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Abstract 
 
In this thesis I have studied the RNA molecule and its function and characteristics 

in the regulation of gene expression. I have focused on two events that are 

important for regulation of the transcriptome: Translational regulation  through 

micro RNAs; and RNA editing through adenosine deaminations.  

Micro RNAs (miRNAs) are ~22 nucleotides long RNA molecules that by semi 

complementarity bind to untranslated regions of a target messenger RNA (mRNA). 

The interaction manifests through an RNA/protein complex and act mainly by 

repressing translation of the target mRNA. I have shown that a pre-cursor miRNA 

molecule have significantly different information content of sequential 

composition of the two arms of the pre-cursor hairpin. I have also shown that 

sequential composition differs between species. 

Selective adenosine to inosine (A-to-I) RNA editing is a co-transcriptional process 

whereby highly specific adenosines in a (pre-)messenger transcript are 

deaminated to inosines. The deamination is carried out by the ADAR family of 

proteins and require a specific sequential and structural landscape for target 

recognition. Only a handful messenger substrates have been found to be site 

selectively edited in mammals. Still, most of these editing events have an impact 

on neurotransmission in the brain. 

In order to find novel substrates for A-to-I editing, an experimental setup was 

made to extract RNA targets of the ADAR2 enzyme. In concert with this 

experimental approach, I have constructed a computational screen to predict 

specific positions prone for A-to-I editing. 

Further, I have analyzed editing in the mouse brain at four different 

developmental stages by 454 amplicon sequencing™. With high resolution, data 

is presented supporting a general developmental regulation of A-to-I editing. I 

also show that data of editing events are coupled on single RNA transcripts, 

suggesting an A-to-I editing mechanism that involve ADAR dimers to act in 

concert. 
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RNA Ribonucleic acid 

DNA Deoxyribonucleic acid 

A Adenosine 

C Cytosine 

G Guanosine 

T Thymin 

U Uridine 

GluR Glutamate receptor 

5-HT2C Serotonin receptor 2C 

ds Double stranded 

GABA gamma-aminobutyric acid 

nt nucleotide(s) 

bp base pair(s) 

ADAR Adenosine deaminase acting on RNA 
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Introduction 

 

The multi-faceted RNA molecule: Characterization and 

function in the regulation of gene expression. 

 

RNA molecules was early in the history of molecular biology firmly introduced in 

the central dogma as the messenger molecule between the coding DNA and the 

interpreted protein. Deviants from this dogma was the transfer RNA and 

ribosomal RNA (tRNA and rRNA, respectively) that are actively involved in the 

protein synthesis. That RNA has more divergent tasks in the cellular machinery 

became obvious with the discoveries of the catalytic RNAs of self-splicing group 1 

introns and RNase P (Kruger et al., 1982) (Guerrier-Takada et al., 1983), 

respectively. In the last 15 years the concept of functional non-coding RNA has 

grown in its significance not only in an increasing number of different species of 

RNA but also the impact of the regulating capacities they possess. Hence, recent 

years have exposed numerous RNAs with other capabilities than a temporal 

information carrier mediating the DNA code for peptide synthesis. RNA has been 

shown to function both as an essential catalytic macromolecule as well as a 

regulatory molecule addressing sequence specific interactions that affect gene 

expression (Nissen et al., 2000) (Lee et al., 2001) (Kishore et al., 2006).  

In this thesis I will address two types of regulatory events where RNA plays a 

major role. 

In a number of family members, one of most the prominent example of non 

coding RNA is microRNAs (miRNAs). The miRNA interacts within a protein 

complex with messenger RNAs, preferably in their 3' UTR regions and thereby 

repress translation (Filipowicz et. al., 2008).  

The genetic code can also be fine-tuned by regulating the nucleotide composition 

of the messenger RNA. In site selective A-to-I editing, a deaminase enzyme 

targets specific adenosines within pre-mRNA fold back structures. Hence, the 

translation of messengers with single base substitutions can thereby increase the 

variety of the proteome. 
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miRNA 

 

MicroRNAs (miRNAs) mainly function in translational inhibition often by repetitive 

binding to the 3’ UTR. The miRNA act as the guide RNA within a protein complex, 

ribo-nucleoprotein particles (RNPs). Here, the 5’ portion (2-8 nucleotides) of the 

miRNA representing the “seed” sequence, act as a guide to miRNA recognition 

elements (MREs). The mechanisms of how the miRNP interaction with MRE:s 

influence regulation of gene expression is still surprisingly obscure but different 

ideas are reviewed in (Filipowicz et al.,  2008) and (Wu et al., 2008). 

Although not called miRNAs from start, the phenomena of repression of gene 

expression was discovered in C. elegans where the gene lin-4 was shown to 

timely regulate the expression of the protein lin-14 (Ambros et al., 1989). The 

regulatory function is now known to occur both at different developmental stages 

and during tissue specific differentiation. The realization that lin-4 acted as a 

small antisense RNA with complementary regions in the 3' UTR of lin-14 mRNA 

was discovered later (Lee et al., 1993). It took until the beginning of this decade 

for this class of RNA to formally explode in new discoveries (Lau et al., 2001) (Lee 

et al., 2001). Today, it is believed that more than a third of the human genes 

have target sequences for miRNAs (Lewis et al., 2005).  

 

Drosha 

 

MiRNAs are expressed via different processing steps where the primary miRNA 

transcripts (pri-miRNAs) first is recognized by the nuclear Drosha protein. Drosha 

cleaves the primary transcript into a shorter precursor miRNA (pre-miRNA) which 

is exported to the cytoplasm for further processing. The cytoplasmic Dicer trims 

the precursor down to a duplex of ~22 base pairs in length. One of the strands in 

the duplex is then incorporated into an RNP complex that suppresses target 

expression where the miRNA specifies the target recognition by the 5’ antisense 

seed sequence, see Figure 1. 

The complete picture of the miRNA biogenesis is however still not fully understood. 

The different proteins for different organisms involved in miRNA biogenesis is 

presented in Table 1. 

 

 

 



 17 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  
The nucleolytic cleavages of Drosha and Dicer is here shown to produce the miRNA::miRNA* duplex. 
Studies have shown that the apex loop contains >10 unpaired nucleotides for optimal processing by 
Drosha/Pasha. A terminal stem region of maximum 8 base pairs is preferred by Drosha. 

 

 

Vertebrate expression of miRNAs is known to originate from independent 

polymerase II transcripts that are initially processed as pri-miRNA molecules (Lee 

et al., 2004). Pri-miRNAs are ~1000 nucleotides long consisting of a signalling 

sub-structure generally called miRNA stem loop or miRNA hairpin.  

Mapping by directional cloning of the 5’- and 3’-ends shows that the pre-miRNA 

has a 2 nucleotides 3’-end overhang (Basyuk et al., 2003). This is an RNase III 

characteristic. The nuclease responsible for the nuclear processing was not known 

until 2003. The pri-miRNA is recognized by the RNase III endonuclease Drosha 

probably via the internal apex loop (Zeng et al., 2005) (Lee et al., 2003). Drosha 

has recently been shown to be associated with a variety of other proteins in the 

so-called microprocessor complex (Denli et al., 2004) (Gregory et al., 2004). 

Since Drosha also has essential functions in the rRNA biogenesis the major part of 

these interactions might be specific also for rRNA processing events. However, 

the Pasha (partner of Drosha) protein is supposedly prone for miRNA genesis. 

The mammalian homolog to Pasha is DGCR8 (DiGeorge syndrome chromosomal 

region 8). DGCR8, located in the DiGeorge syndrome locus, has one WW- and 

one double stranded RNA binding motif (Shiohama et al., 2003). The WW motif is 

thought to mediate protein-protein interactions via proline rich motifs of an 

interacting partner. A proline rich motif in the N-terminal domain of Drosha is 

supposedly the interacting region. The function of this partnership is speculative 

but is thought to address correct Drosha cleavage of the miRNA hairpin since 

Drosha alone  showed unspecific nuclease activity on an RNA construct (Gregory 

et al., 2004).  
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Organism Protein Function ref 
Plant (A. thaliana) Dicer-like 1 miRNA biogenesis Xie et. al., 2004 
 Dicer-like 2 siRNA biogenesis Xie et. al., 2004 
 Dicer-like 3 siRNA directing heterochromatin formation Xie et. al., 2004 
 AGO1 Core component of RISC, ”slicer” Vaucheret et. al., 2004. 
C.elegans Drosha Nuclear endonuclease, initializes trimming of the 

primary transcript 
Denli et. al., 2004 

 Pasha Partner of Drosha, co-ordinates Drosha cleavage Denli et. al., 2004 
 DCR-1 Cytoplasmic endonuclease, trims the precursor to 

the miRNA::miRNA* duplex 
Tabara et al., 2002 

D. melanogaster Drosha Nuclear endonuclease, initializes trimming of the 
primarytranscript 

Denli et. al., 2004 

 Pasha Partner of Drosha, co-ordinates Drosha cleavage Denli et. al., 2004 
 Dicer-1 miRNA biogenesis Bernstein et. al., 2001 
 Dicer-2 siRNA biogenesis, interacts with R2D2 Pham et. al., 2004. 
 R2D2 Involved in siRNA mature strand selection, 

interacts with Dicer-2 
Liu et. al., 2003 

 R3D1-L Possibly involved in miRNA biogenesis, essential 
interaction with Dicer-1 

Jiang et. al., 2005. 

 AGO1 Core component RISC, elusive function Okamura et. al., 2004 
 AGO2 Core component RISC, “slicer” Meister et. al., 2004. 
H. sapiens Drosha Nuclear endonuclease, initializes trimming of the 

primary transcript 
Lee et. al., 2003 

 Pasha/DGCR8 Partner of Drosha, co-ordinates Drosha cleavage Denli et. al., 2004 
Han et. al., 2004 

 Dicer Cytoplasmic endonuclease, trims the precursor to 
the miRNA::miRNA* duplex 

Hutvagner et. al., 2001 

 AGO1 Core component RISC, elusive function in miRNA 
biogenesis 

Meister et. al., 2004 

 AGO2 Core component RISC, “slicer” Meister et. al., 2004. 
 
Table 1. 
A compilation of some of the core proteins in the miRNA biogenesis. Adapted from Tang, 2005 (tang 
et al., 2005). 
 

The miRNAs mir-21, 27a, 30a, and 31 were tested for secondary structural 

preferences by Drosha (Zeng et al., 2005). Here, a loop size of a minimum of 10 

nucleotides seemed necessary for Drosha interaction and was, at least in the test 

set, sequence independent. Interestingly, all loops and some additional structural 

elements were found to be mispredicted by previous folding algorithms. The stem 

terminus of the hairpin has a preference of 8 base pairs for correct processing by 

Drosha, see Figure 1. An 18 base pairs extension abolished pre-miRNA expression. 

Further, de-stabilizing the region between the pre-miRNA and the hairpin termini 

severely affects the mature miRNA expression, (Zeng et al., 2005). Mutational 

analyses of this region indicate that it is the structural features rather than 

sequential that determine correct hairpin processing.  

Having features addressing optimal interaction with Drosha, leaves an RNaseIII 

characteristic of 2 nucleotides 3’ overhang, about 2 helical turns from the apex 

loop (Lee et al., 2003) (Zeng et al., 2004).  

The end-product, pre-miRNA, of the micro processing complex leaves a signature 

through the 3’ overhang to exportin-5 for shuttling to the cytoplasm (Yi et al., 

2003) and to Dicer for cytoplasmic processing.  
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Dicer 

 

The Drosha RNase III cleavage creating a 2 nucleotide 3’ overhang, directs 

further maturation in some crucial aspects. One is the recognition by Exportin-5, 

and secondly it leaves a canonical substrate for the Dicer class III RNase III 

through its PAZ domain. Dicer was the first enzyme shown to be involved in the 

let-7 biogenesis and later crucial for miRNA/RNAi gene supression, (Hutvagner et 

al., 2001). Depending on the species, Dicer is represented by either one or two 

proteins, see Table 1. Let-7 is an abundant phylogenetically conserved miRNA 

known to silence regulatory genes during early larva development in C. elegans 

(Reinhart et al., 2000) (Pasquinelli et al., 2000).  

The PAZ domain has been shown to be actively engaged in the interaction with 

the 2 nt 3’-overhangs in a sequence independent manner (Ma et al., 2004). The 

PAZ-domain interacts predominantly with the first 7 base(pairs) of the RNA strand 

in the 3’ -> 5’ orientation. The specific cleavage of the precursor, executed by 

Dicer and directed by the PAZ-domain, is believed to be a result of an 

intramolecular dimer, positioning one of the Dicer constituent catalytic cleavage 

sites to generate the miRNA::miRNA* (star) intermediate (Zhang et al., 2004a), 

see Figure 1. This further explained the difference between Dicer and a bacterial 

RNase III that does not dimerize thus leaving specific cleavage distributions 

around 10bp. 

In the siRNA maturation pathway (that shares many mechanisms with the miRNA 

maturation) Dicer-2 has been shown to act in coordination with the R2D2 protein 

in D. melanogaster for distinct orientation and correct loading of the siRNA to the  

RNA Induced Silencing Complex (RISC) and Ago2 (Tomari et al., 2004). Based on 

homology, a possible counterpart for the miRNA biogenesis is the R3D1-L protein 

that has been shown to interact with Dicer-1 and enhances miRNA expression in 

vitro (Jiang et al., 2005). Also, R3D1-L is required for normal fly development. 

The suggestion here is that R3D1-L take on the same function in miRNA 

biogenesis. 

  

RISC 

 

The end product of Dicer cleavage, miRNA::miRNA* duplex, is readily recognized 

by the multiprotein complex RISC. Key components of the RISC are the members 

of the Argonaute protein family – Ago1 and Ago2. Ago1 is thought to be prone for 

the miRNA pathway (non-cleaving RISC) (Okamura et al., 2004) and Ago2 has 

been shown to be the actual “slicer” in siRNA silencing (Liu et al., 2004). The 
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function of Ago2 is still elusive in the miRNA context since it does not induce 

cleavage and degradation of the targeted transcript. The Ago2 enzyme also has a 

PAZ-domain that can interact with the 2 nt 3’-end overhang (ma et al., 2004). 

RISC is thought to contain a helicase component which is presumed to be 

involved in the selection of the functional mature miRNA in the miRNA::miRNA 

(Tomari et al., 2004). However, unwinding by a RISC, containing helicase, is 

uncertain since it also co-immunoprecipitates with Dicer. Regardless, the choice is 

directed toward the strand that has the least stable 5’ end in the duplex. This 

mechanism of stand selection also holds for siRNA biogenesis (Krol et al., 2004) 

(Khvorova et al., 2003) (Schwarz et al., 2003). Hence, the mature miRNA can be 

encoded in either of the 2 arms separated by the apex loop in the precursor. The 

seed sequence of the mature miRNA is probably presented as target bait by RISC 

(Bartel, 2004). 

 

Plant – Animal distinctions in miRNA biogenesis 

 

The plant biogenesis of miRNAs is different in several aspects, even speculated to 

be of independent evolutionary origin (Bartel, 2004). First of all, plants lack any 

Drosha homologs. The endonucleolytic intermediate processing steps to produce a 

mature miRNA is believed to be due to a Dicer like protein, DCL1. DCL1 has 

mantled both Drosha and Dicer nucleolytic processing in the nucleus (Kurihara et 

al., 2004). Hence, the metazoan processing steps selectively acting in the nucleus 

and cytoplasm by Drosha and Dicer respectively is in plants coordinated by DCL1 

alone. Consequently, in contrast to animal biogenesis, there are low levels of 

miRNA precursors since the pre-miRNA is such a transient intermediate (Reinhart 

et al., 2002). The precursor molecules are in addition predicted to be 

substantially larger then the metazoan counterparts (Reinhart et al., 2002). The 

processed precursor is transported to the cytoplasm by an Exportin-5 homolog, 

HASTY (Bollman et al., 2003) (Lund et al., 2004). 

The cytoplasmic maturation is however in many aspects shared between the plant 

and animal kingdom. Also here, the miRNA::miRNA* intermediate duplex is 

unwound and the strand with the least stable 5’-end in the duplex is incorporated 

into the RISC (Krol et al., 2004). Also, plant miRNA generally show siRNA-like 

complementarity (with few if any mismatches) to their targets  (Rhoades et al., 

2002) (Bartel et al., 2003). Accordingly, miRNAs in plants degrade of mRNA 

targets rather than acting in translational repression (Llave et al., 2002) (Tang et 

al., 2003). Although the reason is not clear, it is known that plant miRNAs 

generally are complementary to coding regions of their targets, while animal 

miRNAs targets 3' UTRs. 
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A presentation of the general pathways in the biogenesis of miRNA in metazoan 

and plants are presented in Figure 2. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure2. 
The differencies and  similarities of microRNA biogenesis between metazoa and plants. The metazoan 
primary transcript is recognized by Drosha/Pasha complex via an apex loop and a terminal stem 
structure of a precursor miRNA. Transported to the cytoplasm and further processed by Dicer to a 
miRNA::miRNA* duplex. The duplex in unwound by a helicase assymetrically either in a complex with 
Dicer or RISC. Plants lack a Drosha homolog and the cleavage process producing a miRNA::miRNA* 
duplex is nuclear by Dicer homologs. Also, the precursor structures are generally much larger and 
could consequently produce mature duplexes either from the terminal of the hairpin or from near the 
apex loop. So in plants, the miRNA::miRNA* duplex, not the precursor, is transported to the 
cytoplasm for the same assymetric strand selection that result in the mature miRNA that are loaded 
onto RISC.   
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Bioinformatics 

 

The efforts within the miRNA field have been focused on finding novel species of 

miRNAs accompanied with more recent screens to find targets for the miRNAs. 

This has been a successful joint expedition of both experimental (Lagos-Quintana 

et al., 2001) (Ambros et al., 2003) (Lee et al., 2001) (Lau et al., 2001) (Kim et 

al., 2004) and (Suh et al., 2004) and bioinformatics approaches (Lim et al., 2003) 

(Lai et al., 2003) (Bonnet et al., 2004) and (Wang et al., 2004). The strength of 

the experimental approach has been to selectively extract the miRNAs that are 

either tissue specific (Kim et al., 2004) (Suh et al., 2004) or involved in the 

timely regulation of target genes (Krichevski et al., 2003) (Reinhart et al., 2002) 

while computational screens have a more general agenda of miRNA disclosures. 

In pursuing the computational quest of finding novel miRNA species the focus has 

so far been on comparative genomics, with 2 to 4 organisms, and subsequent 

filtering in regard to both sequential and structural consensus features. The 

screens, “MiRscan” (Lim et al., 2003) and “MiRseeker” (Lai et al., 2003) are prime 

examples of this. The general idea is to first extract conserved non-coding regions 

from related organisms and subsequently fold these in windows of the general 

length of a pre-miRNA. Accordingly, they are scored for miRNA characteristics. 

This is based on sequence and structural features compiled from bona fide 

expressed miRNAs.  

As mentioned, plants show few, if any, mismatches in the miRNA/MRE interaction. 

Therefore, plant target prediction screens are more straightforward in identity-like 

approaches by comparative genomics (Rhoades et al., 2002) (Jones-Rhoades et 

al., 2004). Vertebrate screens for miRNA targets are however generally less 

obvious since the miRNA/target duplex only involves comprehensive base pairing 

to the seed sequence ( <8 nt ) (Lagos-Quintana et al., 2003). An often used 

strategy has been to use comparative genomics to extract conserved sub-regions 

of 3’ UTRs and then let a search algorithm find putative targets (Lewis et al., 

2003) (Enright et al., 2003) (Stark et al., 2003) (Kiriakidou et al., 2004). The 

selection is based on two criteria: 1) highly conserved and non-mismatched ~7 

first base pairs and 2) duplex energy formation characteristics based on a training 

set of bona fide miRNAs. Another target prediction screen utilizes solely the 

expected hybridization properties of the miRNA/target duplex (Rehmsmeier et al., 

2004). 
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Editing 

 

RNA editing was introduced as an RNA modifying mechanism in 1986 (Benne et 

al., 1986). This post-transcriptional modification insert or delete uridines within a 

pre-messenger RNA (pre-mRNA). RNA editing is now the collective term for 

alterations of nucleotides in a transcript that result in a discrepancy between the 

RNA and the genomic template DNA. For nuclear encoded messenger RNAs 

(mRNAs) two types of editing has been described: cytidine to uridine (C-to-U) 

(Chen et al., 1987) and adenosine to inosoine (A-to-I) editing (Bass et al., 1988).  

A-to-I editing was first introduced as a concept in 1988 when an antisense RNA 

failed to block translation of a target transcript. The reason was that most 

adenosines in the antisense RNA had been deaminated to inosines hence 

disrupting the anticipated hybridization properties to the target (Bass et al., 

1988). This phenomena, was first called  “unwinding/modifying activity”, later 

disclosed in mammals as the function of the dsRAD protein (ADAR1) (Polson et al., 

Bass et al., 1994), RED1 (ADAR2) (Melcher et al., 1996b) and RED2 (ADAR3) 

(Melcher et al., 1996a). This type of abundant editing has later been 

characterized as hyper editing in contrast to site selective editing.  

In response to the heading of this page: A-to-I editing is a phylogenetically 

conserved post-transcriptional processing event that converts adenosines to 

inosines by a hydrolytic deamination by the ADAR family of proteins.  

 

A-to-I editing – Phenotyping species 

 

Although not many site selective targets have been discovered, A-to-I editing has 

been detected in a variety of metazoan species where deficiencies in constitutive 

editing show phenotype defects. In vertebrates like, D. melanogaster there is one 

ADAR allele but several several isoforms due to distinct promoter signals and 

alternative processing of the transcript (Palladino et al., 2000a) (Keegan et al., 

2005). Here, ADAR null mutants show extreme deficits in neurological function 

(Palladino et al., 2000b). C. elegans have two ADAR homologs, adr-1 and adr-2 

where the expression of adr-1 is exclusively confined to the nervous system in 

adult worms (Tonkin et al., 2002). In chemotaxis assays, C. elegans show 

abnormalities in behavior in homozygous deletions of the two ADAR enzymes 

(Tonkin et al., 2002). For vertebrates, the lack of ADAR(s) show severe 

deficiencies in neurophysiology (Higuchi et al., 2000) (Brusa et al., 1995) leads to 

embryonic lethality due to tissue apoptosis (Hartner et al., 2004) (Wang et al., 

2000). ADAR1 seems the most essential, where even ADAR1+/- heterozygotes are 
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lethal in mice (Wang et al., 2000). However, in retrospect of current models 

where ADARs are believed to dimerize, this could be an effect of non-canonical 

dimers formed by the products of the null allele and the wild-type allele 

respectively. ADAR2+/- however, show no abnormal phenotype and are viable 

whereas complete knock outs are lethal: mice die within 3 weeks of age while 

suffering from epileptic seizures. Deficiencies in ADAR expression have been 

connected to several abnormal phenotypes. Dyschromatosis symmetrica 

heriditaria (DSH) is a skin disease that have been linked to genomic 

polymorphisms in ADAR1 alleles (Zhang et al., 2004b). Also, reduced editing 

efficiency of ADAR2 is implicated both in Epilepsy and amytrophic lateral sclerosis 

(ALS) where the regulation in Ca2+ ion flux is impaired in a glutamate receptor 

(see below) (Kwak et al., 2005) (Brusa et al., 1995). A link between different 

editing patterns of the serotonin receptor 2c (see also below) and depression and 

suicide have been shown (Niswender et al., 2001) (Gurevich et al., 2002). 

Looking more at mammals specifically, constitutive editing is found in various 

tissues and cell lines (Wagner et al., 1990). ADAR1 is more uniformly expressed 

and was found in all tissues tested (O’Connell et al., 1995). ADAR2 is found 

primarily in nervous tissues but can also be detected in lung, heart, testis and 

kidney (Melcher et al., 1996a) (Rueter et al., 1999). ADAR3, which in contrast to 

the other family members, is expressed in selective brain tissues only (Melcher et 

al., 1996a). ADAR2 and ADAR3, although specific for the brain, have a 

differentiated expression pattern looking at various brain tissues (Barbon et al., 

2003). In brain, ADAR1 show near homogenous levels of mRNAs while ADAR2 is 

most prominent in the caudate nucleus, thalamus and cerebellum. ADAR3 is 

mostly expressed in amygdala and corpus callosum (Barbon et al., 2003). It is 

worth noting that ADAR3 have no known substrates and no measureable 

enzymatic activity. Although, endogenously expressed even in a regulated tissue 

specific manner the function of this family member must be seen as something of 

a mystery.  

 

ADARs – Description of goods 

 

Focusing on the mammalian system, there are as previously mentioned three 

ADAR family members. The common domain for all three members, is the highly 

conserved deaminase domain covering the large part of the C-terminus. They also 

have double stranded RNA binding motifs (dsRBMs). ADAR1 has three and 

ADAR2/3 has two dsRBMs. The final common trait is the nuclear localization 

signal (NLS) (Kim et al., 1994) (O’Connell et al., 1995) (Melcher et al., red2 et al., 
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1996). This conclude the similarities. Full length ADAR1 has in addition one 

nuclear export signal (NES) (Poulsen et al., 2001) and two Z-DNA binding 

domains (Herbert et al., 1997). ADAR1 has two isoforms that come from an 

alternate use of two different initiation codons (George et al., 1999). The two 

isoforms is usually termed p110 and p150. The use of the upstream promoter 

that results in the p150 version is interferon inducible (Patterson et al., 1995) 

(George et al., 1999). Interferon production is induced by the immune defense 

system in response to infectious agents like viruses. Purposely, the p150 form 

includes the N-terminal part where the NES resides. The function of ADAR1 in the 

cytoplasm is described in the substrates section.  The ADAR2 genomic loci 

express several different isoforms (Lai et al., 1997) (Gerber et al., 1997). 

Intriguingly, one alternative transcript results from a feedback mechanism where 

ADARs target the Adar2 transcript mimicking an (AI) 3’ splice site di-nucleotide 

(Rueter et al., 1999). The result is a 47 nucleotide insertion that creates a frame 

shift that leads to a truncated protein. ADAR3 is the black sheep in the family. It 

has a single stranded RNA binding motif (ssRBM) and lack any detectable 

enzymatic activity. It also inhibits constitutive editing by the other members 

(Chen et al., 2000) (Sergeeva et al., 2007).  

An interesting aspect of domain composition and function relates to the specificity 

of the ADARs in target recognition. I have briefly discussed RNA target traits that 

promote ADAR acceptance. The dsRBMs of the ADAR enzymes are obviously one 

part of the recognition of target RNAs. However, maybe more interesting is that 

the catalytic domain seem to have a dominant role in substrate recognition 

(Wong et al., 2001). Here, a chimeric construct was made with interchanged 

deaminase domains between ADAR1 and ADAR2. Even with exchanged catalytic 

domains, they kept the substrate specificity respectively. Looking at the dsRBMs 

of ADAR2, they seem to have overlapping but distinct binding specificities to the 

target RNA (stephens et al., 2004) (Stefl et al., 2006). In a construct containing 

the GluR-B Q/R fold back structure (Stephens et al., 2004) show that the two 

dsRBMs of ADAR2 (subscript I and II) have an overlapping dsRBM/RNA interface. 

However, RBMII binding to the foldback RNA is severely affected by a modified 

nucleotide, 19 base pairs from the edited site. RBMI is affected by the same 

modification of a nucleotide situated 13 base pairs from the edited site. In 

contrast, at the R/G fold back RNA in the same transcript, (Stefl et al., 2006) 

place the dsRBMII directly over the edited site and RBMI is shown to interact with 

the downstream pentaloop. Interestingly, substituting the RBMs on both ADAR1 

and ADAR2 to those of another RNA binding protein, PKR, showed significantly 

different binding properties to the RNA compared to the wild-type composition 

(Liu et al., 2000) (Stephens et al., 2004). Although, dsRBMs are expected to 
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adopt the same conserved αβββα fold, these result suggest that distinct amino 

acid sequences rather than RNA properties direct the correct positioning of the 

protein interface. The dsRBMs of ADAR1 have also been screened for functional 

properties. Of the three dsRBMs of ADAR1, the most important seem to be 

dsRBMIII followed by dsRBMI while dsRBMII seem dispensable (Lai et al., 1995) 

(Liu et al., 1996). 

Both ADAR1 and ADAR2 have been shown to localize to the nucleolus (Desterro et 

al., 2003) (Sansam et al., 2003). Hence, ADAR1 has a tri-partie 

compartmentalization: nucleolus, nucleoplasm and cytoplasm. ADAR2 was shown 

to shuttle rapidly between different nuclear loci (Sansam et al., 2003), probably 

in response to its modus operandi. The belief is that the nucleolus function as a 

storage room in where dimerization, thus catalytic activity, is hindered by the 

high stoichiometric ratio of rRNA/ADAR, (see also dimerization section).  

The crystal structure of the catalytic domain was solved in 2005 (Macbeth et al., 

2005). The most striking discovery was that inositol hexakisphosphate IP6 was 

present in the active core. This molecule is also present in ADAT1 which is an 

adenosine deaminase acting on tRNA and also related to the deaminases acting 

on mRNAs (Maas et al., 2000). IP6 was shown not to be part of the catalytic 

centre but rather maintaining the structural properties essential for the catalyses. 

Interestingly, ADAT1 is here speculated to be the evolutionary link between 

ADATs and ADARs since the other members of ADATs do not require IP6 (Macbeth 

et al., 2005). Domain composition of deaminase family members are presented in 

Figure 4. 

 

ADARs - Dimerization 

 

When issued, the dimerization as a constitutive property of ADARs raised some 

controversy (Jaikaran et al., 2002). Although recent results leaves little space for 

a monomeric ADAR operation there is still some dispute if the RNA is required for 

dimerization or not (Gallo et al., 2003) (Valente et al., 2007). Another 

controversy, concerns heterodimerization which is not normally believed to occur 

(Cho et al., 2003) albeit ADAR1/ADAR2 dimers have been suggested to exist in 

astrocytoma cell lines where the non-canonical dimer is thought to infer the 

malignant phenotype due to reduced editing activity of ADAR2 in this 

conformation (Cenci et al., 2008). Also, as mentioned, the nucleolus is believed to 

function as a storage room for both ADAR1 and ADAR2 (Desterro et al., 2003) 

(Sansam et al., 2003). Regarding dimerization, a recent paper have shown that 

both homodimers and heterodimers exist in the nucleolus (Chilibeck et al., 2006). 
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In their studies, they use FRET analyses with recombinant ADARs with either CFP 

or YFP tagged to the N-terminal. FRET, energy transfer signals vary with r6 

(Förster, 1948) hence, detected signals of the fusion proteins is a very strong 

indication of proximity. Albeit, the question of heterodimerization and the function 

of such interaction is still open. 

 

 

 

Figure 4. 
Functional composition of different domains of selected members of the deaminase family of proteins. 
ADAR1-3 is the mammal deaminases acting on double stranded RNA. dADAR is the D. melanogaster 
homolog and ADAT1 is a deaminase targeting tRNA and suggested to be the evolutionary link between 
ADATs and ADARs. NES – Nuclear export signal. NLS – nuclear localization signal. dsRBM – double 
stranded RNA binding motif. Z-DNA – Z-DNA binding domain. 
 

 

 

Protein composition and the requirements for dimerization has been studied 

for the D. Melanogaster single dADAR, which in structure is most similar to the 

mammalian ADAR2. Minimum requirements for dimerization of dADAR is the N-

terminal part and the first dsRBM corresponding to amino acids 1-133 (Gallo et al., 

2003). A similar result for human ADAR2 has been shown (Poulsen et al., 2006). 

Here, they show that mutations in dsRBMI lowers the affinity for the dimerization 

interface while mutations in dsRBMII do not have the same effect. 
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A-to-I editing – the RNA 

 

Site selective editing targets single adenosines within an imperfect RNA foldback 

structure while hyper editing indiscriminately edits multiple adenosines within an 

almost completely duplexed structure. The term hyper editing is sometimes used 

interchangeable with promiscuous editing. The properties that make an RNA 

prone for site selective editing is still not fully understood but the consensus belief 

is that internal mismatches and bulges constitute a recognizable landscape for the 

ADAR selectivity (Källman et al., 2003) (Dawson et al., 2004) (Stephens et al., 

2004).  

The foldback imperfect structure is often composed of an upstream partly exonic 

element folded to a trailing intron element although all combinations are seen, 

see Figure 5. The complementary intronic element is called editing 

complementary sequence (ECS). The loop region of this fold back structure could 

range from a small penta loop to thousands of nucleotides. Besides the general 

preferred structural features of the foldback duplex, there is a bias in the 

nucleotide frequency of adjacent positions of an edited site. There is a clear 

deficit in guanosines 5’ to an edited site. The reverse holds 3’ to an edited 

adenosine, where there is a preference for a guanosine closely followed by a 

uridine (Polson et al., 1994) (Lehmann et al., 2000) (Ensterö et al., unpublished). 

There is also a preference toward edited A:s in a A-C mismatch bulge although 

A:s in a A-U base pair are also edited but to a lesser degree (Wong et al., 2001). 

However, an editing event targeting an A in an A-G mismatch bulge is never seen. 

Sequence and structural determinants for ADAR recognition have been studied for 

the separate RNA targets of the glutamate receptor b (GluR-B), R/G and Q/R sites 

(Stefl et al., 2006) and (Stephens et al., 2004) respectively. Also, the edited 

transcript of Adar2 itself have been screened for structural and sequential 

preferences of ADARs (Dawson et al., 2004). Although interesting in detail, 

preferences cannot be considered consensus but rather show structural and 

sequential determinants that are critical for ADAR on those specific substrates. 

However, certain general things are clear. The specificity for ADAR/RNA 

interaction is intrinsically dual: Structural and sequential composition of the RNA 

and properties of the ADARs determined by the amino acid composition.  

 

A-to-I editing - substrates 
 

The most prominent examples of A-to-I editing comes from transcripts coding for 

various ligand or voltage gated transmembrane proteins in the central nervous 

system. For a near complete list of re-coding editing events see Table 2. 
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The glutamate receptors (GluRs), divided into AMPA, NMDA and kainite (or non-

NMDA) are ion channels responding to the ligand binding of glutamate which is 

the major neurotransmitter in mammals. The AMPA receptor is a heteromer 

consisting of the four subunits A, B, C, D. The kainite receptor is mainly a 4 unit 

heteromer of the subunits 5, 6, 7, KA1 and KA2.  

The transcripts of the AMPA subunits B, C, and D are subjected to A-to-I editing. 

Editing of the GluR-B transcript has been shown to be essential to the organism.  

(Brusa et al., 1995) (Seeburg et al., 1998).  
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Figure 5. 
A selected set of known ADAR target RNAs. The AMPA type GluR-B, glutamate receptor B sites Q/R 
and R/G. The Q/R site is the “site of sites”. Edited to near 100% through development. GluR-6, 
glutamate receptor subunit 6 of the kainite kainate. GABRA3, GABAA receptor subunit α3. 5-HT2CR, 
the serotonin receptor 2c. Edited sites that show high degree of tissue specific pattern and also 
targeted by both ADAR1 and ADAR2. Adar2, the pre-messenger structure of the heavily edited region 
that result in the AI di-nucleotide at position -1, mimicking a 3’ splice site.  
 

 

The pre-mRNA of GluR-B has two sites of re-coding A-to-I editing, the Q/R and 

the R/G site. At the Q/R site, editing of the CAG codon (glutamine = Q) result in 

the functional CGG (arginine = R). This site is also edited close to 100% through 

out development (Seeburg et al., 1998). The functional consequence of the 

arginine substitution is a severe reduction of Ca2+ permeability (Sommer et al., 

1991) (Geiger et al., 1995).  The R/G sites of the GluR-C and –D are edited to a 

lesser degree and are not as essential for viability as the Q/R site. The R- and G-

forms of the receptors show different rates to recover from desensitization 

(Lomeli et al., 1994). 

The kainite receptors are also subjected to editing. The GluR-5 and GluR-6 

subunits both have a Q/R substitution site. Subunit 6 has additional sites where 

an isoleucine is changed to valine and tyrosine to a cysteine (Köhler et al., 1993) 

(Herb et al., 1996). The functional consequence of these editing events also 

involves Ca2+ permeability (Hollmann et al., 1994). 

The serotonin receptors, 5-HT1-7 are, exept for 5-HT3, G-protein coupled receptors 

with a functional affinity for the neurotransmitter serotonin. Serotonin binding 

triggers the activity and release of other transmitter substances such as 

glutamate, dopamine and gamma-aminobutyric acid (GABA). The 5-HT2C, 

receptor have 5 editing sites, termed A, B, E, C and D, in a small region spanning 

only 13 nucleotides close to a splice site of the pre-messenger transcript (Burns 

et al., 1997) (Niswender et al., 1998). Since, the edited sites are in such a close 

proximity, different combination of triplet compositions can result in a variety of 

functionally distinct receptor properties (Niswender et al., 1999). 

Potassium ion channels are present in virtually all phyla and are found in most 

cell types in metazoa. The subfamily Kv1 also called the shaker related subfamily 

have a member Kv1.1 or KCNA1 that is A-to-I edited (Hoopengardner et al., 2003) 

(Bhalla et al., 2004). The KCNA1 ion channel regulate K+ flow in response to 

transmembrane currents changing the potential across the membrane. Here, an 

isoleucine to valine substitution give a 20 fold increase in the recovery rate from 

fast inactivation. Within mollusks like the squid, additional sites in Kv1.1 and 

another subfamily member (Kv2) show extensive editing (Patton et al., 1997) 

(Rosenthal et al., 2002). Interestingly, this is possibly due to a self regulatory 

adaptation to water temperature.  
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Table 2. 
A-to-I re-coding sites in mammalian transcripts. 1) Editing frequencies are a pooled consensus of 
mammal adult editing, both from references and (Ensterö et al., 2008) un-published data. 2) Where 
applicable, this column specifies the major targeting editing enzyme of the ADAR family. Both ADAR1 
and ADAR2 are annotated if the specificity is overlapping. Bold, if overlapping but preferred by one of 
the ADARs. 3) Different re-coding possibilities due to dual editing events in the same codon. 4) 
Human specific editing of ALU regions. 5) Human specific editing in a disease phenotype. 
 

 

A very recent discovery from our own laboratory is the A-to-I editing of the 

transcript coding for the GABAA receptor subunit α3, or Gabra3 (Ohlson et al., 

2007). GABAA receptors, are ligand gated Cl
- channels reacting to the binding of 

GABA which is the major inhibitory neurotransmitter in the brain. On the amino 

acid level, the editing event leads to an isoleucine to methionone change.  

Preliminary data propose the editing to affect receptor assembly (Daniel et al., 

unpublished).  

Bladder cancer associated protein (BLCAP or BC10), cytoplasmic FMR1 interacting 

protein 2 (CYFIP2), Insulin-like growth factor binding protein 7 (IGFBP7) and 

filamin A (FLNA) were all detected by the computational approaches described in 

that section (Levanon et al., 2005) (Clutterbuck et al., 2005). BLCAP, has an 

unknown function but is down regulated during bladder cancer progression 

(Gromova et al., 2002) yet it is mainly expressed in brain tissue and B-cells (Su 

gene alias Re-coding % edited 1) Specificity2) reference 
glur-b gria2 Q/R 100 ADAR2 (Higuchi et al., 1993) 

(Seeburg et al., 1998) 
(Barbon et al., 2003) 

  R/G 70 ADAR1:ADAR2 (Lomeli et al., 1994) 
glur-c gria3 R/G 90 ADAR1 (Lomeli et al., 1994) 
glur-d gria4 R/G 45 ADAR1:ADAR2 (Lomeli et al., 1994) 

(Higuchi et al., 2000) 
glur-5 grik1 Q/R 60 ADAR2 (Sommer et al., 1991) 

(Higuchi et al., 2000) 
(Barbon et al., 2003) 

glur-6 grik2 Q/R 
I/V 
Y/C 

80 
70 
80 

ADAR1:ADAR2 
ADAR1:ADAR2 
ADAR2 

(Sommer et al., 1991) 
(Higuchi et al., 2000) 
(Köhler et al., 1993) 
(Barbon et al., 2003) 

gabra3  I/M 90 ADAR1:ADAR2 (Ohlson et al., 2007) 
5-ht2c htr2c A             3) 

B   
E 
C 
D  

80 
70 
4 
25 
60 

ADAR1 
ADAR1:ADAR2 
n/a 
ADAR1:ADAR2 
ADAR2 

(Burns et al., 1997) 
(Liu et al., 1999) 

cyfip2  K/E 75 n/a (Levanon et al., 2005) 
kcna1 kv1.1 I/V 25-45  ADAR2 (Bhalla et al., 2004) 
blcap bc10  28-60  n/a (levanon et al., 2005) 

(Cutterbuck et al., 2005) 
igfbp7  Q/R, R/G n/a n/a (Levanon et al., 2005) 
flna  Q/R 40 n/a (Levanon et al., 2005) 
lustr1 4) gpr107 H/R 

Q/R 
58 
29 

n/a (Athanasiadis et al., 2004) 

kiaa0500 4)  Q/R 27 n/a (Ahanasiadis et al., 2004) 
Ednrb 5)  Q/R n/a ADAR1:ADAR2 (Tanoue et al., 2005) 
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et al., 2004). CYFIP2 is expressed in brain tissue, white blood cells and kidney 

(Su et al., 2004). The A-to-I editing events were only found in the cerebellum 

while no editing were found in liver (Levanon et al., 2005). Interestingly, CYFIP2 

is a p53 inducible protein (Saller et al., 1999). The tumor suppressor gene p53 

has previously been found to also be subjected to A-to-I editing in intronic and 3’ 

UTR ALU elements (Athanasiadis et al., 2004). A link between cancer progression 

and editing has been proposed earlier where aberrant expression patterns of all 

three ADAR members could be associated with the proliferation of different 

cancers (Paz et al., 2007) (Maas et al., 2001) (Cenci et al., 2008). Based on 

homology with IGFBP5, the editing in IGFBP7 is thought to regulate the stability 

of di-partie comlex with insulin growth factor (Levanon et al., 2005). In FLNA, the 

edited adenosine reside in a transcript region coding for an immunoglobulin-like 

domain of the protein (Levanon et al., 2005). This domain has been shown to 

interact with integrin beta (Travis et al., 2004) and GTPase Rac1 (Ohta et al., 

1999). Also here, based on homology with related solved structures (ABP120 

from D. melonogaster and gamma filamin), the putative result of the amino acid 

substitution is a modified interface to the interacting proteins.  

Editing in the endothelin receptor B was detected during a mutational screen in 

patients suffering from Hirschsprung disease (Tanoue et al., 2002). Besides the 

Q/R codon change, they see a possible pattern between editing and alternative 

splice variants that are not translated. This editing event has not been confirmed 

in other mammals.  

Editing of ALU elements residing in coding parts has been found in the 

computational screens. A-to-I editing was found in LUSTR1 and kiaa0500 

(Athanasiadis et al., 2004). No function has been suggested for these events. 

Several editied viral RNAs has been studied and the most well characterized are 

the hepatitis delta virus (HDV) (Polson et al., 1996), measle virus measle 

(Cattaneo et al., 1988), polyoma virus (Kumar et al., 1997) and the recent 

human herpes virus 8 (HHV8) (Gandy et al., 2007). The viral RNA species that 

have been found to be selectively edited are the amber/W site in HDV and the 

K12 open reading frame (ORF) in HHV8. Cytoplasmic A-to-I editing involve the 

interferon inducible ADAR1 p150. An up-regulation of p150 can be seen in acute 

inflammations resulting in a cellular interferon immunoresponse (Poulsen et al., 

2001) (Yang et al., 2003). Although the general belief is that ADAR1 is part of the 

cellular defense mechanism for the intrusion of exogenous RNA, editing of the 

amber/W site changes an amber stop codon to a functional tryptophan essential 

for the viral life cycle (Polson et al., 1996) (Chang et al., 1991). A very recent 

finding of the ADAR1 editing is the K12 transcript in HHV8, coding for up to three 

versions of the kaposin protein as well as a miRNA. Here, editing suppress the 
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tumorigenic potential of the of the ORF. Editing specifically targets the miRNA 

sequence in the seed part thereby possibly creating a dud miRNA. In general, as 

in hyperedited measle and polyoma viruses, the functional effect of editing as a 

defense mechanism is still elusive. 

Coming as no surprise to anyone, miRNAs has also been found to be edited. 

(Luciano et al., 2004) (Blow et al., 2006) (Yang et al., 2006). MicroRNAs have 

been found to be edited both in the cytoplasm (Luciano et al., 2004) and in the 

nucleus (Yang et al., 2006). Interestingly, TUDOR-SN has been shown to enhance 

site specific cleavage of inosine containing dsRNAs (Scadden, 2005) (Scadden et 

al., 2005). An interference between the Drosha and ADAR machinaries has also 

been implicated in edited pri-miRNAs (Yang et al., 2006).  

 

 

Bioinformatics 

 

The concentration of inosine in poly (A) transcripts can not be explained by the 

only handful of known targets of A-to-I editing (Paul et al., 1998). Together with 

the fact that inosine levels followed the expression pattern of ADARs (Paul et al., 

1998), this left room for more ADAR substrates to be found.  

Since then, several computational attempts have been made with the aim to 

discover novel editing sites. (Athanasiadis et al., 2004) (Blow et al., 2004) 

(Clutterbuck et al., 2005) (Levanon et al., 2004) (Levanon et al., 2005).  

Common ingredients to characterize candidate A-to-I editing substrates have 

been to base the search on features of the known edited sites. The  

computational attempts involve in general filters according to Table 3. These 

screens have the following features of a candidate A-to-I editing event: Since 

editing acts on the post-transcriptional level, a comparison between an mRNA 

that has been subjected to editing and the genomic template would yield an A to 

G discrepancy at the edited position. Consequently, alignments between 

expressed sequences and the template DNA give a set of possible editing events 

at A/G mismatch positions. Known target regions of mRNAs often contain 

additional sites with deaminated adenosines. Hence, A clustering of A/G 

discrepancies within a limited region is more likely to have been targeted by 

ADARs than single A/G discrepancies located at distances not normally coherent 

with bona fide editing events. An A/G discrepancy could originate from genomic 

A/G polymorphisms within the species. Discrepancies passing a filter to exclude 

such genomic purine polymorphisms (i.e., SNP database), strengthen the 

candidate A/G discrepancy as a true editing event. The target RNA is known to 

adopt an imperfect RNA foldback structure with non-branched helical features. 
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Hence, a cluster of A/G discrepancies, not of genomic origin, in such a predicted 

structure further single out true editing events. The RNA target structure of most 

known editing events reside in regions, highly conserved in sequence and 

structure. A candidate A/G discrepancy, not of genomic origin, clustered with 

others, in an imperfect foldback structure, that also showed a high degree of 

sequence conservation, are very strong signs of a candidate editing event that 

originates from ADAR targeting. 

 

 Clutterbuck 1) Blow 2) Levanon 3) Levanon 4) Athanasiadis  5) 
A/G x x x x x 
cluster x x  x x 
SNP filter x x  x x 
stem x   x  
conservation x  x   
 
Table 3. 
How recent approaches to find novel editing events have used filters based on the properties of bona 
fide editing sites. A/G: A genomic adenosine found to be a guanosine at the transcript level. Cluster: A 
target of ADARs often show multiple inosines within the limited fold back structure. SNP filter: Discard 
all nucleotide ambiguities that originate from genomic polymorphisms. Stem: Search for predicted 
stems that fulfill a reasonable good duplex for ADARs to target. Conservation: Most of the known 
targets are highly conserved, a candidate region should also. 
1) (Clutterbuck et al., 2005) 2) (Blow et al., 2004) 3) (Levanon et al., 2004) 4) (Levanon et al., 2005) 
5) (Athanasiadis et al., 2004) 
 
 
 
 
 
 
The results were unanimously indicating A-to-I editing as a ubiquitous mechanism 

with numerous targets in the pre-spliced transcriptome. The numerous sites 

characterized as hyper edited was dominantly localized to ALU repeats/inverted 

repeats of untranslated regions although some derived from exonized ALU 

sequences (Athanasiadis et al., 2004). In summary, the outcome with respect to 

re-coding sites increased the present repertoire with ~50%.  

A slightly different approach was conducted in Drosophila, where highly 

conserved amino acid regions between fly species revealed discrepancies that 

were deduced to be a result of A-to-I editing (Hoopengardner et al., 2003). The 

human homolog, KCNA1 were later disclosed (Bhalla et al., 2004). 

  

 



 36 

Present investigation 

 

Paper I. 

 

Asymmetries in the processing of a miRNA::miRNA* duplex regarding the 

thermodynamic properties of respective duplex termini, led us to investigate this 

issue in a sequential context. We calculated the information content of a reduced 

set of well annotated miRNAs from vertebrates, invertebrates and plants. We 

could show that: Vertebrates have a characteristic sequential motif of a 5’ miRNA. 

Invertebrates show the reverse, a 3’ characteristic pattern. Plants have 

characteristic motifs on both arms. In addition, we used ALLR score to compute if 

the seen motifs also differ significantly. In Figure 6, is the specific motif seen for 

mature miRNA from the 5’ arm and the corresponding logo for the 3’ arm 

sequential signature in the precursor context 

 

Paper II. 

 

By co-immunoprecipitation, we claim that it is possible to extract novel ADAR RNA 

targets. Here, a specific anti-ADAR antibody is used pull down the ADAR/RNA 

complex with sepharose A beads. The motivation was dual: Firstly, a previous 

study showed that ADAR2 binds more distinctly to site selective substrates than 

to almost completely duplexed RNA even within the same RNA molecule. 

Secondly, ADAR2 also seem prone for binds selectively edited and un-edited 

substrates with the same affinity. Consequently, the assumption was that we 

expected both a bias towards bona fide targets rather than un-specific binding to 

random dsRNA and also that the ADAR/RNA interaction would be more consistent. 

The pulled down RNA was subsequently hybridized to three consecutive genomic 

micro arrays to identify the genomic origin (i.e., gene). The enrichment analyses 

were made in comparison with the signal to noise from an identical and parallel 

experiment with pre-immune sera. In addition, we used mouse as a model 

organism mainly due to the fact that the mouse genome contains very little of the 

ubiquitously A-to-I edited repetitive elements that are present in humans. We 

could finally conclude a list of candidate editing targets (genes) based on the level 

of enrichment of the three micro arrays.  
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Figure 6. 
The human sequence logos of the sequential composition of respective stem arm in the cases where 
the mature miRNA resides from the 5’ or 3’ side of the miRNA::miRNA* duplex. A significant signature 
is seem in a mature miRNA of the 5’ arm. 
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Paper III 

 

We have constructed a computational screen to detect novel A-to-I edited sites. 

One part is focusing on the detection of inverted repeats within a highly 

conserved genomic region with the possibility to create a fold back duplex 

structure. We call this the explorative screen. The evaluation of conservation p 

We further evaluated the explorative screen for enrichment of A/G discrepancies 

in an alignment between expressed and genomic data. We significantly show that 

A/G mismatches are overrepresented in these conserved stems. In addition, we 

extended the explorative screen by including a site-scoring scheme based on 

features from the known editing sites. Based on the scoring, we concluded a final 

list of candidates for novel targets of editing that were experimentally tested 

through the 454 amplicon sequencing™. Although we can not detect any signs of 

editing at the predicted positions, we detect other “micro-editing” events within 

the same region. The lack of discrepancies of the predicted positions could be due 

to several things: The previous set of bona fide editing events is in fact a near 

complete assembly of ADAR targets; there is a very limited number of more site 

selective re-coding events to find. We could also be looking either in the wrong 

tissue and/or in a developmental stage where editing is regulated. Interestingly, 

we have shown that ADAR is present at these regions by the disclosure of A/G 

discrepancies that can not be explained by either sequencing or alignment errors. 

The other explanation is in line with previous suggestions that many genes are 

subjected to editing but with very low efficiency (Maas et al., 2003). If so, our 

screen, indicate that the low-efficiency or micro-editing is a real phenomona. 

 

Paper IV 

 

By 454 amplicon sequencing we sequenced most of the known ADAR targets with 

high resolution. In addition, we distinguished between four different 

developmental stages in order to detect timely regulation of A-to-I editing. In the 

experimental part, RNA from mouse brain was isolated from embryo day 15 and 

19 and post natal day 2 and 19. For mice, day 19 is considered an adult. The 

subsequent 454 sequencing gave us in average 650 reads per developmental 

stage. Here, one read correspond to one transcript. This unprecedented resolution 

in compiling editing frequencies through out developmentally has never been 

presented before. In general, we could see developmental regulated pattern of 

increased editing essentially for all substrates but the GluR-B Q/R transcript(s) 

which seem edited close to 100% at all times. Also, due to the large sample size 

and the possibility to examine an individual transcript, we statistically evaluated 
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coupling of edited positions. We could see a pattern of coupled sites for the edited 

Adar2 and GluR-6 pre-mRNA. The apparent pattern of having “hot-spots“ of 

edited A:s every ~12:th nucleotide was concluded to also be significantly coupled. 

Our interpretation of this phenomena is that multiple ADAR dimers bind in 

register and, if possible, deaminate adenosines synchronously. Also, consecutive 

binding of ADARs are coordinated from a principal binding site with high 

frequency of editing.  



 40 

Future studies 

 

Sensitizing the screen for novel editing events 

 

In retrospect, the computational setup to detect novel A-to-I editing substrates 

(paper III) can be fine-tuned to be more sensitive. As is, we first of all did not 

curate the predicted stems other than the computational parameter cut-offs. As 

also seen in paper III, there is no big difference between energy as a function of 

the number of nucleotides of a stem from our candidates compared to the 

corresponding numbers for a folded random sequence of equal length. Secondly, 

we only applied our extended screen with the site scoring scheme on candidate 

editing sites that was located in a stem region above the conservation score 75. A 

future approach should score everything. Thirdly, I would like to include 

annotations in the genbank flat file of “translational discrepancy” in the extended 

scoring scheme. Lastly, I would like to apply the refined computational setup to 

scan a member of the plant kingdom for post transcriptional modifications of the 

RNA.  

 

Extending the use of coupled editing to create a full model of the 

ADAR/RNA interface.  

 

In our experimental and statistical approach to detect coupled patterns between 

edited sites on the pre-messenger of Adar2, we could for practical reasons only 

amplify one of the duplex strands. Here, we choose the strand with the -1 site 

that result in the alternative 3’ splice site. The other strand is also heavily 

subjected to editing. An in-vitro assay with a construct with a significantly 

reduced loop insertion could, with high resolution sequencing, reveal additional 

data to include in a compilation of coupled sites. A similar idea on selected ALU 

repeat/inverted repeat fold back structures that are edited, would also strengthen 

these results.  
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ABSTRACT

Site-selective adenosine (A) to inosine (I) RNA editing
by the ADAR enzymes has been found in a variety of
metazoan from fly to human. Here we describe a
method to detect novel site-selective A to I editing
that can be used on various tissues as well as species.
We have shown previously that there is a preference
for ADAR2-binding to selectively edited sites over
non-specific interactions with random sequences of
double-stranded RNA. The method utilizes immuno-
precipitation (IP) of intrinsic RNA–protein complexes
to extract substrates subjected to site-selective edit-
ing in vivo, in combination with microarray analyses
of the captured RNAs. We show that known single
sites of A to I editing can be detected after IP using
an antibody against the ADAR2 protein. The RNA sub-
strates were verified by RT–PCR, RNase protection
and microarray. Using this method it is possible to
uniquely identify novel single sites of selective A to I
editing.

INTRODUCTION

Adenosine to inosine (A to I) RNA editing is known to change
the sequence of specific pre-mRNAs in metazoans from fly
to human. ADAR2, a member of the ADAR (adenosine deam-
inase that acts on RNA) family, deaminates A to I selecti-
vely within double-stranded RNAs (dsRNAs) interrupted by
bulges, mismatches or loops [reviewed in (1)]. ADAR editing
with low selectivity can also occur on completely dsRNA.
This is a type of hyper-editing that has been found within
introns and untranslated regions (UTRs) of mRNAs, pre-
ferentially in repetitive Alu sequences (2–6). Only a few
site-selective ADAR substrates have been detected. In
mammals, most selectively edited sites targeted by ADARs
have been found in pre-mRNAs expressed in the central
nervous system. The most prominent sites of selective edit-
ing are in mRNA coding for several subunits of the AMPA

(a-amino-3-hydroxy-5-methyl-4-isoxazole) glutamate recep-
tor (GluR). Editing of subunit B (GluR-B) results in altered
receptor properties, changing receptor permeability to Ca2+

and the ability to recover after desensitization (7–9). In
exon 11 the Q/R site is edited to nearly 100% giving rise
to a codon change from glutamine (Q) to arginine (R). In
exon 13 the edited R/G site causes an arginine (R) to glycine
(G) codon change that is developmentally regulated. The
dsRNA structure required for ADAR editing at these sites
is formed by an inverted repeat located in the downstream
intron [review by (10)]. Another prominent substrate for
site-selective A to I editing is the transcript of the serotonin
receptor 5-HT2C. Transcripts encoding the 2C receptor sub-
type undergo A to I editing at 5 sites: A, B, C0, C and D situated
in close proximity to each other (11). Editing alters the coding
potential of the second intracellular loop, reducing the effici-
ency of the interaction between the receptor and the G protein.
Most of the selectively edited sites have been found fortuit-
ously as A to G changes when comparing cDNA with genomic
sequence, since inosine is seen as guanosine in the process of
reverse transcription. However, a significant amount of inosine
has been found within the poly(A) fraction of cellular RNA in
mouse brain (12).

Co-immunoprecipitation is a powerful tool to precipitate-
specific protein complexes. Further, it has been widely used to
study RNA–protein interactions. One example is the identi-
fication of target RNA for the Nova protein in mouse brain
using an ultraviolet cross-linking and immunoprecipitation
assay (13). In another more general approach to identify
mRNA–protein complexes (mRNPs) called ribonomics,
RNA targets were detected using antibodies to RNA-
binding proteins followed by genomic arrays (14).

We have shown previously that ADAR binds more prefer-
entially to selectively edited sites than to random sequences of
dsRNA (15). Moreover, ADAR2 was shown to bind with a
similar affinity to an editing substrate as to the product (16).
Based on this knowledge we have developed a method to find
novel ADAR substrates by extracting intrinsic ADAR2–
RNA substrate complexes from mouse brain by co-
immunoprecipitations using an anti-ADAR2 antibody. The
specificity of this method has been verified by the detection
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of known site-selectively edited substrates using RT–PCR,
RNase protection and genomic microarray analyses. We pre-
sent a powerful method with the potential to find novel sites of
selective editing in different tissues and organisms.

MATERIALS AND METHODS

Isolation of RNA–protein complex from mouse brain

Three mouse brains were homogenized in HBSS [1· Hank’s
solution (HBSS GIBCO no. 14185-045)] and 1 M HEPES
(pH 7.3) using a glass grinder. The suspension was washed
in cold 1· HBSS and the pellet was frozen in liquid nitrogen.
The pellet was resuspended in PXL [1· D-phosphate-buffered
solution (PBS) (GIBCO no. 14200-67), 0.1% SDS, 0.5%
deoxycholate and 0.5% NP-40] and ribonucleoside vanadyl
complex (Sigma) on ice. The suspension was sonicated and
treated with DNase I RQ1 (SIGMA). After centrifugation at
10 000 g for 20 min, 4�C, the supernatant was used for
the immunoprecipitation (IP).

Immunoprecipitation of RNA–ADAR2 complexes

Anti-human ADAR2 antibody was made from recombinant
histidine tagged human ADAR2 (hADAR2) protein, kindly
provided by professor Brenda Bass’ laboratory. The
hADAR2 protein was concentrated using a centricon YM30
(Millipore) run out on 8% SDS–PAGE gel. The band cor-
responding to hADAR2 was excised and immunized four
times into rabbits (Agrisera; Umeå Sweden). The serum
was checked for immuno-reactivity and supplemented with
0.05% sodium azide.

To reduce non-specific binding prior to use in IPs the
Sepharose A beads were incubated with tRNA (100 mg/ml)
and BSA (100 mg/ml) in 1· PBS, washed once in 1· PBS and
resuspended in 1 vol of 1· PBS and 0.05% NaN3. The cell
lysis extract from one mouse brain was pre-cleared with 50 ml
of Sepharose A stock for 30 min at 4�C with rotation. The pre-
cleared lysate was incubated with anti-ADAR2 polyclonal
antibody or pre-immune serum for 2 h at 4�C with rotation.
The lysate-antibody was mixed with 50 ml of prepared Sepha-
rose A stock and incubated for 1 h at 4�C with rotation. The
bead–antibody-lysate complex was rinsed three times in wash
buffer containing 1· PBS, MgCl2 (2 mM), EDTA (15 mM),
NP-40 (1%) and Tween-20 (0.5%) including 1 protease Inhib-
itor Cocktail tablet/10 ml buffer (Roche) and rinsed once in 1·
PBS, and eluted in 1· PBS plus 1% SDS at 65�C for 10 min.

Verification of ADAR2-binding using western blot

The IP eluate (10 ml) was boiled in SDS for 10 min prior to
fractionation by electrophoresis on a 4–15% pre-made SDS–
PAGE gel (BioRad) and transferred to a PVDF membrane by
electroblotting. Anti-hADAR2 was used as primary antibody
and anti-rabbit/HRP (DakoCytomation) was used as secondary
antibody. The blots were developed using Amershams ECL
plus Western Blotting Detection System and developed in a
LAS 1000 system (Fujifilm).

Preparation of RNA after immunoprecipitation

The protein fraction was removed from the protein–RNA elu-
ate after the IP by adding 1.8 mg of proteinase K (Roche) and

incubated at 37�C for 15 min prior to a phenol/chloroform
extraction and precipitation. The RNA was purified using
RNeasy according to the manufacturer’s instruction (Qiagen).

Microarray preparation

Preparation of labeled cRNA from the immunoprecipitated
RNA was done according to Affymetrix Two-Cycle Target
Labeling Assay. Labeled cRNA from nine mouse brains
were hybridized to each Mouse Genome 430A 2.0 Array
(Affymetrix). Scanning was performed after adding
streptavidin-phycoerythrin Biotinylated anti-streptavidin anti-
body (SAPE) according to standard protocols Affymetrix Inc.
(Santa Clara, CA).

Verification of known ADAR2 substrates using RT–PCR

The reverse transcription reactions were done with the
Sensiscript RT kit (Qiagen) using hexanucleotide mix
(Roche). A radioactive PCR using taq polymerase from
Qiagen was performed for 25 cycles. Primers mGluRB-R/
G-R (50-GGGGAGTTCTATATTCTACGGC-30), mGluRB-
Q/R-R (50-GACACCATGAATATCCACTTGAGACC-30) and
serotonin-R (50-GGCCTTAGTCCGCGAATTGAACCGGC-30)
were radioactively labeled by T4 polykinase (invitrogen) using
[g-32P]ATP (NEN Perkin Elmer). The following non-radioactive
primers were also used in the different PCRs: mGluRB-R/G-F
(50-CCCACATTTCTGGCCCTTGTGCC-30), mGluRB-Q/R-F
(50-TTTGCCTACATTGGGGTCAGTG-30) and serotonin-F
(50-GTCCATCATGCACCTCTGCG-30). The result was shown
on a native 5% PAGE gel. As negative controls the acidic ribo-
somal protein P0 (ARPP P0) and GluR-A were amplified using
primers ARPP P0-F (50-GCACTGGAAGTCCAACTACTTC-
30), ARPP P0-R (50-TGAGGTCCTCCTTGGTGAACAC-30),
mGluRA-F (50-CCAGAGCTGGTGCTGGTCAGCTCTCG-30)
and mGluRA-R (50-GAAGTATATACGACCACTGTCATC-30).
All primers were labeled with [g-32P]ATP as described above.
For sequencing the R/G site, primer mGluRB-R/G-seq (50-
GGGCCAGTTCTCAAACTTCTCTGGCCCC-30) was used.

Verification of known ADAR2 substrates using
RNase protection

The RNase protection assay was done using Ribonuclease
Protection Assay kit (RPA III no. 1414) from Ambion. Tem-
plate RNA was immunoprecipitated from five mouse brains.
To make the probe, the GluR-B was amplified by PCR using
the mGluRB-R/G-F and mGluRB-R/G-R primers on genomic
DNA from N2 cells, and the PCR product was ligated into
the pGEM-T Easy vector (Promega). The vector (insert)
was cut with HpaI (10 U, Invitrogen) and a uniformly labeled
mGluRB-R/G probe was transcribed using SP6 RNA poly-
merase (30 U, invitrogen) in the buffer supplied by the
provider in the presence of [a-32P]UTP (NEN Perkin
Elmer). The 225 nt long radioactive probe (GTTAACT-
CTTTGTATTCCTATTTTGTTGTTTGTTTATTTTTTAGT-
GGAGTCACATTCAAGACACTGTATTTGTTTGTTGTGG-
ATGTGAGTACATTGCCGTAGAATATAGAACTCCCCA)
is complementary to 118 nt of the GluR situated 698 nt down-
stream of the R/G site. The probe was purified on a 8% PAGE
plus 7 M Urea gel. The assay was performed according to the
manufacturer’s instructions (Ambion).
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RESULTS

Specific enrichment of targets for site-selective editing

A method was developed to detect novel site-selective A to I
editing in vivo (Figure 1). To identify ADAR2 associated
mRNAs, cell lysate from mouse brain was incubated with
anti-human ADAR2 polyclonal antibody. ADAR2–RNA com-
plexes were pulled down using protein A–Sepharose beads.
The co-purified pre-mRNAs were identified by probing of
microarrays after removal of the proteins. ADAR proteins
are known to bind tightly to dsRNA of any sequence
(16,17,18). However, from previous studies we know that
ADAR2 preferentially binds single sites of selective editing
over a random sequence of completely dsRNA (15). This
might be due to a higher affinity to site-selectively edited
substrates. We therefore hypothesized that this method
would specifically enrich RNA transcripts subjected to single
sites of selective editing.

ADAR2 co-immunoprecipitation using mouse brain

Using this method it is important to retain intact RNA–protein
complexes. Therefore, the cell extracts were treated with a
ribonucleoside vanadyl complex to prevent RNA degrada-
tion prior to being used as load in the IP. DNA was also
removed before further extractions to minimize non-specific

background. The specificity of the RNA–protein interaction
was optimized by washing the immunoprecipitate three times
in 1· PBS, MgCl2 (2 mM), EDTA (15 mM), NP-40 (1%) and
Tween-20 (0.5%) in presence of protease inhibitor. After SDS
treatment the specificity of the IP for ADAR2 was determined
by western blot (Figure 2). An enrichment of ADAR2 was seen
when the anti-ADAR2 antibody was used in the IP compared
with precipitation using pre-immune serum.

Specific amplification of known A to I editing substrates

GluR-B is a transcript that is A to I edited site-selectively at
two sites (Q/R and R/G) within the coding sequence [reviewed
in (10)]. Although some other receptor subunits are subjected
to editing, no editing has been detected in the subunit A
(GluR-A) transcript. Another well-known substrate for A to
I editing is the transcript of the serotonin receptor 5-HT2C.
This transcript has been shown to be site-selectively edited
at several sites (A, B, C, C0 and D) (11). The specificity of
the IP for these known RNA targets was analyzed by semi-
quantitative RT–PCR (Figure 3a and b). An enrichment of
target substrates was observed in the ADAR2 IP when primers
specific for the edited sites in the GluR-B and 5-HT2C tran-
scripts were used (Figure 3a). The pre-immune IP did not
show an enrichment of target RNA. When primers specific
for GluR-A were used for amplification no product could be
detected during the 25 cycles of PCR considered to give a
semi-quantitative product (Figure 3a). During an extended
PCR to 30 cycles a product of equal amount could be detected
in the ADAR2 and pre-immune IP (data not shown). As an
additional negative control primers specific for the mRNA of
the ribosomal phosphoprotein P0 that is not edited were used
for amplification. No enrichment of this product could be
detected as the level of transcripts appears to be equal in
the ADAR2 and pre-immune IP elutes (Figure 3b). Editing
at the Q/R and R/G sites of the target RNAs was verified by
sequencing a population from RT–PCR (Figure 3c). Although
a mixed population of edited and non-edited products was seen
at the R/G site the Q/R site was edited to 100%. These data are
in line with previous results showing the extent of GluR-B
editing in the mammalian brain [reviewed in (10)]. From the
sequencing analysis we can also verify that both pre-mRNA
and mRNA of the GluR-B transcript is present in the specific
IP. The GluR-B R/G site was amplified using primers specific
for the pre-mRNA while the Q/R site was amplified from
primers situated in the exons, giving a product from the
spliced mRNA. The specificity for the GluR-B transcript in
the ADAR2 IP was also verified by an RNase protection
assay detecting an RNA from the ADAR2 IP but not from
pre-immune IP (Figure 3d). Our data confirm that an RNA that

Figure 1. Illustration of the IP-array method to find novel substrates for A to I
editing. Cell lysis extract was prepared from mouse brain. The extract was
immunoprecipitated using an ADAR2-specific polyclonal antibody. Target
RNA was extracted from the mRNP complexes upon protein removal. The
RNA was amplified, labeled and further hybridized to a mouse genomic oligo
array.

Figure 2. Western blot analysis using anti-human ADAR2 antibody on IP
eluates. Three mouse brains were used for ADAR2-specific and pre-
immune serum IP, respectively. One-tenth of the IP eluate was used for western
blot. Lane 1 represents the pre-immune serum IP and lane 2 shows the amount of
ADAR2 in the ADAR2-specific IP.
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is edited can be specifically enriched from a mammalian brain
tissue using an anti-ADAR2 antibody in IPs.

Detection of A to I editing targets using microarray

After protein removal from the IP using proteinase K treatment
and phenol/chloroform extraction the RNA was amplified and
labeled according to Two-Cycle Target Labeling assay (Affy-
metrix). The cRNA was hybridized to a mouse genome array
430A 2.0 (Affymetrix) to detect enriched ADAR2–RNA tar-
gets compared with IPs using pre-immune serum. Three arrays

from three independent target extractions were done. The dia-
gram in Figure 4 illustrates the extent of enrichment of the 200
genes that are significantly enriched in all three arrays. The
GluR-B transcript was significantly amplified in the three
arrays and is indicated in red. Other known A to I substrates
enriched in the specific IPs are specified in Table 1. Although
present, the GluR-A transcript did not show an increase in the
microarray (Table 1). This is in agreement with the presented
data from RT–PCR and RNase protection. These results indic-
ate that the method specifically amplifies known selectively
edited targets that can be detected by microarray.

Figure 3. Detection of known substrates for A to I editing using ADAR2-specific IP. (a) Semi-quantitative RT–PCR on GluR-B at the R/G and Q/R site, GluR-A and
the serotonin receptor (5-HT2C) using radioactively labeled primers. Lane 1 shows the amplification of the R/G site from an ADAR2-specific IP, with an estimated
size of 314 bp. Lane 2 shows a product amplified from the R/G site from an IP using pre-immune serum. Lane 3 shows the amplification of the Q/R site from an
ADAR2-specific IP, with an estimated size of 253 bp. Lane 4 shows product amplification of the Q/R site from an IP using pre-immune serum. RT–PCR on GluR-A,
lacking sites for A to I editing, shows no detectable amplification from an ADAR2-specific IP (lane 5), or a pre-immune serum IP (lane 6). Product using total
RNA is shown in lane 7 and the estimated size is 203 bp. RT–PCR on 5-HT2C shows the amplification from an ADAR2-specific IP (lane 8), the estimated size is 94 bp.
Lane 9 shows a product amplified from the 5-HT2C transcript from an IP using pre-immune serum. Lane M is a size marker with bands of sizes as indicated.
(b) RT–PCR on the ribosomal phosphoprotein P0, lacking sites for A to I editing. No enrichment could be detected in the ADAR2 IP (lane 1) compared with the pre-
immune serum IP (lane 2). The estimated size is 265 bp. Lane M is a size marker with bands of sizes as indicated. (c) The product from the RT–PCR-specific for the
R/G and the Q/R sites were DNA sequenced to determine the editing efficiency. At the R/G site a forward primer was used to give a dual A and G peak at the R/G site.
At the Q/R site a reverse primer was used so that an edited site is a C in the sequence. Edited nucleotides are indicated with an arrow in the chromatogram. (d) An
RNase protection assay was used to confirm the enrichment of GluR-B in the presence of anti-ADAR2 antibody. A 225 nt long a-32P-labeled probe, 118 nt
complementary downstream of the R/G site, was hybridized to RNA from an IP using pre-immune serum (lane 1) and to RNA from an IP using anti-ADAR2
antibody (lane 2).
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DISCUSSION

During the past decade several methods have been developed
to find new ADAR substrates. By computational analysis a
vast amount of edited sites have been detected in 50- and 30-
UTRs within Alu repetitive elements that are hyper-edited at
multiple sites, but very few sites were found in coding
sequences (4–6). Although editing of Alu repeats might be
important, no function has so far been proposed.

We have developed a method to detect single sites of A to I
editing in vivo and have chosen mouse brain in our initial
experiments. The mouse genome contains fewer repetitive
elements than the human genome and lacks the Alu repeats.

By choosing ADAR2 and mouse material we can focus on
single sites of editing in coding sequences, with the potential
of creating alternative isoforms of the protein. Mouse is there-
fore a good model organism to avoid extensive A to I hyper-
editing of non-coding sequence.

Most dsRNA-binding proteins (dsRBPs) interact with the
RNA by sequence-specific structural features rather than base-
specific interactions [reviewed in (19)]. A dsRNA-binding
motif makes at least two structure-specific interactions with
the RNA double-helix. These interactions have been proven to
occur in a sequence-independent manner (20,21). However, it
has been proposed by us and others that the mismatch oppos-
ing the R/G site in GluR-B serves as a structural feature in
concert with the neighboring nucleotides to direct site-
selective editing (18,22). Further, studies on other dsRBPs
indicate that there are regions in the RNA-binding motif that
interact with RNA loop structures in the vicinity of the helical
structure (23–26). These results are in line with our previous
result indicating that the ADAR2 enzyme discriminate
between a completely dsRNA structure and a selectively
edited substrate interrupted by bulges and loops, possibly
with a slower off rate on the latter sites (15). To minimize
the background binding to dsRNA we exclude any form of
cross-linking between RNA and protein prior to the IP.

Using our approach we can collect potential ADAR sub-
strates in vivo and enrich for selectively edited sites. Using
microarray analysis as the method to detect potential targets
allows us to tolerate a certain amount of background but also
to detect products of relatively low abundance since the
material is amplified prior to the array. However it should be
noted that the microarray is limited in its detection of enriched
transcripts. Table 1 shows the enrichment of known edited

Figure 4. Genes enriched in ADAR2 IP compared with pre-immune serum IP. 200 genes were significantly increased in all three different arrays. The mean value for
the three arrays is shown as fold increase 2x. The GluR-B, marked in red, is ranked 25 of the 200 enriched genes.

Table 1. Enriched known editing targets and non-edited transcripts verified by

microarray

Transcript Mean (2x-fold increase) SD

Known editing targets
GluR-B 1.37 0.23
5-HT2C 1.03 1.63
Ednrb 0.97 1.02
Igfbp 0.50 0.10
Blcap 0.33 0.12
ADAR2 0.33 1.20

Non-edited transcripts
GluR-A �0.17 0.11
ARPP P0 �0.50 0.20

The following abbreviations are used: GluR-B, Glutamate receptor subunit B;
5-HT2C, serotonin receptor subtype 2C; Ednrb, Endothelin receptor type B;
Igfbp, insulin-like growth factor-binding protein 2; Blcap, bladder cancer asso-
ciated protein; ADAR2, adenosine deaminase that acts on RNA 2; GluR-A,
Glutamate receptor subunit A; ARPP P0, acidic ribosomal phophoprotein P0.
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substrates. Most of the known transcripts subjected to A to I
editing show a significant enrichment in the microarray after
the ADAR2-specific IP. However, in order to get a better
statistical value on the microarray an increased number of
independent array analyses are required. The enrichment of
edited substrates in the specific IP was verified by semi-
quantitative RT–PCR on a selective set of RNAs using primers
specific for the GluR-B R/G site, the GluR-B Q/R site and the
A–D sites in the 5-HT2C transcript. Using this technique we
could detect an enrichment of RNA containing all of these
sites but not for GluR-A and ARPP P0 transcripts that are not
edited. We are therefore confident that edited substrates indeed
are enriched in the specific IP. From sequencing analysis of the
PCR products from the amplified edited transcripts we can
detect both pre-mRNA and mRNA. Detection of spliced tran-
scripts indicate that splicing has occurred subsequent to bind-
ing during the IP. Since ADAR2 has been shown to bind to
the inosine containing product with almost the same affinity as
to the substrate (16), we expect that edited as well as non-
edited A to I substrates are extracted using this assay. Approx-
imately 200 genes showed a significant increase in all three
arrays compared with microarrays based on RNA form an IP
using pre-immune serum (Figure 4). We are using computa-
tional analysis to identify the position of editing sites in the
candidate genes. When a computational search on an entire
genome is used as the sole method to identify A to I editing it
is hard to detect single sites of selective editing in the back-
ground of single nucleotide polymorphisms, sequencing errors
and mis-alignments. Since we utilize the candidates identi-
fied in the experimental setup as the input the computational
search can be more general. Three main criteria are used to
get a high score on editing probability: (i) A/G mismatches
between genomic and cDNA sequence, (ii) phylogenetic con-
servation of the A/G mismatch between mammals and
(iii) inverted repeats with acceptance of mismatches and
internal loops (M. Ensterö, B.-M. Sjöberg and M. Öhman,
manuscript in preparation). Each criterium is scored individu-
ally and high score candidates are verified experimentally.
This unique combination of experimental and bioinformatical
analysis has the potential to detect novel sites of selective
editing that have previously been foreseen using the methods
separately. We have detected several new candidates of A to I
editing substrates in mouse brain using this strategy (J. Ohlson,
M. Ensterö, B.-M. Sjöberg and M. Öhman, manuscript in
preparation).

Our approach has numerous applications, it can be used to
find novel editing substrates in different tissues as well as to
identify editing discrepancies between different species. It is
also possible to apply this method on other ADAR protein
family members like ADAR1 but also ADAR3, so far without
known targets, as well as on other dsRBPs. A to I editing is an
essential event for normal brain function (27). Several diseases
with altered brain functions have been shown to have an effect
on specific sites of editing (28,29). Our method has a potential
to give a more general overview of the editing events in a
normal brain compared with a diseased one.
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bstract

The processing of micro RNAs (miRNAs) from their stemloop precursor have revealed asymmetry in the processing of the mature and its star
equence. Furthermore, the miRNA processing system between organism differ. To assess this at the sequence level we have investigated mature
iRNAs in their genomic contexts. We have compared profiles of mature miRNAs within their genomic context of the 5′ and 3′ stemloop precursor

rms and we find asymmetry between mature sequences of the 5′ and 3′ stemloop precursor arms. The main observation is that vertebrate organisms
ave a characteristic motif on the 5′ arm which is in contrast to the 3′ arm motif which mainly show the conserved U at the position of the mature
tart. Also the vertebrate 5′ arm motif show a semi-conserved G 13 nucleotides upstream from the first position. We compared the 5′ and 3′ arm
rofiles using the average log likelihood ratio (ALLR) score, as defined by Wang and Stormo (2003) [Wang T., Stormo, G.D., 2003. Combining
hylogenetic data with co-regulated genes to identify regulatory motifs. Bioinformatics 2369–2380.] and computing a p-value we find that the two
rofiles differs significantly in their 3′ end where the 5′ arm motif (in contrast to the 3′ arm motif) has a semi-conserved GU rich region. Similar

ndings are also obtained for other organisms, such as fly, worm and plants. The observed similarities and differences between closely and distantly
elated organisms are discussed and related to current knowledge of miRNA processing.
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. Introduction

Mature miRNA forms a ∼ 22 nucleotide RNA duplex to-
ether with its star sequence, miRNA*, and is processed out
n an asymmetric fashion from its stemloop precursor structure
reviewed by Bartel, 2004).

The asymmetry results from the two (metazoan) process-
ng steps conducted by the nuclear Drosha and the cytoplas-

ic Dicer. Both these RNase III endonucleases act on different
recursor signals. Drosha is thought to interact with the hair-
in apex loop and cuts the hairpin near the terminal base, thus
efining one end of the mature miRNA (Zeng and Cullen, 2004;
ee et al., 2003). The Drosha processing of a hairpin structure is
urther coordinated by Pasha which have two RNA binding mo-
ifs, a homolog to the mammalian DGCR8 (DiGeorge syndrome
hromosomal region 8) (Denli et al., 2004; Gregory et al., 2004).
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ogos; Sequence profiles

icer is acting via its PAZ-domain which is known to interact
ith the 2 nucleotide 3′ overhang (Ma et al., 2004). Dicer then

uts away the loop subsequently defining the miRNA::miRNA*
uplex.

Dicer has been shown to associate with a variety of different
roteins including another highly conserved group—the Arg-
naute family which also share the PAZ-domain (Hammond et
l., 2001). The RISC (RNA induced silencing complex) is a
ulti-protein complex and the understanding of the biogenesis

cheme from miRNA::miRNA* duplex to final single stranded
ature miRNA is not fully delineated. The Ago2 has been

hown to be the actual slicer within the RISC (Meister et al.,
004). While siRNA specifically degrade their target through
go2 miRNAs is believed to mainly interact with the first ∼ 7
ucleotides hence diversifying the target repertoire. Another
mportant RISC component for fine tuning strand selection is
2D2 (Drosophila melanogaster) which can sensor the differ-

nt thermodynamic inequalities for accurate strand incorpora-
ion (Tomari et al., 2004).

It has been observed that miRNAs are less stable in the
′ end than in their 3′ end (5′ end of the star sequence)
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Table 1
The table gives an overview of the miRNAs used as well as the distribution of the left and right matures

Org Genome DB Hair U-hair 5′arm 3′arm Mat 5′
redarm 3′

redarm

hsa NCBI35 332 332 332 203 191 394 122 119
mml MMUL0.1 71 63 62 44 23 67 32 20
mmu NCBIM34 270 276 267 159 148 307 101 101
rno RGSC3.4 234 228 228 138 116 254 92 88
gga WASHUC1 144 144 144 88 64 152 42 40
dre WTSIZv5 372 335 310 149 198 347 49 45
fru FUGU4 131 132 130 68 65 133 36 39
tni TETRAODON7 131 142 131 72 70 142 35 39
dme BDGP4.0 78 78 78 34 51 85 29 29
dps DPSE2.0 73 73 73 28 46 74 25 28
cbr cb25.agp8 79 82 79 26 56 82 22 37
cel WS140 114 114 113 41 75 116 30 55
ath Refseqa 117 117 117 62 57 119 28 21
osa TIGR3.0 178 124 123 62 62 124 20 21

Org, the organism; genome, the release (see text for details); DB, the number of hairpins in the miRNA database; hair, the number of hairpins with genome coordinates;
U-hair, the number unique hairpins with genome coordinates; 5′ arm (3′ arm, respectively), the number mature miRNAs on the 5′ arm of (3′ arm, respectively) of the
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airpin; mat, the number of mature sequences with genome coordinates; 5redar
n the 5′ arm (3′ arm, respectively) left after similarity reduction (see text for d
a Consist of GenBank accessions: NC 003070.5, NC 003071.3, NC 003074.

Schwarz et al., 2003; Khvorova et al., 2003; Krol et al., 2004)
nd that the molecular processing machinery can sensor this
Tomari et al., 2004). Also, recent findings for intronic miRNAs
n zebrafish suggest a non-canonical asymmetry in the process
f strand selection acting concurrently with thermodynamical
roperties (Lin et al., 2005). Here, we further investigate this
symmetry and show that the organization in the genomic se-
uence context is asymmetric with respect to the mature se-
uence in the 5′ and 3′ arms of the stemloop precursor. This
rganization is similar for related organisms, but different for
istantly related organisms.

. Materials and methods

.1. Data

Organisms represented in mirBASE version 8.0 (Griffiths-
ones et al., 2005) was extracted in their genomic contexts and
nly miRNA hairpins with genome gff coordinates was used. All
oordinates were checked by comparing the extracted sequence
nd the sequence in the registry. Hairpins for which genomic co-
rdinates were not given were ignored. One hairpin from cel was
emoved as it had no mature sequence annotated. For each organ-
sm the sequence data was divided into two sets one containing
he mature sequences on the 5′ arm in the stemloop precursor and
ne where the mature sequences are on the 3′ arm in the stem-
oop precursor. For stemloops containing mature sequences on
oth the 5′ and 3′ arms, the mature sequences were used in their
espective contexts. The number of such cases is in general low.

Furthermore, we made similarity reduced sets by group-
ng the sequences into families by the nucleotides 2–8 of
he mature sequences, using only one sequence from each

amily (Lewis et al., 2005). Only organisms with at least 20
equences left for both the 5′ and 3′ arms were included in the
ata set. These are: Arabidopsis Thaliana (ath (Arabidopsis
enome Initiative, 2000)), Caenorhabditis briggsae (cbr

h
l
o
u

edarm, respectively), the number of mature miRNAs with genome coordinates
.

003075.3, NC 003076.4.

C. elegans Sequencing Consortium, 2006)), Caenorhabditis
legans (cel (C. elegans Sequencing Consortium, 1998)),
rosophila melanogaster (dme (Celniker et al., 2002)),
rosophila pseudoobscura (dps (Richards et al., 2005)), Danio

erio (dre (The Zebrafish Sequencing Group, 2006)), Fugu
ubripes (fru (Aparicio et al., 2002)), Gallus Gallus (gga
Int. Chicken Genome Sequencing Consortium, 2004)), Homo
apiens (hsa (Int. Human Genome Sequencing Consortium,
004)), Macaca mulatta (mml (HGSC at Baylor College of
edicine, 2006)), Mus Musculus (mmu (Mouse Genome

equencing Consortium, 2002)), Oryza sativa (osa (Yuan et
l., 2003)), Rattus norvegicus (rno (Rat Genome Sequencing
roject Consortium, 2004)) and Tetraodon nigroviridis (tni
Jaillon et al., 2004)). The miRNA sequences (“hairpins” as in
irBASE) were then matched with their genomic context, and
hole segments typically of 3000 nucleotides were extracted.
he details of the data are listed in Table 1.

.2. Sequence profiles

To construct sequence profiles the miRNAs along with their
urrounding genomic context, were aligned by the start of their
ature sequence. For each of the considered organisms this was

one for the 5′ and 3′ arm mature sequences, respectively. Next,
equence logos (Schneider and Stephens, 1990) were generated
y computing the relative entropy as by Gorodkin et al. (1997),
ith nucleotide frequencies computed for each position of the

ligned sequence. Briefly, the information content for each posi-
ion in the alignment is defined as I = ∑

l ql log2 ql/pl, where
belong to the set of nucleotides. The fraction ql is the observed
ucleotide distributions, whereas the fraction pl is the expected
background) nucleotide frequencies drawn from the miRNA

airpin excluding the mature sequence. For each position in the
ogo the correspond to the information content I, and the height
f the letter l is the portion qlI. When ql < pl letter l is displayed
pside down.
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Fig. 1. The sequence logos of the 5′ (top) and 3′ (bottom) arms of the human
miRNAs in their genomic context. Position zero corresponds to mature sequence
s ′ ′
1
d

k
i
3
U
3
m
a
f
l

w
q
e
a
s
t
c
p
t

a
fi
c
w
r

J. Gorodkin et al. / Computational B

.3. Comparing distributions

To compare the significance of the difference between 5′ and
′ arm motifs the corresponding weight matrices (profiles) from
he sequence logos were stored for computing the average log-
ikelihood ratio (ALLR) score as defined by Wang and Stormo
2003). This measure can be used to distinguish two correspond-
ng columns from each weight matrix. It is the joint probability
f observing the data generated by one distribution given the
ikelihood ratio of the other distribution. The ALLR score is a
og-likelihood test of how one data set fits into another and vice
ersa. It is the average of the two log-likelihood ratios. When
he data sets are unrelated the ALLR is expected to be negative.
or details, see Wang and Stormo (2003).

Here, we compute the ALLR score for the two profiles (5′
rm and 3′ arm, respectively) when aligning them up- and down-
tream from the beginning of the mature sequence. For this fixed
lignment we compute the ALLR score across several different
egions. When comparing the two profiles, an ALLR score is
omputed over the corresponding regions of the two profiles.
ne of the nice features of the ALLR score is that it takes into

ccount that the profiles compared can be made from different
umbers of sequences.

Empirical p-values for significance of the obtained ALLR
cores are computed in a given region by keeping the columns
f a window from the 5′ arm (3′ arm, respectively) fixed while
huffling the columns (100 times) in the 3′ arm window (5′ arm,
espectively) and for each shuffling, computing the ALLR score.
he rank of the true ALLR score gives the empirical p-value.

. Results

The data sets for the organisms considered here are shown in
able 1, where we observe the following: for the non-reduced
ata sets of the organisms has, mml, mmu, rno, gga that there
eems to be a slight over representation of 5′ arm mature miR-
As. In contrast for fly and worm the over representation seems

o be for the 3′ arm miRNAs. For plants, the number on both
rms appears to be the same. The latter have also been noticed
n by others (Bartel and Bartel, 2003).

However, here we focus on the similarity reduced sets of
ature miRNAs in the 5′ and 3′ arms and unless mentioned

therwise we refer to this set. Results similar to those presented
or reduced sets are obtained on the full non-reduced 5′ and 3′
rm data sets (not shown). For each organism we constructed
rofiles of the 5′ and 3′ arms with the precursor in the genomic
ontext as described in Section 2. The profiles can be represented
y sequence logos (Schneider and Stephens, 1990) as shown
n Fig. 1 for the human case. The corresponding profiles for
he organisms listed in Table 1 are shown in the supplementary

aterial Figure S1. Note that the first position of the mature
iRNA is indicated as position zero in the logos.
By inspection, we observe that all organism profiles show
ifferent characteristics between their 5′ and 3′ arm motifs. For
he vertebrate organisms (hsa, mml, mmu, rno, gga, dre, fru, tni)
e observe that they have a characteristic motif on the 5′ arm.

n contrast, the 3′ arm motif essentially only displays the well

s
A
t
t

tart. The 5 arm logo was generated from 122 sequences and the 3 arm logo from
19 sequences. Letter sizes are shown according to their frequencies. (Upside-
own is less than the expected frequency.).

nown conserved U at the start of the mature sequence. For the
nvertebrates organisms flies and worms (dme, dps, cel, cbr) the
′ arm motif is more characteristic showing a highly conserved
at the mature start. For plants (ath and osa) both the 5′ and the

′ arm motifs show characteristic, but different motifs, the 5′ arm
otif having a strongly conserved U at the mature and the 3′ arm
conserved C at the mature end. However, as there are relatively

ew plant sequences in the reduced sets, more sequences will are
ikely to provide more information.

For the characteristic vertebrate 5′ arm motif it contains the
ell known U conservation at the beginning of the mature se-
uence (position zero in logos) and a GU rich region in the 3′
nd (of the 5′ arm) around positions 18–25. Interestingly, the 5′
rm motif also contains an upstream semi-conserved G at po-
ition −13. For the invertebrate organisms (dme, dps, cel, cbr),
he 3′ arm motif seems characteristic. Fly seems to have more
onserved positions in the neighborhood of the mature start in
articular a semi-conserved U at position −9. (See Figure S1 in
he supplementary material for details.)

To compute which parts of the 5′ and 3′ motifs are similar
nd different, we utilized a sliding window across the two pro-
les and computed the ALLR score and an empirical p-value at
orresponding positions (Section 2). Window sizes from 6 to 14
ere utilized all providing the same information with different

esolutions. In Fig. 2 we show the scan on human for window
ize 7. It is in particular notable that around positions 15–20 the

LLR score drops significantly while the p-value at the same

ime is getting close to one. This indicates that the 3′ end of the
wo types of mature sequences differs (low ALLR score) and
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Fig. 2. Profiles of ALLR scores (top) and p-values (bottom) for human using a
window size of 7 nucleotides across the two profiles, that are assumed aligned
to the corresponding regions, see Wang and Stormo (2003) for details. For each
position, the three neighboring nucleotides on both sides were used to compute
the ALLR score. The p-values for each of the sliding windows are computed
empirically by shuffling the columns (100 times) in each of the windows of the
5′ arm motif while fixing 3′ arm motif, see Section 2 for details. An almost
identical plot is obtained by shuffling the 3′ arm motif while fixing the 5′ arm
m
c
m

a
o
1
s
s
n
t

o
s
n
t
f
s

F
s
2

t
a

t
r
0
w
a
A
i
i
t
m
s
o
h
t

4

m
t
w
processed in the same way. Given the asymmetry observed here,
otif (not shown). The profiles in the top row are computed by keeping the
olumns of the 5′ arm motif fixed while shuffling the columns of the 3′ arm
otif (corresponding positions).

lso differs significantly as the p-value is high. Similar type of
bservations are obtained for the other organisms listed in Table
, however the curves do in some instances vary differently up-
tream from the 3′ end of the compared mature regions (data not
hown). In few cases the p-value signal on positions 15–20 is
ot so strong, and the p-value drops to 0.55 in a case (cel). Also
he peak might be shifted towards position zero.

In contrast to the difference observed between the 3′ ends
f the 5′ and 3′ arm mature sequences, we for the 5′ ends ob-
erve that the ALLR score, although negative it is only slightly
egative and the p-value is close to zero. This indicates that

he ALLR score in this region is not significantly different
rom what would be expected when comparing with shuffled
equences. Hence no conclusion can drawn about similarity be-

t
m
a

ig. 3. Pairwise comparisons for the organisms listed in Table 1. The ALLR
core was computed of the region spanning from the mature start position and
5 nucleotides downstream.

ween the 5′ ends of the mature sequences in the 5′ and 3′ stem
rms.

We also compared the 5′ arm (3′ arm, respectively) among
he organisms computing the ALLR score. We compared the
egion covering the entire mature sequence starting at position
ending 22–29 nucleotides downstream. For each comparison
e find that the related organisms have a relatively high score

mong themselves and score lower with more distant organisms.
n example using a region spanning 24 nucleotides downstream

s shown in Fig. 3. Note that the ALLR score of a profile against
tself is exactly the information content of the profile within
he considered region. The only less inconsistent pattern is the
ml comparison. This is likely to be due to the relatively few

equences compared to the many sequences for the close related
rganism hsa, mmu, rno. This is also likely to be reflected in the
igher score of mml against itself than hsa, mmu, rno against
hemselves.

. Discussion

We did find that there is an asymmetry (difference) between
iRNA sequence motifs when the mature sequence is located in

he 5′ and 3′ arms of the stemloop precursor. A key question is,
hether the 5′ and 3′ arm of the mature miRNA sequences are
his could be possible if, for example, the 3′ arm of the mature
iRNA* sequence contains the same features as the mature 5′

rm sequence. However, recent studies have provided biochem-



J. Gorodkin et al. / Computational Biology

ical verification showing that a mature miRNA is less stable at
its 5′ end than its 3′ end (5′ end of star sequence) (Schwarz et al.,
2003; Khvorova et al., 2003; Krol et al., 2004). This shows that
the star sequences of the 3′ arm cannot have the same properties
as the mature sequences on the 5′ arm and vice versa. These
observations suggest that the miRNA processing machinery not
only acts in an asymmetric fashion with respect to the mature and
its star sequence, as showed by Tomari et al. (2004), but is also
asymmetric with respect to processing 5′ and 3′ arm sequences.
For vertebrate organisms, the upstream conserved G of the 5′
arm motif is a candidate for playing a role in the asymmetry.

We also observed that profiles among the organisms some-
what differs and that more closely related organisms have a
higher score among themselves than more distantly related or-
ganisms. The vertebrate profiles seems to share very similar
profiles of the 5′ arm motif, but interestingly fish appears to dif-
fer on the 3′ arm motif with and A-dominated signal at position
13 in the logos. However, in particular the plant appears to a
specific feature, namely semi-conserved C in 3′ end of both the
5′ and 3′ arm mature sequences.

In agreement with this, the plant species are well known to
have major differences in the biogenesis. They lack the pro-
cessing of Drosha which instead is mediated through Dicer-like
endonucleases— and more specifically DCL1 (Dicer-like pro-
tein 1) (Papp et al., 2003). DCL1 acts, in contrast to metazoan
homologs, in the nucleus as the first processing steps of the
pre-miRNAs which are further categorized differently from the
metazoan intermediates. It is both more variable in size and have
a high turn-over rate most likely from a coupled processing in
the nucleus from the DCL endonuclease, resulting in a tempo-
rary precursor intermediate (Reinhart et al., 2002). Moreover,
plant miRNA::target interaction is also more precise and shows
a near-perfect complementarity (Rhoades et al., 2002). No ob-
vious conservation of any miRNA gene and lack of Drosha ho-
mologs between the animal and plant kingdoms even propose
an independent origin of this mechanism, as suggested by Bartel
(2004).

Even though there is no experimental results concerning the
different organization of 5′ and 3′ arm mature sequences be-
tween fly/worm and amniotic deployment, related distinctions
have been observed. Note, that the RISC complex have only been
studied in detail for fly (Tomari and Zamore, 2005) and similar
studies might reveal variation in processing, for example, be-
tween human and fly. A related difference in the RISC complex
with respect to RNAi have been observed, where Argonaute 2
is the only slicer in human that provides a fully functional RISC
complex (Liu et al., 2004). Mammals do not have an endogenous
siRNA expression in contrast to the lower eukaryotic species (re-
viewed by Bartel, 2004). The mammalian miRNA biogenesis
has evolved to a state of fine tuning the processing steps solely
with miRNA expression at hand. The other clustered groups have
different silencing pathways (DNA methylation, siRNAs) rely-
ing in general on the same set of processing machinery hence,
signals for biogenesis properties had to evolve coordinately in
contrast to the mammalian way where miRNA associated pro-
teins and miRNA signals have evolved synchronously. Another
aspect is also target substrates. Although many miRNA fam-
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lies seem to be evolutionary conserved, which also is a trait
istinguishing them from siRNA, there is a rising number of
ammal specific miRNAs, for example the mir-196 involved in

egulating expression from the HOX-gene clusters (Yekta et al.,
004).

Our observations also indicate differences between worm and
y and it has been suggested that they could have different RNAi
athways (Zamore, 2002). In fact, recent findings (Lin et al.,
005) show that the location of the mature sequence in intronic
iRNAs in zebrafish are crucial for proper processing. Here, it

s suggested that Dicer promotes asymmetry in strand selection
ossibly due to sequence bias within the apex loop. Hence, our
bservations are not in conflict with the current knowledge of
iRNA processing, but contribute further to the possibility of

ariations in the miRNA processing machinery.
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Abstract

Several bioinformatic approaches have previously been used to �nd novel sites of ADAR mediated A-to-I
editing in human. These studies have discovered thousands of genes hyper-edited in their non-coding
regions, but very few substrates that are site-selectively edited. Known substrates suggest, however,
that site selective A-to-I editing is particularly important for normal brain development in mammals.
We have compiled a screen that enables identi�cation of new sites of selective editing, primarily in
coding sequences. To avoid hyper-edited repeat regions, we have applied our screen to the alu-free mouse
genome. Choosing mouse also facilitates the experimental veri�cation and enable us to analyze the extent
of editing at early developmental stages of the brain. First we constructed an explorative screen based
on RNA structure and genomic sequence conservation. We evaluated the explorative screen by means of
enrichment of A-G mismatch, that is, the discrepancy between the genomic template and the expressed
sequence having an A and an I (read as G), respectively, in corresponding positions. The enrichment
implicate A-to-I editing as an important mechanism in �ne tuning proteome diversity. We extended the
explorative screen by including a speci�c scoring scheme based on characteristics for known A-to-I edited
sites. The extent of editing in the candidate genes was veri�ed using total RNA from mouse brain and
454 sequencing. Editing with low e�ciency was veri�ed at several sites within the regions that were
predicted.

Introduction

The eukaryote cellular machinery has been shown to contain several alternative processing mechanisms acting
on RNA. On the pre-mRNA level alternative splicing is a well-known mechanism altering the transcript. This
type of alternative processing is particularly important in the nervous system, where it helps determining the
properties of many types of neurons [Li et al., 2007]. Although RNA editing has received less attention it is
known to �ne-tune messenger RNA composition by changing single nucleotides. The most common enzymes
that perform editing in mammals are the ADAR (adenosine deaminase that acts on RNA) proteins. The
ADAR enzymes ADAR1 and ADAR2, convert adenosines to inosines (A-to-I) within double stranded RNA
by a hydrolytic deamination (reviewed in [Maydanovych and Beal, 2006]). Since inosine is interpreted as
guanosine (G) by the splicing and translational machineries, ADAR editing e�ectively results in an A-to-G
change that may alter the amino acid sequence encoded by the substrate. There are two types of A-to-
I edited sites, (1) hyper-edited sites which are abundant in non-coding and untranslated regions of long,
almost completely double stranded, stem loop structures [Morse and Bass, 1999, Levanon et al., 2004] and
(2) selectively edited sites which consists of imperfect stem loop structures, often formed by an exon and a
trailing intron sequence. Site selective editing is believed to be a rare event where the known examples have
mainly been found in genes involved in neurotransmission.

The known substrates for site selective editing typically have a functional signi�cance due to non-
synonymous alteration of a codon. Both strands of a substrate stem often show high conservation of sequence

∗These authors contributed equally to this work
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as well as structure in species from man to chicken [Aruscavage and Bass, 2000, Hoopengardner et al., 2003,
Ohlson et al., 2007]. Imperfections in form of bulges and internal mismatches are important structural fea-
tures for site selective editing [Bass, 2002]. Even though only a handful substrates have been identi�ed,
editing has been proven to be important for the function of the developing brain in both invertebrates
[Palladino et al., 2000] and vertebrates [Hartner et al., 2004, Higuchi et al., 2000, Wang et al., 2000].

Our explorative screen for selectively edited sites has two components, RNA structure prediction and se-
quence conservation. We use StemPrediction to predict stems among genomic sequences containing sequence
pairs being approximately reverse complementary. To extract duplexes found in conserved regions an in-house
conservation measure is applied to multiple alignments of 17 vertebrate genomes [Margulies et al., 2003]. We
use an alignment between genomic data and an expressed sequence database [Boguski et al., 1993] in order
to extract A-G mismatches. Our explorative screen is evaluated based on enrichment of A-G mismatch for
highly conserved stems. The explorative screen is then extended to include a speci�c 6-bit scoring scheme
based on characteristics for known A-to-I edited sites. Interestingly, a stand-alone application of the explo-
rative screen recently lead to the discovery of editing of the GABA-A receptor, subunit alpha 3 (Gabra3)
[Ohlson et al., 2007, Pedersen et al., 2006].

Similar ideas have been used previously to construct computational screens with the same purpose
[Levanon et al., 2004, Athanasiadis et al., 2004, Blow et al., 2004, Clutterbuck et al., 2005]. The hallmarks
of these prior screens have been the A-G discrepancy and the clustering of adjacent discrepancies. Less used
components involve conservation (often mouse/human) and prediction of target RNA foldback structures.
These studies have mainly led to the discovery of thousands of hyper-edited substrates where the editing
events arise from inverted repetitive elements such as Alu sequences.

Our aim has been to �nd single sites of selective editing having the potential of re-coding the open reading
frame. To do this we have focused on �nding stem-loop structures that contain A-G discrepancies and are
conserved in sequence between species. Our screen also bene�ts from the features of the 6-bit scoring scheme.
The result of applying our extended screen to the mouse genome gives a substantial number of novel putative
substrates of which 45 have been experimentally validated. 38 comes from our combined explorative and
extended screen and an additional 7 comes from the explorative screen alone. In the latter, we look for
possible editing events within 7 highly conserved stem regions without any conditional A-G mismatch.

Results

Here we describe in more detail the components in, the evaluation of, and the results of applying, our screens.
The process is illustrated with a �ow chart presented in Figure 1.

BLASTZ

We used BLASTZ [Schwartz et al., 2003] to extract sequences from the Mm8 assembly [Karolchik et al., 2003]
containing reverse complementary pairs of subsequences, reasoning that these are likely to form RNA du-
plexes. In a previous study [Ohlson et al., 2005], an ADAR2/RNA co-immunoprecipitation strategy was
applied to a microarray in order to identify ADAR2 substrates. The study evaluated 11,827 well anno-
tated mouse genes. Our BLASTZ search was restricted to genomic regions which: (1) are bound by any of
these 11,827 genes and (2) are alignable with at least 10 of the 16 species in the multiple sequence align-
ment (MSA) [Karolchik et al., 2003] containing the mouse genome aligned to 16 other vertebrates. We used
BLASTZ parameters as described in Methods. We noted that the amount of result was very sensitive to
certain parameters but decided to use the default ones. The total number of sequence pairs extracted with
BLASTZ was 53,729,218, around 5.000 per gene on average.

StemPrediction

We then used StemPrediction (see Methods) to �lter this large sequence collection for pairs of sequences
exhibiting characteristics of known ADAR substrates. A key parameter was the MAX_ENERGY cut-o�
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corresponding to minimum free energy for the stems. We avoided a strict cut-o�, since the free energy for
known ADAR substrates are often moderately low (see Figure 2). On the other hand, an overly liberal
cut-o� will inevitably result in a vast amount of noise sequence pairs to analyse in the next step. Based on
these considerations MAX_ENERGY = −15 was chosen. When inspecting the result we �nd it unlikely
that a looser cut-o� would yield any addition of interesting predictions. The energy values for the retrieved
stems ranged between extremes -15 and -1382. The empirical distribution is shown in Figure 3. The total
number of retrieved stems was 2,919,511. Of those, 55%, or 1,611,913, had a predicted stem loop longer than
10,000 nucleotides. These were removed, since all the con�rmed substrates have stem loops shorter than
5,000 nucleotides, which left us with 1,307,598 candidate stems to analyse further.

Mm8 conservation labelling

Using the above mentioned mouse vs. 16 vertebrates MSA, we scored each Mm8 site/nucleotide according
to its level of conservation (see Methods). This MSA contains a collection of mouse sequences, each aligned
to as many of the other 16 genomes as possible. Each mouse site included in an alignment containing at
least 10 out of the 17 species were given a positive conservation score while all other positions were given
a conservation score of zero. The conservation score for these 10-aligned sites is the sum of the parsimony
score and the tree score (see Methods), both computed relative to a window of k nucleotides upstream and
k nucleotides downstream of s. We found k = 10 to be suitable, i.e., the conservation score for s depends on
the sites in a window of width 21 surrounding s.

The number of sites on the mouse genome that was given a positive conservation score was 58,192,830,
i.e, around 2% of the mouse genome, and the values ranged from just above zero to 110. An area with
conservation score c is a set of contiguous sites, with at least one site scoring c or higher, delimited by 50
consecutive sites all having a score below c. The number of sites and areas which have conservation scores
within various conservation score intervals is shown in Table 1. In Table 1 is also shown the number of sites
and areas which have a conservation score within these intervals and overlap a gene.

The idea behind using the parsimony score and the tree score is that the former should capture absolute
conservation, i.e., its value will be high for sites in which very few mutations have occurred, while the latter
will capture conservation in the mouse and human part of the tree which relates the aligned species (see
Figure 4). That is, a site in which several substitutions have occurred in some small subtree distant from
mouse, but where no substitutions has occurred elsewhere, will have a high tree score value. In Figure 7
is shown an alignment of a genomic region overlapping GluR-B R/G. The window containing the �rst 21
nucleotides, surrounded by a green box in the �gure, contains �ve substitutions altogether. All these have
occurred in Tetra�sh resulting in a high tree score for this window.

In Figure 5 is shown a section of mouse chromosome 3 overlapping the positions for already recognized
ADAR substrates GluR-B Q/R and GluR-B R/G sites respectively. It is clear that the genome positions for
these two substrates score high.

Stem conservation scoring

Using the Mm8 conservation labelling, we scored each candidate stem according to its level of conservation.
We expect that ADAR substrates should be highly conserved in terms of structure, at least in areas close
to the edited site. Typically, it is the bases in the helical regions of the ADAR substrates whose iden-
tity is conserved whereas bases in nonhelical regions are not, although their nonhelical state is maintained
[Aruscavage and Bass, 2000]. A phylogenetic analysis reveals an unusual sequence conservation within in-
trons involved in RNA editing; Daniel and Öhman, unpublished). We therefore required a high conservation
score on both stem arms of the putative substrates. Consequently, the candidate stem was given the conser-
vation score of its lowest scoring stem arm, and each stem arm was, in turn, given the score of the highest
scored site on that arm. The number of candidate stems which have conservation scores above various
thresholds is shown in the rightmost column of Table 1.
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A-G mismatcher

We used two databases, mouse EST [Boguski et al., 1993] and mouse SNP [Sherry et al., 2001] to extract
A-G mismatches. The genomic sequences used in the alignment corresponded to the CDS boundaries,
also called genomic mRNA below. An A in genomic data and a G at the same position in EST data for
an individual, is a trait of A-to-I editing. However, the sequences in the databases correspond to many
individuals, so an A-G mismatch may be caused by an SNP. For this reason we used the mouse SNP
database to remove known SNPs from our predicted A-G mismatches. Nevertheless, it has previously been
shown that over one hundred SNPs in human are actually somatic changes most likely due to A-to-I editing
[Eisenberg et al., 2005]. Therefore, A to G SNPs veri�ed by sequencing of ESTs were not excluded from
the screen. A total of 142,136 A-G mismatches were �ltered out and of those 32,948 were rejected due to
concurrent hits in the SNP database. Thus, 109,188 high quality A-G mismatches were detected.

The number of genes containing a certain number of A-G mismatches ranged between the extremes 0
and 420 according to the distribution in Figure 6. 10841 genes contain at least one A-G mismatch. The gene
Spna2 contains the highest number of A-G mismatches, 420.

A-G mismatch enrichment analysis

When each stem had been given a conservation score, we evaluated our collection of candidate stems for
A-G mismatch enrichment. We partitioned the spectrum of conservation scores into sections < 50, 50− 60,
60 − 70, 70 − 80, 80 − 90 and ≥ 90. We expect, if conservation score and A-G mismatches are indeed
both ADAR substrate characteristics, that A-G mismatches will be enriched among candidate stems with
high conservation score. We evaluated this using a null hypothesis according to which an A-G mismatch is
independent of A-to-I editing. Since we view editing as the only possible explanation for dependence between
A-G mismatch and conservation and in order to get a computable p-value, we extend the null hypothesis
to include independence between A-G mismatch and conservation. In Table 2 is shown absolute numbers
and relative frequencies of A-G mismatch for various conservation scores. The frequency of A-G mismatch
among stems with conservation score < 50 and 80 − 90 are 0.128 and 0.273, respectively (see rightmost
column of Table 2). The probability of having such a high discrepancy assuming that A-G mismatch is a
random phenomenon with the same distribution in both ranges of conservation score is < 10−85, p-value
calculated with Hoe�ding's bound [Hoe�ding, 1956]. We conclude that there is a correlation between editing
and high conservation score. In both ranges, some of the A-G mismatches could be attributed to random
phenomena independent of editing, and we assume that the fraction of randomly occurring A-G mismatches
is the same in both ranges. This fraction can be no larger than 0.128, implicating that the fraction of edited
stems in the 80− 90 range is at least 0.145, corresponding to 483 stems.

We further used the results from the IP assay presented in [Ohlson et al., 2005]. In [Ohlson et al., 2005]
an anti ADAR2 antibody was used to bind ADAR2 in complex with RNA targets. The RNA was subsequently
used for microarray analysis using A�ymetrix mouse chip 430A. The aim was to identify novel selectively
edited ADAR2 substrates and afterwards use a computational approach to �nd the edited sites. Three
biological replicates and control experiments were conducted. Using standard approach, microarray p-values
were calculated for the probability that the di�erential hybridization between arrays stained with samples
corresponding to the ADAR2 speci�c and the non-speci�c antibody, respectively, occurred purely by chance.
We partitioned the spectrum of microarray p-values into sections 10−1, 10−5− 10−1, 10−10− 10−5, ≤ 10−10.
The conservation scores and microarray p-values are presented in Table 2. Comparing the ≤ 10−10 and 10−1

microarray p-value ranges in a way similar to how the two conservation ranges was compared above, yields
an estimate that the former interval has a fraction of 0.055 edited stems, corresponding to 798 stems.

Thus, it seems from the enrichment that the conservation score is a better predictor of ADAR editing
than the microarray p-value. Based on this we decided to pick candidates for experimental validation using
a scoring scheme with the conservation score as the main component. The microarray p-value was not used.
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Site ranking using the extended screen

Our screen utilizes a site ranking scheme as a �ltering step to narrow down the number of candidates. As a
pre-�lter we evaluated a conservation cut-o� score for a candidate to enter the site ranking scheme. Hence,
we compiled the conservation scores for the predicted stems of the positive controls see Table 6. To include
half of them (8/15), we would have had set the cut-o� to 75 or above. The curated assessment of this
cut-o� was consequently set to ≥ 75. By applying the explorative screen and a conservation cut-o� of 75
and among the thereby obtained stems selecting those with A-G mismatches, we obtained 2,524 stems from
the 53,729,218 sequences with complementary sub sequences retrieved with BLASTZ. To achieve a further
reduction we added the site scoring criteria based on common features among known ADAR substrates. We
used a bit-scoring scheme in which a candidate stem could have a maximum score of 6.

The �rst two bits were used to credit conservation even further. All 2,524 had a score ≥ 75 but we
decided to score ≥ 80 and also ≥ 90. The reasoning to promote the conservation further is that the 3 top
scored regarding conservation (GluR-B: R/G 96, Q/R 85 and Gabra3: I/M 85) also are edited close to 100%.
Assuming the editing frequency to be a quality marker for the conservation trait to improve this screens
speci�city, we decided to add 2 bits in total for highly conserved stems. These bits are called cons_80 and
cons_90, respectively, in Table 3. The third bit speci�cally scores whether an A-G mutation has occurred.
This bit is called A-G mutation. A stem has an A-G mutation if it has an A-G mismatch, and if mouse
and the species close to mouse have an A in the A-G mismatch site in the alignment, while species in some
subtree distant from mouse have a G. In Figure 7 is shown a 17 species alignment for the Mm8 genome
segment harboring the GluR-B R/G site. The edited site is shown as a red column in the alignment and we
note speci�cally in that column the A-G mutation occurring in tetra�sh. The fourth bit was used to further
reward distinct A-G mismatches in both stem arms. The underlying reasoning is that if the occurrence
of A-G mismatches in stem arms is independent of how we pair stem arms into stems, the probability of
having A-G mismatches in both stem arms is signi�cantly lower than the probability of having an A-G
mismatch in only one stem arm. This bit is called A-G_both. The data in EST libraries is often su�ering
from sequencing errors. To analyze if the identi�ed A-G mismatches were identi�ed as changes in entered
protein sequences we downloaded all available, mRNA and protein sequences from the Entrez gene site
[Maglott et al., 2007]. If amino acid changes appeared in the protein sequence due to A to G changes it was
scored as annotated_aa_change. It has previously been shown that there is a sequence bias in the vicinity
of an edited adenosine [Lehmann and Bass, 2000]. Hence, we used algorithms for calculating information
content [Schneider and Stephens, 1990] to sort out if and how to score a nearest neighbour distribution of
an edited site (see Methods). The calculation shows the following: the upstream and downstream neighbour
sites had information contents of 0.43 bits and 0.50 bits, respectively. The upstream site had no guanosines
at all in the 24 sequences used and the downstream site had a preferred guanosine (0.27 bits). The slightly
higher information content of the downstream neighbour and also the presence of a downstream G in most
of the known ADAR subtrates, motivated us to score a downstream guanosine of a candidate editing site,
(ds_G).

We compiled a list with all candidates having a site score of ≥ 3 (see Table 5). This list contains 53
sites where 4 of them are known ADAR target sites. Due to RNA preparation procedures for sequential
veri�cation we had to reduce the number of sites being experimentally validated, since the region of interest
in the mouse genome could not be un-ambiguously ampli�ed. Hence, 38 sites were experimentally tested.

454 results

Validation was performed using amplicon analysis by 454 sequencing, see Methods. We aligned the collection
of sequences retrieved for each of the 38 validated genes from 454 sequencing of the adult mouse, post natal
day 21. The number of sequences retrieved for our 38 candidate genes, and thus the number of alignment
rows, ranged from 46 to 1267. All alignments showing any sign of poor quality was discarded. A total
of 175 positions was found where a genomic A was replaced by a G in at least one of the sequences. In
most cases, the fraction of G in any such position was very low and. None of the sites correspond to the
predicted positions of the A/G discrepancy. The candidate site in which the highest fraction was found was
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a synonymous site at Elavl2. The alignment corresponding to this site contained 625 sequences out of which
15 (2.4%) showed a A-G replacement in the site in question. In a total of 10 sites the A-G replacement
frequency was larger than 1%.

To certify that these replacements were in fact due to editing we performed a number of tests. We
manually checked that the sequences were in fact unique to the corresponding genomic position. We further
considered 454 sequencing errors. The 454 output contains a phred score for each position indicating the
risk of erroneous sequencing for the position in question. In most cases the phred score was reported to be
between 20 and 30 corresponding to 1% and 0.1% risk respectively. Using the phred scores we calculated
p-values for the event that all A-G replacements would have been due to sequencing errors. In 40 out of 175
cases the p-value was found to be < 0.0001. In 12 cases the p-value was found to be < 10−9.

Discussion

We have compiled an explorative screen for selectively A-to-I edited sites, based on two components, RNA
stem structure and conservation of the corresponding sequence. For the stem structure, we use a free energy
threshold, while the conservation score is used to rank stems.

An assay was designed for our explorative screen that tests whether highly conserved stems are enriched
for positions with an A-G mismatch between the genomic and the transcribed sequence. The result of the
evaluation is that A-G mismatches are signi�cantly enriched in highly ranked stems. Comparing stems in
the 80 − 90 conservation score range with those in the < 50 range yields an estimate of 483 edited stems
in the former. The same type of comparison between each of the three intervals 70 − 80, 60 − 70, and
50 − 60 and the interval < 50 yields an estimate of 18074 edited stems in the combined conservation score
range 50− 80. These values are surprisingly high, and it is reasonable to believe that ADAR editing is the
biological phenomenon explaining these high numbers. It is noticeable that the conservation score range 90
contains relatively few stems with an A-G mismatch. We �nd two possible explanations for this: (1) several
of the known ADAR substrates are in this range but have been excluded and (2) known functional edited
sites often have a G in �sh and amphibians that are more distantly related to mammals and this prevents a
very high conservation score.

P-values for di�erential hybridization from the ADAR2/RNA IP assay [Ohlson et al., 2005] was available.
In [Ohlson et al., 2005] the array p-values are evaluated solely based on the rank of known ADAR substrates.
We investigated sequences having p-values in four di�erent intervals with respect to enrichment of stems
having an A-G mismatch. It would have been possible to include also these p-values in the extended screen.
We chose not to do so because genes showing no di�erential hybridization but high conservation are also
enriched for A-G mismatch. Although the converse is also true, it is less pronounced. In fact the fraction of
edited stems in the ≤ 10−10 and 10−1 microarray p-value ranges is 0.055, that is 798 stems. It is however also
interesting to note that except the most highly conserved stems (conservation score ≥ 90) each conservation
interval for sequences having p-values 10−1 has a higher fraction of sequences having an A-G mismatch, than
the corresponding conservation interval for p-value range 10−5−10−1. We have not found any plausible and
logical explanation of this.

We extended our screen by including several additional components of which A-G mismatch is one. Our
extended screen was applied to the mouse orthologs of the known human ADAR substrates. As seen in
Table 6, of the ADAR selectively edited sites, 5 are contained in a stem structure that: (1) has an A-G
mismatch in mouse as well as human (2) has a free energy below the threshold, and (3) has a conservation
score above 75. By restricting ourselves to structures with conservation score above 75, we lose some of the
known ADAR substrates but the majority satisfy this requirement.

From the �nal 53 candidate list, it is worth noting that the R/G and Q/R site of GluR-B, the Gabra3
I/M site and the Kcna1 I/V sites are among the absolute top ranking candidates (see Table 5). This is a
strong indication that our screen in total have an intrinsic capacity to detect ADAR targets. Out of the
�nal list of candidates, 45 have been investigated further. We have performed experimental editing tests
using amplicon analysis by 454 sequencing, on RNA extracted from the mouse brain. By using the 454
sequencing method the sequence in single transcripts can be analyzed. Altogether we found editing in 175
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positions. Although the same position is edited in several transcripts from one candidate, the e�ciency
is very low. This indicates that the predicted RNA structures are recognized as ADAR editing substrates
but that editing of these substrates is down regulated in the samples we have analyzed. In general editing
has been shown to be regulated in certain tissues and during the development of the brain (Ensterö et al.
manuscript). It is therefore possible that a higher editing e�ciency can be detected during other conditions
or in other tissues. In all, we have constructed a screen that can detect targets of A-to-I editing. Further, we
have experimentally tested our top candidate novel edited regions. Although we cannot detect editing at the
predicted positions, we detect other micro-editing events within the same region. The lack of discrepancies of
the predicted positions could be due to several things: The previous set of bona �de editing events is in fact
a near complete assembly of ADAR targets; there is no more site selective re-coding events to �nd. These are
true editing substrate but ADAR is regulated so that these substrates are not edited in brain tissue and/or
in the developmental stages that has been analysed. Interestingly, we indeed show that ADAR is present
at these regions by the disclosure of A/G discrepancies that can not be explained by either sequencing or
alignment errors. Another explanation is in line with previous suggestions that many genes are subjected to
editing but with very low e�ciency [Maas et al., 2003]. If so, our screen, indicate that the low-e�ciency or
micro-editing is extremely prevalent.

Methods

BLASTZ and StemPrediction

We used NCBI gene ID:s to download a complete set of genbank �les for the 11,827 unique genes represented
on the A�ymetrix 430A microarray. Genes that could not be unambiguously mapped to a Genbank entry were
discarded. We used BLAT [Kent, 2002] to align the head and tail sequences (100 nucleotides of the 5' and
3'-end of a gene respectively) to the corresponding chromosome. All sequences that could not be completely
and uniquely aligned to their corresponding chromosome (NCBI build 36) were also discarded. BLAT was
used with default parameters with the exception of MIN_IDENTITY . MIN_IDENTITY = 100 was
chosen since we wanted to eliminate incomplete alignments. For each gene, sequences containing each exon
and each and their corresponding adjacent introns were extracted. To determine potential stem-loop forming
structures, �rst BLASTZ [Schwartz et al., 2003] was used to align each sequence to the reverse complement
of itself, using parameter settings as shown in Table 4. We constructed a custom weight matrix for these
alignments, shown in Table 4, that re�ects the contribution of each base pairing to the stability of the
structure including the non-standard G-U pairing (G-T in DNA sequence). Resulting alignments were further
�ltered using our StemPrediction software. StemPrediction �rst determines the lowest energy con�rmation
of a stem-loop structure formed by the BLASTZ aligned sequences using RNAfold [Hofacker et al., 1994].
Parameter settings (Table 4) allow potential stem-loops to be further �ltered based on characteristics of the
predicted structure such as the RNAfold determined minimum free energy, the length of the stem, and the
number of paired and unpaired bases (bulges) in the stem. Stems from disjoint structures can be joined to
create larger structures if stems sequences are within a speci�ed distance of each other. These characteristics
of stem-loop structures have been previously shown to be important in RNA editing [Tian et al., 2004,
Carlson et al., 2003, Lehmann and Bass, 1999].

A-G mismatcher

Identi�ers for the 11,827 genes from the array of the co-immunoprecipitation strategy were used to download
the most recent set of gene sequences, including UTR's, and exon coordinate annotations for all transcript
isoforms [Benson et al., 2007]. The coordinates gave a complete set of genomic coding sequences. We used
two databases as of February 2007, a mouse EST database [Boguski et al., 1993] and an SNP database, build
126 [Sherry et al., 2001]. The genomic mRNA sequences were aligned with the EST database using BLASTN
[Altschul et al., 1997], in order to deduce A-G mismatches between the template DNA and the expressed
sequences. To reduce the risk of promoting an A-G mismatch originating from sequencing errors and/or low
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quality alignments, we discarded alignments shorter than 100 nucleotides and alignments containing ≥ 20%
mismatches. We further used the SNP database to remove A-G mismatches likely to have a polymorphic
genomic origin.

Mm8 conservation labeling

Each Mm8 site included in an alignment containing at least 10 of the 17 species was scored according to:

cons.scorewindow = pars.scorewindow + tree.scorewindow.

The parsimony score for column s is calculated as a sum over the individual values for the columns in
the window centered at s:

pars.scorewindow =
s+kright∑

col=s−kleft

pars.scorecol
kleft = # columns upstream s (10 using window size 21)
kright = # columns downstream s

where pars.scorecol depends on the minimum number of substitutions needed to explain that column.
The details are to be found in [Margulies et al., 2003] where this algorithm is entitled parsimony-based method
for MCS detection. The calculation is done with respect to the structure of the species tree, see Figure 4,
the tree's edge lengths, and a substitution rate matrix (we follow [Margulies et al., 2003] and use the HKY
neutral substitution rate matrix [Hasegawa et al., 1985]). When calculating the tree score we consider all
columns in the window simultaneously and we observe where in the tree nucleotides deviating from the
consensus are found:

tree.scorewindow =
m∑

m′=1

{
# rooted subtrees
with m′ leaves

}
·

21∏
i=1

(
m′

di

)(
n
di

) n = total # leaves
m = # leaves in subtree with mutations
d = number of mutations in column i
k = total number of columns

This value will be large if all deviating nucleotides are isolated to some small subtree (c.f. the GluR-B
example shown in Figure 7 where in the boxed window all deviations are found in tetra�sh). In this case the
parsimony score will be lowered by the �ve columns having a substitution but the tree score will be rather
high since they are all in the same one-species subtree.

Site scoring scheme

A scoring scheme containing bits cons_80, cons_90, A-G_mutation, A-G_both, annotated_AA_change
and ds_G were used. The values of bits cons_80, and cons_90 was retrieved directly from the mm8
conservation labelling output and A-G_mutation, and A-G_both was similarly retrieved directly from the
A-G mismatcher output correlated with the mm8 conservation labelling and StemPrediction respectively.
In scoring annotated_AA_change we aligned amino acid sequences for a gene with the translated genomic
mRNA using DIALIGN [Morgenstern, 1999]. The amino acid sequences was retrieved from NCBI Entrez gene
[Maglott et al., 2007]. Either protein sequences from the Entrez protein or translated sequences from Entrez

nucleotide. If a position annotated as an A-G mismatch also shows a corresponding amino acid discrepancy
this site was scored. To compile sequence bias around an edited site (i.e. bit ds_G) we calculated the
information content ±200 nucleotides from a selected set of 24 edited adenosines from the known substrates.

H(l) = −
T∑

n=A

f(n,l)log2f(n,l) (1)

H(l) is the uncertainty (entropy) [Shannon and Weaver, 1949] at position l. n is the 4 nucleotides to be
summed over and f(n,l) is the frequency of nucleotide n at l. The total information at position l is:
I(l) = 2−H(l). From the information calculation we decided to bit score a downstream G.
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454 amplicon sequencing

RNA was isolated from mouse brains at embryo day 15 and 19 and post natal day 2 and 21 using TRIzol
(Invitrogen). Gabra3 had the addition of RNA from the post natal day 2. For the �rst-strand cDNA synthesis
random primers was used. PCR was carried out with primers speci�c for known edited regions, see Table 1.
Fused to the primers were adaptor oligonucleotids that were speci�c for the following sequencing procedure.
Superscript III RT (Invitrogen) was used in all reverse transcription reaction, and FastStart High Fidelity
PCR System (Roche) was used in all PCR reactions. To exclude that the samples was contaminated with
genomic DNA, RT- controls was also carried out. Ampli�ed PCR products was run on a 1.5% agarose gel and
the expected bands was cut out and gel puri�ed. All ampli�ed PCR products from one developmental stage
were pooled and the sample from Gabra3 P7 was added to the P2 aliquot and distinguished by 2 nt addition
to the primer sequence. In the 454 procedure, the PCR products were immobilized on DNA capture beads.
The bead/DNA were emulsi�ed in a water-in-oil mix that contain reagents for ampli�cation. Hence, one
bead correspond to one fragment or transcript. The ampli�ed fragments are loaded onto a PicoTiterPlateTM-
one bead/well=one read. The plate was then subjected to sequencing reagents using the pyro-sequencing
technique (Roche).
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Tables and �gures

Conservation Sites Gene overlapping Areas Gene overlapping Stems
score sites areas
90 6713 4874 673 481 438

80-90 76503 59450 4385 3395 3397
70-80 243781 191259 19654 15619 40600
60-70 1299386 70587 1050411 56467 93004
50-60 3348784 2690862 97464 78472 83222
<50 53217663 42298490 N/A N/A 1086937
Total 58192830 45315522 1307598

Table 1: Number of sites, gene overlapping sites, areas (see text for de�nition), gene overlapping areas, and
predicted stems within various conservation score intervals are shown.

Cons. < 10−10 10−10 − 10−5 10−5 − 10−1 10−1 Total
score Total A-G mm Total A-G mm Total A-G mm Total A-G mm Total A-G mm

90 8 1 11 2 191 25 195 23 405 51

12.5% 18.2% 13.1% 11.8% 12.6%

80- 29 13 182 58 1545 394 1572 443 3328 908

90 44.8% 31.9% 25.5% 28.2% 27.3%

70- 665 254 1547 483 17877 4459 20238 5645 40327 10841

80 38.2% 31.2% 24.9% 27.9% 26.9%

60- 1314 429 3327 806 41222 8386 46741 10628 92604 20249

70 32.7% 24.2% 20.3% 22.7% 21.9%

50- 1038 280 2764 512 37164 6091 41992 7568 82958 14451

60 27.0% 18.5% 16.4% 18.0% 17.4%

<50 11459 1940 34829 4774 448586 53283 589997 78288 1084871 138285

16.9% 13.7% 11.9% 13.3% 12.8%

Total 14513 2917 42660 6635 546585 72638 700735 102595 1304493 184785

20.1% 15.5% 13.3% 14.6% 14.2%

Table 2: The number of candidate stems in various conservation score intervals (rows), and microarray p-
value intervals (columns) are shown. For each combination of conservation score and chip p-value is tabulated
the total number of stems, the number of stems with A-G mismatch (typeset in bold), and the percentage
of A-G mismatches (bold).

Site score Description
Cons_80 The predicted stem has a conservation score of ≥ 80
Cons_90 The predicted stem has a conservation score of ≥ 90
AG_mutation If a distant sub-tree has a DNA coded G at the position of an A-G mismatch,

see also Figure 7.
AG_both There are A-G mismatches on both stem arms
annotated_aa_change The A-G mismatch results in an amino-acid discrepancy
ds_G The nucleotide downstream of the A-G mismatch position is a G

Table 3: Filters used in the candidate scoring process.
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Parameter Value Description
O 150 Gap opening cost
E 100 Gap extension cost
K 500 Maximal segment pair (MSP) score

B
L
A
ST

Z

L 500 Gapped alignment threshold
W 6 Word size
MIN_ARM_LENGTH 16 Minimum stem arm length (bases)
MAX_ENERGY -15.0 Minimum free energy of the stem
MAX_BULGE_SIZE 5 Maximum number of unpaired bases on a single strand in the stem
MAX_BULGE_BASES 7 Maximum number of unpaired bases on both strand in the stem
MAX_GLUE_DISTANCE 10 Maximum distance for two stems to be glued (joined)

St
em

P
re
di
ct
io
n

MAX_FILTER_ENERGY -15.0 Minimum free energy of the glued stem
BLASTZ weight matrix

A C G T
A 80 -100 -100 -100
C -100 120 -100 -100
G 20 -100 120 -100
T -100 20 -100 80

Table 4: Upper table: Parameters used with BLASTZ and StemPrediction. Lower table: Weight matrix
used with BLASTZ.

11



gene co
do
n_

ch
an
ge

co
ns
_
80

co
ns
_
90

A
G
_
m
ut
at
io
n

A
G
_
b
ot
h

an
no
ta
te
d_

aa
_
ch
an
ge

ds
_
G

total sum
GluR-B R:G 1 1 1 0 1 1 5
Adipor1 K:R 1 0 1 1 0 1 4
GluR-B Q:R 1 0 1 0 1 1 4
Ccnc Q:R 1 1 0 1 0 1 4
Elavl1 S:G 1 0 1 1 0 1 4

Gabarapl2 syn 1 0 1 1 0 1 4
Cnot2 N:S 1 1 1 1 0 0 4
Tra1 syn 1 0 1 1 0 1 4
Acin1 K:R 1 0 1 1 0 1 4
Eif4a2 syn 1 0 1 1 0 1 4
Gabra3 I:M 1 0 0 1 1 1 4
Eif4e2 K:R 0 0 0 1 1 1 3
Ptpra Q:R 1 0 0 1 0 1 3
Etv3 Q:R 1 0 0 1 0 1 3

GluR-B syn 1 1 0 0 0 1 3
GluR-B I:V 1 1 1 0 0 0 3
Lmo4 K:R 1 0 0 1 0 1 3
Elavl2 K:R 1 0 0 1 0 1 3
Elavl2 syn 1 0 1 1 0 0 3
Stk22c Q:R 1 0 0 1 0 1 3
Dhx15 Q:R 1 0 0 1 0 1 3
Fzd1 S:G 1 0 1 0 0 1 3
Ywhag K:R 1 0 0 1 0 1 3
Kcna1 I:V 1 1 0 0 1 0 3
Kcna1 syn 1 0 0 1 0 1 3
Ptn S:G 0 0 1 1 0 1 3
Ar�p2 Q:R 0 0 1 1 0 1 3
Tial1 M:V 1 0 1 1 0 1 3

Gabarapl2 S:G 1 0 0 1 0 1 3
Crsp6 S:G 0 0 0 1 1 1 3
Ets1 syn 1 0 1 1 0 0 3
Atp5b Q:R 1 0 0 1 0 1 3
Cnot2 M:V 1 1 0 1 0 0 3
Cnot2 Q:R 1 1 0 1 0 0 3
Cnot2 K:E 1 1 0 1 0 0 3
Tra1 K:R 1 0 0 1 0 1 3
Tra1 S:G 1 0 0 1 0 1 3
Cy�p2 Q:R 1 0 0 1 0 1 3
Nmt1 K:R 1 0 0 1 0 1 3
Sox9 K:R 1 0 0 1 0 1 3
Sox9 syn 1 0 0 1 0 1 3
Akt1 R:G 1 0 0 1 0 1 3
Evl S:G 1 0 0 0 1 1 3
Kns2 N:D 1 0 1 1 0 0 3
Pcbp2 Q:R 1 0 0 1 0 1 3
Ap2m1 K:R 1 0 0 1 0 1 3
Ap2m1 Q:R 1 0 0 1 0 1 3
Actr1a Q:R 1 0 0 1 0 1 3
Pten Q:R 1 0 0 1 0 1 3

Hnrph2 Q:R 1 0 0 1 0 1 3
Hnrph2 K:R 1 0 0 1 0 1 3
Timm8a K:R 1 0 0 1 0 1 3
Ube1x N:S 1 0 0 1 1 0 3

Table 5: The �nal list of candidates (53) which are handpicked from all sites having a score ≥ 3 (124).
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substrate A-G mismatcher
name entrez gene codon change Mm Hs StemPrediction a stemConservation b

Adar2 Adarb1 intron n/a n/a yes no
Bc10 Blcap Y/C yes yes yes no

Cy�p2 K/E yes yes yes no
Flna Q/R no yes yes no
Ednrb Q/R n/a c no d yes no
Gabra3 I/M yes yes yes yes

GluR-B Gria2 Q/R yes yes yes yes
R/G yes yes yes yes

GluR-C Gria3 R/G no yes yes yes
GluR-D Gria4 R/G yes yes yes yes
GluR-5 Grik1 Q/R no yes yes no
GluR-6 Grik2 Q/R no no yes no

Y/C no no yes yes
I/V no no yes yes

5-ht2c Htr2c I/V_1 no no yes yes
I/V_2 no no yes yes
I/V_3 no no yes yes
N/S no no yes yes

Igfbp7 R/G yes yes yes no
K/R yes yes yes no

Kcna1 I/V yes yes yes yes

aStates whether Stemprediction has assigned any stem overlapping an edited position, regardless of the stem ranking (or if
it is the correct one).

bStates whether the stem according to column 4 has a conservation score ≥ 75.
cto our knowledge this site has not been con�remed in mouse which is also emphasized by low sequence similarity between

the 2 species
dA-G mismatcher does not detect the annotated site but �nds 2 additional A-G mismatches in the vicinity, inferring an I/M

and a D/G codon change respectively.

Table 6: Compilation of the known ADAR substrates with respect to how they are captured by the pipe -
noted by a yes or a no for the respective screen.
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Figure 1: Flowchart describing the process of surveying and assigning potentially RNA A-to-I edited sites.
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Figure 2: We plot the minimum free energy as a function of duplex length in nucleotides for ten examples
of respectively perfect duplexes, known ADAR duplexes, random duplexes and our candidate duplexes. We
conclude that the trend is clear in the assumption that we would bene�t from not being too strict in assigning
parameters to StemPrediction.
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Figure 3: Distribution of free energy for all the 2,919,511 stems retrieved from StemPrediction (blue bars),
and the 1,307,598 stems having a predicted stem loop shorter than 10,000 nucleotides (red bars).
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Figure 4: Phylogenetic tree relating the 17 vertebrate species used to evaluate conservation. Numbers on
edges represent edge lengths measured in average substitutions per site. Black numbers are estimations made
by Adam Siepel using PAML. Red numbers are estimated with the use of TimeTree [Hedges et al., 2006]
assuming local molecular clocks.
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Figure 5: The conservation score distribution for section 75-92 Mb of Mm8 chromosome 3 is shown. The
conservation score for a site (shown with the green curve) is the sum of the parsimony score (red curve) and
the tree score (blue curve) for that site. Approximate conservation score for the genome positions of GluR-B
R/G (conservation score for highest scoring stem arm = 96.5) and GluR-B Q/R (93.4) are speci�ed.
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Figure 6: Distribution of the number of genes that overlap a certain number of A-G mismatches. Bars for
genes Ubc (which overlap 188 A-G mismatches), Mll5 (231), and Spna2 (420), are not shown.
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CATTAAGGTGGGTGGAATAGTATAACAATATGCTCAATGTTGTTATAGTATCCCACCTACCCGTATG MouseCATTAAGGTGGGTGGAATAGTATAACAATGTGCTCAATGTTGTTATAGTATCCCACCTACCCGTATG RatCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG RabbitCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG HumanCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG ChimpanzeeCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG Rhesus_MaaqCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG DogCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG CowCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG ElephantCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG ArmadilloCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG TenreCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG OpossumCATTAAGGTGGGTGGAATAGTATAACAATATGCTAAATGTTGTTATAGTATCCCACCTACCCTGATG ChikenCATTAAGGTGGGTGGAATAGTATAACAATGTGCTCAATGTTGTTATAGTATCCCACCTACCCTGATG FrogCTTTAGGGTGGGTGGGATAAGATAACTATAGCCTCCATGCTGTTATAGTATTTCACCCACCCTGATG TetrafishCATTAAGGTGGGTGGAATAGTATAACAATGTGTCCAATGTTGTTATAGTATCCCACCTACCCTGATG FuguCATTAAGGTGGGTGGAATAGTATAACAATGTGTCCAATGTTGTTATAGTATCCCACCTACCCTGATG Zebrafish!*!!!*!!!!!!!!!*!!!**!!!!!*!! **** *!!!*!!!!!!!!!!!**!!!!*!!!!**!!!
Figure 7: A 17-species alignment, visualized with TeXshade [Beitz, 2000], of the genomic region overlapping
GluR-B R/G is shown. The column corresponding to the edited site is shown in red, while the complementary
site is shown in orange. The loop is shown in grey. We note: (1) extreme conservation, (2) lost conservation
in tetra�sh, (3) the G in tetra�sh in the edited column. The green rectangle surrounds a 21-column window
used as an example in Methods.
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An in-depth survey of A-to-I editing implies a general developmental 

regulation and coupling of edited sites 
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Abstract 

ADAR mediated A-to-I editing has been shown to be an important finetuning 

mechanism for protein diversity. ADAR targets adenosines within RNA duplex 

structures and converts them to inosines by a hydrolytic deamination. However, the 

mechanism of substrate recognition for the ADAR enzymes is still largely unknown. 

In mammals the majority of all selectively edited A-to-I sites have been found in the 

brain within genes involved in neurotransmission. It has also been shown that editing 

is important for a normal development of the brain. Here, we analyze changes in the 

editing pattern of most of the known site selectively A-to-I edited substrates in the 

developing mouse brain. The coupling between edited adenosines in regions where 

editing have been shown to cluster is also analyzed. We use the 454 amplicon 

sequencing™ technique for editing determination and χ2-test to compile a coupling 

scheme of edited adenosines. To our knowledge, this is the first time 454 sequencing 

have been used to determine editing frequency. Using this technique we can study 

editing of single transcripts in an extent that has previously not been possible. In 

average, we analyzed 650 single transcripts per edited region for each 

developmental stage. We show that most selectively edited sites are developmentally 

regulated with low levels of editing during embryogenesis but  increasing gradually 

with age until adulthood. Further, an extensive coupling scheme show that edited 

sites are only coupled within specific distances from each other indicating that the 

helical structure of the substrate is important for how a substrate is recognized by 

the editing enzyme.  
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Introduction 

 

Adenosine to inosine (A-to-I) editing was discovered in 1988 when an antisense RNA 

failed to block translation of a target transcript. The reason for this was that most 

adenosines in the antisense RNA had been deaminated to inosines hence disrupting 

the anticipated hybridization properties of the target (Bass et al., 1988). This type of 

abundant editing has later been characterized as hyper-editing in contrast to site 

selective editing. Site selective editing targets single adenosines within an imperfect 

RNA foldback structure while hyper-editing indiscriminately edits multiple adenosines 

in longer almost completely duplexed structures. Untranslated regions of human 

transcripts consisting of ALU repeats/inverted repeats has recently been found to be 

hyper edited and is believed to correspond to the bulk of editing events in the human 

transcriptome (Athanasiadis et al., 2004) (Levanon et al., 2004). The catalytic 

activity responsible for the deamination of adenosines within duplexed RNA was first 

recognized in 1994 (Polson et al., 1994). Later a family of ADAR (adenosine 

deaminase that acts on RNA) proteins have been identified, ADAR1-3. However, only 

ADAR1 and ADAR2 have been shown to have a catalytic activity in mammals 

(Melcher et al., 1996) (Chen et al., 2000). Inosine is interpreted as a guanosine (G) 

by the cellular machineries and also by the reverse transcriptase during cDNA 

synthesis. If the editing event occurs within the coding region of an mRNA it can give 

rise to amino acid changes and variant functional properties of the final protein. Also 

intronic editing has the potential to change the translated protein by either disrupt or 

constitute splice sites. The properties that make an RNA prone for site selective 

editing is still not fully understood but the assumption is that internal mismatches 

and bulges within a foldback structure are important for ADAR selectivity (Källman et 

al., 2003) (Dawson et al., 2004) (Stephens et al., 2004). There is also a bias in the 

nearest neighbor preference to an edited site where the 5’ upstream nearest 

neighbor rarely constitutes a G while the most common nucleotide as the 3’ nearest 

neighbor is G (Lehmann et al., 2000) (Ensterö and Åkerborg, 2008 unpublished). 

Further, there is a preference for cytosine opposing the targeted adenosine, although 

this preference seem more pronounced for ADAR1 than ADAR2. (Wong et al., 2001).  

Most of the known mammalian editing sites have been found in transcripts coding 

for proteins involved in neurotransmission. This includes the AMPA glutamate 

receptor subunits (GluR-B, C and D), the kainate glutamate receptor subunits (GluR-

5 and -6) (Higuchi et al., 1993) (Lomeli et al., 1994) (Sommer et al., 1991) and the 

serotonin receptor 2C (5-HT2C) (burns et al., 1997) (Liu et al., 1999). More recently, 

Gabra-3 coding for  the α3 subunit of the GABAA receptor and the potassium voltage 

gated ion channel KCNA1 (Kv1.1) has been shown to be edited (Ohlson et al., 2007) 
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(Bbhalla et al., 2004). In most of these substrates the editing event have been 

shown to have functional consequences on the receptor. ADAR2 has also been shown 

to auto-edit its own pre-messenger RNA (Dawson et al., 2004). In this case a new 

splice site is created upon editing giving rise to a truncated protein. Editing within 

transcripts coding for proteins that are not brain specific has also been detected in 

the bladdercancer associated protein (BLCAP), cytoplasmic FMR1 interacting protein 

2 (CYFIP2), and filamin A (FLNA) (Levanon et al., 2005). However the functional 

consequences of the editing event in these substrates are not known. 

ADAR1 and ADAR2 have specific but overlapping specificities for site selective 

editing. In the serotonin receptor 2C (5-HT2C), the A-site seems prone for ADAR1 

editing while the D- and GluR-B Q/R sites are almost exclusively edited by ADAR2 

(Burns et al., 1997) (Higuchi et al., 2000). Most of the other sites has the potential 

be edited by both ADAR1 and ADAR2. It has been suggested that it is the deaminase 

domain of each ADAR that delegate the target specificity (Wong et al., 2008).  

It is known that the Q/R site in GluR-B is highly edited during early embryogenesis 

and continues to be efficiently edited to almost 100% in the adult brain (Seeburg et 

al., 1998). On the contrary, the R/G site of GluR-B is inefficiently edited in the 

embryonic states but increase during the development of the brain (Lomeli et al., 

1994) (Bernard et al., 1994) (Barbon et al., 2003). Further, we have recently shown 

that editing of the Gabra-3 transcript of the GABAA receptor increase from 50% in 

the newborn mouse up to close to 100% in the adult mouse brain (Ohlson et al., 

2007).  

In this study we have used 454 amplicon sequencing™ to compile a substantiated 

survey of editing frequencies of most of the known site selectively A-to-I edited 

substrates in the mammalian brain. The number of reads from the experimental 

procedure give us a large population of sequenced target RNA:s. Hence, we have a 

well founded statistical basis to deduce both editing frequencies and the coupling of 

nearby editing events. 

We present a near complete list of editing frequencies in the mouse brain 

during early embryogenesis up to adulthood with unprecedented resolution. We show 

that site selective editing in general is developmentally regulated. Most of the edited 

sites are inefficiently edited during early embryogenesis, editing increase gradually 

and does not reach a maximum until day 21. The resolution also gives us the 

opportunity to disclose any coupled events between nearby edited sites. We have 

chosen 3 target regions where there are multiple editing events within an RNA 

foldback structure to investigate if there is coupling between edited sites. These 

targets are the pre-mRNAs of GluR-6 (I/V and Y/C), 5-HT2C (A, B, E, C and D sites) 

and Adar2 (-28 to +28 sites). Our data indicate that there is a coupling between 
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edited sites at fixed distances from each other. This result indicates that the ternary 

structure of the RNA substrate is important for the coupling. 

 

Results 

 

Site selective editing increase during brain development 

We wanted to investigate if the editing pattern of selectively edited sites changes 

during the development of the mouse brain. To analyze editing frequencies, RNA 

known to be targets for A-to-I editing were isolated and amplified by reverse 

transcriptase followed by a polymerase chain reaction (RT-PCR). The products were 

subsequently sequenced according to the 454 amplicon sequencing™ protocol 

(Margulies et al., 2005). This sequencing procedure gives rise to a large amount of 

sequenced data (reads) that can be treated with high statistical significance. One 

advantage with the use of this technique for editing analyses is that even a small 

number of edited transcripts can be detected since often over a thousand reads are 

obtained per substrate. All sequences corresponding to the individual A-to-I editing 

substrates were aligned and analyzed for A to G changes. 

The extent of editing was determined for 4 different developmental stages of the 

mouse brain: embryonic day 15 and 19, (E15 and E19) as well as postnatal day 2 

and 21, (P2 and P21) (Table 1 and Fig. 1). One editing substrate, Gabra3, was also 

quantified at postnatal day 7, (P7).  

There is a general trend that the editing patterns of the substrates show 

developmental regulation with very low levels of editing during embryogenesis that 

increase over time. There is however a variation in how gradual the increase in 

editing is. The Flna Q/R site show less than 7% editing in E15, E19 and P2 but the 

efficiency increase drastically at the adult P21 stage to 43% editing (Table1 and Fig. 

1B). A similar pattern is seen for the I/V site of Kcna1 but with surprisingly low levels 

of constitutive editing (25%) at P21 compared to what previously has been observed 

(Fig. 1C) (Bhalla et al., 2004). In contrast to other sites, the GluR-B Q/R and the C 

and D sites of 5-HT2C are quickly saturated to their adult editing levels with only a 

moderate increase from P2 to P21 at the D site (Fig. 1G and 1I). The Q/R site has 

previously been shown to be efficiently edited during early embryogenesis (Seeburg 

et al., 1998). However, as previously known, editing of the GluR-B R/G site, situated 

in the same transcript as Q/R, increase gradually during the development (Fig. 1G) 

(Lomeli et al., 1994). In a similar way the R/G site of GluR-C, Q/R of GluR-5, Cyfip2 

K/E and the auto-editing of the Adar2 transcript increase during the development of 

the brain. The same is true for the B site in the 5-HT2C transcript situated in close 

proximity to the C and the D sites. Perhaps the most defined gradual increase in 

editing during the development can be seen at the I/M site of Gabra-3 (Fig. 1F). 
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Here only 6% of the transcripts are edited at E15 while 92% are edited at P21. An 

almost 5 fold increase in editing is seen between embryonic day 15 and 19 and a 

20% increase between postnatal day 7 and 21.  

In summary, our data reveals that most sites of selective editing in the 

mammalian brain are regulated during brain development. This regulation cannot 

entirely be explained by the presence of ADAR enzymes during the development 

since the Q/R site of GluR-B is almost 100% edited at early embryogenesis. Further, 

there are no indications that the expression of ADAR1 and ADAR2 changes during the 

development (Wahlstedt and Öhman, unpublished). 

 

Edited sites within the same transcript are coupled in a defined way  

By using the 454 sequence method to analyze editing events we have the possibility 

to statistically analyze each target transcript individually. We wanted to determine if 

distinct editing events show any combinatorial behavior. That is, if position N in a 

target transcript is edited, position N’ is also edited. Or mutually exclusive so that if 

N is not edited, N’ isn’t either. We have chosen regions of transcripts surrounding the 

-1 site in Adar2, the A to D sites in 5-HT2C and the I/V and Y/C sites in GluR-6 (Table 

2). The edited positions reveals that there is an apparent pattern of “hot-spot” 

editing at a semi-fixed distance from each other. There are 3 positions around +24, 

the position +10, 3 positions centered by the -2 site and the 2 positions at -28, -27. 

Position +10 has a spacer distance of approximately 11-14 nucleotides (nt) from the 

nearby hot-spots and the distance between hot-spot -2 and -27 is 2 x that spacer 

distance. Between +10 and -27 there is 3 x 12 = 36 nt. Noteworthy is that there are 

adenosines in between these hot-spots that are not edited. Interestingly, the 

distance between the GluR-6 I/V and Y/C sites is also 13 nt. Our hypothesis is that 

there is no coincidence that a spacer distance is preferably ~12 nt between apparent 

hot-spots. We use a χ2-test, with significance p=0.05 and 1 degree of freedom to see 

whether 2 separate sites are edited in a coupled or un-coupled manner. The null 

hypothesis is that the positions are independently edited (see also Methods). These 

sites and their sequential context and a schematic χ2 matrix are shown in Figure 2. 

Along the green diagonal, there is a pattern where either the two positions are edited 

(G and G) or not edited (A and A) (Fig. 2). The red diagonal follow entries that 

correspond to the reverse, A and G or G and A. Hence, if either diagonal is 

significantly favored, for example: a + d > c + b, they are considered to be 

positively coupled. A negative coupled pair of positions would significantly favor the 

elements along the red diagonal. Since we perform multiple statistical measurements 

of coupled sites, i.e., we calculate 36 different χ2 values from 36 2x2 matrices in the 

Adar2 region, we make a Bonferroni correction to the p-value (Bonferroni, 1935). 
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The motivation for this is that if we assign p to 0.05 we statistically anticipate to 

falsely reject the null-hypothesis exactly 1 time if we perform a measurement 20 

times (1/20=0.05). It should be noted that the usage of a Bonferroni correction of 

the p-value is considered to be very strict and by its implementation we increase the 

quality level our results although we might loose in sensitivity (for further details see 

Methods).  

In addition to the χ2-test, we decided to make cluster analyses. Therefore, 

mutual editing patterns were compiled into classes where members in a class share a 

common feature. We use it as a complement to the χ2-test due to the intrinsic 

illustratively way we can deduce coupling patterns from the resulting dendrograms, 

(Fig. 3 and 4). Overall, there are several sites that are positively coupled (Table 2). 

We consider the coupling to be weak (+) if only one of the tests show coupling, a 

strongly positive coupling (++) is indicated if both the χ2-test and the cluster 

analyses show coupled properties. In general the same positions are coupled at the 

different developmental stages, making the results of the coupling analysis even 

stronger.  

In the 5-HT2C transcript, the A is coupled to both the B and the C site at all four 

stages (Table 2 and Fig. 4). The following sites are coupled in at least 2 stages: A to 

D; B to C; B to D and C to D. The A to B coupling has previously been stated (Liu et 

al., 1999). Interestingly, the A and D sites have been shown to be preferentially 

edited by different ADAR enzymes, the A site by ADAR1 and the D site by ADAR2 

(Higuchi et al., 2000) (Burns et al., 1997). Strikingly, the E site in 5-HT2C is 

consistently detached from the other classes in the cluster analyses.  At stage P2 it is 

even clearly negatively coupled to the A, B and D sites and show no coupled 

properties at the other 3 stages.  

There are also 3 sites in the Adar2 region that are coupled in all stages: -1 to 10; 

10 to 24 and -1 to 24 (Table2 and Fig. 3). In Adar2, we can in addition to the sites 

showing coupled behavior in all 4 stages also conclude that coupling occurs between 

sites -27 and 10; -4 and 23; -2 and -1; -2 and 10; 10 and 23; 23 and 24 as well as 

24 and 28 in at least 2 stages. Site 28 is novel and has previously not been 

annotated. However, only 10% of the transcripts at P21 are edited at this site. Also 

in this case coupling is seen between sites that are edited by different enzymes; -1 

have previously been assigned to ADAR1 and -2 to ADAR2 (Higuchi et al., 2000).  

The coupling does not discriminate between sites that are edited by ADAR1 or 

ADAR2. Rather, in several cases a coupling occurs between sites edited by different 

enzymes indicating that there is a communication between ADAR1 and ADAR2 on the 

same transcript. 
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Coupling of edited sites occurs at defined distances from each other 

An interesting question based on the coupling results, is whether there is a 

consensus of the spacer regions between coupled sites.  In order to see such a 

pattern we calculated all distances between sites that showed coupling (see distance, 

Table 2). For every possible spacer distance, 1 to 55, we counted the number of 

coupled sites having that spacer distance in the Adar2 transcript (Fig. 5). There is a 

clear pattern of preferred spacer distances of coupled editing events. The peaks in 

the graph are centered on the average number of the total number of coupled sites 

within the clustered spacer distances. These distances are 1 to 4, 10 to 14, 23 to 26, 

36 to 37 and 50 to 51. It is evident that the most common spacer distance, clusters 

at 23-26 nt with 7 coupled positions in this region. The cluster centered at ~2 nt is 

probably a result of a different protein/RNA interaction then the other coupled 

distances, where one active enzyme targets adjacent adenosines. Interestingly, we 

can see a similar strong correlation of mutual editing at the I/V and Y/C sites in 

GluR-6, here with a distance of 13 nt from each other. Thus, there is a clear pattern 

of coupled sites separated by multiples of ~12 in both of these substrates. Therefore, 

there is no coincidence that adenosines between hot-spots are not edited.  

In the 5-HT2C transcript the space between coupled edited positions is somewhat 

different from Adar2 and GluR-6, simply because the maximum number of 

nucleotides between the sites that are edited are 12 and we can not detect coupled 

sites separated by more than that. Nevertheless, the A and D sites which are 

separated by 12 nucleotides show strong coupling. The A and B sites, separated by 1 

nucleotide, are also positively coupled, hence following the pattern seen in the 

cluster centered at 2 nt in Adar2. However, coupled positions separated by 7 (A and 

C), 5 (C and D) and 10 (B and D) are also apparent in the 5-HT2C transcript. We 

therefore conclude that the ADAR enzyme(s) binds in a different way to the 5-HT2C 

than to the other two substrates investigated, particularly since there are uncoupled 

and even negatively coupled positions in combinations with the E site.  

 

Discussion 

 

We have used the 454 amplicon sequencing protocol™ to evaluate single transcript 

A-to-I editing in brain. In this study, the editing efficiency of most of the known 

mammalian editing substrates are being analyzed at early embryogenesis up to the 

adult mouse. The amplified single transcripts are evaluated statistically to deduce 

editing frequencies for these sites at 4 different developmental stages. In general, 

we see developmentally regulated editing with increased frequencies over time. For 
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some of the sites this has previously been observed (Barbon et al., 2003) (Lomeli et 

al., 1994) (Bernard et al., 1994).  

As previously mentioned, ADAR1 and ADAR2 have distinct specificities for editing 

of some of the sites.  However our data indicate no consensus editing pattern 

between any of these sites implying no consistent connection that separate ADAR1 

editing from ADAR2 during development. For example, we have a near constant 

editing frequency for the ADAR2 edited GluR-B Q/R and 5-HT2C D sites while the 

GluR-B R/G site, Adar2 -1 site and GluR-6 Y/C increase during the development. The 

same pattern could be seen for the ADAR1 specific targets. We conclude that the E-

site has an altered editing pattern compared to the other sites in 5-HT2C and is edited 

mechanistically independent from the other sites. Since the A- and D-sites are also 

coupled although assigned to the two different ADARs, this could imply a non-

canonical dimer not seen (or active) on other substrates. To further support the 

aberrant editing behavior of the 5-HT2C sites, we see spacer distances (5 and 7) not 

seen at other coupled sites in the Adar2 transcript. 

The ADAR enzymes are believed to be non-processive and deaminate, at most, 

neighboring adenosines (Bass, 2002). Also, as previously observed, ADAR2 

associates more strongly (selectively) to an imperfect RNA foldback structure than to 

a perfect RNA duplex within the same molecule (Klaue et al., 2003). Consequently, 

two types of patterns could be expected: 1/ Multiple sites that showed a positive 

coupling. In this case there is a strong positive coupling of sites with a certain 

distance from each other consistent with n x 12, where n=1,2,3,4 but also for 

neighboring adenosines.  2/ Few sites with negative coupling. Our result supports 

both of these patterns and it also correlates with what has previously been reported 

in  footprinting analyses where ADAR2 protects 11-16 base pairs of the R/G stem 

loop (Öhman et al., 2000).  

The A coupling scheme has the potential to resolve some of the ADAR/RNA 

interactions properties. A dimeric interaction with two active catalytic sites facing the 

RNA could result in coupled sites with defined intramolecular spacer regions. In 

support of the current opinion of dimeric function of ADARs, we find coupled sites 

even leaving room for multi-dimeric binding of a target RNA. A monomer ADAR 

targeting of the RNA foldback structure would, at most, favor no other adenosines 

than those fulfilling known preferred criteria (i.e., nearest neighbor etc). 

Consequently, we would not expect multiple edited sites within a recognized target 

RNA. Also, there would be no obvious reason for ADAR(s) to target adenosines 

separated by defined spacer distances.   

We hypothesized that ADAR editing of multiple site regions of “hot-spots” would 

show a pattern of distinct coupled positions since there is an apparent equidistance 

of edited hot-spots in the Adar2 transcript. Taken together the positively coupled 
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positions have two distinct spacer regions; 1-2 nucleotides; and multiples of ~12 

nucleotides. Coupled positions of the adjacent edited sites are probably a result of an 

ADAR slipping to neighboring adenosines. As previously suggested, upon ADAR/RNA 

binding, adjacent adenosines could be sequentially edited before disassociation (Bass, 

2002).  

We see high degree of editing at site +24 (80%, P21) and decreasing amounts of 

editing following the hot-spots upstream to -28 (9% P21). Our hypothesis is that the 

+24 site is the principal editing site attracting a dimer ADAR. Upon the first dimer 

interaction, consecutive dimers bind in register to deaminate subsequent adenosines 

if fulfilling the optimal sequential/structural environment. This model would explain 

the coupled positions with defined spacer distances and the fact that we see lesser 

degree of editing further upstream of +24 (Fig. 6). A preliminary model that would 

be completed with corresponding data from the editing of the other strand suggest 

that the pattern we see is consecutive binding of dimers either by dimer/dimer 

interaction or binding in register for sterical reasons.  

This model fits poorly with the editing pattern of the 5-HT2c receptor and the 

distances between coupled positions therein. In this transcript there are coupled 

edited positions also distanced by 5, 7 and 10 nt. We find two possible explanation 

for this. First of all, the region on the 5-HT2c pre-mRNA including the A to D sites, is 

perturbed by two large asymmetric bulges. The constraints on the recognition 

criteria and ADAR interface is thereby hard to realize. Non-canonical binding 

properties could therefore not be excluded. Secondly, a recent study show that in a 

certain neurons (ar2a) with low expression of ADAR3 but high expression of 

ADAR1/2 the level of editing is severely decreased at all five serotonin sites 

(Ssergeeva et al., 2007). The opposite is valid for the GluR-B which is highly editied 

in absence of ADAR3 expression. Together with the implication that the E-site is 

negatively coupled to some of the other sites, the only thing that can cause such an 

alteration is changes in the protein mechanistic behavior since the target remain the 

same. Our data support the non-canonical editing pattern of the 5-HT2C. We 

therefore suggest a different, yet not fully understood, mechanism of the editing 

pattern of the serotonin receptor. 

Taken together, we propose synchronized editing event of consecutive dimers 

that bind in register on substrates with multiple editing sites that fulfill the criteria of 

being site selectively edited.  
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Methods 

 

454 amplicon sequencing 

 RNA was isolated from mouse brains at embryo day 15 and 19 and post natal day 2 

and 21 using TRIzol (Invitrogen). For the Gabra3 substrate additional RNA was 

extracted at post natal day 2. For the first-strand cDNA synthesis random primers 

were used. PCR was carried out with primers specific for the known edited regions, 

see Table 1. The sequence of the primers can be provided by the authors upon 

request. Adaptor deoxyoligonucleotids specific for the sequencing procedure were 

fused to the primers according to the instructions for 454 amplicon sequencing™ by 

the provider (Roche). Superscript III reverse transcriptase (Invitrogen) was used in 

all reverse transcription reactions, and FastStart High Fidelity PCR System (Roche) 

was used in all PCR reactions. Amplified PCR products were purified on a 1.5% 

agarose gel. All amplified PCR products from one developmental stage were pooled 

to a final concentration of 5 ng/µl per sample. The PCR product from Gabra3 P7 was 

added to P2 aliquot and distinguished by 2 nt addition to the primer sequence. The 

products were sequenced using the 454 amplicon sequencing™ technique (Margulies 

et al., 2005) according to the instructions by the manufacturer (Roche) 

 

Identification of edited transcripts from the 454 sequencing 

For the subsequent collection and compilation of the data from the 454 sequencing 

we used in-house scripts. The correct gene tag to a sequence was recognized by the 

gene specific primer that initiated each sequence. We used DIALIGN 2 (Morgenstern 

et al., 1999) to create multiple sequence alignments (MSA:s). For each edited and 

sequenced region we aligned the corresponding data and included genomic data in 

which the coordinates were known for the expected edited site. For all positions of 

the known editing events we calculated the proportion between A:s and G:s. For the 

5-HT2C and Adar2 edited regions we used a different approach, since multiple editing 

events in a limited region inferred low quality to the alignment in the same region. 

To ensure not to include mis-aligned A:s or G:s in the wrong category we used a 

pattern matching approach. In the sequence spanning the edited region, all positions 

containing an edited A were classified with a logical OR, i.e., either an A OR G. Hence, 

the pattern sequence would match the correct 454 sequence regardless of A/G 

ambiguities. Inherent in Perl, all A:s and G:s could be directly calculated through the 

matching.  

 

Determination of editing frequencies and coupling 

The error estimation of editing frequencies is given in Table 1 and was calculated by: 
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( )

n

p1p
96.1p

−
±  

where p is the proportion of G:s (or editing frequency) and n is the sample size, in 

this case number of reads that were used.  

In order to asses patterns of coupling we use a  χ2-test, using an i x j matrix where 

i=number of rows and j=number of columns. The matrix contain a dataset where we 

statistically look for differences that let us either reject or accept the null-hypothesis 

of independent events. We use a 2 x 2 matrix with the possible outcomes of two 

editing events at separate positions: G1 AND G2, G1 AND A2, A1 AND G2 and 

subsequently A1 AND A2 (the subscript assigns the nucleotide to either position 1 or 2) 

(Fig. 2). The null-hypothesis is that the editing events are independent events. Since 

we perform multiple measurements of  χ2 we also make a Bonferroni correction 

where we use an adjusted p value p´ where p´ = p / n, and n is the number of 

measurements and p = 0.05 (bonferroni, 1935).  

Cluster analyses were used as a complement to the  χ2-test. We used an Excel add-

in, XLSTAT (Xlstat, 2008) to do the cluster analyses.  

With the χ2-test as a starting point we could for example group positions n and n’ 

with positions k and k’ if they were categorized as the same class although not 

directly evident from the χ2 analyses. Our data can statistically be reduced to binary 

data since a position qualitatively is either edited or not, i.e., 1 or 0. Therefore we 

have used Dice coefficients in a similarity matrix (or dissimilarity depending on how 

we use the data).  

The edited region of Adar2 have 9 positions with the potential of being edited., We 

state 1 or 0 for each position in each sequence of this transcript. The similarity 

matrix contains elements calculated from Dij = 2ad / (2ad + b + c),. Consequently, 

“a” is the total number of 1 and 1 (edited and edited) for a position pair. Further,  

“b" and “c” are 1 and 0 or 0 and 1, while “d" is 0 and 0. The reason for us to choose 

Dice coefficients in the similarity matrix is seen from the formula where we put twice 

the weight on agreements (1 and 1) in a position pair, hence the factor 2ad. This is 

in contrast to the χ2 analyses where 0 and 0 is weighted equally to 1 and 1, we 

wanted to emphasize the actual editing events.  
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Figure legends. 

 

Figure 1, A-K 

A graphical presentation of the editing frequencies of most of the known Adar2 

substrates from the different developmental stages E15, E19, P2 and P21. For 

abbreviations, se text. For Gabra3 (F), P7 has been included as shown. All figures 

have the same scale for comparative reasons and due to pixel resolution, exact 

error estimation should be read from table 1. Also, x-axis spacing is only grouped 

by developmental stage, not linear in time. Abbreviations used: GluR-B: 

Glutamate receptor b. Gabra3: gamma-aminobutyric acid A receptor. Adar2: 

Adenosine deaminase acting on RNA 2. 5-ht2c: Serotonin receptor 2c. Cyfip2: 

cytoplasmic FMR1 interacting protein 2.  Flna: Filamin A. Kcna1: potassium 

voltage-gated channel, shaker-related subfamily, member 1. Blcap: Bladder 

cancer associated protein 

 
 

Figure 2. 

A. An example of the 2x2 matrix used in the χ2-test. a, b, c and d stands for the 

total number of GG, AG, GA, and AA respectively for the outcome of editing for 

two different positions. Following the green arrow, we expect appositively coupled 

signal if the  χ2 value is above 10.22 (after the Bonferroni correction). Negatively 

coupled position would have an overrepresentation along the red arrow. B-D. The 

sequential context in which the edited position reside for the GluR-6 Y/C:I/V, 5-

ht2c A:B:E:C.D and Adar2 -28 to +28 sites respectively. The purine annotation 

within square brackets, [ ], is to be read as A OR G at those positions. 

 

Figure 3, A-D 

The resulting dendrograms from the cluster analyses of Adar2 edited positions 

with the corresponding clustering of positions (classes) to the right. A – E15, B – 

E19, C – P2 and D – P21. 

 

Figure 4, A-D 

The resulting dendrograms from the cluster analyses of 5-ht2c edited positions 

with the corresponding clustering of positions (classes) to the right. A – E15, B – 

E19, C – P2 and D – P21. 

 

Figure 5. 

The graph show the result from the compilation of clustering of spacer distances 

of coupled positions in Adar2 (blue) and 5-ht2c (red). The x-axes show the 

discontinuous available spacer distances (1-55) and the left y-axes show the 

number of coupled position pairs having the corresponding distance. The peaks 

are put in at the spacer distances that tend to group: 1-4, 10-14, 23-26, 36-37 

and 50-51. The height of one peak correspond to the total number of coupled 

positions in that group, right y-axes. For example, the peak centred on 24.2 says 

that the total number of coupled positions that have spacer distances between 23 

and 26 nucleotides are 7. 

 

Figure 6. 

3D imaging of the A-form duplex of Adar2 edited region seen from the side (top) 

and front (bottom). All edited positions are marked except +28. Note that the 

duplex is idealized where no consideration has been made to the bona fide 

mismatches or bulges. Everything is base paired. Corresponding editing 

frequencies in parenthesis.  

 

 



Table 1. Editing frequencies from stage E15 (embryo week 15), E19, P2 (post natal week 2) and P21. 
Blcap, Y/C and syn sites, could not be amplified for stages E19 and P2. The same holds for the Q/R 
and M/V sites of GluR-6 and stage E19. For Gabra3, we also included adult week 7, P7. 1) States 
upper and lower limits within a confidence interval of 95%. 2) Termed according to {Dawson_2004}, 
* except +28. 3) Termed according to {Niswender_1999}. GluR-B: Glutamate receptor b. Gabra3: 
gamma-aminobutyric acid A receptor. Adar2: Adenosine deaminase acting on RNA 2. 5-ht2c: 
Serotonin receptor 2c. Cyfip2: cytoplasmic FMR1 interacting protein 2.  Flna: Filamin A. Kcna1: 
potassium voltage-gated channel, shaker-related subfamily, member 1. Blcap: Bladder cancer 
associated protein 

 

E19     
Gene Site %editing Confidence 1) reads 
GluR-B Q/R 100 0 120 

 R/G 36.5 ± 4.2 499 
Gabra3 I/M 33.6 ± 3.1 901 

Adar2 2) -28 2.3 ± 1.3 532 
 -27 < 2 - - 

 -4 < 2 - - 
 -2 < 2 - - 

 -1 7.5 ± 1.8 547 
 +10 18.8 ± 3.2 547 

 +23 12.3 ± 2.7 529 
 +24 53.1 ± 4.2 529 

 +28* 2.8 ± 1.3 535 

5-ht2c 3) A 56.3 ± 2.6 1359 
 B 41.2 ± 2.6 1359 

 E 2.9 ± 0.8 1358 
 C 20.8 ± 2.1 1358 

 D 45.3 ± 2.6 1342 
GluR-C R/G 47.7 ± 3.1 973 

GluR-5 Q/R 31.1 ± 2.3 1547 
GluR-6 I/V 26.2 ± 2.0 1690 

 Y/C 47.9 ± 2.3 1690 
 Q/R n/d - - 

 M/V n/d - - 
Blcap Y/C 6.3 ± 2.4 365 

 Syn n/d - - 
Flna Q/R 5.6 ± 0.9 2218 

Kcna1 I/V 4.9 ± 1.4 876 
Cyfip2 K/E 19.5 ± 1.4 2738 

E15     
Gene Site %editing Confidence 1) reads 
GluR-B Q/R 95.2 ± 9.1 21 
 R/G 3.6 ± 6.9 28 

Gabra3 I/M 6.4 ± 2.0 592 
Adar2 2) -28 n/d - - 

 -27 < 2 - - 
 -4 < 2 - - 

 -2 < 2 - - 

 -1 3.9 ± 1.5 567 
 +10 5.1 ± 1.8 567 

 +23 3.1 ± 1.4 540 
 +24 19.6 ± 3.3 540 

 +28* < 2 - - 
5-ht2c 3) A 19.3 ± 6.0 166 

 B 7.8 ± 4.0 166 
 E 3.6 ± 2.8 166 

 C 21.1 ± 6.2 166 
 D 47.9 ± 7.6 165 

GluR-C R/G 14.6 ± 8.9 58 
GluR-5 Q/R 7.5 ± 3.2 254 

GluR-6 I/V 2.7 ± 2.6 148 
 Y/C 8.1 ± 4.4 148 

 Q/R 26.9 ± 2.6 1094 
 M/V < 2 - - 

Blcap Y/C n/d - - 

 Syn n/d - - 
Flna Q/R < 2 - - 

Kcna1 I/V 7 ± 9.3 29 
Cyfip2 K/E 4 ± 1.1 1175 



Table 1 continued. 

 

P7     
Gene Site %editing Confidence 1) reads 
Gabra3 I/M 77.9 ± 9.9 68 

 

P21     
Gene Site %editing Confidence 1) reads 
GluR-B Q/R 100 0 221 
 R/G 72.1 ± 4.6 358 

Gabra3 I/M 92.5 ± 2.0 638 

Adar2 2) -28 8.8 ± 4.8 136 
 -27 16.2 ± 6.2 136 

 -4 11.4 ± 5.1 149 
 -2 < 2 - - 

 -1 25.9 ± 7.1 147 
 +10 34.7 ± 7.7 147 

 +23 30.5 ± 7.9 131 
 +24 80.9 ± 6.7 131 

 +28* 10.4 ± 4.8 144 
5-ht2c 3) A 85.2 ± 2.5 804 

 B 74.6 ± 3.0 804 
 E 4.2 ± 1.4 788 

 C 25.6 ± 3.0 788 
 D 63.5 ± 3.3 788 

GluR-C R/G 91.5 ± 3.8 212 
GluR-5 Q/R 62.5 ± 3.7 661 

GluR-6 I/V 73.8 ± 5.6 190 

 Y/C 80.5 ± 6.2 191 
 Q/R 81.1 ± 3.5 477 

 M/V 8.2 ± 2.5 478 
Blcap Y/C 28.9 ± 4.3 425 

 Syn 17.2 ± 3.6 425 
Flna Q/R 43.2 ± 8.6 125 

Kcna1 I/V 25.3 ± 3.8 516 
Cyfip2 K/E 75.0 ± 3.0 800 

 

P2     
Gene Site %editing Confidence 1) reads 
GluR-B Q/R 100 0 605 
 R/G 52.1 ± 8.9 121 

Gabra3 I/M 53.7 ± 3.1 971 
Adar2 2) -28 3.8 ± 1.3 820 

 -27 2.2 ± 1.0 820 
 -4 < 2 - - 

 -2 7.0 ± 1.6 883 
 -1 11.6 ± 2.1 883 

 +10 23.7 ± 2.8 885 

 +23 12.5 ± 2.2 861 
 +24 65.4 ± 3.2 861 

 +28* 2.6 ± 1.1 875 
5-ht2c 3) A 77.3 ± 2.8 867 

 B 64.4 ± 3.2 867 
 E 4.5 ± 1.4 859 

 C 23.5 ± 2.8 859 
 D 45,4 ± 3.3 859 

GluR-C R/G 67.3 ± 3.4 738 
GluR-5 Q/R 34.8 ± 8.1 132 

GluR-6 I/V 55.9 ± 4.0 592 
 Y/C 63.9 ± 3.9 590 

 Q/R 83.5 ± 3.9 358 
 M/V 5.6 ± 2.4 358 

Blcap Y/C n/d - - 
 Syn n/d -  

Flna Q/R 6.8 ± 1.7 821 
Kcna1 I/V 6.3 ± 1.8 702 

Cyfip2 K/E 34.9 ± 2.2 1776 



Table 2, A-D 
All regions and sites examined by the χ2-test and cluster analyses to reveal coupled positions and the 
distances between them. If both the χ2-test and the cluster analyses show coupling, we assign that as 
a strong coupled signal (++). If one show coupling we assign the coupling as weak (+). The first 
columns state the region (gene) and the corresponding sites that were evaluated for coupled 
properties. The  χ2 column show the calculated χ2-value. After the Bonferroni correction, column 
values should be compared to >10.22 for the Adar2 sites and >7.88 for the 5-HT2c 
A. The results from E15. * no evaluation for position -28 since there are no edited sites at all in E15. B. 
results from E19. C P2 and D for P21. 

 

A.  E15 
 

 

 

gene site χ2  cluster (class) conclusion distance (nt) 

Adar2 -28 : -27 - * -   

 -28 : -4 - -   

 -28 : -2 - -   
 -28 : -1 - -   

 -28 : +10 - -   
 -28 : +23 - -   

 -28 : +24 - -   
 -28 : +28 - -   

 -27 : -4 1.811 -   
 -27 : -2 3.470 -   

 -27 : -1 0.050 -   

 -27 : +10 0.038 -   
 -27 : +23 0.098 -   

 -27 : +24 3.910 -   
 -27 : +28 3.474 -   

 -4 : -2 1.811 -   
 -4 : -1 0.001 -   

 -4 : +10 0 -   
 -4 : +23 15.27 2:3 + coupled 26 

 -4 : +24 0.324 -   
 -4 : +28 1.811 -   

 -2 : -1 22.77 1:3 + coupled 1 
 -2 : +10 20.79 1:3 + coupled 11 

 -2 : +23 0.098 -   
 -2 : +24 3.913 -   

 -2 : +28 3.474 -   
 -1 : +10 10.17 3:3 + coupled 10 

 -1 : +23 0.209 -   

 -1 : +24 13.319 3:3 ++ coupled 24 
 -1 : +28 0.050 -   

 +10 : +23 25.45 3:3 ++ coupled 13 
 +10 : +24 23.65 3:3 ++ coupled 14 

 +10 : +28 0.038 -   
 +23 : +24 1.088 -   

 +23 : +28 0.098 -   
 +24 : +28 3.913 -   

      
5-ht2c AB 57.01 1:1 ++ coupled 2 

 AE 1.312 -   
 AC 12.28 1:3 + coupled 7 

 AD 0.001 -   
 BE 0.453 -   

 BC 5.321 -   
 BD 0.300 -   

 EC 1.104 -   
 ED 0.373 -   

 CD 9.981 3:3 ++ coupled 5 

      
GluR-6 I/V : Y/C  9.517 - coupled 13 



 

B. E19. 
 

 

 

 
 

 
 

 
 

 

gene site χ2  cluster (class) conclusion distance (nt) 

Adar2 -28 : -27 0.033 -   

 -28 : -4 0 -   

 -28 : -2 3.591 -   
 -28 : -1 5.147 -   

 -28 : +10 4.362 -   
 -28 : +23 4.867 -   

 -28 : +24 10.54 1:4 + coupled 51 
 -28 : +28 0.137 -   

 -27 : -4 0.027 -   
 -27 : -2 7.347 2:2 + coupled 25 

 -27 : -1 4.445 -   

 -27 : +10 2.833 -   
 -27 : +23 0.041 -   

 -27 : +24 0.037 -   
 -27 : +28 0.033 -   

 -4 : -2 0.007 -   
 -4 : -1 1.903 -   

 -4 : +10 0.154 -   
 -4 : +23 0.684 -   

 -4 : +24 0.710 -   
 -4 : +28 0 -   

 -2 : -1 2.798 -   
 -2 : +10 1.374 -   

 -2 : +23 0.849 -   
 -2 : +24 7.806 -   

 -2 : +28 0.071 -   
 -1 : +10 3.004 4:4 + coupled 10 

 -1 : +23 5.975 4:4 + coupled 23 

 -1 : +24 8.110 4:4 + coupled 24 
 -1 : +28 0.017 -   

 +10 : +23 3.004 4:4 + coupled 13 
 +10 : +24 22.74 4:4 ++ coupled 14 

 +10 : +28 8.015 -   
 +23 : +24 11.81 4:4 ++ coupled 1 

 +23 : +28 0.159 -   
 +24 : +28 10.54 4:5 + coupled 4 

      
5-ht2c AB 652.9 1:1 ++ coupled 2 

 AE 0.118 -   
 AC 41.11 1:3 + coupled 7 

 AD 7.823 1:1 + coupled 12 
 BE 0.978 -   

 BC 51.78 1:3 + coupled 5 
 BD 67.13 1:1 ++ coupled 10 

 EC 18.92 2:3 + coupled 1 
 ED 3.033 -   

 CD 34.87 3:1 + coupled 5 

      
GluR-6 I/V : Y/C  252.7  coupled  



 

C. P2. 
 

 

 

 
 

 

gene site χ2  cluster (class) conclusion distance (nt) 

Adar2 -28 : -27 0.448 -   

 -28 : -4 3.408 -   

 -28 : -2 2.222 -   
 -28 : -1 1.156 -   

 -28 : +10 2.582 -   
 -28 : +23 20.03 1:4 + coupled 50 

 -28 : +24 0.391 -   
 -28 : +28 0.556 -   

 -27 : -4 0.007 -   
 -27 : -2 0.730 -   

 -27 : -1 1.018 -   

 -27 : +10 15.16 2:4 + coupled 36 
 -27 : +23 2.901 -   

 -27 : +24 3.807 -   
 -27 : +28 0.234 -   

 -4 : -2 16.42 3:4 + coupled 2 
 -4 : -1 18.77 3:4 + coupled 3 

 -4 : +10 12.86 3:4 + coupled 13 
 -4 : +23 2.925 -   

 -4 : +24 0.903 -   
 -4 : +28 6.092 -   

 -2 : -1 102.7 4:4 ++ coupled 1 
 -2 : +10 42.91 4:4 ++ coupled 11 

 -2 : +23 0.010 4:4 + coupled 24 
 -2 : +24 31.74 4:4 ++ coupled 25 

 -2 : +28 2.160 -   
 -1 : +10 6.388 4:4 + coupled 10 

 -1 : +23 3.980 -   

 -1 : +24 15.36 4:4 ++ coupled 24 
 -1 : +28 1.992 -   

 +10 : +23 24.01 4:4 ++ coupled 13 
 +10 : +24 53.55 4:4 ++ coupled 14 

 +10 : +28 7.058 -   
 +23 : +24 12.14 4:4 ++ coupled 1 

 +23 : +28 0.357 -   
 +24 : +28 10.75 4:3 + coupled 4 

      
5-ht2c AB 415.4 1:1 ++ coupled 2 

 AE 18.28 1:2 neg-coupled 6 
 AC 30.95 1:3 + coupled 7 

 AD 11.66 1:1 ++ coupled 12 
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Figure 2, A-D 
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Figure 3, A-D 
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Figure 4, A-D 
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Figure 6. 
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