to control 

ADAR2 expression. In support of this, transgenic ADAR2 mice that cannot edit the -1 

position show an increase in editing levels on substrates targeted by ADAR2 (Feng et al, 

2006). The ability of ADAR2 to edit its own transcript can also be seen as a measurement of 

ADAR2 activity. This was shown by Maas and colleagues, where reduced editing levels of 

the Q/R site in the GluR-B transcript was seen as well as reduced editing levels at the -1 site 

in the ADAR2 transcript (Maas et al, 2001).  

A similar auto-regulatory feed back mechanism is found in the fly dADAR protein. Editing of 

the dADAR transcript changes a serine codon for a glycine codon within the deaminase 

domain. This editing event gives rise to a protein that is less active than the non-edited variant 

of dADAR (Palladino et al, 2000b). Interestingly, the auto-editing increases throughout 

development, being lowest in embryos and highest in adult flies. Transgenic flies that are 
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unable to auto-edit the dADAR transcript die, indicating the importance of down regulating 

the dADAR activity during development (Keegan et al, 2005). 

 

 
 

Figure 12. ADAR2 pre-mRNA. The editing event at the -1 position gives rise to an alternative 3’splice site (AI= 
AG) that causes an inclusion of 47 nucleotides. The alternatively spliced transcript is out of frame and gives rise 
to a truncated non-functional protein. 
 

 

Sumoylation of ADAR1 

Sumoylation is a posttranslational modification of eukaryotic proteins has shown to affect the 

function, stability and localization of the sumoylated protein (Hay, 2005). SUMO proteins are 

small ubiquitin-like modifiers that covalently bind to target proteins. This process is 

reversible in which cystein proteases are involved in. The SUMO proteins recognize a 

specific lysine within a consensus amino protein sequence. Interestingly, the ADAR1 enzyme 

is target by SUMO-1 at lysine residue (418) ADAR1 proteins that are sumoylated have 

reduced enzymatic activity (Desterro et al, 2005). Sumolyation of ADAR1 is an intriguing 

mechanism that regulates the activity of the enzymes, although how this is cellular process is 

controlled in the cell is not fully elucidated and should be further studied. 
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RNA editing- a single event with multiple functions  
 

Splicing 

Most of the editing events that occur within coding regions are positioned close to splice sites. 

Editing of the Q/R site within the transcript of GluR-B has been shown to affect the efficiency 

of splicing of the adjacent downstream intron. ADAR2 is the only enzyme that can to edit the 

Q/R position and ADAR2 -/- knock out mice show a deficiency in intron 11 removal. This 

intron is positioned 24 nucleotides down stream of the Q/R site (Higuchi et al, 2000). Jantsch 

and co-workers have shown that editing of the Q/R site together with editing event at the so-

called +60 hotspot within the adjacent intron facilitates splicing (Schoft et al, 2007). It is 

possible that the editing event at the Q/R site and +60 hotspot destabilizes the dsRNA structure, 

making the RNA more accessible to factors involved in splicing. RNA editing of the (A, B, C’, 

C, D) sites in the serotonin receptor transcript has also been shown to affect splice site selection 

(Flomen et al, 2004). Interestingly non-edited transcripts promote splicing at an alternative 

5’splice site, situated in the same exon as the (A, B, C’, C, D) positions. This alternative 

splicing excludes the part of the exon with all the five sites, presumably making a receptor that 

is non-functional. In this way RNA editing promotes splicing of the normal 5’ site that includes 

the exon and gives rise to a functional receptor. As mentioned before, the transcript of ADAR2 

is itself a target for RNA editing within intron 1. This editing event mimics a canonical 3’ 

splice site since the AI dinucleotide is recognized as AG by the splicing machinery. Splicing at 

this alternative site includes 47 nucleotides, making a transcript that is out of frame and a 

truncated protein as a result (Rueter et al, 1999). Since editing events that give rise to new 

splice sites are removed during the RNA processing steps, it is difficult to detect these RNA 

modifications. However, large-scale transcriptome sequencing methods would facilitate 

findings of these. 

 

Receptor assembly 

The amino acid changes that occur due to RNA editing can affect proteins in multiple ways. 

For example, the editing event at the Q/R site of the GluR-B transcript does not only affect 

the calcium permeability of AMPA receptor. Q/R editing also affects trafficking of the 

receptors (Greger et al, 2003; Greger et al, 2002). Non-edited subunits can easily form 

homotetrameres that are transported to the cell membrane. The edited (R) isoforms of the 
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GluR-B subunit do not assemble to form homotetrameres. This generates a pool of edited 

subunits in the endoplasmic reticulum that ensures the edited isoform are incorporated in most 

AMPA receptors that are formed. In this way RNA editing controls both the number of the 

AMPA receptors that reaches the cell surface as well as the calcium permeability (Greger et 

al, 2002; Sommer et al, 1991). Interestingly, an editing event of the potassium channel in 

squid has been shown to affect both the gating properties and the ability to form tetramers 

(Rosenthal & Bezanilla, 2002). 

 

 
 

ADARs implication in neurological diseases 
 
During the last decade there have been several papers published regarding editing and how it 

is coupled to neurological diseases, such as epilepsy, schizophrenia, amyotrophic lateral 

sclerosis (ALS) and cancer to name a few (Higuchi et al, 2000; Kawahara et al, 2004; Maas et 

al, 2001; Paz et al, 2007; Sodhi et al, 2001). Aberrant editing of the 5-HT2C receptor has been 

implicated in schizophrenia and depressed suicide victims (Niswender et al, 2001; Sodhi et al, 

2001; Gurevich et al, 2002). Under-editing in the Q/R site of the GluR-B transcripts has been 

revealed in certain motor neurons in patients with ALS (Kawahara et al, 2004). Abnormal 

editing at the Q/R site may contribute to cell death as a result of increased calcium 

permeability through these glutamate receptors. Aberrant editing of the Q/R site in GluR-B 

has also been found in certain brain cancers (Maas et al, 2001). Even though the editing 

efficiency is lower at certain sites within the diseased brain the decreased ADAR activity is 

not always correlated with lower expression levels of the enzyme. Understanding the levels of 

regulation and expression of the ADAR proteins is of importance to elucidate the underlying 

mechanism that causes several of the neurological disorders. This may also reveal whether 

altered editing is the main cause of the disease or a secondary effect in the disease-progress. 
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Present investigation 
 
The primary goal of my thesis work has been to investigate the following: 

 

• If there is a general regulation of A-to-I RNA editing during brain development 

• How is editing regulation achieved 

• How is a substrate targeted for RNA editing recognized by ADAR  

• What is the biological function of the editing event in the inhibitory GABAA receptor 
 

Paper I 

The aim of this study was to determine the editing levels of known site-selectively edited 

substrates during development of the mouse brain. The substrates chosen to be analyzed were; 

GluR-B, GluR-C, GluR-5, GluR-6 Gabra-3, Adar2, 5-HT2C, Blcap, Flna, Kcna1 (Kv1.1) and 

Cyfip2. Four developmental stages of the mouse brain were chosen; two embryonic days, 

(E15 and E19) and two postnatal stages (P2 and P21). These developmental stages would 

cover the editing status in the immature as well as the mature brain. We used the 454-

sequencing method to detect the editing frequency of the editing substrates. The advantage of 

using the 454 high-throughput sequencing technology is that individual transcripts can be 

analyzed. The editing frequency was measured with high accuracy since several hundreds of 

individual transcripts were analyzed for A-G discrepancy at every developmental stage 

examined. 

 

 

Results and discussion 
 

Global increase in editing frequency of site-selectively edited substrates 

Our result from the 454 sequencing analysis revealed that the editing levels at a given site in a 

substrate increased during brain maturation. This was a general trend on every substrate 

analyzed. On average 650 reads (reads, in this perspective, is denoted as individual 

transcripts) of each substrate were obtained from each developmental day analyzed. The 

number of reads obtained gave a high resolution of the editing frequency during development. 

We found low editing levels during embryogenesis at E15 that increased dramatically 
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between E15 and P2. The editing levels then continued to increase but with a slower rate to 

the last developmental day analyzed. However, one exception to this trend was the Q/R site in 

the GluR-B transcript that was edited close to 100% at E15, and remained at this editing 

frequency all through development. Since ADAR2 is the only enzyme responsible for editing 

at the Q/R site this indicates that at least some ADAR2 enzymes are active early in 

development. Editing of the Q/R site is important as it determines the calcium permeability of 

the channel. In the absence of this editing event the mouse will die of epileptic seizures, as a 

consequence of Ca2+ influx through the pore (Brusa et al, 1995) Presumably, the double 

stranded structure where the Q/R site is situated is kinetically favored, recruiting active 

ADAR2 to this site early in development. The restrain seen on editing of other ADAR 

substrates during development, indicates the importance to restrict the expression edited 

protein isoforms, and thus, different protein isoforms are expressed at various times during 

brain development. The non-edited versions of the proteins seem to be more suitable for the 

immature brain, whereas the edited forms have properties that fit the mature network of 

neurons.  

Presumably within the immature brain, when connections between neurons are sparse, 

receptors have to respond to signals that are fused throughout the extra cellular space. This 

type of signaling may not be sufficient for receptor activation. Interestingly, the non-edited 

isoform of the 5-HT2C receptor does not require a ligand for activation (Werry et al, 2008). 

This could explain why the non-edited edited serotonin receptors are important in early 

development. As the brain matures, more synaptic contacts between neurons are formed that 

require direct communication between the pre-synapse and post-synapse. This mature 

network between the neurons requires a more stringent regulation of receptor activation, 

deactivation and recovery period from desensitization, which the edited isoforms of the GluR-

B, and potassium channel KV1.1 enable. Edited isoforms of the 5-HT2C receptor lose their 

constitutive activity and require ligand-activation. Theoretically 24 different protein isoforms 

can be generated depending on the editing pattern of the 5-HT2C transcript (Werry et al, 2008). 

Fully edited 5-HT2C receptors have reduced affinity to the G-protein. We found, in our 454- 

sequencing data, that the edited RNA isoforms of the 5-HT2C gave rise to different protein 

isoforms, and that the number of these was different in the immature brain compared to the 

mature brain. 
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Protein levels of the ADAR enzymes are constant during brain development 

To investigate if the increased editing frequency seen during development was correlated with 

elevated levels of ADAR protein, western-blots were carried out on total brain at the different 

developmental stages. Our result demonstrates that the protein expression of both ADAR1 

and ADAR2 is constant during development. The increased editing efficiency seen in the 

substrates through development can therefore not be explained by an increase in ADAR 

protein levels. Even though, we cannot exclude that there might be regionally differences in 

ADAR protein expression, it is clear that the overall distribution of edited transcripts changes 

during development. Our result suggests that the ADAR activity is regulated in an age 

dependent manner. Interestingly, in C. elegans it has been shown that the ADR-2 binding 

protein-1, (ADBP-1) facilitates the nuclear localization of the A-to-I editing enzyme ADR-2 

(Ohta et al, 2008). In an adbp-1 mutant strain editing was not detected, suggesting that 

ADBP-1 is required for the nuclear localization of ADR-2. Thus it is possible that a similar 

protein regulates editing in the mammalian brain during development. Even though, no 

homologue protein to the ADBR-1 protein has been identified in mammalian cells, it does not 

rule out that an unrelated protein could be involved in activity induction and/or relocation of 

the ADAR enzymes during development.  

 

 

Paper II 
 

The aim of this study was to investigate: 

 

• If editing at multiple sites within the same transcript is synchronous or if there is a 

specific primary site of editing initiation. 

• If editing at multiple sites is coupled to each other in the same transcript 

• How multiple sites of editing within the same transcript are spaced in the three- 

dimensional (3D) structure of the RNA helix 

 

In this study we took advantage of the large sample size of edited individual transcripts 

achieved from the 454-sequencing data in paper I. The substrates with multiple edited sites 

chosen to be analyzed were transcripts from GluR-6 (two sites I/V and Y/C), 5-HT2C (five 

sites, A, B, C’, C, D) and Adar2 (nine sites). 
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Results and discussion 
 

The ADAR enzyme is attracted to a particular site within transcripts with multiple edited 

positions 

Since the efficiency of editing is low during embryogenesis we assume that active ADAR 

enzymes are limited at this stage. Hence we wanted to investigate if certain edited sites in 

close proximity have higher affinity for being edited. ADAR1 and ADAR2 have specific but 

overlapping specificities for certain edited sites. For instance, of the five sites (A, B, C’, C 

and D) that can be edited in the 5-HT2C transcript, ADAR1 plays a major role in editing of the 

A site whereas ADAR2 is the main enzyme to edit the D site. Both ADAR1 and ADAR2 have 

the potential to edit the B, C’ and C sites (Higuchi et al, 2000). The Y/C site within the GluR-

6 transcript is mainly edited by ADAR2 (Higuchi et al, 2000). The nine edited positions in the 

Adar2 transcript (+24 to -28) are all located within intron 4 and most likely edited by the 

ADAR2 enzyme (Higuchi et al, 2000). We found that the majority of singularly edited 

transcripts of 5-HT2C at embryonic day 15 (E15) were edited at the D site. Interestingly, at 

later stages in development both the D and the A site are seen to be edited together. This 

suggests that both site A and D have high affinity for being edited, and we consider them both 

as principal editing sites. The reason why there are two principal edited positions within the 5-

HT2C transcript, may be that ADAR1 recognizes the A site whereas ADAR2 recognizes the D 

site.  In the Adar2 transcript, the +24 site was shown to be the principal edited site at the early 

development. Out of the two edited positions analyzed in GluR-6, the Y/C site was found to 

be the principal editing site early in development (E19). Our hypothesis is that the principal 

site of editing within a substrate is located at a position that is beneficial for the ADAR 

enzyme. Either, the principle site is important for recruitment of the ADAR enzyme to the 

RNA duplex or that editing at this site induces a conformational change that facilitates editing 
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at other sites. Singularly edited sites early in development, were predominately edited by 

ADAR2. This result suggests that ADAR2 is more active than ADAR1 during 

embryogenesis. 

 

 

Coupling occur between multiple edited sites at specific distances 

Since the ADAR enzymes become more active during development, the number of transcripts 

that are edited at multiple sites increase with maturation of the brain. The 454 high throughput 

sequencing method allowed us to study the relationship between several edited positions 

within single transcripts. We found that editing at certain positions are coupled to each other 

with a semi-fixed spacer distance from each other of ≈ 12 nucleotides (nt). We suggest that 

the semi-fixed distance between the coupled edited sites reflects how the ADAR enzyme 

binds to the substrate. Most likely there are several ADAR enzymes that bind the RNA in 

register, with distance of ≈12 nt in between. Previous footprinting analysis from our 

laboratory also supports this theory, which showed that ADAR2 covers a region of 11-16 

nucleotides of a substrate with a single edited site (Öhman et al, 2000) In addition, our 

analysis revealed that edited sites that are only separated by one or two nucleotides are 

strongly coupled. This is probably the result of an ADAR enzyme “sliding” on the RNA so 

that an adjacent adenosine close to the principal edited site is being edited as well.  

 

 

Coupled edited sites reside on the same side of the RNA helix 

To better understand how certain edited sites are coupled to each other, we predicted the 

tertiary structure of the edited RNA substrates. Most interestingly, we found that coupled 

edited positions reside on the same side of the RNA helix. For example out of the five sites 

(A, B, C’ C and D) in the 5-HT2C transcript, strong coupling was found between the A, B and 

D sites. All of these sites reside on the same side of the RNA helix, whereas the C’ and C site 

are located on the opposing side of the helix. The C’ site in particular, was negatively coupled 

to the A, B and D site. This result suggests that the ADAR enzyme recognizes only one side 

of the RNA helix for catalysis. 
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Paper III 

The aim of this study was to investigate the functional consequence of the editing event at the 

I/M site of the Gabra-3 transcript. In our laboratory it was recently discovered that Gabra-3 

encoding the α3 subunit of the GABAA receptor is subjected to site-selective RNA editing 

(Ohlson et al, 2007) The editing event gives rise to an amino acid change of which an 

isoleucine (I) is changed to a methionine (M) in the translated protein. The edited amino acid 

is positioned in the third transmembrane (TM3) region of the α3 subunit. The TM3 region of 

the α subunits have been shown in previous studies to be important for assembly and 

trafficking of the receptors, thus it is possible that the editing event affects trafficking. We 

therefore wanted to investigate if there is difference in cell surface presentation of GABAA 

receptors comprised of an edited α3-(M) subunit or a non-edited α3-(I) subunit, that can 

explain the functionality of the editing event. 

 

 

Result and discussion 

 
Editing of Gabra-3 is evolutionarily conserved 

The A-to-I editing event in the Gabra-3 transcript was found to be evolutionarily conserved 

from chicken to man. However, in species like frog and pufferfish a genomically encoded G 

is present at the same position as the I/M site in the genome, mimicking a permanently edited 

site. Sequence alignments revealed that the nucleotide sequence surrounding the I/M site is 

conserved between the species that are edited at the I/M site. This indicates that there is an 

evolutionary pressure to preserve the nucleotide sequence to maintain the dsRNA structure 

required for editing. Species like frog and pufferfish that code for a methionine at the I/M site, 

frequently have a nucleotide difference at the third position of the codon. One can speculate 

that the original codon was a methionine at this site that was later mutated to a codon for 

isoleucine.  In theory, the RNA editing machinery could have rescued this mutation on the 

RNA level so that the amino acid was reverted to a methionine. The editing frequency of 

Gabra-3 is close to 100% in the adult mouse brain, indicating that most of the translated α3 

subunits are edited, thus with a methionine at the I/M site. Intriguingly, the editing level of the 

Gabra-3, like most other site-selectively edited substrates, is developmentally regulated. This 

implicates that the non-edited α3 subunits have gained a function over time that could be 

important in early development. 
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Editing of Gabra-3 affects the number of GABAA receptors presented at the cell surface 

Transient transfections of an edited α3(M) or non-edited α3(I) together with additional 

subunits were carried out in HEK293 cells. Immunostaining of the cells revealed that the 

number of GABAA receptors comprised of the edited α3(M) was reduced at the cell surface 

compared to the non-edited receptors. Further, the biotinylation of cell surface bound α3 gave 

the same result. These results indicate that GABAA receptors containing an edited α3(M) are 

less stable at the cell surface and/or transported to the plasma membrane at a different rate 

than receptors comprised of the non-edited α3(I). Western blot analysis of the total amount of 

α3 proteins in the transfected cells showed a reduction in the total protein concentration of 

α3(M) compared to the α3(I). However, the reduced amount of total α3(M) was less 

prominent, than the reduction of α3(M) observed at the cell surface. The proteasome is a 

well-characterized large protein complex that degrades misfolded or dispensable proteins in 

the cell. We analyzed if the number of α3(M) subunits at the cell surface increased upon 

inhibition of the proteasome. Our result demonstrated that the cell surface number of α3(M) 

did not increase upon proteosome inhibition. GABAA Receptors being presented at the cell 

surface have a turnover rate and are internalized and recycled back to the cell surface or 

degraded via the lysosomal pathway. The lysosome is a cellular organelle that degrades 

proteins that have been presented at the cell surface. We inhibited the lysosome and 

investigated if the degradation of α3(M) subunit occurred via this pathway. Indeed, we found 

an increase of the α3(M) levels at the cell surface after inhibition of the lysosomal 

degradation pathway. Our results indicate that GABAA receptors comprised of α3(M) are 

internalized more efficiently and are not recycled back to the cell surface to the same extent as 

α3(I) containing receptors. However, these results cannot exclude the possibility that the 

reduced membrane bound α3(M) is also due to a less efficient receptor assembly compared to 

assembly with the α3(I) subunit. Furthermore, to determine if the methionine in TM3 of the 

α3 subunit was not specific for the α3 subunit, a mutation in the α1 subunit (I315M) at the 

corresponding position to the α3 I/M was made. Interestingly, GABAA receptors with mutated 

α1 (I315M) displayed reduced cell surface numbers similar to what was observed for the 

α3(M) subunit. These findings support the evidence that the TM3 segment in the α subunits is 

important for receptor trafficking. 
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A switch from the alpha3 to the alpha1 subunit during brain development  

During embryogenesis GABAA receptors are responsible for excitatory signaling due to a 

high intracellular Cl- concentration (Ben-Ari, 2002). During this period the α3 subunit is 

highly expressed.  In the course of brain development the GABAA receptors start to become 

inhibitory as a result of up regulation of co-transporters that lowers the Cl- concentration 

within the cell. The switch of GABAA receptors from being excitatory to inhibitory is also 

reflected in the subunit composition, where the receptor constellation containing the α1 

subunit is most common in the mature brain. We have shown with the 454-sequencing 

technology that the editing levels of the I/M site of Gabra-3 is developmentally regulated with 

low editing levels during early brain development that increases with age. Western blot 

analysis of α3 levels during development of the mouse brain showed a reduction in the 

amount of α3. Our data indicate that the increase in editing efficiency during maturation of 

the brain is in accordance with the decrease in α3 protein levels observed during brain 

development. One plausible functional consequence of the editing event in the transcript of 

α3 is therefore to facilitate the switch from α3 containing GABAA receptors to α1 containing 

receptors, by lowering the number of the α3. 

 

 

Paper IV  

The aim of this study was to analyze the subcellular localization the ADAR enzymes during 

differentiation of neurons in vitro. In paper I, we observed that site-selective RNA editing is 

developmentally regulated, with increased editing efficiency in substrates during mouse brain 

maturation. Since the ADAR enzymes were promptly expressed at embryonic day 15, (when 

editing levels generally are low), other factors that affect the editing activity are most likely 

involved. One possible explanation for the low editing levels in the immature brain is that 

ADAR enzymes and substrates have different subcellular compartments. In this study we 

established an in vitro system were we cultured cortical neurons from embryonic mouse 

brains (E17), to analyze the localization of the ADAR enzymes. 
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Results and discussion 
 
Increased site-selective editing during differentiation of neurons in culture 

Neurons from embryonic brain at E17 were differentiated over a period of 14 days in vitro 

(DIV 14). We analyzed the editing levels of a set of site-selectively edited substrates (Gabra-

3, serotonin 5-HT2C and Adar2) and found that the editing levels in these substrates increased 

during differentiation of the neurons. The gradual increase in editing frequency in these 

substrates was similar to the editing levels observed during brain development (paper 1). We 

assume that the increase in editing levels during neuronal differentiation in vitro occurs on all 

site-selectively edited substrates. This assumption suggests that the activity of the ADAR 

enzymes is regulated during differentiation in vitro. This in vitro system of neuronal growth 

that resembles the development of the mouse brain (regarding editing activity) allowed us to 

study both the protein levels and the localization of ADAR at different time points during 

neuronal maturation. 

 

 

Constant ADAR protein levels during differentiation of neurons 

To ensure that the increase in editing was not caused by an increase in ADAR protein levels, 

western blot analysis was carried at different time-points during the differentiation period of 

the neurons. The protein levels of both the inducible ADAR1 p150 and the constitutively 

expressed ADAR1 p110 appeared to be constant during the culturing period. Further, there 

was no indication that the protein level of the ADAR2 enzyme increased during the 

differentiation period. Thus, no correlation between editing levels and protein levels of the 

ADAR enzymes could be found, it is therefore unlikely that the ADAR protein levels regulate 

editing levels during neuronal maturation in vitro. 

 

 

A change in the subcellular localization of the ADAR enzymes during neuronal differentiation 

Since the ADAR concentrations cannot explain the increase in editing levels, it prompted us 

to determine the localization of the ADAR enzymes during the differentiation. Accordingly, a 

different subcellular localization of the ADAR proteins in the immature culture than in the 

mature culture could be one explanation for the regulated editing observed. Immunostaining 

of ADAR1 in neurons at different days in vitro was performed. It is known that ADAR1p150 

can shuttle between the nucleus and the cytoplasm whereas ADAR1p110 is mostly present in 
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the nucleus. We found that the ADAR1 enzymes became more prominent in the nucleus 

during the differentiation period, which coincides with the increase in editing levels. ADAR2 

localizes to the nucleus. Nevertheless, we found that the ADAR2 enzyme was also expressed 

to some extent within the cytoplasm. The cytoplasmic presence of ADAR2 was most 

prominent in the immature neuronal culture, when the editing levels are low. Our result 

suggests that during neuronal differentiation, the localization of ADAR2 changes and the 

enzyme become more prominent in the nucleus. This result may explain the increase in 

editing levels during differentiation. Previous studies have shown that ADAR2 associates 

with the nucleolus (Desterro et al, 2003; Sansam et al, 2003). In the immature neuronal 

culture, we cannot confirm a nucleolar localization of ADAR2. However, we observed an 

increased accumulation of ADAR2 in the nucleolus with days in vitro. The nucleolar 

association of ADAR2 is a highly dynamic processes and it has been suggested that the 

nucleolar sequestering of the enzyme prevents aberrant editing. Earlier studies have also 

shown that disruption of the nucleolar association leads to an increase in RNA editing levels 

(Sansam et al, 2003). However, in our preliminary data from neuronal cells were ADAR2 is 

dissociated from the nucleolus, we do not see any changes in editing levels of endogenous 

substrates analyzed. Nevertheless, we cannot exclude that the detection system we use, is not 

sensitive enough to detect small changes in editing frequency. Also, ADAR1 has previously 

been observed to localize to the nucleolar compartment. Although, we do not see that ADAR1 

associates the nucleolus to the same extent as ADAR2 in differentiated neurons. The precise 

role of the nucleolar compartmentalization of the ADAR enzymes and how it is related to 

editing levels is still to be elucidated. An intriguing hypothesis is that the nucleolar 

concentration of ADAR enzymes is only an effect of an increase in the nuclear concentration 

of the ADAR proteins. 
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Future perspectives  
 
It is of great interest to understand the underlying mechanism that controls the ADAR activity 

during brain development. The knowledge of how RNA editing is regulated is a medical 

issue, since changes in editing activity is linked to several brain disorders (Kawahara et al, 

2004; Maas et al, 2001; Sodhi et al, 2001). From our studies, we suggest that the subcellular 

compartmentalization of the ADAR enzymes during brain development is an explanation to 

the regulation of site-selective RNA editing. Post-translational modifications of the ADAR 

enzymes, such as phosphorylation, could affect the localization and the enzymatic activity of 

the proteins. A follow up study where ADAR1 and ADAR2 are immunoprecipitated from an 

embryonic mouse brain (when the editing levels are low) as well as an adult mouse brain 

(when editing levels are high) would be of relevance. Analyzes of precipitated ADAR 

proteins from the embryonic brain and the adult brain could reveal posttranslational 

modifications that are key for the regulated editing activity during mammalian brain 

development. 

Regarding the editing event in the α3 subunit, it is of interest to elucidate whether the Ile to 

Met change upon editing, affects receptor assembly. Our study, regarding the functional 

consequence of the editing event in Gabra-3 could not exclude that RNA editing of the α3 

subunit has an impact on receptor assembly. Earlier studies regarding the editing event in 

GluR-B, has revealed an effect on receptor assembly (Greger et al, 2003). Since the GABAA 

receptor is a pentamer with two α, two β and one γ subunit the receptor assemble so that one 

α subunit interacts with two β subunits on one side of the channel and one β and one γ subunit 

on the other side of the channel. Therefore it would be of interest to investigate if there is a 

difference in the interaction between the interface of an α:β subunit or α:γ when the α3 

subunit is edited. One way to elucidate this is to make concatamers, where linked α:β:γ and 

α:β subunits are transiently expressed in cells. If a permanently edited α3(M) subunits are 

used in different combinations, it can be elucidated if it is the α:β and or the α:γ interaction 

that editing impair. 
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så lika du och jag med våra ”ups and downs”. Får inte glömma bort de övriga personerna som 

håller till på plan 4 Marc, Monica, Widad, Shiva, Ylva, Gunnel, Margaretha, Tomas, Zhi 

och Uli som alla bidrar till en trevlig stämning. 
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Sedan beger vi oss neråt till plan 3 och här finns det finns ju några som har varit här sedan 

min tids begynnelse på denna institution; Viktoria, Sara, Åsa många roliga år tillsammans på 

molbio men nu böjar vi alla närmar oss den dagen då vi kommer att lämna institutionen.  

Sedan resten av alla på plan 3 som förgyller vardagen,  Helen (hon som inte har ett e i slutet 

av sitt namn), Neus, Rula, Micke, Josefin, Bitte-Marie, Solveig, Petra, Lars, Fredrik, 

Clara, Jamie (and the rest of the crew sorry guys I am bad with names). Våra sekreterare 

Marina och Christina.  

 
Sedan så har vi ju några ”nykomlingar” Johan my best the ARK friend, nu kommer ARKarna 
ARKiveras men inom oss finns musiken alltid levande. Nevin, yes I know I always steel the 
last milk, but there is a reason for it..I am waiting for the milkman to come; ) 
 
Som några sista ord till ”alla molbioare” från tidens ”begynnelse” till nu tack för att ni alla 
bidragit till att göra denna arbetsplats till ett varmt harmonisk och skojig ställe att jobba och 
umgås på. 
 
Vill passa på att nämna mina kära studentvänner från Uppsala, detta är nu slutet av en era för 
mig som vi alla påbörjade….ja en sådär 12 år sedan eller så. Gud vad skoj vi har haft under 
studietiden. Minnen för resten av livet. Om jag disputerar nu betyder det att studenttiden är 
över för alltid???  
 
Mina fantastiska barndomsvänner (skrivna i den ordning efter tiden vi träffades). Ullis, Milly, 
Carin och Malin. Jag är så glad att vi fortfarande håller ihop efter en sådär 20-30 år 
tillsammans. En vänskap som jag hoppas varar livet ut.  
 
Min allra bästa springkompis och fd granne,  Björn, du vet väl att jag endast springer med dig 
för att……... du är så långsam och då kan jag känna mig bra ; ).Tack för allt du hjälpt mig 
med och alla roliga pratstunder i spåret som underlättar i vardagen. 
 
Och alla mina övriga vänner som jag träffat genom åren som gjort livet extra värt att leva. 
 
Min familj, mamma Louise och pappa Jan och min syster Therese. Tack för att ni finns där 
för mig. 
 
Henke nu är det äntligen min tur att ro hem avhandlingen, vi har båda ”doktorsvägen” 
vandrat. Tack för att du ställt upp på sista tiden. 
 
Sist men inte minst min dotter Saga, med din värme och närhet kan du alltid få mig att skratta 
och le. Du gör så att livet verkligen får en mening. 
 
 



 50 

References 
[Anon], Consortium CeS (1998) Genome sequence of the nematode C-elegans: A platform 
for investigating biology. Science 282(5396): 2012-2018 

Agranat L, Sperling J, Sperling R (2010) A novel tissue-specific alternatively spliced form of 
the A-to-I RNA editing enzyme ADAR2. RNA Biol 7(2): 253-262 

Aruscavage PJ, Bass BL (2000) A phylogenetic analysis reveals an unusual sequence 
conservation within introns involved in RNA editing. Rna 6(2): 257-269 

Athanasiadis A, Rich A, Maas S (2004) Widespread A-to-I RNA editing of Alu-containing 
mRNAs in the human transcriptome. PLoS Biol 2(12): e391 

Basilio C, Wahba AJ, Lengyel P, Speyer JF, Ochoa S (1962) Synthetic polynucleotides and 
the amino acid code. V. Proc Natl Acad Sci U S A 48: 613-616 

Bass BL (2002) RNA editing by adenosine deaminases that act on RNA. Annu Rev Biochem 
71: 817-846 

Bass BL, Weintraub H (1987) A developmentally regulated activity that unwinds RNA 
duplexes. Cell 48(4): 607-613 

Ben-Ari Y (2002) Excitatory actions of gaba during development: the nature of the nurture. 
Nat Rev Neurosci 3(9): 728-739 

Ben-Ari Y, Gaiarsa JL, Tyzio R, Khazipov R (2007) GABA: a pioneer transmitter that excites 
immature neurons and generates primitive oscillations. Physiol Rev 87(4): 1215-1284 

Benne R, Van den Burg J, Brakenhoff JP, Sloof P, Van Boom JH, Tromp MC (1986) Major 
transcript of the frameshifted coxII gene from trypanosome mitochondria contains four 
nucleotides that are not encoded in the DNA. Cell 46(6): 819-826 

Bentley DL (2005) Rules of engagement: co-transcriptional recruitment of pre-mRNA 
processing factors. Current Opinion in Cell Biology 17(3): 251-256 

Berg KA, Cropper JD, Niswender CM, Sanders-Bush E, Emeson RB, Clarke WP (2001) 
RNA-editing of the 5-HT2C receptor alters agonist-receptor-effector coupling specificity. 
British Journal of Pharmacology 134(2): 386-392 

Bhalla T, Rosenthal JJ, Holmgren M, Reenan R (2004) Control of human potassium channel 
inactivation by editing of a small mRNA hairpin. Nat Struct Mol Biol 11(10): 950-956 

Blanc V, Davidson NO (2010) Apobec-1-Mediated Rna Editing. Wiley Interdisciplinary 
Reviews-Systems Biology and Medicine 2(5): 594-602 

Blow M, Futreal PA, Wooster R, Stratton MR (2004) A survey of RNA editing in human 
brain. Genome Res 14(12): 2379-2387 

 



 51 

Blow MJ, Grocock RJ, van Dongen S, Enright AJ, Dicks E, Futreal PA, Wooster R, Stratton 
MR (2006) RNA editing of human microRNAs. Genome Biology 7(4): - 

Borges K, Dingledine R (1998) AMPA receptors: Molecular and functional diversity. 
Glutamate Synapse as a Therapeutical Target: Molecular Organization and Pathology of the 
Glutamate Synapse 116: 153-170 

Bratt E, Öhman M (2003) Coordination of editing and splicing of glutamate receptor pre-
mRNA. RNA 9(3): 309-318 

Brusa R, Zimmermann F, Koh DS, Feldmeyer D, Gass P, Seeburg PH, Sprengel R (1995) 
Early-onset epilepsy and postnatal lethality associated with an editing- deficient GluR-B 
allele in mice. Science 270(5242): 1677-1680 

Burns CM, Chu H, Rueter SM, Hutchinson LK, Canton H, Sanders-Bush E, Emeson RB 
(1997) Regulation of serotonin-2C receptor G-protein coupling by RNA editing. Nature 
387(6630): 303-308. 

Bycroft M, Proctor M, Freund SM, St Johnston D (1995) Assignment of the backbone 
1H,15N,13C NMR resonances and secondary structure of a double-stranded RNA binding 
domain from the Drosophila protein staufen. FEBS Lett 362(3): 333-336 

Chen CX, Cho DS, Wang Q, Lai F, Carter KC, Nishikura K (2000) A third member of the 
RNA-specific adenosine deaminase gene family, ADAR3, contains both single- and double-
stranded RNA binding domains. RNA 6(5): 755-767 

Chen LL, DeCerbo JN, Carmichael GG (2008) Alu element-mediated gene silencing. Embo 
Journal 27(12): 1694-1705 

Chilibeck KA, Wu T, Liang C, Schellenberg MJ, Gesner EM, Lynch JM, MacMillan AM 
(2006) FRET analysis of in vivo dimerization by RNA-editing enzymes. Journal of 
Biological Chemistry 281(24): 16530-16535 

Cho DS, Yang W, Lee JT, Shiekhattar R, Murray JM, Nishikura K (2003) Requirement of 
dimerization for RNA editing activity of adenosine deaminases acting on RNA. J Biol Chem 
278(19): 17093-17102 

Collins FS, Lander ES, Rogers J, Waterston RH, Conso IHGS (2004) Finishing the 
euchromatic sequence of the human genome. Nature 431(7011): 931-945 

Conticello SG (2008) The AID/APOBEC family of nucleic acid mutators. Genome Biology 
9(6): - 

Cromer BA, Morton CJ, Parker MW (2002) Anxiety over GABA(A) receptor structure 
relieved by AChBP. Trends Biochem Sci 27(6): 280-287 

Dawson TR, Sansam CL, Emeson RB (2004) Structure and sequence determinants required 
for the RNA editing of ADAR2 substrates. J Biol Chem 279(6): 4941-4951 

 



 52 

Desterro JM, Keegan LP, Jaffray E, Hay RT, O'Connell MA, Carmo-Fonseca M (2005) 
SUMO-1 modification alters ADAR1 editing activity. Mol Biol Cell 16(11): 5115-5126 

Desterro JM, Keegan LP, Lafarga M, Berciano MT, O'Connell M, Carmo-Fonseca M (2003) 
Dynamic association of RNA-editing enzymes with the nucleolus. J Cell Sci 116(Pt 9): 1805-
1818 

Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate receptor ion channels. 
Pharmacological Reviews 51(1): 7-61 

Dolly JO, Parcej DN (1996) Molecular properties of voltage-gated K+ channels. Journal of 
Bioenergetics and Biomembranes 28(3): 231-253 

Ensterö M, Åkerborg O, Lundin D, Wang B, Furey TS, Öhman M, Lagergren J (2010) A 
computational screen for site selective A-to-I editing detects novel sites in neuron specific Hu 
proteins. BMC Bioinformatics 11(1): 6 

Farrant M, Kaila K (2007) The cellular, molecular and ionic basis of GABA(A) receptor 
signalling. Prog Brain Res 160: 59-87 

Feng Y, Sansam CL, Singh M, Emeson RB (2006) Altered RNA editing in mice lacking 
ADAR2 autoregulation. Mol Cell Biol 26(2): 480-488 

Fitzgerald LW, Iyer G, Conklin DS, Krause CM, Marshall A, Patterson JP, Tran DP, Jonak 
GJ, Hartig PR (1999) Messenger RNA editing of the human serotonin 5-HT2C receptor. 
Neuropsychopharmacology 21(2 Suppl): 82S-90S 

Flomen R, Knight J, Sham P, Kerwin R, Makoff A (2004) Evidence that RNA editing 
modulates splice site selection in the 5-HT2C receptor gene. Nucleic Acids Res 32(7): 2113-
2122 

Gallo A, Keegan LP, Ring GM, O'Connell MA (2003) An ADAR that edits transcripts 
encoding ion channel subunits functions as a dimer. EMBO J 22(13): 3421-3430 

George CX, Gan ZJ, Liu Y, Samuel CE (2011) Adenosine Deaminases Acting on RNA, RNA 
Editing, and Interferon Action. Journal of Interferon and Cytokine Research 31(1): 99-117 

George CX, Samuel CE (1999) Characterization of the 5 '-flanking region of the human 
RNA-specific adenosine deaminase ADAR1 gene and identification of an interferon-
inducible ADAR1 promoter. Gene 229(1-2): 203-213 

Gerber A, OConnell MA, Keller W (1997) Two forms of human double-stranded RNA-
specific editase 1 (hRED1) generated by the insertion of an Alu cassette. Rna-a Publication of 
the Rna Society 3(5): 453-463 

Gerber AP, Keller W (2001) RNA editing by base deamination: more enzymes, more targets, 
new mysteries. Trends Biochem Sci 26(6): 376-384 

Greger IH, Khatri L, Kong X, Ziff EB (2003) AMPA receptor tetramerization is mediated by 
Q/R editing. Neuron 40(4): 763-774 

 



 53 

Greger IH, Khatri L, Ziff EB (2002) RNA editing at arg607 controls AMPA receptor exit 
from the endoplasmic reticulum. Neuron 34(5): 759-772 

Gromova I, Gromov P, Celis JE (2002) bc10: A novel human bladder cancer-associated 
protein with a conserved genomic structure downregulated in invasive cancer. International 
Journal of Cancer 98(4): 539-546 

Gurevich I, Tamir H, Arango V, Dwork AJ, Mann JJ, Schmauss C (2002) Altered editing of 
serotonin 2C receptor pre-mRNA in the prefrontal cortex of depressed suicide victims. 
Neuron 34(3): 349-356 

Hamilton CE, Papavasiliou FN, Rosenberg BR (2010) Diverse functions for DNA and RNA 
editing in the immune system. Rna Biology 7(2): 220-228 

Hartner JC, Schmittwolf C, Kispert A, Muller AM, Higuchi M, Seeburg PH (2004) Liver 
disintegration in the mouse embryo caused by deficiency in the RNA-editing enzyme 
ADAR1. J Biol Chem 279(6): 4894-4902 

Hartner JC, Walkley CR, Lu J, Orkin SH (2009) ADAR1 is essential for the maintenance of 
hematopoiesis and suppression of interferon signaling (vol 10, pg 109, 2009). Nature 
Immunology 10(5): 551-551 

Hay RT (2005) Sumo: A History of Modification. Molecular Cell 18(1): 1-12 

Heisler LK, Zhou L, Bajwa P, Hsu J, Tecott LH (2007) Serotonin 5-HT2C receptors regulate 
anxiety-like behavior. Genes Brain and Behavior 6(5): 491-496 

Herb A, Higuchi M, Sprengel R, Seeburg PH (1996) Q/R site editing in kainate receptor 
GluR5 and GluRG pre-mRNAs requires distant intronic sequences. Proceedings of the 
National Academy of Sciences of the United States of America 93(5): 1875-1880 

Herbert A, Alfken J, Kim YG, Mian IS, Nishikura K, Rich A (1997) A Z-DNA binding 
domain present in the human editing enzyme, double-stranded RNA adenosine deaminase. 
Proceedings of the National Academy of Sciences of the United States of America 94(16): 
8421-8426 

Higuchi M, Maas S, Single FN, Hartner J, Rozov A, Burnashev N, Feldmeyer D, Sprengel R, 
Seeburg PH (2000) Point mutation in an AMPA receptor gene rescues lethality in mice 
deficient in the RNA-editing enzyme ADAR2. Nature 406(6791): 78-81 

Higuchi M, Single FN, Kohler M, Sommer B, Sprengel R, Seeburg PH (1993) RNA editing 
of AMPA receptor subunit GluR-B: a base-paired intron-exon structure determines position 
and efficiency. Cell 75(7): 1361-1370. 

Hinman MN, Lou H (2008) Diverse molecular functions of Hu proteins. Cell Mol Life Sci 
65(20): 3168-3181 

Hoopengardner B, Bhalla T, Staber C, Reenan R (2003) Nervous system targets of RNA 
editing identified by comparative genomics. Science 301(5634): 832-836 

 



 54 

Hundley HA, Krauchuk AA, Bass BL (2008) C. elegans and H. sapiens mRNAs with edited 
3' UTRs are present on polysomes. RNA 14(10): 2050-2060 

Kawahara Y, Ito K, Ito M, Tsuji S, Kwak S (2005) Novel splice variants of human ADAR2 
mRNA: skipping of the exon encoding the dsRNA-binding domains, and multiple C-terminal 
splice sites. Gene 363: 193-201 

Kawahara Y, Ito K, Sun H, Aizawa H, Kanazawa I, Kwak S (2004) Glutamate receptors: 
RNA editing and death of motor neurons. Nature 427(6977): 801-801 

Kawahara Y, Zinshteyn B, Chendrimada TP, Shiekhattar R, Nishikura K (2007a) RNA 
editing of the microRNA-151 precursor blocks cleavage by the Dicer-TRBP complex. Embo 
Reports 8(8): 763-769 

Kawahara Y, Zinshteyn B, Sethupathy P, Iizasa H, Hatzigeorgiou AG, Nishikura K (2007b) 
Redirection of silencing targets by adenosine-to-inosine editing of miRNAs. Science 
315(5815): 1137-1140 

Keegan LP, Brindle J, Gallo A, Leroy A, Reenan RA, O'Connell MA (2005) Tuning of RNA 
editing by ADAR is required in Drosophila. EMBO J 24(12): 2183-2193 

Keegan LP, Gallo A, O'Connell MA (2001) The many roles of an RNA editor. Nat Rev Genet 
2(11): 869-878 

Kharrat A, Macias MJ, Gibson TJ, Nilges M, Pastore A (1995) Structure of the dsRNA 
binding domain of E. coli RNase III. EMBO J 14(14): 3572-3584 

Kim DDY, Kim TTY, Walsh T, Kobayashi Y, Matise TC, Buyske S, Gabriel A (2004) 
Widespread RNA editing of embedded Alu elements in the human transcriptome. Genome 
Research 14(9): 1719-1725 

Kim U, Wang Y, Sanford T, Zeng Y, Nishikura K (1994) Molecular cloning of cDNA for 
double-stranded RNA adenosine deaminase, a candidate enzyme for nuclear RNA editing. 
Proc Natl Acad Sci U S A 91(24): 11457-11461 

Klaue Y, Källman AM, Bonin M, Nellen W, Öhman M (2003) Biochemical analysis and 
scanning force microscopy reveal productive and nonproductive ADAR2 binding to RNA 
substrates. RNA 9(7): 839-846 

Knight SW, Bass BL (2002) The role of RNA editing by ADARs in RNAi. Molecular Cell 
10(4): 809-817 

Knoop V (2001) When you can't trust the DNA: RNA editing changes transcript sequences. 
Cell Mol Life Sci 68(4): 567-586 

Källman AM, Sahlin M, Öhman M (2003) ADAR2 A-->I editing: site selectivity and editing 
efficiency are separate events. Nucleic Acids Res 31(16): 4874-4881 

 



 55 

Lai F, Chen CX, Carter KC, Nishikura K (1997) Editing of glutamate receptor B subunit ion 
channel RNAs by four alternatively spliced DRADA2 double-stranded RNA adenosine 
deaminases. Molecular and Cellular Biology 17(5): 2413-2424 

Lehmann KA, Bass BL (1999) The importance of internal loops within RNA substrates of 
ADAR1. J Mol Biol 291(1): 1-13 

Lehmann KA, Bass BL (2000) Double-stranded RNA adenosine deaminases ADAR1 and 
ADAR2 have overlapping specificities. Biochemistry 39(42): 12875-12884 

Lev-Maor G, Goren A, Sela N, Kim E, Keren H, Doron-Faigenboim A, Leibman-Barak S, 
Pupko T, Ast G (2007) The ''alternative'' choice of constitutive exons throughout evolution. 
Plos Genetics 3(11): 2221-2234 

Lev-Maor G, Ram O, Kim E, Sela N, Goren A, Levanon EY, Ast G (2008) Intronic Alus 
Influence Alternative Splicing. Plos Genetics 4(9): - 

Levanon EY, Eisenberg E, Yelin R, Nemzer S, Hallegger M, Shemesh R, Fligelman ZY, 
Shoshan A, Pollock SR, Sztybel D, Olshansky M, Rechavi G, Jantsch MF (2004) Systematic 
identification of abundant A-to-I editing sites in the human transcriptome. Nat Biotechnol 
22(8): 1001-1005 

Levanon EY, Hallegger M, Kinar Y, Shemesh R, Djinovic-Carugo K, Rechavi G, Jantsch 
MF, Eisenberg E (2005) Evolutionarily conserved human targets of adenosine to inosine 
RNA editing. Nucleic Acids Res 33(4): 1162-1168 

Li JB, Levanon EY, Yoon JK, Aach J, Xie B, Leproust E, Zhang K, Gao Y, Church GM 
(2009) Genome-wide identification of human RNA editing sites by parallel DNA capturing 
and sequencing. Science 324(5931): 1210-1213 

Liu Y, George CX, Patterson JB, Samuel CE (1997) Functionally distinct double-stranded 
RNA-binding domains associated with alternative splice site variants of the interferon-
inducible double-stranded RNA-specific adenosine deaminase. Journal of Biological 
Chemistry 272(7): 4419-4428 

Liu Y, Lei M, Samuel CE (2000) Chimeric double-stranded RNA-specific adenosine 
deaminase ADAR1 proteins reveal functional selectivity of double-stranded RNA-binding 
domains from ADAR1 and protein kinase PKR. Proc Natl Acad Sci U S A 97(23): 12541-
12546 

Lomeli H, Mosbacher J, Melcher T, Hoger T, Geiger JR, Kuner T, Monyer H, Higuchi M, 
Bach A, Seeburg PH (1994) Control of kinetic properties of AMPA receptor channels by 
nuclear RNA editing. Science 266(5191): 1709-1713 

Luciano DJ, Mirsky H, Vendetti NJ, Maas S (2004) RNA editing of a miRNA precursor. Rna-
a Publication of the Rna Society 10(8): 1174-1177 

Lykke-Andersen S, Pinol-Roma S, Kjems J (2007) Alternative splicing of the ADAR1 
transcript in a region that functions either as a 5'-UTR or an ORF. RNA 13(10): 1732-1744 

 



 56 

Maas S, Gommans WM (2009) Novel exon of mammalian ADAR2 extends open reading 
frame. PLoS One 4(1): e4225 

Maas S, Patt S, Schrey M, Rich A (2001) Underediting of glutamate receptor GluR-B mRNA 
in malignant gliomas. Proceedings of the National Academy of Sciences of the United States 
of America 98(25): 14687-14692 

Macbeth MR, Lingam AT, Bass BL (2004) Evidence for auto-inhibition by the N terminus of 
hADAR2 and activation by dsRNA binding. RNA 10(10): 1563-1571 

Macbeth MR, Schubert HL, VanDemark AP, Lingam AT, Hill CP, Bass BL (2005) Inositol 
hexakisphosphate is bound in the ADAR2 core and required for RNA editing. Science 
309(5740): 1534-1539 

Melcher T, Maas S, Herb A, Sprengel R, Higuchi M, Seeburg PH (1996a) RED2, a brain-
specific member of the RNA-specific adenosine deaminase family. Journal of Biological 
Chemistry 271(50): 31795-31798 

Melcher T, Maas S, Herb A, Sprengel R, Seeburg PH, Higuchi M (1996b) A mammalian 
RNA editing enzyme. Nature 379(6564): 460-464. 

Morse DP, Aruscavage PJ, Bass BL (2002) RNA hairpins in noncoding regions of human 
brain and Caenorhabditis elegans mRNA are edited by adenosine deaminases that act on 
RNA. Proc Natl Acad Sci U S A 99(12): 7906-7911 

Neeman Y, Levanon EY, Jantsch MF, Eisenberg E (2006) RNA editing level in the mouse is 
determined by the genomic repeat repertoire. RNA 12(10): 1802-1809 

Nishikura K (2006) Editor meets silencer: crosstalk between RNA editing and RNA 
interference. Nature Reviews Molecular Cell Biology 7(12): 919-931 

Nishikura K (2007) RNA editing of microRNAs. Faseb Journal 21(5): A211-A211 

Nishikura K (2010) Functions and regulation of RNA editing by ADAR deaminases. Annu 
Rev Biochem 79: 321-349 

Nishikura K, Yoo C, Kim U, Murray JM, Estes PA, Cash FE, Liebhaber SA (1991) Substrate 
specificity of the dsRNA unwinding/modifying activity. EMBO J 10(11): 3523-3532 

Niswender CM, Herrick-Davis K, Dilley GE, Meltzer HY, Overholser JC, Stockmeier CA, 
Emeson RB, Sanders-Bush E (2001) RNA editing of the human serotonin 5-MT2C receptor: 
Alterations in suicide and implications for serotonergic pharmacotherapy. 
Neuropsychopharmacology 24(5): 478-491 

Oconnell MA, Krause S, Higuchi M, Hsuan JJ, Totty NF, Jenny A, Keller W (1995) Cloning 
of Cdnas Encoding Mammalian Double-Stranded Rna-Specific Adenosine-Deaminase. 
Molecular and Cellular Biology 15(3): 1389-1397 

Ohlson J, Pedersen JS, Haussler D, Öhman M (2007) Editing modifies the GABA(A) receptor 
subunit alpha3. RNA 13(5): 698-703 

 



 57 

Ohta H, Fujiwara M, Ohshima Y, Ishihara T (2008) ADBP-1 Regulates an ADAR RNA-
Editing Enzyme to Antagonize RNA-Interference-Mediated Gene Silencing in Caenorhabditis 
elegans. Genetics 180(2): 785-796 

Osenberg S, Yaacov NP, Safran M, Moshkovitz S, Shtrichman R, Sherf O, Jacob-Hirsch J, 
Keshet G, Amariglio N, Itskovitz-Eldor J, Rechavi G (2010) Alu Sequences in 
Undifferentiated Human Embryonic Stem Cells Display High Levels of A-to-I RNA Editing. 
Plos One 5(6): - 

Palavicini JP, O'Connell MA, Rosenthal JJ (2009) An extra double-stranded RNA binding 
domain confers high activity to a squid RNA editing enzyme. RNA 15(6): 1208-1218 

Palladino MJ, Keegan LP, O'Connell MA, Reenan RA (2000a) A-to-I pre-mRNA editing in 
Drosophila is primarily involved in adult nervous system function and integrity. Cell 102(4): 
437-449 

Palladino MJ, Keegan LP, O'Connell MA, Reenan RA (2000b) dADAR, a Drosophila 
double-stranded RNA-specific adenosine deaminase is highly developmentally regulated and 
is itself a target for RNA editing. Rna-a Publication of the Rna Society 6(7): 1004-1018 

Patterson JB, Samuel CE (1995) Expression and regulation by interferon of a double-
stranded-RNA-specific adenosine deaminase from human cells: evidence for two forms of the 
deaminase. Mol Cell Biol 15(10): 5376-5388 

Paz N, Levanon EY, Amariglio N, Heimberger AB, Ram Z, Constantini S, Barbash ZS, 
Adamsky K, Safran M, Hirschberg A, Krupsky M, Ben-Dov I, Cazacu S, Mikkelsen T, 
Brodie C, Eisenberg E, Rechavi G (2007) Altered adenosine-to-inosine RNA, editing in 
human cancer. Genome Research 17(11): 1586-1595 

Polson AG, Bass BL (1994) Preferential selection of adenosines for modification by double-
stranded RNA adenosine deaminase. EMBO J 13(23): 5701-5711 

Polson AG, Crain PF, Pomerantz SC, McCloskey JA, Bass BL (1991) The mechanism of 
adenosine to inosine conversion by the double-stranded RNA unwinding/modifying activity: a 
high-performance liquid chromatography-mass spectrometry analysis. Biochemistry 30(49): 
11507-11514 

Popowicz GM, Schleicher M, Noegel AA, Holak TA (2006) Filamins: promiscuous 
organizers of the cytoskeleton. Trends in Biochemical Sciences 31(7): 411-419 

Poulsen H, Jorgensen R, Heding A, Nielsen FC, Bonven B, Egebjerg J (2006) Dimerization 
of ADAR2 is mediated by the double-stranded RNA binding domain. Rna-a Publication of 
the Rna Society 12(7): 1350-1360 

Poulsen H, Nilsson J, Damgaard CK, Egebjerg J, Kjems J (2001) CRM1 mediates the export 
of ADAR1 through a nuclear export signal within the Z-DNA binding domain. Molecular and 
Cellular Biology 21(22): 7862-7871 

Prasanth KV, Prasanth SG, Xuan Z, Hearn S, Freier SM, Bennett CF, Zhang MQ, Spector DL 
(2005) Regulating gene expression through RNA nuclear retention. Cell 123(2): 249-263 

 



 58 

Rebagliati MR, Melton DA (1987) Antisense RNA injections in fertilized frog eggs reveal an 
RNA duplex unwinding activity. Cell 48(4): 599-605 

Riedmann EM, Schopoff S, Hartner JC, Jantsch MF (2008) Specificity of ADAR-mediated 
RNA editing in newly identified targets. RNA 14(6): 1110-1118 

Rosenthal JJ, Bezanilla F (2002) Extensive editing of mRNAs for the squid delayed rectifier 
K+ channel regulates subunit tetramerization. Neuron 34(5): 743-757 

Rueter SM, Dawson TR, Emeson RB (1999) Regulation of alternative splicing by RNA 
editing. Nature 399(6731): 75-80 

Rula EY, Lagrange AH, Jacobs MM, Hu N, Macdonald RL, Emeson RB (2008) 
Developmental modulation of GABA(A) receptor function by RNA editing. J Neurosci 
28(24): 6196-6201 

Ryman K, Fong N, Bratt E, Bentley DL, Öhman M (2007) The C-terminal domain of RNA 
Pol II helps ensure that editing precedes splicing of the GluR-B transcript. RNA 13(7): 1071-
1078 

Sakurai M, Yano T, Kawabata H, Ueda H, Suzuki T (2010) Inosine cyanoethylation identifies 
A-to-I RNA editing sites in the human transcriptome. Nat Chem Biol 6(10): 733-740 

Sansam CL, Wells KS, Emeson RB (2003) Modulation of RNA editing by functional 
nucleolar sequestration of ADAR2. Proc Natl Acad Sci U S A 100(24): 14018-14023 

Scadden ADJ, Smith CWJ (2001) Specific cleavage of hyper-edited dsRNAs. Embo Journal 
20(15): 4243-4252 

Schaub M, Keller W (2002) RNA editing by adenosine deaminases generates RNA and 
protein diversity. Biochimie 84(8): 791-803 

Schoft VK, Schopoff S, Jantsch MF (2007) Regulation of glutamate receptor B pre-mRNA 
splicing by RNA editing. Nucleic Acids Research 35(11): 3723-3732 

Seeburg PH, Hartner J (2003) Regulation of ion channel/neurotransmitter receptor function by 
RNA editing. Curr Opin Neurobiol 13(3): 279-283 

Seeburg PH, Higuchi M, Sprengel R (1998) RNA editing of brain glutamate receptor 
channels: mechanism and physiology. Brain Res Brain Res Rev 26(2-3): 217-229. 

Sodhi MS, Burnet PWJ, Makoff AJ, Kerwin RW, Harrison PJ (2001) RNA editing of the 5-
HT2C receptor is reduced in schizophrenia. Molecular Psychiatry 6(4): 373-379 

Sommer B, Kohler M, Sprengel R, Seeburg PH (1991) RNA editing in brain controls a 
determinant of ion flow in glutamate-gated channels. Cell 67(1): 11-19 

Spanggord RJ, Beal PA (2001) Selective binding by the RNA binding domain of PKR 
revealed by affinity cleavage. Biochemistry 40(14): 4272-4280 

 



 59 

Stefl R, Oberstrass FC, Hood JL, Jourdan M, Zimmermann M, Skrisovska L, Maris C, Peng 
L, Hofr C, Emeson RB, Allain FHT (2010) The Solution Structure of the ADAR2 dsRBM-
RNA Complex Reveals a Sequence-Specific Readout of the Minor Groove. Cell 143(2): 225-
237 

Stefl R, Xu M, Skrisovska L, Emeson RB, Allain FH (2006) Structure and specific RNA 
binding of ADAR2 double-stranded RNA binding motifs. Structure 14(2): 345-355 

Stephens OM, Haudenschild BL, Beal PA (2004) The binding selectivity of ADAR2's 
dsRBMs contributes to RNA-editing selectivity. Chem Biol 11(9): 1239-1250 

Tonkin LA, Bass BL (2003) Mutations in RNAi rescue aberrant chemotaxis of ADAR 
mutants. Science 302(5651): 1725-1725 

Tonkin LA, Saccomanno L, Morse DP, Brodigan T, Krause M, Bass BL (2002) RNA editing 
by ADARs is important for normal behavior in Caenorhabditis elegans. Embo Journal 21(22): 
6025-6035 

Toth AM, Li Z, Cattaneo R, Samuel CE (2009) RNA-specific adenosine deaminase ADAR1 
suppresses measles virus-induced apoptosis and activation of protein kinase PKR. J Biol 
Chem 284(43): 29350-29356 

Valente L, Nishikura K (2005) ADAR gene family and A-to-I RNA editing: Diverse roles in 
Posttranscriptional gene regulation. Progress in Nucleic Acid Research and Molecular 
Biology, Vol 79 79: 299-338 

Valente L, Nishikura K (2007) RNA binding-independent dimerization of adenosine 
deaminases acting on RNA and dominant negative effects of nonfunctional subunits on dimer 
functions. Journal of Biological Chemistry 282(22): 16054-16061 

Werry TD, Loiacono R, Sexton PM, Christopoulos A (2008) RNA editing of the serotonin 
5HT2C receptor and its effects on cell signalling, pharmacology and brain function. 
Pharmacol Ther 119(1): 7-23 

Vissel B, Royle GA, Christie BR, Schiffer HH, Ghetti A, Tritto T, Perez-Otano I, Radcliffe 
RA, Seamans J, Sejnowski T, Wehner JM, Collins AC, O'Gorman S, Heinemann SF (2001) 
The role of RNA editing of kainate receptors in synaptic plasticity and seizures. Neuron 
29(1): 217-227 

Vitali P, Basyuk E, Le Meur E, Bertrand E, Muscatelli F, Cavaille J, Huttenhofer A (2005) 
ADAR2-mediated editing of RNA substrates in the nucleolus is inhibited by C/D small 
nucleolar RNAs. Journal of Cell Biology 169(5): 745-753 

Wong SK, Sato S, Lazinski DW (2001) Substrate recognition by ADAR1 and ADAR2. RNA 
7(6): 846-858 

Zinshteyn B, Nishikura K (2009) Adenosine-to-inosine RNA editing. Wiley Interdisciplinary 
Reviews-Systems Biology and Medicine 1(2): 202-209 

Öhman M (2007) A-to-I editing challenger or ally to the microRNA process. Biochimie 
89(10): 1171-1176 



 60 

Öhman M, Källman AM, Bass BL (2000) In vitro analysis of the binding of ADAR2 to the 
pre-mRNA encoding the GluR-B R/G site. RNA 6(5): 687-697 

 

 

 
  

 


