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Abstract 
All viruses that have dsRNA structures at any stages of 
their life cycle may potentially undergo RNA editing events 
mediated by ADAR enzymes. Indeed, an increasing 
number of studies that describe A-to-I sequence changes 
in viral genomes and/or transcripts, consistent with ADAR 
deaminase activity, has been reported so far. These 
modifications can appear as either hyperediting or specific 
RNA editing events in viral dsRNAs. 
 It is now well established that ADAR enzymes can 
affect viral life cycles in an editing-dependent and -
independent manner, with ADARs acting as pro- or anti-
viral factors. Despite the discovery of editing events in viral 
RNAs dates back to thirty years ago, the biological 
consequences of A-to-I changes during viral infection is still 
far to be completely elucidated. In this review, past and 
recent studies on the importance of ADAR enzymes on 
several viruses will be examined. 

Introduction 
The number of virus families as well as their different 
replication strategies is countless. However, viruses require 
host cellular machineries for their RNA and protein 
synthesis. The presence of viral RNA molecules inside the 
host cell is the starting point common to all viruses. Viral 
genomes/transcripts with double-stranded RNA (dsRNA) 
structures can be recognized by the family of adenosine 
deaminases acting on dsRNA (ADARs). The ADAR 
enzymes deaminate Adenosines (A) changing them into 
Inosines (I). Inosine is recognized as Guanosine (G) by the 
splicing and translation machineries, with important 
physiological consequences. Therefore, viral dsRNAs 
modified by ADAR enzymes may introduce an additional 
layer of complexity in the viral life cycle. The first study 
reporting A-to-I/G changes in virus dates back to 1984, 
when O'Hara and co-authors described these events in the 
RNA of vesicular stomatitis virus (VSV) (O'Hara et al., 
1984). Thenceforth, A-to-I RNA editing was observed in 
several viral RNAs. 
 Three ADAR enzymes are present in mammals 
(ADAR1-3), with only ADAR1 and ADAR2 showing 
deaminase activity. These three enzymes are RNA-binding 

proteins organized with a similar domain structure, with the 
deaminase catalytic domain (DM) at the C-terminus and 
two or three dsRNA-binding domains (RBDs) at the N-
terminus (Gallo and Locatelli, 2011; Tomaselli et al., 2014). 
ADARs can modify viral dsRNAs at selective site/s (i.e. in 
HDV) or at multiple sites by editing at up to 50% of all 
adenosine residues of viral transcripts, a phenomenon 
named as hyperediting (i.e. in MV). 
 Both ADAR1 (the full-length p150 and the N-terminally 
truncated p110 isoform) and ADAR2 can play an important 
role in editing viral dsRNAs. Of note, the long form of 
ADAR1 (p150) localizes in both cytoplasm and nucleus, 
whilst ADAR1 p110 and ADAR2 are mainly nuclear 
proteins. As most viruses replicate in the cytoplasm, the 
cytoplasmic ADAR1 p150 is likely the best candidate for 
editing most viruses. The observation that interferons 
(IFNs) induce ADAR1 p150 expression (Patterson and 
Samuel, 1995) raised the hypothesis that this specific 
isoform may play an important role in host defence 
mechanisms against viral infection. Moreover, the 
observation that ADAR1 p150 physically interacts with the 
nuclear factor 90 (NF90) proteins (such as NF110, NF90 
and NF45), with a consequent activation of the cellular 
antiviral cascade and IFN-β induction (Nie et al., 2005) 
further supported this hypothesis. The notion that A-to-I 
RNA editing can play an antiviral role came also from the 
observation that several viral RNA genomes and transcripts 
show hyperediting during persistent viral infections 
profoundly mutating viral RNAs (Samuel, 2011).  
  Though, different lines of evidences indicate that 
ADAR enzymes do not play only an antiviral role but they 
can act also as pro-viral proteins. Curiously, ADAR1 has 
emerged as a replication enhancer of many viruses (HIV-1, 
MV, VSV, HDV) during acute infections (Clerzius et al., 
2011). This proviral role of ADAR1 appears to occur via two 
mechanisms: by editing viral substrates (as example, Wong 
and Lazinski, 2002) and/or by inhibiting the double-
stranded RNA-dependent protein kinase (PKR) in an 
editing-independent manner (as example, George et al., 
2009; Clerzius et al., 2011; Pfaller et al., 2011). The two 
mechanisms can act independently in order to increase 
viral replication in the host cell.  
 PKR was first recognized as a 68-kDa protein induced 
by IFN (Meurs et al., 1990). It is a serine/threonine kinase, 
whose activation is a critical component of the antiviral cell 
defence and cell growth pathways (Garcia et al., 2006). 
The two dsRBDs of PKR act as a dsRNA-sensor against 
pathogenic invasions. The presence of exogenous/
abundant dsRNAs in a cell promotes dimerization and 
activation of PKR that, through the C-terminal catalytic 
kinase domain, phosphorylates a variety of substrates, 
such as the alpha subunit of the translation eukaryotic 
initiation factor 2 (eIF-2α) (Lemaire et al., 2008). 
Phosphorylation of eIF-2α on serine 51 negatively alters 
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the efficiency of translation initiation, reducing cellular as 
well as viral protein synthesis (Sadler and Williams, 2007). 
Viruses have developed different mechanisms to 
counteract PKR antiviral activity that include the expression 
of viral dsRNAs or proteins that can i) suppress PKR 
activity by direct binding, ii) induce PKR degradation, iii) 
promote the eIF-2α dephosphorylation (Gale and Katze, 
1998). Viruses have also acquired the ability to exploit host 
cellular factors (such as PACT, TRBP and ADAR1) in order 
to inactivate PKR (Clerzius et al., 2011). For example, 
ADAR1 can inhibit PKR activity in several acute infections 
resulting in an enhanced viral replication of the vesicular 
stomatitis virus (VSV), measles virus (MV) and human 
immunodeficiency virus type 1 (HIV-1) (for a review, see 
Samuel, 2011). Specifically, during VSV infection, ADAR1 
p150 can bind the first dsRBD of PKR, reducing PKR 
kinase activity and suppressing the eIF-2α phosphorylation 
by an editing-independent mechanism (Nie et al., 2007).  
 The existence of IFN-inducible RNA-binding proteins 
(ADAR1 p150 and PKR) with opposite effects could seem 
puzzling, but highlights the presence of a complex and fine-
tuned balance between viral spread and host cell defence. 
Moreover, for some viruses ADARs could act in both a 
proviral and antiviral manner, depending on the cellular/
time context (i.e. MV, HDV).  

 Herein, we gather the current knowledge of A-to-I RNA 
editing and viruses, classified according to their family and 
genome type (circular dsDNA, linear dsDNA, ss(+)RNA and 
ss(−)RNA) (Table 1 and Figure 1).CORRECTED PROOF  

Polyomaviridae 

Murine polyoma virus (MPyV) 
The members of the Polyomaviridae family are naked 
viruses, with an icosahedric capsid and a small circular 
double-stranded DNA (dsDNA) genome (~5 Kbp). Polyoma 
viruses can infect both animals and humans, and are often 
associated with the development of tumours. 
 The polyoma virus life cycle is divided in two distinct 
phases: the early phase, which occurs immediately after 
the infection and before viral replication, and the late 
phase, which begins after the onset of viral genome 
replication. The early and late genes are transcribed 
bidirectionally from opposite strands of the viral genome.  
 During the viral life cycle, there is an accurate 
regulation of the early-late phase 'switch'. At early times 
after infection, the early transcription units accumulate 
(late:early ratio of 1:10); however, after viral DNA synthesis, 
the late-genes increase (late:early ratio of 50:1) (Gu et al., 
2009). This temporal transition is independent from 
changes in promoter efficiency (Hyde-DeRuyscher and 
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Figure 1. Possible ADAR-mediate effects after viral infection: (a) editing of viral miRNAs; editing of viral transcripts (b) at 
specific sites (such as 5′-UTR of HIV) or (c) at multiple non-specific sites (hyperediting); (d) direct/indirect interaction with host 
proteins (such as PKR). 
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Carmichael, 1988; Liu and Carmichael, 1993) and resulted 
to be regulated post-transcriptionally by, at least in part, 
RNA editing processes (Kumar and Carmichael, 1997; Gu 
et al., 2009). Specifically, at late times due to a 
polyadenylation defect the late gene transcripts generate 
multimeric RNAs that carry embedded regions with 
sequence complementary to the early RNAs, thus creating 
dsRNA structures (Liu and Carmichael, 1994). Analysis of 
the early strand RNAs, isolated in the late phase of 
infection, revealed widespread nucleotide modifications, 
consistent with adenosine deamination mediated by 
ADARs (Kumar and Carmichael, 1997). About 40-60% of 
adenosines in early-strand RNAs were modified to 
inosines/guanosines. This A-to-I hyperediting seems to be 
responsible for the retention of the modified early-strand 
RNAs in the nucleus preventing their translation in the late 
phase of infection (Kumar and Carmichael, 1997). 
Evidence has emerged that nuclear retention of 
promiscuously edited RNAs is a general phenomenon 
involving a multi-protein complex that anchor hyperedited 
RNAs to the nuclear matrix, thus keeping them away from 
the translational machinery (Zhang and Carmichael, 2001). 
Later studies demonstrated that the polyadenilation defect 
of the late transcripts is also due to RNA editing (Gu et al., 
2006, 2009). 

 The functional significance of RNA editing in regulating 
the polyoma virus life cycle has been further analysed in 
MPyV-permissive NIH3T3 (mouse embryonic fibroblast) 
cells down-expressing Adar1. The authors observed that 
Adar1 reduction lead to a defective early-to-late switch 
pattern of the virus (Gu et al., 2009).  
 George and Samuel further explored the role of 
ADARs in MPyV infection using mouse embryonic 
fibroblast (MEF) cells isolated from Adar1 or Adar2 
knockout mice (George and Samuel, 2011). The hypothesis 
was that if ADAR-mediated hyperediting was a critical 
component for the gene expression regulation in MPyV, 
then the genetic depletion of either Adar1 or Adar2 should 
restrict virus growth. Actually, this was not observed: viral 
growth (and viral protein expression) was comparable 
between Adar1–/– and Adar2–/– MEF cel ls and, 
unexpectedly, more efficient than the wild-type cells. The 
authors supposed that the formation of dsRNA structures, 
rather than the editing events, is the critical component for 
the viral gene regulation. The authors also reported that 
only the absence of Adar1, and in particular of its short 
isoform p110, enhanced MPyV-induced cytotoxicity of MEF 
cells, independently by its editing activity. The authors 
concluded that both Adar1 and Adar2 repress MPyV growth 
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Table 1. Viruses undergoing RNA editing events by ADARs.    ND = not determined

Family/Genus Virus Genome Host Editing in viral RNAs ADAR enzyme Overall ADAR 
effect

Polyomaviridae MpyV circular dsDNA mouse hyperediting Ad1 
Ad1 p110 

proviral 
antiviral

Herpesviridae EBV 
KSHV 

linear dsDNA 
linear dsDNA 

Humans 
humans 

pri-miR-BART6 and -BART3 
kaposin A and miR-K10 

Ad1 (?) 
Ad1 p110 

viral latency latent/
lytic switch 

Flaviviridae HCV 
DENV 
BVDV 

ss(+)RNA 
ss(+)RNA 
ss(+)RNA

humans 
humans 
mammals

hyperediting 
ND 
ND 

Ad1 p150 
Ad1 
ND

antiviral 
proviral 
antiviral 

 Retroviridae RAV-1 
ALV 
HTLV-2 
STLV-3  
HIV-1

ss(+)RNA 
ss(+)RNA 
ss(+)RNA 
ss(+)RNA 
ss(+)RNA

birds 
birds 
human 
monkey 
humans

hyperediting 
hyperediting 
hyperediting 
hyperediting 
5’UTR, Tat, Rev, Env (RRE)

ND 
ND 
Ad1 
Ad1 
Ad1 and Ad2 
Ad1

ND 
ND 
ND 
ND  
proviral 
antiviral  

Arenaviridae LCMV ss(-)RNA mammals hyperediting Ad1 p150 antiviral (?)

Bunyaviridae RVFV ss(-)RNA humans hyperediting ND ND

Deltavirus HDV ss(-)RNA humans Amber/W Ad1 p110 proviral

Orthomyxoviridae Influenza A virus ss(-)RNA mammals, 
birds

hyperediting Ad1 p150 antiviral 
proviral 

Paramyxoviridae MV  !
HRSV 
HPIV3 
HMPV 

ss(-)RNA  !
ss(-)RNA 
ss(-)RNA 
ss(-)RNA

humans  !
humans 
humans 
humans

hyperediting  !
multiple editing in G protein 
hyperediting 
hyperediting

Ad1 p150 
Ad1  
ND  
ND 
Ad1 (?)

antiviral 
proviral  
proviral 
ND 
ND 

Rabdoviridae VSV  !!
Drosophila sigma virus

ss(-)RNA  !!
ss(-)RNA

plansts, 
insects, 
mammals 
drosophila

multiple editing  !!
hyperediting

Ad1 p150  !!
dADAR

proviral  
no effect !
ND
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in MEFs, whereas only Adar1 p110 drives cytotoxicity in 
MEF cells infected by MPyV (George and Samuel, 2011). 
 Taken together, these data highlight the crucial multiple 
roles played by ADAR proteins in polyoma virus infection. 

Herpesviridae 
Herpesviridae family members are composed of a linear 
dsDNA genome, an icosahedric capsid, a tegument 
containing viral proteins and an envelope. All herpesviruses 
have two distinct life cycles: lytic and latent replication 
phases. During acute (lytic) infection, the virus sequentially 
expresses its entire repertoire of genes. The symptomatic 
infection is characterized by an enhanced replication and 
production of virions that spread infection from cell to cell. 
After a self-limited period of lytic infection, in some specific 
host cells the virus can enter into a latent state expressing 
only selected genes, evading host immune surveillance 
mechanisms and establishing an asymptomatic, persistent 
infection. 
 According to the site of latency, herpesviruses are 
divided into three subfamilies: α, β and γ. The latter 
includes the Epstein-Barr virus (HHV-4) and the Kaposi's 
sarcoma-associated herpesvirus (HHV-8), with B cells as 
sites for the latent phase of both viruses. Both of these 
viruses encode RNA transcripts that undergo highly site-
selective A-to-I editing events. 

Epstein-Barr virus (EBV or HHV-4) 
Epstein-Barr virus (EBV), also known as human 
herpesvirus 4 (HHV-4), has as its exclusive primary cell 
targets the human B cells and epithelial cells. EBV causes 
infectious mononucleosis during its lytic infection; 
interestingly, EBV latent viral infection is associated with a 
variety of lymphoma (Burkitt lymphoma, Hodgkin disease) 
and some epithelial cancers (nasopharyngeal carcinoma). 
EBV has a linear dsDNA genome of 172 Kbp with about 
100 genes, of which only 9-11 are transcribed during virus 
latency. Three different types of latency have been 
identified (I-III) and the transition from lytic infection to 
distinctive latency states is finely regulated by both viral 
transcripts and viral microRNAs (miRNAs). Indeed, EBV 
encodes for more than 20 miRNAs, from two primary 
transcripts (BHRF1 and BART), implicated in the 
attenuation of host antiviral immune response and in the 
regulation of the lytic/latent transition (Cullen, 2009; 
Skalsky and Cullen, 2010). Among the EBV miRNAs, four 
primary miRNAs showed site-specific A-to-I editing events: 
pri-miR-BHRF1-1, pri-miR-BART6, pri-miR-BART8 and pri-
miR-BART16 (Iizasa et al., 2010). It has been shown that 
the pri-miR-BART6 carries editing at the +20 site of the 3p 
strand in three latently EBV-infected cell lines (Iizasa et al., 
2010). Western blotting analysis in these cells showed an 
abundant expression of ADAR1 p150 and p110 and a lack 
of ADAR2, suggesting that ADAR1 may be the candidate 
enzyme responsible for these editing events. To investigate 
the effects of editing at the +20 site of miR-BART6, the 
authors analysed its maturation process. Interestingly, a 
combination of A-to-I editing at the +20 site plus a deletion 
of three U residues in this miRNA precursor was able to 
completely inhibit Drosha cleavage, with a total depletion of 
the corresponding pre- and mature miRNA. However, +20 
editing site alone (without the 3bp deletion) did not affect 

miR-BART6 biogenesis, but decreased the loading of the 
edited miR-BART6-5p onto the microRNA-induced 
silencing complex (miRISC) (Iizasa et al., 2010). 
Remarkably, this is the first study reporting A-to-I RNA 
editing that affects miRISC loading (Iizasa et al., 2010).  
 Interestingly, the wild-type miR-BART6 controls viral 
proteins required for lytic replication and for the transition of 
the type I-II to type III latency; moreover, it can target the 
host-cell Dicer transcript, with important consequences for 
both host and viral RNA targets (Iizasa et al., 2010). 
Indeed, miR-BART6, by targeting Dicer, also down-
regulates host miRNAs necessary for the immune 
response (Iizasa et al., 2010).  
 A recent work reported four A-to-I editing sites within 
the pri-miR-BART3, in nasopharyngeal carcinoma tissues 
and cell line (C666-1) (Lei et al., 2013). The authors 
demonstrated that both the biogenesis and the targeting of 
the mature miR-BART3 were affected by these editing 
events. Specifically, an editing site within the seed region of 
miR-BART3-5p, significantly compromises its silencing 
activity (Lei et al., 2013), whilst another editing event, 
present within the seed of miR-BART3-3p, reduces miRNA 
biogenesis (Lei et al., 2013). 
 In conclusion, A-to-I RNA editing may represent a post-
transcriptional mechanism to modulate both the expression 
and the activity of viral and host miRNAs during EBV-
infection. 

Kaposi's sarcoma-associated herpesvirus (KSHV or 
HHV-8) 
Kaposi's sarcoma-associated herpesvirus (KSHV), also 
named as human herpesvirus 8 (HHV-8), is one of the 
seven currently known human oncoviruses (together with 
HCV, HBV, HTLV-1, HPV, HIV, EBV) (Talbot and Crawford, 
2004). KSHV has a linear dsDNA genome of about 
160-170 Kbp. After infection, the genome enters into the 
cell as episomal DNA and replicates itself using the cellular 
replication machinery. Usually, the virus remains in a latent 
state expressing a limited number of genes, without 
integrating into host chromosomes and with no virion 
product ion. However, var ious signals, such as 
inflammation, may provoke the virus to enter into lytic 
replication. Epigenetic regulation seems to be essential for 
the activation/inactivation of latent genes (Ohsaki and 
Ueda, 2012). Interestingly, most lymphoma tumour cells 
only show evidence of latent infection, with a restricted 
gene expression pattern, such as the latent nuclear antigen 
1 (LNA-1). This protein is able to interact with both the p53 
and the retinoblastoma (RB1) proteins and, for this ability, it 
is directly involved in the tumorigenic process (Cathomas, 
2003). Indeed, KSHV is the etiologic agent responsible for 
the Kaposi's sarcoma (KS), a cancer that develops from 
the endothelium of lymphatic or blood vessels. Additionally, 
this virus is also closely associated with other tumors (such 
as primary effusion lymphoma, PEL). 
 The K12 (kaposin) RNA transcript is induced during 
lytic viral replication but is abundantly expressed during the 
latent phase of KSHV infection. K12 transcript gives rise to 
three protein isoforms (kaposin A, B and C), thanks to 
different translation starting codons, and to the miR-K10 
(Sadler et al., 1999). Specifically, the kaposin A open 
reading frame (ORF) includes kaposin A mRNA and the 

Curr. Issues Mol. Biol. (2015) 17: 37-52 horizonpress.com/cimb #40



ADARs and the Viral Life Cycle Tomaselli et al

miR-K10, both of which have a tumorigenic potential 
(Muralidhar et al., 1998, 2000; Damania, 2004).  
 A specific A-to-I nucleotide change has been reported 
(at position 117,990 of the viral transcript isolated from PEL 
tumors), affecting both the coding sequence of the kaposin 
A protein (changing the serine to a glycine at amino acid 
38) and the seed sequence of the mature miR-K10 (Pfeffer 
et al., 2005; Gandy et al., 2007). ADAR1 p110 is able to 
edit the K12 transcript (Gandy et al., 2007); however, 
ADAR2 and ADAR1 p150 involvement were not tested. 
Remarkably, the authors observed that this A-to-I editing 
has a functional significance, with a key role in the 
replication strategy and tumorigenic potential of KSHV. PEL 
cancer cells (latently infected by KSHV) show unedited K12 
transcripts; whilst editing within K12 increases during the 
lytic viral phase and seems to decrease the oncogenic 
potential of KSHV (Gandy et al., 2007). 
 Recently, by a systematic genome-wide survey of 
KSHV transcriptome throughout the lytic cycle of the virus, 
Arias et al., (2014) confirmed the previously reported A-to-
G transition within the kaposin transcript (Gandy et al., 
2007), without finding novel A-to-G editing events.  
 Interestingly, they found that the relative amount of 
edited kaposin transcripts accumulates throughout the viral 
lytic cycle progression, concomitantly with the increasing 
levels of ADAR1 protein isoforms (Arias et al., 2014).  
 To date the A-to-I changes within EBV pri-miR-
BART3/6 and KSHV miR-K10 are the only examples of 
ADAR-mediated editing events of viral miRNAs.  

Flaviviridae 
The name Flaviviridae (from the Latin flavus, yellow) is due 
to the first isolated member of this family, the yellow fever 
virus. The members of Flaviviridae family are single-
stranded positive sense RNA (ss(+)RNA) viruses, provided 
with an envelope and an icosahedric capsid (Choo et al., 
1991). The genome consists of a single ORF flanked by 5'- 
and 3'- untranslated regions, which are essential for 
efficient translation and replication of viral genome (Ito et 
al., 1998). This family contains 3 genera: Hepacivirus (an 
example is the HCV), Flavivirus (an example is the DENV) 
and Pestivirus (an example is the BVDV) (Rice, 1996). 

Hepatitis C virus (HCV) 
Hepatitis C virus (HCV) was first isolated in 1989 as a non-
A, non-B hepatitis agent (Choo et al., 1989). The virus is 
transmitted parentally (blood–blood contact), sexually and 
vertically (from the mother to child), with more than 170 
million people estimated to be infected (Raza et al., 2007). 
HCV is recognized as the major cause of acute and chronic 
liver disease worldwide (Clement et al., 2009); indeed, the 
acute infection becomes lifelong persistent in more than 
80% of cases and may result in chronic liver disease, 
cirrhosis and hepatocellular carcinoma (Levrero, 2006). 
The HCV genome consists of an uncapped, ss(+)RNA 
molecule of 9.6 Kbp, characterized by the presence of 
conserved RNA secondary structures (Tuplin et al., 2002; 
Simmonds, 2004).  
 The first work reporting A-to-I editing events in the 
HCV genome came from Taylor et al. in 2005. The authors 
detected random A-to-I changes in viral RNA isolated from 
IFN-treated Huh7 cells (hepatocyte derived cellular 

carcinoma cell line) stably transfected with HCV RNA 
replicon (Taylor et al., 2005). By a silencing approach, the 
authors demonstrated that this hyperediting phenomenon 
is catalysed exclusively by ADAR1 and that the knockdown 
of this enzyme stimulates replicon expression in these 
cells. It has been also shown that the ADAR1 p150 isoform 
is strongly and specifically upregulated in HCV-infected 
Huh7.5 cells (Alisi et al., 2011), further confirming a role for 
this enzyme in HCV infection.  
 Recently, Li et al. demonstrated that, among other, 
ADAR1 (not clear if the p150 or p110 isoform, or both) 
binds to the 5'-terminal sequence of the hepatitis C virus 
(HCV) positive-strand RNA genome, which is essential for 
viral replication. Despite so, the authors excluded a role of 
this enzyme in virus replication as shown by ADAR1 siRNA 
experiments (Li et al., 2014). 
 In conclusion, an antiviral role of ADAR1 in HCV 
infection can be likely stated. ADAR1 p150 editing activity 
may induce RNA degradation or mutations in viral RNA 
sequences, thus directly preventing HCV genome 
replication and viral protein synthesis. Further studies are 
needed to explore the meaning of ADAR binding to HCV 
genome and the possible effects over the host response. 

Dengue virus (DENV) 
Dengue virus (DENV), a member of the Flavivirus genus, 
causes the most common arthropod-borne viral infection 
among humans according to the World Health Organization 
(Iglesias and Gamarnik, 2011). The DENV genome 
consists of a ss(+)RNA molecule of 11 Kbp, carrying a 
single ORF translated into a long protein precursor, which 
is cleaved by host cell and viral proteases. The NH2-
terminal of the polyprotein encodes for 3 structural 
proteins, which are components of the mature viral 
particles, while the rest of DENV genome encodes for 7 
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B and NS5).  
 A recent work from de Chassey et al. (2013) showed 
that the Dengue virus NS3 protein, through its helicase 
domain, cooperatively interacts with ADAR1. The binding 
between these proteins enhances both the editing activity 
of ADAR1 and the viral replication. This finding gives a first 
insight towards a possible role of ADAR1 in DENV 
replication. However, more experiments should be 
performed in order to elucidate the mechanism of action of 
the enzyme and to identify the dsRNA targets involved (de 
Chassey et al., 2013). 

Bovine viral diarrhea virus (BVDV) 
Bovine viral diarrhea virus (BVDV) belongs to Pestiviruses, 
important animal pathogens and causative agents of 
livestock diseases worldwide. BVDV has a ss(+)RNA 
genome of about 12.3 Kbp, encoding for structural and 
nonstructural proteins (Lindenbach and Rice 2001; Becher 
and Thiel 2002).  
 Recently, Akashi and co-workers searched for the 
interacting partners of BVDV NS4A, a cofactor of NS3 
protease (Mohamed et al., 2014). They demonstrated that 
NS4A interacts with ADAR enzyme upon infection and that 
the binding occurs through the N-domain of the viral 
protein. Moreover, the authors showed that ADAR exerts 
an inhibitory effect on BVDV replication, speculating that its 
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antiviral role may be due to hyperediting of yet unknown 
dsRNA substrates, which are -in turn- cleaved by host cell 
endonucleases and so eliminated (Mohamed et al., 2014).  

Retroviridae 
The members of the Retroviridae family consist of 
enveloped virions containing two copies of RNA genome, 
the reverse transcriptase (RT) and the integrase proteins 
that are essential for the viral replication. The retroviral 
genome consists of two ss(+)RNA molecules (about 7-10 
Kbp long), with a 5′ Cap and 3′ poly(A) end sequences, that 
can be reverse transcribed by the viral RT in the cytoplasm 
of the cell-host and, then, randomly integrated into the host 
cell genome by the viral integrase enzyme. At this point, 
the virus is called provirus and undergoes the usual 
transcription and translation processes to express viral 
genes (gag, pol, env), using the machineries of the host 
cell. The viral RNA is characterized at the 5'- and 3'-ends 
by LTRs (Long Terminal Repeats). Once the provirus has 
been integrated, the LTR on the 5′-end serves as promoter 
for the entire retroviral genome, while the LTR at the 3′-end 
provides for the viral RNA polyadenylation signal. Of note, 
all the signals required for gene expression are found in the 
LTRs: enhancer, promoter, transcription initiation (such as 
capping), transcription terminator and polyadenylation 
signal. Gag (group-specific antigen) codes for the core and 
the structural proteins, pol (polymerase) codes for the RT, 
protease and integrase, and env (envelope) codes for the 
retroviral coat proteins. Among all the genera, we will 
analyse Alpharetrovirus, Deltaretrovirus and Lentivirus (i.e. 
HIV-1). 

Alpharetrovirus: rous-associated virus type 1 (RAV-1) and 
avian leukosis virus (ALV) 
Sequence changes, probably due to ADARs activity, have 
been described for two alpharetroviruses: rous-associated 
virus type 1 (RAV-1) (Felder et al., 1994) and avian 
leukosis virus (ALV) (Hajjar and Linial, 1995). 
 The first hint that A-to-I RNA editing could have 
fundamental implications in retroviruses derives from 
Felder et al. (1994). Indeed, highly mutated U3 long viral 
terminal repeats (LTRs) were found, with 48% of 
Adenosines converted into Guanosines (Felder et al., 
1994). These mutations were widespread in the U3 
sequence, leading to changes in several viral regulatory 
elements. This hyperediting resulted in an inactive 
polyadenylation signal (PAS) of the 3′ LTR, allowing read-
through transcription of downstream sequences (Felder et 
al., 1994). 
 One year later, an avian retroviral recombinant provirus 
was described to contain a 150-nt inverted repeat with 
about 50% of Adenosines mutated into Guanosines (Hajjar 
and Linial, 1995). The authors proposed that these 
changes were a possible result of ADAR activity leading to 
possible virus replication defect (Hajjar and Linial, 1995). 
 Nevertheless, at that time a dsRNA-modifying enzyme 
had been just hypothesized (Bass and Weintraub, 1988; 
Wagner et al., 1989) and additional studies were not 
carried out to demonstrate the real involvement of ADARs 
in RAV-1 and ALV hyperediting phenomena. 
Deltaretrovirus: human T-cell leukemia virus type 2 
(HTLV-2) and simian T-cell leukemia virus type 3 (STLV-3) 

The deltaretrovirus group includes four human T-cell 
leukemia viruses (HTLVs), which infect humans, and four 
types of simian T-cell leukemia viruses (STLVs), which 
infect old world monkeys (Slattery et al., 1999). Using a 
particular PCR-based method (3DI-PCR) that allows the 
amplification of ADAR-edited RNAs (Suspene et al., 2008), 
Vartanian and collaborators discovered that both the 
HTLV-2 and STLV-3 RNA genomes undergo extensive A-
to-G modifications in cells (Ko et al., 2012). However, when 
the authors looked for similar editing events in vivo, 
analysing PBMCs from HTLV-2 infected individuals, 
hyperedited sequences were not found (Ko et al., 2012). 

Human immunodeficiency virus type I (HIV-1) 
Human immunodeficiency virus type 1 (HIV-1) is a 
lentivirus discovered in 1983 (Barre-Sinoussi et al., 1983; 
Gallo et al., 1983). It is the causative agent of acquired 
immunodeficiency syndrome (AIDS) (Weiss, 1993), a 
severe and fatal disease characterized by progressive 
failure of the immune system. The primary targets of HIV-1 
are the immune system components: T-cells, monocytes, 
macrophages and dendritic cells. The viral genome is 
composed of two ss(+)RNA (9749 bp long) that code for 
nine genes: in addition to the three major structural genes 
(gag, pol and env), there are other 'accessory' genes 
unique to HIV (the transactivators tat, rev, vpr and the 
regulators vif, nef, vpu). Within the HIV RNA, there are 
conserved secondary structures, such as the trans-
activating responsive (TAR) element, located within the 
LTR at the 5′- and 3′-ends, and the Rev response element 
(RRE), located within the env gene. These structures seem 
to be important for the HIV life cycle, by modulating the 
function of protease and reverse transcriptase (RT).  
 Brenda Bass's group provided the first evidence that A-
to-I RNA editing occurs in HIV-1 (Sharmeen et al., 1991). 
The authors showed that the intramolecular TAR stem-loop 
structure is a substrate for A-to-I editing when injected into 
the nuclei of Xenopus laevis oocytes. In particular, 5-10% 
adenosines of TAR sequence resulted to be converted to 
inosines, but only in the presence of Tat, a potent viral 
activator of HIV-1 gene expression (Sharmeen et al., 
1991). Despite the biological role of these editing events 
was not established, this finding raised the question 
whether RNA editing within HIV-1 transcripts occurs also in 
HIV-1 infected T-cells and to which extent this may 
contribute to the different steps of the viral life cycle. The 
observation that ADAR1 mRNA and protein levels 
increased following HIV infection of primary T-cells 
supported the hypothesis that ADAR1 is involved in HIV-1 
replication (Phuphuakrat et al., 2008; Clerzius et al., 2009). 
In particular, several studies provided evidence that HIV-1 
takes advantage of ADAR1 for viral replication by editing-
dependent and -independent mechanisms (Phuphuakrat et 
al., 2008; Clerzius et al., 2009; Doria et al., 2009). Indeed, 
overexpression of ADAR1, but not of its catalytic inactive 
version, up-regulated p24 protein expression in producer 
cells (COS-7, 293T) (Phuphuakrat et al., 2008). Site-
specific A-to-G changes were found around the RRE region 
within the env gene (nucleotide positions 8164 to 8166) 
(Phuphuakrat et al., 2008). Strangely, no editing was found 
in TAR, as expected (Sharmeen et al., 1991). The 
biological significance of env editing was explored by 
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creating a HIV-1 genome with the three site-specific edited 
sites. This mutant construct was expressed more efficiently 
than the wild-type, underscoring the proviral effect of the 
site-specific RNA editing in HIV-1 (Phuphuakrat et al., 
2008). 
 Further studies dissected the mechanisms of ADAR1 
proviral effect and the contribution of its editing activity, 
leading to partially discrepant conclusions. These works 
showed that, in contrast to the findings of Phuphuakrat et 
al. (2008), both the active and the inactive (E/A) form of 
ADAR1 strongly increase viral protein amount (such as 
gp120, p24 and Nef) in HIV-1 producer cells (Clerzius et 
al., 2009; Doria et al., 2009). However, the ADAR1-
mediated editing activity is crucial to increase the 
assembly/release of progeny virions and, most importantly, 
their infectious potential (Doria et al., 2009). These studies 
showed new editing events both in coding (Rev and Tat) 
and non-coding (5′UTR) regions of the viral RNA. 
Specifically, four out five editing events within the 5′UTR 
were located within the poly(A) signal (Doria et al., 2009). 
Rev and Tat sequences were found to be edited at six and 
one sites respectively, with five out of six editing events in 
the Rev sequence leading to amino acid changes in crucial 
regions for its regulative function (Doria et al., 2009). 
However, how these editing events mediate the effects 
observed on HIV-1 replication is still an open question that 
deserves additional investigations. 
 In addition to the editing-dependent effect of ADAR1 
on HIV-1 replication, an editing-independent mechanism 
was also characterized by these studies. As previously 
mentioned, ADAR1 physically interacts with PKR, leading 
to PKR inactivation (Nie et al., 2007). The ADAR1-
mediated PKR inhibition is one of the mechanisms used by 
HIV-1 to impair the host antiviral response (Clerzius et al., 
2009; Doria et al., 2009). Both the active and the inactive 
form of ADAR1 lead to reduced levels of phosphorylated 
PKR and its target eIF-2α, which correlate with increased 
viral protein production (Clerzius et al., 2009; Doria et al., 
2009). The ADAR1-mediated PKR suppression requires at 
least one Z-DNA binding domain (Z-DBD) and the three 
dsRNA binding domains (dsRBDs) of ADAR1, whilst the 
deaminase activity is not necessary (Clerzius et al., 2009). 
 However, additional mechanisms by which ADAR1 can 
positively modulate HIV-1 replication are highly likely to 
exist and have partially been dissected in a recent study by 
Gatignol's group (Clerzius et al., 2013). The authors found 
that, during HIV-1 replication, PACT forms a protein 
complex with PKR, TRBP and ADAR1 and that, in contrast 
to its previously described PKR activator role (Patel and 
Sen, 1998; Patel et al. 2000; Singh and Patel, 2012), PACT 
inhibits PKR and eIF2-α phosphorylation, leading to an 
increased HIV-1 protein expression. The inhibitory role 
exerted by PACT over PKR seems to be related to its 
binding with ADAR1. The interesting conclusions of the 
authors are that HIV-1, inducing the expression of ADAR1, 
is able to change the function of PACT from an activator 
into an inhibitor of PKR during virus replication (Clerzius et 
al., 2013).  
 In contrast to the evidence just described, Biswas et al. 
(2012) proposed that ADAR1 is actually an antiviral factor 
against HIV-1. Upon overexpressing and silencing ADAR1 
in different cells, the authors showed that ADAR1 inhibits 

HIV-1 protein accumulation by site-specific editing events 
in env and rev coding sequences. Unfortunately, the PKR 
activity was not tested in this latter setting of experiments. 
A very recent study also indicates ADAR1 as a factor able 
to restrict HIV-1 replication (Weiden et al., 2014), even if 
the molecular mechanisms by which ADAR1 may play this 
antiviral role have not been clearly elucidated.  
 The discrepancies between the proviral (Clerzius et al., 
2009, 2013; Doria et al., 2009; Phuphuakrat et al., 2008) 
and the antiviral (Biswas et al., 2012; Weiden et al., 2014) 
effects played by ADAR1 during HIV-1 replication are 
curious and may be partially due to the different cell 
systems and the amount of virus used.  
 Another member of the ADAR family, ADAR2, has 
been also analysed during HIV-1 infection and it has been 
proposed as proviral factor (Doria et al., 2011). HIV-1 target 
cells (Jurkat) stably silenced for ADAR2 showed a 
significant impairment of viral replication. Consistently, 
ADAR2 overexpression in producer cells (293T) enhanced 
p24 protein synthesis by an editing-independent 
mechanism, likely through an inhibitory effect over PKR. 
Indeed, reduced levels of phosphorylated eIF2-α were 
found in cells overexpressing either the active or inactive 
form of ADAR2 (Doria et al., 2011). This effect was similar, 
even if less pronounced, to the ones observed with ADAR1 
(Doria et al., 2009). Interestingly, the multistep process of 
the viral particle release, as observed in 293T cells, was 
found positively modulated by ADAR2 independently of its 
editing activity. Interestingly, in contrast to ADAR1, ADAR2 
enzyme is not able to increase the infectious potential of 
HIV-1 (Doria et al., 2011). ADAR2 can target adenosines 
within the 5′UTR of the viral RNA. Overall, ADAR2 shares 
some but not all the proviral functions of ADAR1.  
 How ADARs exert their effects during HIV-1 replication 
and which substrates are involved (endogenous and viral 
transcripts) has yet to be fully discovered. To answer this 
point, a deep-sequencing analysis would help to identify all 
the specific editing events critical for ADAR mediated HIV-1 
modulation. 

Arenaviridae 

Lymphocytic choriomeningitis virus (LCMV) 
The members of the Arenaviridae family have a negative 
single-stranded RNA (ss(–)RNA) genome. The viral 
genome of lymphocytic choriomeningitis virus (LCMV) 
consists of two RNA segments, the S and the L molecules, 
containing an intergenic region, which can fold into single 
or double stem-loop structures (Franze-Fernandez et al., 
1987). The presence of an intermediate molecule 
consisting of dsRNA during the replication process makes 
the LCMV genome an excellent hypothetical substrate for 
ADAR enzymes. Indeed, A-to-G hypermutation pattern was 
detected within the LCMV RNA genome in infected murine 
cell lines and acutely infected mice (Zahn et al., 2007). In 
particular, von Laer and colleagues observed a clear A-to-
G mutation bias in the late phases of LCMV WE strain 
infection (Zahn et al., 2007). They focused the analysis on 
the GPC glycoprotein precursor, founding that about 38% 
of the adenosines were converted to guanosines. The 
authors also observed an up-regulation of both the PKR 
and the ADAR1 p150 (but not of ADAR1 p110) proteins as 
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a result of IFN induction due to LCMV infection (Zahn et al., 
2007). About 50% of mutations in the GPC RNA segment 
led to the production of mutated glycoproteins, affecting 
their functionality. Owing to the great role played by the 
GPC glycoprotein precursor and its products GP-1/GP-2 in 
different steps of viral infection, the authors concluded that 
the ADAR1 p150-mediated A-to-G hypermutation in LCMV 
impairs viral infectivity, suggesting an antiviral role for 
ADAR1 p150 in IFN-induced innate defence against 
viruses.  
 In this context, the study by Oldstone and collaborators 
about the effect of ADAR1 in several viral infections 
contexts is puzzling (Ward et al., 2011), as the authors did 
not observed any ability of ADAR1 p150 in inhibiting LCMV.  

Bunyaviridae 

Rift Valley fever virus (RVFV) 
Rift valley fever virus (RVFV), a segmented ss(–)RNA 
virus, belongs to the Bunyaviridae family. It is transmitted to 
animals and humans mainly through Aedes, Culex and 
Anopheles mosquitos (Papa et al., 2010; Seufi and Galal, 
2010). 
 The RVFV genome consists of three RNA segments 
(S, M and L), which show high nucleotide complementary 
at their 5′- and 3′-ends. Watson-Crick base-pairing between 
these two regions leads to the formation of a dsRNA 
secondary structure and explains why the RNA genome 
segments are present as circular molecules in the 
cytoplasm of infected cells (Pettersson and von Bonsdorff, 
1975). Suspene et al. applied the 3DI-PCR technique, 
which allows the detection of ADAR-edited RNAs (Suspene 
et al., 2008) in order to selectively amplify edited products 
from RVFV-infected cells. The authors found extensive A-
to-G hypermutations in the L segment of the RVFV RNA 
genome (Suspene et al., 2008). Although the authors did 
not identify the ADAR enzyme responsible or its biological 
consequences, the enhancement of A-to-I events upon IFN 
response suggests that the interferon-inducible ADAR1 
p150 isoform may be involved.  

Deltavirus genus 

Hepatitis delta virus (HDV) 
HDV is a small defective virus requiring HBV for its life 
cycle and, as a consequence, it can infect only HBsAg 
positive persons, in which it can lead to a more severe liver 
disease and eventually to death (Romeo et al., 2009). HDV 
can infect only hepatocytes and thus it can replicate only in 
the liver. This virus has a circular ss(–)RNA genome, with 
an envelope made up by the three HBV envelope proteins 
and a nucleocapsid formed by the HDV genome molecule. 
The HDV genome corresponds to one ORF, encoding only 
the two antigen HDAg proteins that exist as small (SHDAg) 
and large (LHDAg) isoforms (Wang et al., 1986). The first 
one is produced early during infection and is essential for 
genome replication (Kuo et al., 1989); the latter acts as an 
inhibitor of viral replication and is necessary to drive virion 
assembly (Chang et al., 1991; Chen et al., 1992). Unique 
among viruses, the HDV circular genome has 74% of 
internal basepairing and can fold into an unbranched, 
double-stranded, rodlike structure (Wang et al., 1986).  

 An event mediated by host enzymatic activity allows 
the generation of the functionally distinct proteins from the 
same HDV coding sequence. In 1986, Wang et al. 
identified heterogeneity at the nucleotide 1012 of the HDV 
genome, affecting HDAg protein length (Wang et al., 1986). 
Indeed, the clones with the UAG (amber) stop codon 
encoded the SHDAg protein, whilst the clones containing 
the UGG tryptophan codon encoded the LHDAg protein, 
which is 19 amino acids longer at the carboxyl terminus 
compared to the SHDAg (Wang et al., 1992). It was 
subsequently demonstrated that this heterogeneity was 
due to a specific hydrolytic deamination event at the 
nucleotide 1012 of the HDV genome, catalysed by the host 
ADAR1 p110 enzyme (Jayan and Casey, 2002b). Since 
this editing event changes the codon from amber to 
tryptophan (W), the corresponding editing site was named 
"amber/W site" (Polson et al., 1996). The ADAR1 p110-
mediated amber/W modification represents one of the best 
examples of site-specific editing among viral RNA 
substrates. Moreover, since ADAR1 p110 activity 
modulates the expression of these key HDV proteins and, 
consequently, the switch from early to late phase of 
infection, this enzyme plays an essential proviral role in the 
HDV life cycle (Wong and Lazinski, 2002; Casey, 2006).  
 In addition, several studies demonstrated that 
decreased editing levels prevent virion assembly (Jayan 
and Casey, 2002b, 2005), whilst increased editing levels 
lead to a strong RNA synthesis inhibition via LHDAg up-
regulation (Jayan and Casey, 2002a). Of note, as the 
editing event occurs on antigenome molecules that are 
used as template for viral genome replication, some HDV 
particles may contain edited copies, thus resulting in non-
infectious virions, because only the LHDAg can be 
produced (Wong and Lazinski, 2002).  
 The most important message coming from all these 
studies is the impressive ability of HDV to redirect a host 
cell activity (ADAR1) towards its own advantage. 

Orthomyxoviridae 

Influenza A virus 
The influenza A genus is a very heterogeneous virus 
population, whose members are responsible for seasonal 
and pandemic influenza in humans (Neumann et al., 2009). 
The influenza A genome consists of eight uncapped, 
segmented, linear ss(–)RNA molecules, tightly associated 
with viral polymerase and nucleoproteins forming viral 
ribonucleoproteins (vRNPs). Among the RNA segments, 
the segment 7 (or M mRNA) encodes for matrix proteins 
(such as M1 and M2). The viruses possess a host cell-
derived envelope membrane carrying the hemagglutinin 
(HA) and neuraminidase (NA) glycoproteins and the ion 
channel protein M2. Inside the membrane, there are the 
matrix protein 1 (M1) and the core vRNP complexes. 
Bioinformatics studies provided evidence for several 
regions of potentially conserved secondary structures 
within the positive strand of each viral segment (Gog et al., 
2007).  
 Influenza A infection induces an extremely powerful 
IFN-mediated antiviral response. An interesting study from 
Maniatis and colleagues showed that the cellular IKKε 
k inase, a key fac tor in coord ina t ing the IFN 
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enhanceosome, is indispensable for the correct activation 
of some interferon-stimulated genes (ISGs) (tenOever et 
al., 2007). Indeed, IKKε–/– mice infected with the influenza A 
WSN strain were more sensitive to infection. An array 
analysis revealed that a subset of ISGs was poorly induced 
upon infection in these mice and that the Adar1 gene was 
one of them. The functional consequence of Adar1 reduced 
expression could be the reason why the editing of the M 
segment of influenza A genome, which is usually 
hyperedited in normal conditions, is strongly decreased 
(tenOever et al., 2007). In particular, in wild-type mice the 
editing level within the M segment was about 30%, whilst in 
the IKKε–/– animals the editing level decreased to about 
5%. Even if the biological significance of Adar1-mediated 
hyperediting of the M segment is not yet known, it suggests 
that this enzyme may exert an antiviral role (tenOever et 
al., 2007). This hypothesis was confirmed by Oldstone and 
collaborators, by infecting Adar1 p150–/– MEF cells with the 
influenza A WSN strain and observing that these cells were 
more sensitive to infection (Ward et al., 2011). The authors 
concluded that the IFN-inducible ADAR1 p150 isoform 
restricts the influenza A virus replication and cytotoxicity, 
even if the mechanism of action remains to be fully 
elucidated (Ward et al., 2011). 
 Since ADAR1 p150 plays a key antiviral role in 
influenza A infection, the finding that the virus has 
developed some strategies to counteract its action is not 
surprising. A screening by a yeast two-hybrid system has 
revealed that ADAR1 interacts with the influenza A non-
structural protein NS1 (Suspene et al., 2011). NS1 is a 
critical factor antagonizing the interferon-induced host 
immune response, as it prevents PKR activation and 
affects stability and export of cellular mRNAs, inhibiting 
host cell gene expression (Satterly et al., 2007). Starting 
from these observations, Suspene et al. investigated the 
relationship between ADAR1 and NS1 (Suspene et al., 
2011). The authors confirmed an antiviral role for ADAR1 
and also suggested that the virus may contrast ADAR1 
action through the NS1 protein (Suspene et al., 2011). 
 A certain layer of complexity has been given by a 
recent work from de Chassey et al. (2013), who provides 
insights for ADAR1 playing a supportive role in virus 
replication. The authors investigated the interaction 
between ADAR1 and the viral NS1, showing that the 
binding between these two factors increases ADAR1 
editing activity and the viral protein expression (de 
Chassey et al., 2013).  
 Further studies are necessary to elucidate the 
mechanism of action of this editing enzyme over influenza 
A replication and to explain the apparent discrepancies 
emerging from the recent works. 

Paramyxoviridae 

The Paramyxoviridae are ss(−)RNA viruses responsible for 
a number of human and animal diseases. Virions are 
enveloped and fusion and attachment proteins emerge as 
spikes on the virion surface. The nucleocapsid core is 
composed of the genomic RNA, nucleocapsid proteins, 
phosphoproteins and polymerase proteins. The 
Paramyxoviridae includes several genera; among them, we 
will analyze the Morbillivirus (i.e. MV), the Pneumovirus 

(i.e. HRSV), the Respirovirus (i.e. HPIV3) and the 
Metapneumovirus (i.e. HMPV). 

Measles virus (MV) 
Measles virus (MV), a member of the Morbillivirus genus of 
the Paramyxoviridae family, is the etiologic agent of an 
acute infection of the respiratory system in humans. MV is 
an enveloped virus with a non-segmented ss(−)RNA 
genome (15.9 Kbp in length), which codes for at least six 
structural proteins and two accessory proteins (V and C); 
the latter are involved in the modulation of the host 
response upon MV infection. MV lacks the enzymatic 
machinery to reverse transcribe its own RNA genome, thus 
it cannot integrate DNA copies of its genomic sequences 
into host cellular DNA. Nevertheless, this virus can survive 
in neuronal/glial cells. Indeed, MV is also the aetiological 
agent of two rare but fatal diseases affecting the central 
n e r v o u s s y s t e m ( C N S ) : s u b a c u t e s c l e r o s i n g 
panencephalitis (SSPE) and measles inclusion body 
encephalitis (MIBE) (Billeter et al., 1994; Oldstone, 2009). 
 It is in this context that non-selective deaminations of 
adenosine residues in MV RNA were found for the first 
time. A few years after ADAR discovery, Cattaneo et al. 
(1988b) isolated viral RNAs from the brain of one MIBE 
patient and two SSPE patients that contained almost 2% of 
the nucleotides mutated in comparison with the control 
sequence of MV. In particular, the viral matrix (M) mRNA of 
the MIBE case showed clustered A-to-I/G mutations. 
Similar transitions were largely observed in cDNAs derived 
from other cases of persistent MV infection in the M gene 
as well as in other MV genes (i.e. H and F genes) (Billeter 
et al., 1994). Notably, such biased hypermutations have not 
been found in MV strains causing acute infections. The 
extensive sequence changes in the M transcript are 
presumed to prevent synthesis of a functional factor, the 
matrix protein, that is required for virion assembly and 
release and it may be involved in helping the virus to 
escape immune system recognition, allowing persistent 
infections in the brain (Cattaneo et al., 1988a; Patterson et 
al., 2001).  
 Later, it was shown that the IFN-inducible ADAR1 p150 
can extensively edit MV (about 83% of edited adenosine) in 
a cell culture infection system (Suspene et al., 2008, 2011). 
These evidences suggested a role for ADAR1 during MV 
infection, although the effective consequences on the viral 
l i fe cycle and the mechanism by which these 
hypermutations arise in the viral genome remain largely 
unknown. Later, human HeLa cells stably silenced for 
ADAR1 were infected with MV (Toth et al., 2009). The 
growth of MV wild-type (WT) as well as of two mutant 
viruses lacking expression of the accessory proteins V (Vko) 
and C (Cko) were significantly decreased in ADAR1-
deficient (ADAR1ko) cells compared to the controls. The 
authors also observed that MV-induced apoptosis was 
further enhanced in the ADAR1ko cells, suggesting that 
ADAR1 suppresses virus-induced cytotoxicity. This proviral 
and anti-apoptotic role of ADAR1 during MV infection 
probably correlates with a negative modulation of the PKR 
pathway, as ADAR1ko HeLa cells showed an increased 
phosphorylation/activation of PKR, eIF2-α and IFN 
regulatory factor 3 (IRF3) (Toth et al., 2009).  
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 Biological evidence connecting ADAR1 and MV came 
also from Ward et al. (2011). MEF cells stably expressing 
the receptor for MV were specifically silenced for the Adar1 
p150 gene. This cell line showed a higher cytotoxic effect 
upon MV infection with an enhanced viral growth compared 
with the controls. The authors showed that deletion of 
Adar1 p150 increases cell susceptibility to MV as well as to 
other members of Paramyxoviridae and Orthomyxoviridae 
family.  
 The discrepancy between the above cited studies 
indicating the proviral (Toth et al., 2009) and the antiviral 
(Ward et al., 2011) effect of ADAR1, observed in the MV 
replication context, may be due to differences in the cell 
type, virus strains and levels of ADAR1 depletion used in 
the two studies.  
 Recent works further explored the role of ADAR1 
during MV infection. A first study showed that ADAR1 is 
able to suppress the MV-induced production of IFN-β RNA, 
by suppressing IRF3 and promoting the activating 
transcription factor 2 (ATF2) (Li et al., 2012). Furthermore, 
other studies demonstrated that only the deaminase 
catalytic active ADAR1 p150 isoform, and not the p110, is 
able to suppress the cellular stress granule (SG) formation, 
a host response to virus infection (Okonski and Samuel, 
2013; John and Samuel, 2014).  
 Taken together these recent studies demonstrate that 
the active ADAR1 p150 downregulates host innate immune 
responses to MV infection by multiple mechanisms, such 
as suppressing the activation of PKR, the induction of IFN-
β RNA and the formation of stress granules.  

Human respiratory syncytial virus (HRSV) 
Human respiratory syncytial virus (HRSV) is a member of 
the Pneumovirus genus of the Paramyxoviridae family. 
HRSV is the leading cause of severe lower respiratory tract 
infections in very young children and infants (Collins, 
1996). HRSV has a non-segmented ss(–)RNA genome 
with 10 genes encoding 11 proteins, including the G 
protein, a surface protein heavily glycosylated and 
essential for virus attachment to the cell surface receptor. 
Multiple A-to-G (U-to-C in the positive sense) nucleotide 
substitutions have been found exclusively in the viral 
attachment glycoprotein G (Rueda et al., 1994; Martinez et 
al., 1997; Walsh et al., 1998), which helped the virus to 
escape immunological response (Martinez et al., 1997; 
Walsh et al., 1998). ADAR enzymes were supposed to be 
involved in these viral hypermutations (Martinez et al., 
1997; Martinez and Melero, 2002). Indeed, short 
intramolecular dsRNA segments (100-200 bp) can be 
transiently formed during HRSV replication and/or 
transcription and could be a good substrate for RNA 
editing. Furthermore, the central region of the G protein 
fulfils all the requirements for ADAR binding/editing, having 
an AU-rich region and a high tendency for intramolecular 
base pairing (Martinez and Melero, 2002). 
 Of note, ssRNAs containing inosines (Ino-RNAs), 
transfected in cell infected by HRSV, strongly induce 
inflammatory cytokines (i.e. IFN-β and IL-6) and reduces 
HRSV replication. This antiviral effect seems to be 
mediated by an increased PKR activation (Liao et al., 
2011).  

Human parainflenza virus 3 (HPIV3) 
Human parainflenza virus 3 (HPIV3) belongs to the 
Respirovirus genus of the Paramyxoviridae family. RNAs 
isolated from two lines of persistently infected rhesus 
monkey kidney LLC-MK2 cells showed biased A-to-I(G) 
and U-to-C transitions within the 3′-end, consistent with 
editing mediated by an ADAR enzyme (Murphy et al., 
1991). The biological significance of this hyperediting has 
still to be investigated. 

Human metapneumovirus (HMPV) 
The HMPV genome is a ss(-)RNA molecule and contains at 
least 8 genes encoding for 9 viral proteins. It has been 
recently demonstrated by deep-sequencing analysis and 
Northern blot experiments that HMPV accumulates 
defective interfering RNAs (DI-RNAs), which are mutated 
subviral RNAs playing a role in the evolution of viral 
diseases and are spontaneously produced by error-prone 
viral machineries. 
 Extensive A-to-G nucleotide substitutions were 
detected in the viral DI-RNAs, consistent with modifications 
catalysed by ADAR enzymes (van den Hoogen et al., 
2014). Since ADAR1 p150 is an IFN-inducible protein, the 
authors speculated that the mutations found in HPMV DI-
RNAs were mediated by this isoform (van den Hoogen et 
al., 2014).  

Rhabdoviridae 

Vesicular stomatitis virus (VSV) 
Rhabdoviruses infect a wide host range, which comprise 
plants, insects and vertebrates, including mammals and 
humans. The VSV genome consists of a linear, ss(–)RNA 
molecule of 11 Kbp, which comprises five separate ORFs, 
interspersed by 'intergenic regions' (Finke et al., 2000). 
Interestingly, VSV has been shown to be susceptible to 
PKR: in fact, PKR–/– mice dye following VSV infection and 
fibroblasts isolated from PKR–/– mice are more permissive 
to VSV infection than the wild-type counterpart 
(Balachandran and Barber, 2000; Stojdl et al., 2000). 
 A great deal of effort has been spent in the last years 
to investigate the relationship among VSV, host immune 
response and ADAR1. Yang and co-workers showed that 
stable overexpression of Adar1 p150 in NIH3T3 and MEF 
cells significantly sensitized host cells to VSV infection (Nie 
et al., 2007). Accordingly, a transient silencing of 
endogenous ADAR1 made 293T cells more resistant to 
infection. The authors further demonstrated that this 
proviral role of ADAR1 was PKR-dependent and editing-
independent (Nie et al., 2007). 
 A later study from Li et al. showed that VSV growth 
was unaffected by both ADAR1 p150 and ADAR2 editing 
enzymes (Li et al., 2010). The discrepancy between 
overexpression experiments performed by Nie et al. 
(murine cell lines) and Li et al. (human cell line) suggests 
that different host cell types may have different responses 
to VSV infection.  
 Overall, these findings suggest that RNA editing may 
be excluded as a mechanism against VSV infection. 
However, the analysis of defective interfering (DI) VSV 
particles from infected hamster kidney fibroblast BHK cells 
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showed significant A-to-G modifications in the viral genome 
(O'Hara et al., 1984). 
 Notably, ADAR-mediated hyperediting was also 
detected in the PP3 viral transcript of another Rhabdovirus, 
the Drosophila sigma virus (Carpenter et al., 2009), with a 
possible antiviral role at least in insects. 

Future perspectives 
Adenosine deaminases that act on dsRNA (ADARs) are a 
family of enzymes whose activity is substrate-, cell-, tissue- 
and time of development-dependent. Different lines of 
evidence suggest the existence of a complex and essential 
interplay between ADAR, viruses and immunological 
response. The comprehension of the mechanisms 
controlling the activity of these editing enzymes is essential 
to get a clear picture of their action upon viral infection in 
vivo. 
 Considerable advances have been made toward 
understanding the biochemistry and the regulation of the 
ADAR proteins; however, the physiological consequences 
of their expression/activity during viral infection are still not 
completely elucidated. 
 We learned that the effects of ADARs and A-to-I editing 
during viral infection can be either antiviral or proviral, 
depending on the virus-host combination. Moreover, we 
found that the interplay between ADARs and viruses is 
highly dynamic and can change during the progression of 
the infection. Indeed, ADAR expression, virus infection and 
IFN-response lead to profound changes in the profile of 
both viral and cellular genes/miRNAs that, in turn, can alter 
the virus-host interaction.  
 Future investigations on ADARs and viral infections will 
shed lights on this fascinating interaction between 
pathogens and host-immune response and will help to 
better understand the action and regulation of these 
multitasking editing enzymes. 
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