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a b s t r a c ta r t i c l e i n f o

RNA editing is a post-transcriptional process that alters the nucleotide sequence of RNA transcripts to generate
transcriptome diversity. Among the various types of RNA editing, adenosine-to-inosine (A-to-I) RNA editing is
the most frequent type of RNA editing in mammals. Adenosine deaminases acting on RNA (ADAR) enzymes,
ADAR1 and ADAR2, convert adenosines in double-stranded RNA structures into inosines by hydrolytic deamina-
tion. Inosine forms a base pair with cytidine as if it were guanosine; therefore, the conversion may affect the
amino acid sequence, splicing, microRNA targeting, and miRNA maturation. It became apparent that disrupted
RNA editing or abnormal ADAR expression is associatedwith several diseases including cancer, neurological dis-
orders, metabolic diseases, viral infections, and autoimmune disorders. The biological significance of RNA editing
in pharmacokinetics/pharmacodynamics (PK/PD)-related genes is starting to be demonstrated. The authors con-
ductedpioneering studies to reveal that RNA editingmodulates drugmetabolismpotencies in the human liver, as
well as the response of cancer cells to chemotherapy agents. Awareness of the importance of RNA editing in drug
therapy is growing. This review summarizes the current knowledge on the RNA editing that affects the expres-
sion and function of drug response-related genes. Continuing studies on the RNA editing that regulates pharma-
cokinetics/pharmacodynamics would provide new beneficial information for personalized medicine.
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1. Introduction

Gene regulation occurs at every step in the central dogma. In addi-
tion to regulatorymechanisms that act on DNA and proteins, eukaryotic
RNA transcripts are subjected to various processing, such as alternative
splicing, nucleotide modification and localization. Among such regula-
tory mechanisms, RNA editing refers to sequence alterations, including
insertion, deletion or nucleotide conversion, that offer diversity in the
transcriptome. Adenosine-to-inosine (A-to-I) RNA editing is a predom-
inant form of RNA editing in mammals (Fig. 1) (Nishikura, 2010). In
1987, an enzymatic activity that causes the unwinding of double-
stranded RNA (dsRNA) was discovered in Xenopus laevis oocytes and
embryos (Bass & Weintraub, 1987). Later, this reaction was found to
be the hydrolytic deamination of adenosine to form inosine, i.e., A-to-I
RNA editing, which is catalyzed by adenosine deaminase acting on
RNA (ADAR) enzymes (Bass & Weintraub, 1988; Wagner, Smith,
Cooperman, & Nishikura, 1989). At that time, a limited number of RNA
editing sites were discovered in the coding region of mRNA by compar-
ing the sequences of genomic DNA and cDNA using Sanger sequencing
(Sommer, Köhler, Sprengel, & Seeburg, 1991). Within the past
10 years, the progress of next-generation sequencing technologies has
enabled the high-throughput identification of 4.5 million A-to-I RNA
editing sites, not only in the coding region but also in the non-coding re-
gion (Picardi, D'Erchia, Giudice, & Pesole, 2017). Since the base-paring
property of inosine is similar to that of guanosine, the conversion of nu-
cleotides potentially affects gene function and expression, dependingon
the region where the editing event occurs. For genes associated with
pharmacokinetics (PK) and pharmacodynamics (PD), the roles of RNA
editing have just started being studied. The purpose of this review is
to outline recent findings on the role of RNA editing of PK/PD-related
genes and its potential pharmacotherapeutic implications.

2. ADAR enzymes

ADAR enzymes convert the adenosines in dsRNA structures into
inosines by hydrolytic deamination at the C6 position (Gerber,
O'Connell, & Keller, 1997; Kim, Wang, Sanford, Zeng, & Nishikura,
1994). A highly conserved deaminase domain in the C-terminal region
anddsRNA-bindingdomains in theN-terminal region of ADARs catalyze
this reaction (Nishikura, 2016). In the ADAR family in vertebrates, there
are three members, ADAR1, ADAR2, and ADAR3 (also called ADAR,
ADARB1, and ADARB2, respectively) (Bass et al., 1997). The ADAR1
gene encodes two isoforms, ADAR1 p110 (110 kDa protein) and
ADAR1 p150 (150 kDa protein), using different transcription initiation
sites and start codons. The former is constitutively expressed and is lo-
calized in the nucleus whereas the expression of the latter is induced
by interferon and exists in both the nucleus and the cytoplasm
(Desterro et al., 2003; Patterson & Samuel, 1995). ADAR2, which is
also a ubiquitous form, is highly expressed in the brain and is localized
in nucleus (Melcher et al., 1996b). The expression of ADAR3 is limited

to the brain (Chen et al., 2000; Melcher et al., 1996b). ADAR1 (Kim et
al., 1994) and ADAR2 (Melcher et al., 1996a) have A-to-I RNA editing
ability whereas ADAR3 does not show editing activity (Chen et al.,
2000; Herbert et al., 1997; Melcher et al., 1996b). For ADAR1 and
ADAR2, homodimerization is required to exert their editing activities
(Cho et al., 2003; Poulsen et al., 2006; Valente & Nishikura, 2007). Cho
et al. (2003) have reported that ADAR3 is unable to homodimerize,
which may account for its lack of editing activity. Although there is no
strict sequence specificity for A-to-I editing, the surrounding nucleo-
tides have some influence on recognition by ADARs. ADAR1 has a 5′
neighbor preference (A=U N C N G), but no apparent 3′ neighbor pref-
erence (Riedmann, Schopoff, Hartner, & Jantsch, 2008). The 5′ neighbor
preference of ADAR2 (A≈U N C=G) is similar to that of ADAR1where-
as ADAR2 has a 3′ neighbor preference (U=G N C=A) (Polson & Bass,
1994). Some nucleotides are edited by either ADAR1 or ADAR2, and the
others can be edited by both enzymes (Hartner et al., 2004; Lehmann &
Bass, 2000).

Mice genetically lacking either ADAR1 or ADAR2 were generated. It
has been reported that the ADAR1-null mouse dies with numerous tis-
sue failures at the embryogenesis stages (E11.5–12.5) (Wang et al.,
2004), and the ADAR2-null mouse dies with epileptic seizures at post-
natal day 20 (Higuchi et al., 2000), suggesting that ADARproteins are in-
dispensable for life.

3. Functional significance of A-to-I RNA editing of coding genes and
miRNAs

Following the conversion of adenosine into inosine, the nucleotide is
interpreted as a guanosine, leading to a series of functional conse-
quences depending on the site of A-to-I editing (Fig. 2) (Zipeto, Jiang,
Melese, & Jamieson, 2015). Editing in the coding region of pre-mRNA
may change the genetic code, resulting in a change in the amino acid se-
quence. Editing in the intron may affect splicing by generating or delet-
ing alternative splice sites. The editing events within the 3′-
untranslated region (3′-UTR) have the potential to create or destroy
the binding site of microRNAs (miRNAs) (Borchert et al., 2009; Deffit
& Hundley, 2016; Farajollahi & Maas, 2010).

Fig. 1. A-to-I RNA editing, which refers to the deamination of adenosine to inosine in the
RNA molecule. Adenosine deaminase acting on RNA (ADAR) enzymes convert adenosine
to inosine by hydrolytic deamination. Inosine is recognized by the cellular machinery as
if it were guanosine.

Fig. 2. Functional significance of A-to-I RNA editing. A-to-I editing occurs in double-
stranded RNA structure. Editing in the coding region of pre-mRNA may change the
amino acid sequence. Editing in the intron may affect splicing by generating or deleting
alternative splice sites. The editing events within the 3′-untranslated region (3′-UTR)
have the potential to create or destroy the binding site of miRNAs. The A-to-I change in
a miRNA transcript can alter its processing, thereby affecting miRNA expression. A-to-I
editing of themiRNA seed sequence could change its target selection or binding efficiency.
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