
Hydrolytic deamination on adenosine in RNA tran�

scripts converts adenosine to inosine. This is the bio�

chemical principle of A�to�I RNA editing [1, 2]. A�to�I

editing is carried out by a group of adenosine deaminases

(adenosine deaminase that act on RNA, ADAR) that

present in animals from Caenorhabditis elegans [3],

Drosophila melanogaster [4, 5], squid fish [6], aves [7], up

to mammals [8, 9] including humans [10, 11]. Three

ADARs exist in mammalian cells, ADAR1�3, but only

ADAR1 and ADAR2 were shown to be active for RNA

editing [12, 13]. While ADAR1 and ADAR2 share many

common features in protein structure, expression pattern,

and requirements of double stranded RNA structures for

their substrates, they are obviously different in their bio�

logical functions, especially in sustaining cell survival in

mammalian cells demonstrated in knockout animals [14�

17]. Reviews of A�to�I RNA editing have been very well

updated to include the latest progress in understanding of

this fundamental posttranscriptional process [18�22]. In

mechanistic studies of A�to�I RNA editing and in most

reviews, ADAR1 and ADAR2 are usually considered

indistinctively as the general enzymes generating inosines

in RNA molecules, although significant differences exist.

The reasons might be due, as least partially, to the insuf�

ficient knowledge in understanding of the seemingly

unrelated effect of ADAR1 and ADAR2 in animals. This

review tries to bring up the unique characteristics of

ADAR1 and discuss the questions remaining in ADAR1

study, emphasizing its critical roles in cell survival.

BRIEF DESCRIPTION OF ADAR1

AND A�to�I RNA EDITING

ADAR1 was first identified in bovine liver extract as a

double stranded RNA unwinding protein [8, 23] that had

been observed earlier in oocytes [24, 25]. Soon it was also

found in a placenta library [26], as well as in fibroblasts

as an interferon�inducible protein [27]. In its cDNA

sequence three double stranded RNA binding motifs and

a highly conserved deamination domain were found [23].

Meanwhile, the unwinding activity was found to result

from the A�to�I conversion due to the deamination of

adenosines [24]. Therefore ADAR1, named DRADA
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originally, was identified as the first A�to�I RNA editing

enzyme [9, 23]. The cDNA cloning of ADAR1 quickly

led to the identification of ADAR2 [28] and ADAR3 [29,

30]. Although ADAR3 has not been demonstrated to be

an active editing enzyme, it is highly homologous to the

other ADARs [30]. ADAR1 and ADAR2 act on double

stranded RNAs in vitro without specific selection on the

adenosine residuals within the RNA strands and efficient�

ly convert them into inosines [31, 32]. This contrasts with

the high specificities of editing sites in vivo. In cells, the

editing sites reside in the imperfect, with wobbles, double

stranded structures formed intramolecularly. Some well

studied sites are solely or preferentially edited by one of

the ADARs, although some other sites are edited by both

ADAR1 and ADAR2 [2, 33].

As inosine is recognized as guanine by the protein

translation machinery and it pairs with cytosine instead of

uracil in double stranded RNAs, A�to�I conversion can

change their sequence information and structures [2].

The significance of A�to�I RNA editing was primarily

observed in neuron receptors, such as GluR�B ion chan�

nels [34�39] and 5�hydroxytryptamine receptors 2C

(5HT2CR or SR2c) [40�42]. Identification of proteins that

their coding mRNA subject to editing was the central

focus in A�to�I RNA editing studies [2, 12, 43, 44]. A�to�

I editing can also generate or eliminate splicing sites, for

example, ADAR2 edits its own coding RNA generating

alternative splicing [45]. Editing on microRNAs modifies

the Drosha/Dicer processing sites, which affects the effi�

cacy of microRNA production [46]; the edited

microRNA also shifts its targets to an alternative spec�

trum of RNAs [18]. To date, editing of these particular

sites and the knowledge of the functional modification

caused by editing of these limited number of RNA targets

represent most of our understanding of the molecular

mechanisms of A�to�I RNA editing. Failure in identifica�

tion of a new editing target that explains the dramatic ani�

mal phenotype, as well as the recent finding of a large

number of editing sites on non�coding RNA regions, have

gradually led the focus of studies to drift from protein

codons to non�coding regions [18, 19].

RNA editing exerts its biological and/or pathological

effects through substrate RNA molecules — the edited

forms convey different functions from the unedited,

genome coded forms. The differences in the ADAR1 and

ADAR2 knockout phenotypes indicate discrepant func�

tions of these two enzymes, especially regarding relevance

to cell death [16, 17]. Therefore, to understand the spe�

cific function of ADAR1 in the regulation of cell death

will require the identification of the RNA spectrum that is

uniquely edited by ADAR1. However, both ADAR1 and

ADAR2 exhibit the same editing activity biochemically

[2], and most of the thousands of newly discovered edit�

ing sites in non�coding regions have not been well char�

acterized [19, 47]. This makes the general understanding

of the function of A�to�I RNA editing difficult, and it is

even more difficult to distinguish the functions of ADAR1

from ADAR2. Nevertheless, emerging evidence indicates

that ADAR1 plays fundamental roles not limited to neu�

ron cells, but in much broader field including cell survival

[17], stem cell differentiation [48, 49], and embryonic

development [15�17, 50], as well as in pathological con�

ditions, such as virus infection [51�58], tumor develop�

ment [59�62], autoimmune disease [63], and disruption

of skin pigmentation [64�67]. More specific reviews have

been published that summarize the relevance of RNA

editing to infections [52, 68], malignancies [69], and

other diseases [70]. It is conceivable that understanding

the molecular mechanism of this RNA editing enzyme

will significantly enhance our understanding of some of

the fundamental biological questions in cell survival and

differentiation. It will also help to understand the molec�

ular mechanisms in the occurrence and development of

the diseases involving abnormal cell proliferation and

death.

ADAR1 PROTEIN STRUCTURE

AND EXPRESSION

Within the small family of ADAR proteins, ADAR1

has the most distinguishable structure compared to the

other ADARs in mammalian cells or to lower organisms

[19, 47]. Drosophila melanogaster and C. elegans have one

or two ADAR enzymes, respectively, with low conserva�

tiveness with the mammalian proteins [3, 5]. Their func�

tion seems to be limited to the neural cells, i.e. there is not

of much relevance to the function of ADAR1 to be dis�

cussed here [71, 72]. In squids two ADAR enzymes are

expressed from a single ADAR gene with alternative splic�

ing [6]. These ADARs are more homologous to mam�

malian ADAR2 than ADAR1, and their functions are less

studied than in mammalian cells. Therefore, the specific

function of ADAR1 is mainly studied in mice due to the

availability of cell and animal models.

ADARs are highly conserved in mammals with the

common features of a catalytic domain in its C terminal

and double stranded RNA binding motifs (DRBMs) next

to the catalytic domain at the N terminal side [23, 26, 73].

There are three DRBMs in ADAR1, locate in the middle

of the protein sequence, compare to two DRBMs in

ADAR2 and ADAR3 [28, 29]. In addition, two Z�DNA

binding domains, Z�α and Z�β, reside in its N terminus,

which are unique to ADAR1 [74, 75] (Fig. 1; see color

insert).

It has been well characterized in both mouse and

human that ADAR1 expression is driven by multiple pro�

moters that link to alternative exons in the ADAR1 gene

[73, 76�82]. Two major isoforms of ADAR1, P150 and

P110, named following their molecular weights, are

yielded by these different RNA splicings (see Fig. 2). The

150 kDa isoform, translated from exon 1a, is the full
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length protein that is mainly distributed in the cytosol;

the 110 kDa isoform, coded by other alternative first

exons and lacking the Z�DNA binding domains, is main�

ly located in the cell nucleus. Exon 2 can be spliced to

either exon 1a or 1b. Exon 1a, 5.4 kb upstream of exon 2,

is driven by an inducible promoter (Pi). Exon 1b, 14.5 kb

upstream of exon 2, is driven by a consistently activated

promoter (Pc) [76]. The Pi promoter of ADAR1 has an

interferon (IFN)�stimulated response element, ISRE,

and KCS�like elements associated with IFN responsive�

ness [80, 83]. IFN stimulation in cultured cells signifi�

cantly increases P150 expression, but not that of P110

[73, 76]. As IFN production is a defensive mechanism

again infection by microbial pathogens [84], and ADAR1

P150 level is elevated in infectious conditions [79, 81, 85,

86], ADAR1 was presumed to play roles in the courses of

infections [52, 87]. However, ADAR1 is not simply an

anti�infection protein; it also plays proviral roles in some

cases [52, 55, 56].

P110 is constitutively expressed in cells [73, 76]. In

early mouse embryos, P110 expression could be detected

on day 10.5 [81], but P150 was not expressed until day 15

[81]. ADAR1 knockout embryos die at day 11.5 to 12 [16,

17], so P110 is theoretically sufficient for embryo survival

around the mid�gestation stage. Regulation of P110

expression, however, has not been well characterized.

The unique structure of ADAR1, the Z�DNA bind�

ing domains, only exist in the P150 isoform. It binds

specifically to the left�handed Z�DNA conformation

with high affinity (Kd = 4 nM) [74, 88, 89]. Z�DNA is a

high energy conformer of B�DNA that occurs 5′ to or

behind a moving RNA polymerase, the result of torsional

strain generated by a moving polymerase during tran�

scription [90]. It was proposed that its Z�DNA binding

activity allows ADAR1 to act on the nascent RNA so that

editing occurs before splicing [74, 91, 92]. ADAR1 was

also shown to associate with splicing factors in lnRNP

particles [93], so the Z�DNA binding activity of ADAR1

connects RNA transcription, splicing, and editing

together. It was recently reported that Z�DNA formation

is involved in gene suppression [94], and inhibitors for Z�

DNA binding activity have been proposed as therapeutic

reagents [95]. Nevertheless, as the P150 is not expressed

in the early stage embryos, by then the embryos die in

ADAR1 knockout, the activity of the Z�DNA binding

domain that exists only in P150 is not likely to be a major

factor related to the cell death phenomenon in the

ADAR1 knockout cells. Interestingly, a recent report [96]

showed in a particular knockout mouse model that dele�

tion of exon 1a specifically removes P150 (P150–/–) and

should not affect P110, result in embryonic lethality at 11

days post coitus (d.p.c.). The phenotype is similar to or

even severer than that previously observation in both

P150 and P110 knockout mice [16, 17]. It seems that

P150, not the P110, is essential for the embryo to survive.

However, the conclusion may not be easily made from the

observation of this animal model. It raised the question

why P150 not expressed in day 11 embryos is required for

their survival. Whether the P110 protein is expressed nor�

mally in the P150–/– cells needs to be examined.

Somehow this critical data was not presented in the pub�

lication.

EDITING ACTIVITY OF ADAR1

Both ADAR1 and ADAR2 edit RNA transcripts in

vivo at selected adenosine resides. The editing sites can be

very specific for ADAR1 or ADAR2, while it can be com�

pletely random at other sites [18]. Traditionally, RNA

editing sites were discovered accidently through aligning

different functional cDNA sequences to the same genom�

ic locus [38, 39, 41]; therefore, only a very limited num�

ber of these sites were identified. The specific editing

enzymes responsible for these sites were well defined. An

incomplete list of these traditional editing sites can be

found in Table 1, which represents most editing sites

under biologic conditions and their corresponding edi�

tors. Notably, in the most extensively studied editing sites,

the GluR�B Q/R site and 5HT2CR A, B, C, D, and E

Met296

Fig. 2. Promoters and alternative exons in the ADAR1 gene locus. Two major protein isoforms are expressed from the ADAR1 gene resulting

from variant splicing and the initial Met codon to be used for translations. Either exon 1a or 1b can be spliced to exon 2. Exon 1a is transcribed

driven by an interferon inducible promoter, Pi. Exon 1b is located upstream of exon 1a and is under the control of a constitutively active pro�

moter, Pc. Exon 1a codes the Met1 translation initial codon for the translated protein P150 isoform. Transcript of exon 1b is translated from

Met296, which locates at exon 2. P110 can be translated from both mRNAs containing either exon 1a or exon 1b.
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sites, ADAR1 specifically or preferentially edits 5HT2CR

A and B sites, while ADAR2 is responsible for GluR�B

Q/R and 5HT2CR D and E sites. In general, editing cat�

alyzed by ADAR2 is more critical for the functions of glu�

tamine receptors, while both ADAR1 and ADAR2 are

required for the function of 5HT2CR. It has been demon�

strated that improper editing on 5HT2CR could lead to

unusual behaviors similar to depression or cause Prader–

Willi like syndrome in animals [97�99].

During the last several years, variant methodologies

were developed trying to systematically find editing sites,

including chemical modification of the editing sites [3,

100], bioinformatic analysis of the RNA database [101�

106], and new generation high throughput RNA sequenc�

ing technologies [107�109]. As a consequence, several

thousands of new editing sites have been found, most of

them being in non�coding regions, and their function has

not been well characterized yet. More detailed information

on editing of these non�coding sequences can be found in

recent review articles [18, 19, 101, 110, 111]. However,

these highly efficient methods are not able to distinguish

the editing substrates specific for ADAR1 or ADAR2. To

date, no method or experimental system has been reported

that permits systematic discovery of the ADAR1 or

ADAR2 specific substrate. Only a few of the newly found

editing sites are known for their responsible editase.

Because the non�coding regions usually form long hairpin

structures, it is likely that they can be acted on by both

ADAR1 and ADAR2, instead of being specific substrates.

It is difficult to explain the specific function of ADAR1

without knowing the unique spectrum of its substrates.

Interestingly, microRNA has been demonstrated to

be a new category of RNA editing substrate. In human

brain, approximately 16% of pri�miRNAs are subject to

A�to�I editing [112]. As microRNA has emerged to be a

potent class of small RNAs that silence gene activities and

may target a broad range of molecules, editing on

miRNAs could therefore have a large impact on miRNA�

mediated gene silencing. Studies of microRNA editing

have been carried out mainly by Nishikura’s group [18,

46, 112�114]. With the advantage of using ADAR1 and

ADAR2 specific knockout materials, they determined

that some of the sites are specific for ADAR1 or ADAR2.

In Table 2 the microRNA editing sites found in mice are

RNA substrate

GluR�B

GluR�C

GluR�D

GluR5

GluR6 

5�HT2CR 

ADAR2

Kv1.1

Gabra�3

Reference

[14, 17]

[14, 17]

[14, 17]

[14]

[14]

[14, 17]

[14, 17]

[14]

[14]

[14, 16, 17, 41]

[14, 16, 17, 41]

[14, 16, 17, 41]

[14, 16, 17, 41]

[14, 16, 17]

[14, 136]

[14, 45] 

[14, 45]

[105]

[137]

Table 1. Protein coding mRNA editing sites and corresponding enzymes

ADAR2*

+++

++

+

++

+

++

++

+++

++

+++

+++

+++

+++

++

+++

++

ADAR1*

+++

+

++

+

++

+

+

+++

+++

+

++

Editing
efficiency, %

98�100

~30�60

37�75

90

45

23�64

41�86

87

90

75�90

56�90

13�40

40�70

0�7

15�~33

~13(?)�25

~13(?)�45

~50

100

Editing site

Q/R

+60 hotspot

R/G

R/G

R/G

Q/R

Q/R

I/V

Y/C

A

B

C

D

E

–1

+23

+24

I/V

I/M

* Relative specificity of the editing on the indicated site edited by ADAR1 or ADAR2:

+++, exclusively or almost exclusively edited by ADAR1 or ADAR2;

++, dominantly edited by ADAR1 or ADAR2;

+, contribute to editing on the indicated site at low efficiency.
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RNA substrate

Mir�142

Mir�376a

Mir�376b

Mir�376b

Mir�376c

Mir�151

let�7g

miR�27a 

miR�99a 

miR�99b

miR�99b

miR�203 

miR�376a 

miR�376b

miR�379

miR�411

miR�423

Reference

[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]
[45]

[46]

[46]

[46]

[46]

[108]
[108]
[107]

[107]

[107]

[107]

[107]

[107]

[107]

[107]
[107]

[107]

[107]

[107]

[107]

Table 2. Editing sites in microRNAs and corresponding enzymes

ADAR2**

?

?
?

?
+
?
?
?

+++

+++

+

++

+++

+++

+++

+++

+++
+++

+++

ADAR1**

?
+
+
?
?
+
?
+
?
?
?

++

+++

+
+++

+++

+++

+++

+++

+++

Editing
efficiency*, %

<1
~4
~4
<1
<1

~4�5
<1

~10
<1
<1
<1

H: 40�100 
M: <5�70 

M: 50�60

M: 55�70

H: 40
M: 30

H: 30
M: 20

H: 50
M: 20

H, M: 20

H, M: 10

H: 50
M: 10

H: 60 
M: 30

H, M: 50
H: 90 
M: 50

H: 95 
M: 50

H: 60 
M: 20

H: 80 
M: 60

H: 40 
M: 20

Editing site

–12
+4
+5
+6
+9

+12
+19
+40
+50
+55
+62

+4

+8

+44

+44

–1
+3

49, UAG

14, UAG

10, CAG

13, AAA

44, CAC

47, AAG

85, UAG

9, UAG
15, UAG

67, UAG

10, UAG

20, UAG

13, UAG

* MicroRNA substrates are listed in this table only when mouse microRNA data is available. If the human version is also available, they are

included for references. H, human microRNA; M, mouse microRNA.

** Relative specificity of the editing on the indicated site edited by ADAR1 or ADAR2:

+++, exclusively or almost exclusively edited by ADAR1 or ADAR2;

++, mainly edited by ADAR1 or ADAR2;

+, contribute to editing on the indicated site at low efficiency;

?, data is not available.
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summarized, and their corresponding editing enzymes

are also added to this table according to the published

data.

In addition, RNA editing patterns are different in

different species, and they are also different in the same

species in different tissues. Studies employing particular

cells or tissues may fail to find some of the editing events

that happen in other tissues. Therefore, it will be very dif�

ficult to identify all the editing sites and evaluate their

functions. Unquestionably, applying new material and

more advanced techniques in future studies will discover

more substrates and editing sites. However, identification

of the specific editing sites for ADAR1 and ADAR2 will

not be achieved solely using these high throughput meth�

ods. Understanding the specific function of ADAR1

remains challenging.

ADAR1 AND CELL SURVIVAL

The most prominent function of ADAR1 demon�

strated in the gene knockout animals is to support cell

survival and embryonic development. ADAR1–/–

embryos could not survive beyond 11.5�12 d.p.c. [16, 17].

The severe phenotype was quite a surprise compared to

ADAR2 knockout [14]. ADAR2 was thought to be more

important than ADAR1 [43], but embryonic lethality was

not observed in ADAR2 knockout, in which the defect

was mainly related to neuron functions. The knockout

mice lived to three weeks old, and the postnatal death was

directly linked to over�excitation of the GluR�B receptor.

The edited form of GluR�B expressed from the genomi�

cally engineered gene loci rescued ADAR2 knockout ani�

mals [14], indicating the lethality of ADAR2 is mainly

related to the GluR�B editing site [115]. In contrast,

ADAR1 knockout lead to embryonic death at an early

developmental stage, and by then neuron function was

not essential for embryo survival. Massive cell death in the

absence of ADAR1 revealed an essential function of this

editing enzyme in cell survival [17]. Experiments using

the ADAR1 knockout mouse model provided the first evi�

dence that A�to�I editing exerts its function beyond neu�

ral tissues in normal biological conditions [15, 17],

although the ubiquitous expression pattern of ADAR1

had been observed when the gene was cloned [23].

The most vulnerable cells to ADAR1 loss were the

hematopoietic cells and hepatocytes [15�17], while other

cells including the cells in brain, heart, lung, blood ves�

sels, kidney, and placenta in ADAR1–/– embryos did not

appear particularly abnormal. A defect in embryonic

hematopoiesis was the major site affected by ADAR1

deletion, although it is not known whether it is the only or

predominant cause for the death of the embryo.

Interestingly, our recent work [48], together with the data

of another group [49], showed that ADAR1 was also

required for adult hematopoiesis. ADAR1 deletion com�

pletely blocks the development of all the hematopoietic

lineages. Differentiating progenitors depend on ADAR1

for their survival and further differentiation. However, the

self�renewal and homing of hematopoietic stem cells were

intact in the knockout conditions [48].

ADAR1 specific knockout in liver [17], as well as in

other tissues (unpublished data) also resulted into cell

death in the adult stage. This revealed a broad effect of

ADAR1 in supporting cell survival. Although embryonic

and mature tissues might be different in the mechanisms

by which ADAR1 exerts its functions to support cell via�

bility, no solid evidence has been obtained to explain

either of the cell death pathways.

That ADAR1 deficiency causes cell death is very

obvious. There are three features of cell death in ADAR1

knockout. (a) It is related to cell differentiation. Cell

death happened in embryos only when the embryos pro�

gressed to mid�gestation stage. At this stage embryo are

fast�growing, and organs expand in size rapidly and spe�

cialized functions start to be established. ADAR1 defi�

cient embryonic stem cell lines were also raised success�

fully [16, 17]. Obviously, ADAR1 is dispensable in these

pluripotent cells for their survival and proliferation. In

addition, the knockout embryos developed to mid�gesta�

tion stage in the uterus. It did not show abnormality in

early embryos. The embryo sizes were not evidently dif�

ferent from the wild type and heterozygous embryos in

the same litter at day 11.5, the time death occurred.

Pathologic study of the embryos did not reveal noticeable

difference in major organs. The only notable change was

in the embryonic liver in which cell death in hepatocyte

and hematopoietic cells was observed. (b) Not every cell

type requires ADAR1 for their survival. The brain, lung,

muscle, kidney, and placenta tissues are not dependent on

ADAR1 or are at least less sensitive to ADAR1 deletion

([17] and unpublished data). (c) Cell lines derived from

knockout embryos through natural immortalization grow

normally [17], while the primary cells are prone to dying

in the same culture condition as the wild type cells

(unpublished data).

These characteristics more or less reflect a mecha�

nism in which ADAR1 exerts its function in cell survival.

First, ADAR1 is not completely necessary for cell survival

because some cells survive without ADAR1. It is conceiv�

able that ADAR1 is not an essential protein in basic

metabolism, such as energy production, DNA replica�

tion, RNA transcription, or other fundamental mecha�

nisms required for cell survival. Second, at least one other

molecular event has to coexist in ADAR1 deficiency to

trigger the cell death pathway, and this event did not hap�

pen in undifferentiated cells, but only in certain commit�

ted lineages. Finally, the in vitro immortalization of the

knockout cells likely caused epigenetic modifications that

compensated the deficiency of ADAR1 or eliminated the

negative effect that enhances ADAR1 deficiency. This

epigenetic modification does not happen in primary cells.
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These characteristics will need to be considered to eluci�

date the specific function of ADAR1 in cell death regula�

tion.

RNA editing and ADAR proteins were reported to

potentially regulate gene activities at chromosome, RNA

transcript, and protein translation levels. Some of these

effects seemed to be mediated by the inosine residues

generated by A�to�I RNA editing, such as the retention of

edited RNA in the nucleus [116], edited RNA involved in

heterochromatin formation [117], hyper�edited dsRNA

subject to cleavage [118], and multiple IU pair�contain�

ing RNAs suppressing interferon induction [119]. Such

mechanisms are unlikely to be unique for cell survival

effects of ADAR1 as inosine containing RNA also can be

produced by ADAR2. On the other hand, some other

findings are probably tied to ADAR1 specific functions,

although it is not known if they are the major factors for

the cell death, such as upregulated interferon signaling in

ADAR1 knockout embryos [49], inhibition of PKR acti�

vation by ADAR1 [87], or potential formation of protein

complexes [54, 120]. RNA editing at particular sites by

ADAR1, such as the specific sites on microRNAs [112],

as well as the non�editing activities of ADAR1, e.g. the Z�

DNA and RNA binding domain functions [94] might

underlie its role in sustaining cell viability.

PKR PATHWAY AND PROTEIN TRANSLATION

During mRNA translation in mammalian cells, a

rate�limiting step, binding of eukaryotic initiation factor

2 (eIF2) to Met�tRNAi, is regulated by the phosphoryla�

tion of the α�subunit of eIF2 [121, 122]. The phosphory�

lated eIF2�α inhibits eIF5, which catalyzes conversion of

eIF2�GDP to eIF2�GTP required for the binding with

Met�tRNAi and transfers Met�tRNAi to the 40S riboso�

mal subunit [123, 124]. Therefore, phosphorylation of

eIF2�α prevents formation of the eIF2�GTP�Met�tRNAi

complex and inhibits global protein synthesis [125�127].

Protein kinase activated by RNA (PKR) is one of the

kinases that phosphorylate eIF2�α [126, 127]. Under

condition of viral infection, PKR can be activated, which

leads to the shutting down of protein synthesis and cell

death [126, 128].

ADAR1 was found to form a protein complex with

PKR and inhibit its catalytic activity [52, 54]. ADAR1�

inhibited eIF2�α phosphorylation had been observed by

independent laboratories [52, 54, 129]. Loss of the inhi�

bition of ADAR1 may lead to the deterrence of global

protein synthesis through the phosphorylation of eIF2�α
as it does in viral infection. For that reason this pathway

is potentially involved in ADAR1 knockout cell death.

However, some evidences exist against this hypothesis.

First, ADAR1 knockout cells grow well in cultured con�

ditions [17] and in early embryos, indicating global pro�

tein synthesis is not inhibited by the absence of ADAR1.

Second, in order to test if the PKR pathway is a critical

player in ADAR1 knockout cell death, we prepared

ADAR1 and PKR double knockout mice. The double

knockout did not rescue the embryonic lethal phenotype

[17]. Nevertheless, it is still possible that eIF2�α is

involved in the cell death pathway independent of PKR

regulation. It will be interesting to find out whether other

eIF2�α kinases are highly activated in ADAR1 deficiency

that leads to eIF2�α phosphorylation.

IFN AND APOPTOTIC PATHWAYS

ADAR1 knockout embryos die in a very narrow time

window. In different animal models the embryos survived

up to 11.5 [17] and 12 d.p.c. [16]. At day 11.5, the size and

morphology did not show obvious difference between the

wild type and the knockout embryos, indicating that once

the death pathway is activated, it kills the animal very rap�

idly. If this is true, it is difficult to catch the right time

point for cell death pathway analysis, as the death does

not occur at exactly the same time point in different

embryos even in the same litter. The half�day difference

might be a big difference in the cell death processes, and

it is difficult to determine if the death signaling had just

initiated or it was near its end. We tried to analyze the

gene expression in knockout embryos by RNA microarray

analysis, but the results turned out to vary in different

embryos. We could not distinguish whether the changes

were a direct effect of ADAR1 deficiency or were second�

ary reactions.

Recently, a sophisticated microarray analysis was

conducted in a particular cell population,

CD150+CD48–CD244– hematopoietic stem cells

(HSCs) sorted by flow cytometry from the livers of early

11 d.p.c. embryos [49]. Dramatic increases (up to 300�

fold) of gene expressions were found in interferon (IFN)

regulated genes, including STAT1, STAT2, IRF1, IRF7,

IRF9; the GTPases Mx1, Mx2; the RNA�activated pro�

tein kinase PKR (EIF2AK2); the 2′,5′�oligoadenylate

synthetases OAS1, OAS2, OAS3; the ubiquitin�like mod�

ifiers Isg15, Isg20; the interferon�induced proteins with

tetratricopeptide repeats Ifit1�Ifit3. Therefore, the cru�

cial function of ADAR1 as a suppressor of interferon sig�

naling was reasoned. These upregulated genes probably

influence many cellular and molecular events in the

embryos. However, the IFN levels in the extracellular

fluid of ADAR1–/– embryos were over 13�fold (IFN�α)

and over 80�fold (IFN�β) more than the control embryos.

It is not known whether the upregulated IFN target genes

were the results of increased IFN levels or ADAR1 defi�

ciency boosted the signal transduction downstream to

IFN receptors. Three questions were raised from this

observation. First, if IFN regulated genes were also

upregulated in other tissues of the deficient embryos, just

like in the HSCs, which potentially contributed to the
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embryo’s death. Second, if the increased IFN target gene

expression was the major reason for the embryo and

embryonic cell death. Third, if the elevated IFN level and

its regulated gene expression were the direct effect of

ADAR1 deficiency or a secondary response. In other

words, how ADAR1 deficiency led to the elevated IFN

signaling. As discussed earlier in this review, it is well

defined that expression of ADAR1 P150 is under the reg�

ulation of IFN through direct IFN binding to the KCS�

like element in its promoter sequence. How ADAR1

feedbacks and inhibits IFN expressions is not known.

Although questions exist, the upregulation of IFN

responsive genes is an obvious signature of ADAR1

knockout. We also observed these changes in our microar�

ray analysis (unpublished data).

Interestingly, a very recent report showed that ino�

sine�containing double stranded RNA (c�IU dsRNA)

suppressed both the interferon and apoptotic pathways

[119]. Specific binding of I�U dsRNA to the cytosolic

sensor proteins for poly(IC), melanoma differentiation�

associated protein 5 (MDA�5), and retinoic acid

inducible gene I (RIG�I) inhibited the ligand binding to

poly(IC). MDA�5 and RIG�1 binding to poly(IC) will

lead to activation of a transcription factor interferon reg�

ulatory factor 3 (IRF3). Subsequent phosphorylation of

multiple residues on IRF3 is followed by dimerization

and nuclear translocation. Then activated IRF3 triggers

production of type I interferons and ultimately induces a

transcriptional cascade. Activation of IRF�3 is also

required for virus� or dsRNA�induced apoptosis, both

MDA�5 and RIG�I interact with and initiate apoptotic

pathways. This finding potentially connects ADAR1 defi�

ciency to the cell death consequence through an IFN

pathway. This hypothesis is illustrated in Fig. 3 (see color

insert). This MDA�5/RIG�I and IRF3 pathway is inter�

esting but needs further assessments. As shown in this

study [119], there was a minimum content of I�U RNA

required to suppress IRF3 activation. It is not yet known

if ADAR1produces sufficient inosine�containing RNA in

cells under the biologic conditions; and if inosine�con�

taining RNA produced by A�to�I RNA editing works

similarly as the chemically synthesized I�U RNA used in

the study. ADAR1 will need to produce enough inosine�

containing RNAs to surpass the threshold for the sup�

pression of MDA�5 and RIG�I in order to prevent the cell

death. In addition, this pathway to our current knowledge

does not explain well why only ADAR1 knockout but not

ADAR2 knockout causes cell death.

EDITING VERSUS NON�EDITING

ACTIVITY OF ADAR1

As an active RNA editing enzyme, ADAR1 likely

acts on many more editing sites than that in the charac�

terized substrates. However, only a limited number of

RNA editing sites have been identified in protein coding

RNAs, and they have not been demonstrated to link to

cell survival mechanisms. The finding that microRNA is

subjected to RNA editing is interesting. A total of 47 pri�

miRNAs were found highly edited in human brain [112].

The editing has significant impact on microRNA genesis

[46] and on specific target gene selections [18]. However,

it has not yet been well studied how efficient microRNA

editing occurs in other tissues besides the brain, and if it

also occurs in cells of embryonic tissues. A particular

microRNA editing that relates to the cell death pathway

has not been demonstrated.

RNA editing, mainly through ADAR1 that regulates

DNA repair enzyme Neil1, was just reported [130]. The

edited Neil1 showed dramatic difference from the

genomic encoded protein in its DNA damage repair

activities. Tested by in vitro assay, purified ADAR1 can

edit up to 40% of Neil1 mRNA, indicating that ADAR1

might be involved in DNA damage repair through its edit�

ing activities. As DNA damage happens in biological and

stressed conditions, and leads to arrest of cell prolifera�

tion and apoptosis, Neil1 editing might be the candidate

that links ADAR1 and its cell survival effect if efficient

ADAR1 editing on Neil1 can be confirmed in the cells

that are vulnerable to ADAR1 deletion.

While ADAR1 was mainly studied as one of the A�

to�I editases, emerging evidences have shown that it also

acts independently from its catalytic activity. Through an

unknown mechanism, multiple mutations in ADAR1 gene

loci cause a mild human skin pigmentation disease,

Dyschromatosis symmetrica hereditaria (DSH) [65, 66,

131, 132]. More than 90 mutations have been reported in

different families [64, 67] that scatter from the N termi�

nus to the C terminus. It is not certain that all of these

mutations abolish the editing activity of ADAR1, but the

symptoms in patients with different types of mutation do

not appear to be different. It is conceivable that a non�

editing function of ADAR1 relates to the pigmentation in

human skin.

Through protein–protein interactions, ADAR1

forms protein complexes with other proteins with or with�

out double strand RNA bridges, such as NF90 [133],

P54nrb [116], lnRNP [93], and hUpf1 [134]. These com�

plexes potentially convey ADAR1 effects into a broad

range of regulations in gene transcription, RNA posttran�

scriptional processes, and RNA degradations, and there�

fore have impact on cell viability. However, no evidence

has hitherto been found that these interactions play a par�

ticular role in the mechanism for ADAR1 in cell death

regulation.

Comprising three RNA binding motifs is a unique

feature of ADAR1. It might contribute to high affinity

RNA binding, including short interfering RNAs (siRNA)

[33]. We have demonstrated that ADAR1 binding to

siRNA dramatically reduces the gene silencing effects of

siRNAs that is independent from its RNA editing activity
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[33]. It was also found that through RNA binding but not

the editing activity, ADAR1 inhibits RNAi through the

siRNA pathway and affects microRNA processing inde�

pendently of the enzymatic activity as demonstrated with

mir�376a2 [135].

In summary, ADAR1 exerts its effects through differ�

ent functional domains responsible for RNA editing and

non�editing activities. It is not yet known whether one of

these functions or both are required for cell survival and

embryonic development. In the available knockout

mouse models, the gene deletions lead to the eradication

of the entire ADAR1 protein molecule. The truncated

proteins theoretically coded by the remaining ADAR1

gene were not detected in the knockout tissues/cells, this

likely being due to instabilities of the modified mRNA

and/or the truncated proteins. Therefore, the functions of

different domains of ADAR1 are not amenable to study

with the animal models. To dissect the specific functions

of each domain of ADAR1 and to determine if they con�

tribute to the cell death phenotype, new experimental

systems will need to be established.

CHALLENGES IN ADAR1 STUDIES

AND FUTURE DIRECTIONS

It is more than ten years since ADAR1 was found to

be essential for embryonic development and cell survival.

Mechanistic study of ADAR1 proved to be very challeng�

ing. First of all, limited by technologic developments,

only a few examples of A�to�I RNA editing sites were

identified whose functions were studied in the first sever�

al years. Recently a large number of editing sites have

been found employing new methodologies that were not

available earlier. In general, the biologic function of RNA

editing has not been well elucidated. As one of the major

editases, ADAR1 is yet to be extensively studied. Second,

the study of ADAR1 has been hindered by the shortage of

appropriate material that allows molecular studies to dis�

sect the cell death pathway. Early embryonic lethality and

the heterogeneous pattern of cell death in ADAR1 knock�

out make embryo tissues not ideal for biochemical stud�

ies. In addition to the tiny size of embryos at 9 to 10

d.p.c., each embryo needs to be genotyped for phenotype

analysis as only 25% of embryos are homozygous within

the progenies of heterogeneous mouse breeding. Also,

different organs and tissues show different cell death phe�

nomena. Microarray analysis of the un�dissected embryo

tissues yielded very ambiguous data (unpublished data).

The cell lines derived from the knockout embryos lost the

cell death feature after they were cultured in vitro and sub�

jected to immortalization. Conditional knockout was also

achieved, but it is limited by the cre/lox system, the effi�

ciency of cre recombination being not very high. This

gave rise to mosaic tissues consisting of ADAR1 gene

deleted and non�deleted cells. Again it did not produce a

homogenous cell population for analysis. In addition cells

die rapidly once the gene is deleted, and this makes the

tissue even complicated for its components. Besides

these, ADAR1 interacts with the silencing small RNAs,

small interfering RNA and microRNAs, that makes small

RNA�based knockdown strategies more knotty to be

explained if they are used for ADAR1 studies.

Furthermore, cell death after ADAR1 gene deletion hap�

pens kinetically. The initial and secondary molecular

events caused by ADAR1 depletion are difficult to be dis�

tinguished in the studies with available animal and cell

models. To illuminate the specific roles of ADAR1 in bio�

logical and pathological processes in the future studies, it

might be wise to explore both RNA editing and non�edit�

ing activities of ADAR1. For its RNA editing signifi�

cance, we will need to identify its specific spectrum of

RNA targets. There is not a clear clue what its non�edit�

ing function could be. However, for a convincing conclu�

sion we will need to overcome the material limitation for

biochemical analysis. In a cell or animal model, if

ADAR1 protein expression or gene deletion can be con�

trolled temporarily and it yields a homogenous cell popu�

lation for analysis, it will accelerate the identification of

the direct target of ADAR1 or the downstream molecules.

To demonstrate if the RNA editing or the non�RNA

editing activity is more important for ADAR1 function, a

new animal model carrying incompetent ADAR1, for

example a knock�in mouse of a mutation in its catalytic

domain, will need to be prepared.
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