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Abstract
Adenosine-to-inosine conversion (A-to-I editing), a posttranscriptional modification on RNA, contributes to

extensive transcriptome diversity. A-to-I editing is a hydrolytic deamination process, catalyzed by adenosine
deAminase acting on double-stranded RNA (ADAR) family of enzymes. ADARs are essential for normal
mammalian development, and disturbance in RNA editing has been implicated in various pathologic disorders,
including cancer. Thanks to next-generation sequencing, rich databases of transcriptome evolution for cancer
development at the resolution of single nucleotide have been generated. Extensive bioinformatic analysis revealed
a complex picture of RNA editing change during transformation. Cancer displayed global hypoediting of Alu-
repetitive elements with gene-specific editing pattern. In particular, hepatocellular carcinoma editome is severely
disrupted and characterized by hyper- and hypoediting of different genes, such as hyperedited AZIN1 (antizyme
inhibitor 1) and FLNB (filamin B, b) and hypoedited COPA (coatomer protein complex, subunit a). In
hepatocellular carcinoma, not only the recoding editing in exons, but also the editing in noncoding regions
(e.g., Alu-repetitive elements and microRNA) displays such complex editing pattern with site-specific editing
trend. In this review, we will discuss current research progress on the involvement of abnormal A-to-I editing in
cancer development, more specifically on hepatocellular carcinoma. Cancer Res; 74(5); 1301–6. �2014 AACR.

Introduction
Hepatocellular carcinoma represents the fifth most com-

mon type of all cancer for men and the seventh for women
worldwide (1). It also has a high mortality rate of 0.93, which
ranks hepatocellular carcinoma as the third leading cause of
death from cancer worldwide (2). The demoralizing outcome
of hepatocellular carcinoma ismainly due to latemanifestation
of large tumor, rendering early curative intent treatment
infeasible. The late symptom onset is a result of a multistep
transformation process that usually takes 10 to 30 years. In
addition to the bleak fact that hepatocellular carcinoma is
asymptomatic in early stage, the available treatment options
for intermediate-advanced stage patients are also disappoint-
ing. The extreme low response rate to chemotherapy makes its
effects negligible; and the only available small-molecular inhib-
itor against multikinases (sorafenib) can only prolong the
survival of patients with hepatocellular carcinoma for 3
months (3). All these facts put more novel and effective
therapeutic interventions in urgent needs, therefore extensive
efforts have been devoted to identify new druggable molecular
targets. Previous studies have focused much attention on
revealing DNA mutations and gene expression change. How-

ever, at least 20% hepatocellular carcinomas fail to be identi-
fied to harbor driver DNA mutations, suggesting that other
driver events could be responsible for hepatocellular carcino-
ma initiation and progression. Recently, RNA editing has
entered the limelight in cancer and refutes the conception
that DNA dictates nucleotides in RNA. RNA editing is defined
as chemical modifications on RNA transcript after synthesis by
RNA polymerases. In this review, we will focus on the most
prevalent type of RNA editing in human, adenosine-to-inosine
conversion (A-to-I editing). Although more comprehensive
information about A-to-I editing is available in another review
by Nishikura (4), we will here give a brief overview of this
process and then focus in more depth on A-to-I editing's
involvement in cancer development, and more specifically in
hepatocellular carcinoma.

Adenosine-to-Inosine Editing
RNA editing was originally discovered in trypanosome

mitochondria where four extra nucleotides not encoded by
the gene were found in coxII transcript to restore the reading
frame of the encoded protein (5). Since then, different types of
RNA editing of various RNA molecules (e.g., mRNA, tRNA, and
rRNA) have been documented across multiple species. As one
of the most well-characterized type of RNA editing, A-to-I
editing was initially discovered as an RNA duplex unwinding
activity in Xenopus embryos (6, 7). It was later elucidated as a
hydrolytic deamination process catalyzed by a family of
enzymes known as ADAR, abbreviation for adenosine deAm-
inase acting on double-stranded RNA (dsRNA; ref. 8). As
suggested by the name, dsRNA secondary structure is neces-
sary for A-to-I editing and it affects both the frequency and
distribution of editing across genome. The frequency of editing
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is largely determined by the length and perfectness of dsRNA.
Although short (or long but imperfect) dsRNA exhibits site-
selective editing at certain adenosine only, long perfect dsRNA
(>100 bp) tends to bemore promiscuously hypereditedwith up
to 50% of adenosine converted to inosine (9). As for genome-
wide distribution of A-to-I editing, it was initially thought to be
rare events limited to coding exons. However, next-generation
sequencing has revealed that A-to-I editing is abundant and
majority of A-to-I editing locates in noncoding regions, mainly
introns and untranslated regions (UTRs; Fig. 1). The overrep-
resentation of A-to-I editing in noncoding regions is probably
caused by high incidence of dsRNA formation by the embedded
repetitive elements, for example, Alu elements (10). Further-
more, editing in noncoding regions tends to be promiscuous

hyperediting, compared with site-selective editing found in
coding regions.

ADARs
ADARs, the catalyzer of A-to-I editing, are highly conserved

in vertebrateswith threeADAR genes in human. All threeADAR
members share a commonmodular structure, with N-terminal
two to three repeats of dsRNA-binding domain and C-terminal
catalytic deaminase domain; however, different isoforms exist.
In particular, ADAR1 has twomajor isoforms transcribed from
alternative promoters, and initiated from different start codon
due to alternative splicing (11). ADAR1-150 kDa longer form is
synthesized from an IFN-inducible promoter and shuttles
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Figure 1. Genome-wide distribution of A-to-I editing and its consequences. Site-selective recoding editing in coding regions can change protein amino acid
sequence and hence, potentially protein functions. Editing that involves splicing motif alteration (creation or elimination) or happens in SREs can affect
alternative splicing or splicing efficiency. Hyperediting of 30UTR due to the higher chance of dsRNA formation between the embedded repetitive elements,
such as Alu, can result in target mRNA nuclear retention, degradation by inosine-specific nucleases, or alteration of miRNA-mediated silencing. Editing can
also target endogenous stem-loop structures (e.g., those present along miRNA biogenesis pathway), as well as exogenous dsRNA (e.g., virus genome).
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between nucleus and cytoplasm; in contrast, the truncated
ADAR1-110 kDa form is transcribed from a constitutively
active promoter and predominately localizes in nucleus (12).
ADAR1 and ADAR2 are editing competent, and ubiquitously
expressed in multiple human tissues; however, no editing
activity or substrate has been discovered for ADAR3 and its
expression is restricted to brain (13–15). In this case, it is worth
mentioning that ADARs function as homodimer. ADAR1 and
ADAR2 can form both homodimer and heterodimer, but
ADAR3 only exists as monomer, which might explain its
incompetence in editing (16).
ADARs play important roles during normal development as

reflected by different transgenic animal models, as wells as
human diseases associated with dysfunctional A-to-I editing.
In Caenorhabditis elegans, homozygous deletion of both
CeADR1 and CeADR2 revealed their importance to normal
vulva development and chemotaxis (17). In Drosophila, dele-
tion of dADAR led to severe deficits of behavior control in
adults, like temperature-sensitive paralysis and locomotor
uncoordination (18). In mouse, homozygous deletion of Adar2
resulted in a seizure prone phenotype and early lethality after
birth (between P0 and P20; ref. 19). In contrast with the viable
phenotype of Adar2�/� mouse, Adar1�/� mouse was embry-
onic lethal (died between E11.5 and E12.5), mainly due to
defective hematopoiesis and liver disintegration (20, 21). In
human, RNA editing is also a tightly regulated process, dis-
turbance in RNA editing have been associated with many
diseases, including cancer, which will be discussed in following
session. Significantly different editing site preference of sero-
tonin 2C receptor (5-HT2cR) was observed in prefrontal cortex
of depressed suicidal victims, and failure of editing at the Q/R
site of glutamate receptor subunit B (GluR-B) was suggested
contributing to neuronal death in patients with sporadic
amyotrophic lateral sclerosis (22, 23). Furthermore, loss-of-
function mutation in ADAR1 was linked to an inherited
autosomal dominant disease, dyschromatosis symmetrica her-
editaria (DSH; ref. 24). All these examples emphasize the
critical physiologic functions carried by fine-tuned A-to-I
editing.

Decoding of A-to-I Editing
How is A-to-I editing interpreted by different cellular

machineries? When A-to-I editing was first discovered, it was
identified as an RNA duplex unwinding activity because of the
I:Umismatch (6). From the view of base-paring property, A-to-I
editing equals to structural change, either increasing or
decreasing the stability of targeted dsRNA by targeting A:C
mismatch or A:U base pair, respectively.
From the view of biologic significance, themeaning of A-to-I

editing depends on its location (Fig. 1). Site-selective editing in
coding region has the potential to recode protein as inosine is
recognized as guanosine by translational machinery, the pro-
totypical examples of this category are recoding editing of
GluR-B and 5-HT2cR (25, 26). Similarly, alternative canonical
splicing sites (50-GU-branch point-AG-30) can also be created
or destroyed because splicing machinery also recognizes ino-
sine as guanosine. One such well-known case is the negative

autoregulation of ADAR2 by self-editing, which creates a 30

proximal splicing acceptor site and leads to frame shift in
ADAR2 (27). Although editing of canonical splicing motif is
rare, editing of splicing regulatory elements (SRE) in exons is
more abundant (28). Instead of creating or destroying alter-
natively spliced isoforms, editing of SREs can affect splicing
efficiency.

For 30UTR, which consists of vast majority of editing, under-
standing the role of hyperediting in this region is still in its
infancy, albeit hyperediting has been associated with regula-
tion of transcript stability and location. Hyperediting in 30UTR
can affect transcript stability through alteration of microRNA
(miRNA)-targeting sites because inosine preferentially base
pairs with cytosine. Alternatively, hyperediting in 30UTR can
recruit inosine-specific nucleases and subsequently leads to
the edited target degradation. Both human endonuclease V
andTudor staphylococcal nuclease have beendemonstrated to
interact with hyperedited dsRNAs and promote its cleavage
(29, 30). As for the location of hyperedited RNA, nuclear
retention of edited RNAs has been reported by a P54nrb

containing tri–protein complex (31). However, more recent
studies suggested that hyperediting in 30UTR did not affect
transcript stability, subcellular location, or translatability of
edited RNAs (32). Therefore, the nuclear retention mechanism
might be a gene-specific phenomenon. Considering different
observations from various studies, as wells as the enormous
transcript diversity generated by hyperediting in 30UTR, under-
standing of editing in this region still demands intensive
efforts.

Finally, editing in endogenous stem-loop structure of pri-
mary miRNA is also decoded by different cellular machineries
alongmiRNAbiogenesis and function pathway. Editing outside
of miRNA seed sequence was shown to suppress efficient
Drosha and Dicer processing, which is necessary for miRNA
maturation (33). On the other hand, editing inside of miRNA
seed sequence can redirect miRNA silencing targets (34).
Therefore, in complement to editing of 30UTR harboring
miRNA-binding site, editing of miRNA itself is another gate
to affect transcript stability.

A-to-I Editing and Cancer Development
Cancer, like other diseases, has also been associated with

disturbance of A-to-I editing. However, cancer incidence was
not reported to change in either ADAR transgenic mouse
models or in humans suffering DSH. Therefore, editing is
unlikely an early initiation hit along the transformation slope
(19–21, 24). Nonetheless, editing deregulation has been asso-
ciated with tumor progression in many different types of
cancers. Hence, it should be considered as a driver event for
cancer development. However, editing deregulation cannot be
simply categorized as a tumor-suppressive or oncogenic pro-
cess because the ultimate effects of A-to-I editing deregulation
depend on the actual edited targets. Furthermore, compre-
hensive analysis of available editing database revealed a com-
plex cancer editing picture: tumors are characterized by global
hypoediting in repetitive elements accompanied with gene-
specific editing pattern along transformation, that is, there is a
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lack of joint editing trend for different genes in cancer (35).
Therefore, effects of editing disturbance on cancer develop-
ment should be addressed on a gene-specific level. For more
information about A-to-I editing and cancer development, you
can refer to review by Dominissini and colleagues (36).

Several genes with altered editing frequency in different
tumors have been identified. Underediting of GluR-B in human
glioblastomamultiforme without apparent differential expres-
sion of ADAR2 was first documented by Maas and colleagues
(37). Subsequently, undereditingGluR-Bwas shown to increase
Ca2þ permeability of a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA)-type GluR, and in turn, facilitated
tumor cell migration and proliferation (38). Similarly, bladder
cancer-associated protein (BLCAP) was shown to be undere-
dited in primary bladder cancer, but the physiologic impor-
tance of edited BLCAP remains unexplored (39). In opposite to
the underediting of GluR-B and BLCAP, hyperediting of filamin
B, b (FLNB) and antizyme inhibitor 1 (AZIN1) was identified in
esophageal squamous cell carcinoma (ESCC). More impor-
tantly, edited AZIN1 conferred gain-of-function phenotype
associated with aggressive tumor behavior of ESCC (unpub-
lished data). Finally, in hematologicmalignancies, abnormal A-
to-I editing of hematopoietic cell phosphatase (PTPN6) gene
was associated to acute myelogenous leukemia (AML). The
novel editing of PTPN6 IVS3 putative branch point in AML led
to intron3 retention and predicted nonsense translation of
PTPN6 (40). In short, different cancers show distinct editing
patterns of relevant genes, and there is an association between
disturbed editing and cancer development. However, the bio-
logic significance of an edited gene on transformation is
important to be demonstrated before drawing a causal rela-
tionship between editing and cancer.

What brings the editing disturbance during cancer devel-
opment? One possible cause is the expression change of editing
enzymes, ADARs. As the regulatory machineries controlling
ADAR activity remain largely unknown, most studies have
focused on investigating the expression change of ADARs. For
instance, both adult and pediatric gliobalstomas were char-
acterized by underediting of ADAR2-specific target GluR-B at
Q/R site; however, both tumors did not show change of ADAR2
mRNA level. Nonetheless ADAR2 activity (as evaluated by the
extent of self-editing of ADAR2) was shown to be decreased
(37). To understand this, one should bear in mind that ADARs
function as homodimer (16). Overexpression of one ADAR
member can affect the editing frequency of the othermember's
specific target given that nonfunctional heterodimer between
ADAR members can form. Indeed both ADAR1 and ADAR3
mRNA showed increased expression in brain tumor and forced
expression of ADAR1 inhibited editing frequency of ADAR2-
specific site (41). This might explain the incongruent change
between ADAR2 mRNA and its target editing frequency. In
other tumors, differential expression of ADARs could be more
directly responsible for disturbed editing balance of their
respective targets. For instance, hepatocellular carcinoma was
reported to have increased expression of ADAR1 but decreased
expression of ADAR2 at bothmRNAandprotein levels (42). The
differential expression change of ADAR1 and ADAR2 was
responsible for hyperediting of AZIN1 and hypoediting of

coatomer protein complex, subunit-a (COPA), respectively.
Hence, different tumors seem to have differential expression
pattern of ADARs. To resolve the dilemma of incongruent
expression of ADARs across different tumors, an imbalanced
ADAR expression model was proposed as a general phenom-
enon observed for cancer (36). However, other than ADAR
expression, editing can be affected by multiple factors, includ-
ing environmental stimuli. Therefore, with more research on
regulatory machineries governing ADAR editing activity in
future, we hope the underlying cause of editing disturbance
in cancer could be better understood.

Editome Imbalance in Hepatocellular Carcinoma
Even though a few concrete examples have suggested the

involvement of editing deregulation in several types of cancers,
none aberrant editing has been recognized in hepatocellular
carcinoma until our group first reported the increased recod-
ing editing in AZIN1 (43). However, hepatocellular carcinoma
cannot be simply regarded as a hyperedited cancer type. More
recent large-cohort hepatocellular carcinoma editome study
revealed hepatocellular carcinoma displayed a severely dis-
rupted editome balance characterized by gene-specific editing
pattern (42). The newly identified abnormal recoding editing is
hyperediting of FLNB and hypoediting of COPA. Similar to
other cancers, there is a lack of joint editing trend for different
genes in hepatocellular carcinoma. This is probably caused by
the substrate specificity of different ADAR members that
displayed opposite expression changes in hepatocellular car-
cinoma (increased ADAR1 and decreased ADAR2). As estab-
lished fromboth studies,AZIN1 is specifically edited byADAR1,
whereas COPA can only be edited by ADAR2, and FLNB is a
common target of ADAR1 and ADAR2 (42, 43). Not only did the
recoding editing show opposite editing trend, but also the
editing in Alu-repetitive elements of different genes had the
same pattern. Therefore, hepatocellular carcinoma is best
summarized as an editome imbalanced cancer.

As mentioned earlier, the biologic significance of an edited
gene on transformation is important to be illustrated to claim
the association of editing disturbance and cancer. For hepa-
tocellular carcinoma, the first evidence about involvement of
editing in carcinogenesis was established from AZIN1 recoding
editing; however, evidence for FLNB and COPA is still lacking.
Recoding editing of AZIN1 replaces a genetically encoded
serine by glycine at position 376, causing a conformational
change of AZIN1 and thereby increasing its affinity to anti-
zyme. By doing so, edited AZIN1 spares ornithine decarbox-
ylase and cyclin D1 from antizyme-mediated degradation, thus
promotes hepatocellular carcinoma cell proliferation (43).
Given the oncogenic role of the edited AZIN1, edited AZIN1
could be a promising drug target for future therapeutic devel-
opment against hepatocellular carcinoma.

Similar to recoding editing, editing in noncoding regions of
different genes also shows inconsistent change in hepatocel-
lular carcinoma. Editing of miRNAs in either normal adult liver
tissue or hepatocellular carcinoma has been reported [e.g.,
miRNA (miR)-151, miR-197, and miR99a]. Furthermore,
decreased editing of miR-376a and increased editing of
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miR-376c were demonstrated for hepatocellular carcinoma
(44). However, the study was performed with deep sequencing
of combined cDNA from 18 patients instead of paired cDNA
from individual patient. Therefore, whether there is a joint
trend for the editing frequency of either miRNAs among
the patients with hepatocellular carcinoma awaits further
investigation.
Specifically for hepatocellular carcinoma, it is also worth

discussing the intricate relationship between RNA editing and
virus infection, as 60% to 90% of hepatocellular carcinoma are
caused by hepatitis B/C virus (HBV/HCV) infection and sub-
sequent chronic inflammation (45). However, it is difficult to
categorize editing simply as antiviral or proviralmechanism. In
support of antiviral functions, IFN-inducible ADAR1-150 kDa is
able to directly edit HCV replicon RNA and inhibit virus
replication (46). Furthermore, as an indirect antiviral mecha-
nism, ADAR1 is critical for both embryonic and adult hema-
topoiesis, an essential system for maturation of all immune
system cells (20, 21, 47). On the other hand, editing activity of
ADARs can be harnessed by some viruses (e.g., HIV) to stim-
ulate their replication, making ADAR1 as a proviral factor (48).
The proviral effects of ADARs can be either dependent or
independent of editing activity. ADAR1 has been shown able
to inhibit the dsRNA-activated protein kinase, an important
effecter of antiviral immunity by general inhibition of trans-
lation initiation, independent of editing activity (49).Moreover,
ADAR1 can also directly edit virus RNA (e.g., HIV), and the
editing activity is associated with enhanced virus infectivity
(48). Whether ADAR1 also plays similar proviral roles in
hepatocellular carcinoma still awaits further investigation. In
combination, ADAR1 might be the pertinent factor contribut-
ing to persistent virus infection in different virus-induced
cancers, given the dilemma situation generated by ADAR1
throughmanipulations on both host immune system and virus
genome.

Conclusion and Future Perspectives
A-to-I RNA editing, as a posttranscriptional regulator gen-

erating extensive transcript diversity, is vital for normal mam-
malian development. It has also been implicated in normal
functions of multiple human organs, with majority of studies
focused on nervous system. Being a tightly regulated process,
disturbance of normal editome balance is associated with
various pathologic conditions, including cancer. Hepatocellu-
lar carcinoma is characterized as a cancer with imbalanced
editome and gene-specific editing pattern in both coding and
noncoding regions. Editome imbalance opens another field for
more novel drug discovery and development. Therapy devel-
opment can center two major components of A-to-I editing,
the upstream catalyzer (ADAR enzymes) and the downstream
function executer (edited targets). ADAR expression imbalance
can be restored by overexpression or downregulation of the
abnormally expressed members. However, given the substrate
promiscuity of ADARs, this strategymight lead to unpredictable
outcome. Importantly, substrate-specific inhibition of editing is
recently proposed to be feasible by a helix-threading peptide
target (50). This will provoke more creative strategy develop-
ment to restore editing balance in gene-specific manner.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
The authors thank Cancer Science Institute of Singapore for the generous

financial support and Julien Jean Pierre Maury for his critical comments on the
article.

Grant Support
L. Qi was supported by grant WBS R-713-001-013-271. This research is

supported by the National Research Foundation Singapore and the Singapore
Ministry of Education under its Research Centres of Excellence initiative.

Received December 4, 2013; accepted January 10, 2014; published OnlineFirst
February 20, 2014.

References
1. Bray F, Ren J-S, Masuyer E, Ferlay J. Global estimates of cancer

prevalence for 27 sites in the adult population in 2008. Int J Cancer
2013;132:1133–45.

2. Ferlay J, ShinH-R, Bray F, FormanD,MathersC, Parkin DM. Estimates
ofworldwide burden of cancer in 2008:GLOBOCAN2008. Int JCancer
2010;127:2893–917.

3. Bruix J, Sherman M, Llovet J. Clinical management of hepatocellular
carcinoma. Conclusions of the Barcelona-2000 EASL conference.
J Hepatol 2001;35:421–30.

4. Nishikura K. Functions and regulation of RNA editing by ADAR dea-
minases. Annu Rev Biochem 2010;79:321–49.

5. Benne R, Van Den Burg J, Brakenhoff J. Major transcript of the
frameshifted coxll gene from trypanosomemitochondria contains four
nucleotides that are not encoded in the DNA. Cell 1986;46:819–26.

6. Bass BL, Weintraub H. A developmentally regulated activity that
unwinds RNA duplexes. Cell 1987;48:607–13.

7. Wagnert RW, Smitht JE, Coopermant BS, Nishikurat K. A double-
stranded RNA unwinding activity introduces structural alterations by
means of adenosien to inosine conversions in mammalian cells and
Xenopus eggs. Proc Natl Acad Sci U S A 1989;86:2647–51.

8. Polson AG, Crain PF, Pomerantz SC, McCloskey JA, Bass BL. The
mechanismof adenosine to inosine conversion by he double-stranded
RNA unwinding/modifying activity: a high-performance liquid chro-

matography-mass spectrometry analysis. Biochemistry 1991;30:
11507–14.

9. Nishikura K, Yoo C, Kim U, Murray JM, Estes PA, Cash FE, et al.
Substrate specificity of the dsRNA unwinding/modifying activity.
EMBO J 1991;10:3523–32.

10. Peng Z, Cheng Y, Tan BC, Kang L, Tian Z, Zhu Y, et al. Comprehensive
analysis of RNA-Seq data reveals extensive RNA editing in a human
transcriptome. Nat Biotechnol 2012;30:253–60.

11. George CX, Samuel CE. Human RNA-specific adenosine deaminase
ADAR1 transcripts possess alternative exon 1 structures that initiate
from different promoters, one constitutively active and the other
interferon inducible. Proc Natl Acad Sci U S A 1999;96:4621–6.

12. Patterson JB, Samuel CE. Expression and regulation by interferon of a
double-stranded-RNA-specific adenosinedeaminase fromhumancells:
evidence for two formsof thedeaminase.MolCellBiol1995;15:5376–88.

13. Kim U, Wang Y, Sanford T. Molecular cloning of cDNA for double-
stranded RNA adenosine deaminase, a candidate enzyme for nuclear
RNA editing. Proc Natd Acad Sci U S A 1994;91:11457–61.

14. Melcher T, Maas S, Herb A, Sprengel R. A mammalian RNA editing
enzyme. Nature 1996;379:460–4.

15. Chen C, Cho D, Wang Q, Lai F. A third member of the RNA-specific
adenosine deaminase gene family, ADAR3, contains both single-and
double-stranded RNA binding domains. RNA 2000;6:755–67.

RNA Editing in Hepatocellular Carcinoma

www.aacrjournals.org Cancer Res; 74(5) March 1, 2014 1305

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/5/1301/2714604/1301.pdf by guest on 19 M

ay 2023



16. Cho DS, Yang W, Lee JT, Shiekhattar R, Murray JM, Nishikura K.
Requirement of dimerization for RNA editing activity of adenosine
deaminases acting on RNA. J Biol Chem 2003;278:17093–102.

17. Tonkin LA, Saccomanno L,Morse DP, Brodigan T, KrauseM, Bass BL.
RNA editing by ADARs is important for normal behavior in Caenor-
habditis elegans. EMBO J 2002;21:6025–35.

18. Palladino MJ, Keegan LP, O'Connell MA, Reenan RA. A-to-I pre-
mRNA editing in Drosophila is primarily involved in adult nervous
system function and integrity. Cell 2000;102:437–49.

19. Higuchi M, Maas S, Single F, Hartner J. Point mutation in an AMPA
receptor gene rescues lethality in mice deficient in the RNA-editing
enzyme ADAR2. Nature 2000;406:1998–2001.

20. Wang Q. Requirement of the RNA editing deaminase ADAR1 gene for
embryonic erythropoiesis. Science 2000;290:1765–8.

21. Hartner JC, Schmittwolf C, Kispert A, M€uller AM, Higuchi M, Seeburg
PH. Liver disintegration in the mouse embryo caused by deficiency in
the RNA-editing enzyme ADAR1. J Biol Chem 2004;279:4894–902.

22. Kawahara Y, Ito K, Sun H, Aizawa H, Kanazawa I, Kwak S. RNA editing
and death of motor neurons. Nature 2004;427:801.

23. Gurevich I, Tamir H, Arango V, Dwork AJ, Mann JJ, Schmauss C.
Altered editing of serotonin 2C receptor pre-mRNA in the prefrontal
cortex of depressed suicide victims. Neuron 2002;34:349–56.

24. Miyamura Y, Suzuki T, Kono M, Inagaki K, Ito S, Suzuki N, et al.
Mutations of the RNA-specific adenosine deaminase gene (DSRAD)
are involved in dyschromatosis symmetrica hereditaria. Am J Hum
Genet 2003;73:693–9.

25. Burns CM, Chu H, Rueter SM, Hutchinson LK, Canton H, Sanders-
Bush E, et al. Regulation of serotonin-2c receptor G-protein coupling
by RNA editing. Nature 1997;387:303–8.

26. Sommer B, Kohler M, Sprengel F, Seeburg PH. RNA editing in brain
controls of ion flow in glutamate-gated a determinant channels. Cell
1991;67:11–9.

27. Rueter SM, Dawson TR, EmesonRB. Regulation of alternative splicing
by RNA editing. Nature 1999;399:75–80.

28. SolomonO,Oren S, SafranM,Deshet-Unger N, Akiva P, Jacob-Hirsch
J, et al. Global regulation of alternative splicing by adenosine deam-
inase acting on RNA (ADAR). RNA 2013;19:591–604.

29. Morita Y, Shibutani T, Nakanishi N, Nishikura K, Iwai S, Kuraoka I.
Human endonuclease V is a ribonuclease specific for inosine-contain-
ing RNA. Nat Commun 2013;4:2273–82.

30. Scadden AD. The RISC subunit tudor-SN binds to hyper-edited
double-stranded RNA and promotes its cleavage. Nat Struct Mol Biol
2005;12:489–96.

31. Zhang Z, Carmichael GG. The fate of dsRNA in the nucleus: a p54(nrb)-
containing complex mediates the nuclear retention of promiscuously
A-to-I edited RNAs. Cell 2001;106:465–75.

32. Hundley H, Krauchuk A, Bass B. C. elegans and H. sapiens mRNAs
with edited 30 UTRs are present on polysomes. RNA2008;14:2050–60.

33. Yang W, Chendrimada TP, Wang Q, Higuchi M, Seeburg PH, Shie-
khattar R, et al. Modulation of microRNA processing and expression
through RNA editing by ADAR deaminases. Nat Struct Mol Biol 2006;
13:13–21.

34. Kawahara Y, Zinshteyn B, Sethupathy P. Redirection of silencing
targets by adenosine-to-inosineediting ofmiRNAs. Science2007;315:
1137–40.

35. Paz N, Levanon EY, Amariglio N, Heimberger AB, Ram Z, Constantini
S, et al. Altered adenosine-to-inosine RNA editing in human cancer.
Genome Res 2007;17:1586–95.

36. Dominissini D, Moshitch-Moshkovitz S, Amariglio N, Rechavi G.
Adenosine-to-inosine RNA editing meets cancer. Carcinogenesis
2011;32:1569–77.

37. Maas S, Patt S, Schrey M, Rich A. Underediting of glutamate receptor
GluR-B mRNA in malignant gliomas. Proc Natl Acad Sci U S A
2001;98:14687–92.

38. Ishiuchi S, Tsuzuki K, Yoshida Y, Yamada N, Hagimura N, Okado H,
et al. Blockage of Ca(2þ)-permeable AMPA receptors suppresses
migration and induces apoptosis in human glioblastoma cells. Nat
Med 2002;8:971–8.

39. Galeano F, Leroy A, Rossetti C, Gromova I, Gautier P, Keegan LP, et al.
HumanBLCAP transcript: new editing events in normal and cancerous
tissues. Int J Cancer 2010;127:127–37.

40. Beghini A, Ripamonti CB, Peterlongo P, Roversi G, Cairoli R, Morra E,
et al. RNA hyperediting and alternative splicing of hematopoietic cell
phosphatase (PTPN6)gene in acutemyeloid leukemia. HumMolGenet
2000;9:2297–304.

41. Cenci C, Barzotti R, Galeano F, Corbelli S, Rota R, Massimi L, et al.
Down-regulation of RNA editing in pediatric astrocytomas: ADAR2
editing activity inhibits cell migration and proliferation. J Biol Chem
2008;283:7251–60.

42. Chan TH, Lin CH, Qi L, Fei J, Li Y, Yong KJ, et al. A disrupted RNA
editing balance mediated by ADARs (Adenosine DeAminases that act
on RNA) in human hepatocellular carcinoma. Gut 2013 Jun 13. [Epub
ahead of print].

43. Chen L, Li Y, Lin CH, Chan TH, ChowRK, Song Y, et al. Recoding RNA
editing of AZIN1 predisposes to hepatocellular carcinoma. Nat Med
2013;19:209–16.

44. Mizuguchi Y, Mishima T, Yokomuro S, Arima Y, Kawahigashi Y,
Shigehara K, et al. Sequencing and bioinformatics-based analyses of
the microRNA transcriptome in hepatitis B-related hepatocellular
carcinoma. PLoS ONE 2011;6:e15304.

45. Hatzaras I, Bischof DA, Fahy B, Cosgrove D, Pawlik TM. Treatment
Options and Surveillance Strategies After Therapy for Hepato-
cellular Carcinoma. Ann Surg Oncol 2013 Sep 5. [Epub ahead of
print]

46. Taylor D, Puig M, Darnell M. New antiviral pathway that mediates
hepatitis C virus replicon interferon sensitivity through ADAR1. J Virol
2005;79:6291–8.

47. XuFeng R, Boyer MJ, Shen H, Li Y, Yu H, Gao Y, et al. ADAR1 is
required for hematopoietic progenitor cell survival via RNA editing.
Proc Natl Acad Sci U S A 2009;106:17763–8.

48. Doria M, Neri F, Gallo A, FaraceMG,Michienzi A. Editing of HIV-1 RNA
by the double-stranded RNA deaminase ADAR1 stimulates viral infec-
tion. Nucleic Acids Res 2009;37:5848–58.

49. Nie Y, Hammond GL, Yang JH. Double-stranded RNA deaminase
ADAR1 increases host susceptibility to virus infection. J Virol 2007;81:
917–23.

50. Schirle NT, Goodman RA, Krishnamurthy M, Beal PA. Selective inhi-
bition of ADAR2-catalyzed editing of the serotonin 2c receptor pre-
mRNA by a helix-threading peptide. Org Biomol Chem 2010;8:
4898–904.

Qi et al.

Cancer Res; 74(5) March 1, 2014 Cancer Research1306

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/5/1301/2714604/1301.pdf by guest on 19 M

ay 2023


