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in the fly eye so that the eyes are white. 
Coexpression experiments showed that 
only the cytoplasmic isoform of human 
ADAR1 p150 antagonizes the white 
hairpin-mediated silencing and partially 
restores the red eye pigment. Inactive 
ADAR1p150 restored the pigmentation to 
40% of ADAR1p150 levels suggesting that 
binding alone can influence processing of 
long duplexes into siRNAs. Cleavage by 
DICER is thought to be affected as this 
antagonism occurs in the cytoplasm and 
DICER can partially suppress the effect of 
ADAR1 when coexpressed with it.

These results suggest that ADAR pro-
teins have a wider influence than previ-
ously appreciated as most of the work on 
these proteins has focused on their edit-
ing activity rather than on potential roles 
as dsRNA-binding proteins. The likely 
significance of dsRNA-binding becomes 
more evident when one considers that two 
out of the four ADAR proteins present 

1, binding of ADAR2 to the +4 position 
hinders cleavage of the pre-miRNA by 
DROSHA as the editing and cleavage 
sites are very close. Since this occurs in the 
nucleus it is cleavage by DROSHA that 
is affected and not cleavage by DICER, a 
cytoplasmic protein. This result suggests 
that ADARs could affect the processing 
of more miRNAs than the 10% that were 
found to be edited as all pri- and pre-miR-
NAs have highly duplex structures that 
could potentially bind ADARs.

RNA editing has been reported in 17% 
of endogenous siRNAs in Drosophila.6 
To determine if ADARs could also influ-
ence the siRNA pathway, transgenic flies 
were generated that expressed different 
Drosophila or human ADARs under 
the control of the GAL4/UAS system. 
These were crossed with flies expressing 
under GAL4/UAS control a long hairpin 
to the white+ gene that is exported from 
the nucleus and silences the pigmentation 

Adenosine in RNA is converted into inos-
ine by members of a family of enzymes; 
ADARs (adenosine deaminases that act 
on RNA) (reviewed in ref. 1). Inosine 
base pairs like guanosine during trans-
lation; editing can result in a different 
amino acid being inserted at the editing 
site. Short, imperfectly paired stretches of 
double-stranded (ds)RNA formed within 
transcripts mediate site-specific RNA edit-
ing. However ADARs can also bind to and 
edit any long dsRNA as it is primarily the 
A-form dsRNA duplex that is recognized. 
When the proteins involved in RNA inter-
ference were identified many were found 
to contain dsRNA-binding domains simi-
lar to those found in ADARs. Since both 
ADAR-mediated RNA editing and RNA 
interference converge on dsRNA, do they 
act synergistically or antagonize each 
other?

One of the original studies proposed 
that 10% of mature miRNAs were edited.2 
From deep sequencing data obtained since 
then this number appears to be accurate. 
Editing of miRNAs was found to have 
diverse consequences; it can affect the 
processing, turnover and abundance of a 
miRNA or it can redirect a miRNA to tar-
get another transcript (reviewed in ref. 3).

To elucidate how ADARs could affect 
the microRNA pathway Heale4 and col-
leagues chose to study it in a well defined 
system; the human mir-376 cluster previ-
ously shown to be edited.5 Many of the 
miRNAs within this cluster have simi-
lar sequences so attention was focused 
on mir-376a2 as this is preferentially 
edited by ADAR2 at the +4 position and 
ADAR1 at the +44 position, both sites 
being within the seed sequences of mature 
miRNAs. The surprising finding was that 
ADAR2 interfered with the processing of 
pre-miRNA and that this is independent 
of editing activity. As depicted in Figure 
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Figure 1. Model of DROSHA binding to mir-376a2, based on the crystal structure of 1rc7.pdb 
and a MCfold prediction of mir-376a2.13 Green bases indicate nucleotides. Blue and purple ribbon 
is 5' half of mir-376a2 backbone. White Ribbon is 3' half of mir-376a2.
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G1007R in two families, is associated 
with more severe effects.9 Individuals with 
this mutation suffer, in addition to the 
skin pigmentation symptoms, progressive 
mental deterioration with dystonia, motor 
defects and calcium accumulation in the 
brain. Heale and colleagues demonstrate 
that this mutant protein binds to but does 
not edit dsRNA. The data are consistent 
with the idea that the mutant protein is a 
dominant negative ADAR1 that interferes 
with the function of the normal ADAR1, 
or the function of another protein that 
binds dsRNA, making the effects in these 
patients more severe.

The symptoms seen in the ADAR1 
G1007R patients are consistent with a new 
finding in mice that ADAR1 is an impor-
tant modulator of interferon signaling. 
Again, the effect may involve antagonism 
between ADAR1 and other proteins that 
recognize intracellular dsRNAs and trigger 
the interferon response. ADAR1-/- mice die 
at embryonic day 11.5–12.5 with failure of 
liver haematopoiesis. Recently it has been 
reported that ADAR1-/- mice fail to main-
tain haematopoietic stem cells (HSCs) 
in embryonic liver. Microarray analyses 
show increased activation of interferon-
inducible genes in the ADAR1-/- HSCs10 
and interferon α and β levels are substan-
tially elevated in mutant embryos. Mice 
genetically engineered to overproduce 

in mammals are enzymatically inactive. 
Neither ADAR3 that is expressed in the 
brain nor TENR that is testis-specific 
have editing activity however both of 
these proteins contain dsRNA binding 
domains and deaminase domains and are 
highly conserved. Is the biological func-
tion of these inactive ADAR proteins to 
bind to and regulate specific transcripts 
or dsRNAs? In Drosophila there is also 
an ADAR homolog DIP1, that lacks the 
deaminase domain and, intriguingly, it is 
located near the beginning of transcripts 
through the X-centromere flamenco locus7 
that is a major generator of piRNAs in 
Drosophila.

An interesting catalytically inactive 
ADAR1 is associated with a disorder 
found in two Japanese families. Loss of 
function mutations in human ADAR1 
are associated with autosomal dominant 
Dyschromatosis Symmetrica Hereditaria 
(DSH1) in Chinese and Japanese fami-
lies. DSH1 manifests itself as freckle-like, 
hyper- and hypo-pigmented regions on 
the hands and feet without any other obvi-
ous mental or physical effects. More than 
fifty mutations including many protein-
truncation and frameshift mutations in 
ADAR1 are associated with the pigmenta-
tion symptoms and the genetic dominance 
appears to due to haploinsufficiency.8 One 
missense mutation however, ADAR1 

α-interferon in astrocytes develop neuro-
degeneration and calcium accumulations 
in the brain.11 Elevated interferon could 
also underlie the symptoms in the ADAR1 
G1007R patients. Mental deterioration 
and brain calcifications sometimes arise in 
patients with lupus erythematosus, virus 
infections or and other conditions involv-
ing Type I interferon expression in the 
brain.12

To conclude, binding of ADAR family 
proteins to duplex RNA per se may have 
a range of biological roles that are still to 
be discovered. So far it has been difficult 
to define the full range of RNAs that are 
edited by ADARs. It will indeed be a quest 
to identity all the RNAs that are bound 
but not edited by ADARs.
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