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Animportant molecular mechanism to create protein diversity from a limited set of genes is A-to-IRNA edit-
ing. RNA editing converts single adenosines into inosines in pre-mRNA. These single base conversions can
have a wide variety of consequences. Editing can lead to codon changes and, consequently, altered protein
function. Moreover, editing can alter splice sites and influences miRNA biogenesis and target recognition.
The two enzymes responsible for editing in mammals are adenosine deaminase acting on RNA (ADAR) 1

- and 2. However, it is currently largely unknown how the activity of these enzymes is regulated in vivo. Edit-
Ié‘s’}\” g;‘iitsi'ng ing activity does not always correlate with ADAR expression levels, suggesting posttranscriptional or post-
Adar translational mechanisms for controlling activity. To investigate how editing is regulated in mammalian
cells, we have developed a straightforward quantitative reporter system to detect editing levels. By employ-
ing luciferase activity as a readout, we could easily detect different levels of editing in a cellular context. In
addition, increased levels of ADAR2 correlated with increased levels of luciferase activity. This reporter sys-
tem therefore sets the stage for the effective screening of cDNA libraries or small molecules for strong mod-
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ulators of intracellular editing to ultimately elucidate how A-to-I editing is regulated in vivo.

© 2010 Elsevier Inc. All rights reserved.

Posttranscriptional processing of RNA molecules is essential for
creating RNA and protein diversity from a limited set of genes. One
important mechanism to increase transcriptome variety is A-to-I
RNA editing in which single adenosines are converted into inosines
within pre-mRNA [1,2]. The consequences of these single base con-
versions can be numerous. Inosine is read as guanosine by the
translational machinery; thus when editing occurs within the cod-
ing region of pre-mRNA molecules, codons can be altered. Cur-
rently, there are 14 genes known in which editing results in
nonsynonymous codon changes [2-4]. The amino acid substitution
often alters the function of the protein underscoring the potential
impact of editing by single A-to-I modifications.

A-to-I editing can also occur within the noncoding regions of
pre-mRNA molecules. Especially, high levels of editing are ob-
served within primate-specific Alu repeats [5-7]. The conse-
quences of editing within Alu repeats are still largely unknown.
Recently, it has been suggested that editing within Alu elements
might serve as a nuclear retention signal [8], although this has
been contradicted by other reports [9]. Also, editing in pre-mRNA
can result in the alteration or creation of a splice site [10,11], gen-
erating a diverse set of mRNA and protein molecules.

Besides the editing of pre-mRNA, A-to-I editing also occurs in
noncoding RNA molecules. Recently, several groups have demon-
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strated editing of (pri-)miRNA sequences, causing alterations in
miRNA processing or target recognition [12-17]. Currently, it is
estimated that approximately 16% of all pri-miRNAs are a substrate
for the A-to-I editing machinery [18].

Editing is mediated by the family of adenosine deaminases act-
ing on RNA (ADARs).! Of the three known family members (ADAR1-
3), only ADAR1 and 2 have demonstrated editing activity to date
[1,19,20]. Both enzymes bind to double-stranded (ds-)RNA, which
is a prerequisite for editing substrates. However, besides the forma-
tion of an intramolecular fold-back structure and certain 5 and 3’
neighbor preferences, the substrate specificity of ADAR1 and 2 is still
poorly understood.

At this moment it is unclear how editing activity is regulated
in vivo. We and others demonstrated previously that the observed
editing extent does not always correlate with the expression levels
of ADAR1 and 2, pointing towards a posttranscriptional or post-
translational regulatory mechanism [21-23]. For example, inositol
hexaphosphate (IPg) has been shown to be deeply buried within
the catalytic domain of ADAR2, suggesting a role for this molecule
in modulating ADAR2 editing activity [24]. However, the regula-
tory functionality has not yet been proven in an appropriate intra-
cellular system.

" Abbreviations used: ADAR, adenosine deaminase acting on RNA; PCR, polymerase
chain reaction.
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Currently, screening for alterations in editing activity within a
cellular environment is a laborious procedure. It requires the sub-
cloning and sequencing of individual cDNA molecules to determine
the degree of A to G substitution within a certain substrate. There-
fore, in this study we generated a straightforward system to detect
sudden changes in intracellular editing activity. We constructed a
mammalian reporter system in which the translational start codon
of the Renilla luciferase open-reading frame is followed by the stop
codon UAG, which is located within an editing substrate [25]. On
editing, the stop codon is converted into the codon for tryptophan
(UIG), allowing for the synthesis of the Renilla luciferase protein.
We demonstrate that by employing Renilla luciferase activity as a
readout, we are able to screen for changes in editing activity within
a natural cellular environment. This readout system thus generates
a straightforward approach for identifying novel regulators of A-to-
I editing within a cellular context.

Materials and methods
Cell culture

The human embryonic cervical cancer cell line HeLa (ATCC CCL-
2) was cultured at 37 °C 5% CO, in minimum essential medium Ea-
gle containing 2 mM glutamine (Cellgro Mediatech Inc., Herndon,
VA), supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Hyclone, Logan, UT), and an antibiotic-antimycotic mixture
(Gibco Invitrogen corporation, Grand Island, NY).

Constructs

To obtain the different Renilla luciferase open-reading frames
with methionines substituted for either leucine or serine, site-di-
rected mutagenesis was performed using the commercial vector si-
Check-2 (Promega, Madison, WI) as the template. All primers used
for the site-directed mutagenesis are listed in Table 1A. Similarly,
site-directed mutagenesis was also performed to insert Kozak se-
quences at different positions within the Renilla luciferase open-
reading frame. The primers for the site-directed mutagenesis are
listed in Table 1B.

The final plasmid containing the hairpin and intronic sequences
was generated as follows: First, the hairpin according to Beal and
co-workers [25] was introduced upstream of the Renilla luciferase
open-reading frame. To this end, siCheck-M1k1 was restricted with
Nhel and treated with mungbean nuclease to remove the over-
hanging single-stranded ends. The hairpin was introduced by
filling in the overlapping oligonucleotides 5-ACCATGGCCCATCA

Table 1A
Primer sequences for substituting methionines for leucine in the Renilla luciferase
ORF.

Substituted Primer (5'-3")

methionine ATG

to CTG

M1 CGACTCACTATAGGCTAGCCACCCTGGCTTCCAAGGTGTACG

M1 CGTACACCTTGGAAGCCAGGGTGGCTAGCCTATAGTGAGTCG

M2 CGAGCAACGCAAACGCCTGATCACTGGGCCTCAGTGG

M2 CCACTGAGGCCCAGTGATCAGGCGTTTGCGTTGCTCG

M3 GCTCGCTGCAAGCAACTGAACGTGCTGGACTCC

M3 GGAGTCCAGCACGTTCAGTTGCTTGCAGCGAGC

M4 CCTGATCTGATCGGACTGGGTAAGTCCGGCAAGAGC

M4 GCTCTTGCCGGACTTACCCAGTCCGATCAGATCAGG

M6 GCTTGAGAATAACTTCTTCGTCGAGACCCTGCTCCCAAGCAA
GATCATGC

M6 GCATGATCTTGCTTGGGAGCAGGGTCTCGACGAAGAAGTTA
TTCTCAAGC

ATG to AGC

M4 CCTGATCTGATCGGAAGCGGTAAGTCCGGCAAGAGC

M4 GCTCTTGCCGGACTTACCGCTTCCGATCAGATCAGG

Table 1B
Primer sequences for inserting decoy kozak sequences in the Renilla luciferase ORF.

Position Primer (5'-3')

insertion

Kozak

sequence

1 CTCACTATAGGCTAGCCACCATGGCTTACCATGGGGTGTACGACCC
CGAGCAACGC

1 GCGTTGCTCGGGGTCGTACACCCCATGGTAAGCCATGGTGGCTAG
CCTATAGTGAG

1+M1 CTCACTATAGGCTAGCCACCCTGGCTTACCATGGGGTGTACGACCCC
GAGCAACGC

1+M1 GCGTTGCTCGGGGTCGTACACCCCATGGTAAGCCAGGGTGGCTAGC
CTATAGTGAG

2 CCTCAGTGGTGGGCTCGCTGCAAGCAACCATGGGTGCTGGACTCCT
TCATCAACT

2 AGTTGATGAAGGAGTCCAGCACCCATGGTTGCTTGCAGCGAGCC
CACCACTGAGG

3 CCTCAGTGGTGGGCTCGCTGCAAGCAACCATGGAACGTGCTGGA
CTCCTTCATCAACT

3 AGTTGATGAAGGAGTCCAGCACGTTCCATGGTTGCTTGCAGCGAGCC
CACCACTGAGG

4 GCTGGACTCCTTCATCAACTACCATGGTTCCGAGAAGCACGCCGAG
AACG

4 CGTTCTCGGCGTGCTTCTCGGAACCATGGTAGTTGATGAAGGAGTC
CAGC

5 CCTTCATCAACTACTATGATTCCGACCATGGCGCCGAGAACGCCGT
GATTTTTCTGC

5 GCAGAAAAATCACGGCGTTCTCGGCGCCATGGTCGGAATCATAGTA
GTTGATGAAGG

6 CGAGAACGCCGTGATTTTTCACCATGGTAACGCTGCCTCCAGC

6 GCTGGAGGCAGCGTTACCATGGTGAAAAATCACGGCGTTCTCG

CCATCACCATCACGTTTAGGTGGGTGGAATAGTATACCATTCGTGGTA
TAGTATCCCACCTACCCAGACGGGCGGCAGCGGC-3' and 5'-TCAGGC
TGCCGCCGCTGCCGCCGCTGCCGCCCGTCTGGGTAGGTGGGATACTAT
ACCACGAA-3'. With these oligonucleotides, the hairpin is preceded
by a Kozak sequence and a his tag, and followed by a glycine
(GGS)3 linker. Subsequently, we introduced the 5’-splice site with-
in the loop of the hairpin structure by site-directed mutagenesis
with the primers 5'-CGTTTAGGTGGGTGGAATAGTATACCATTCAGG
TAAGTGGTATAGTATCCCACC-3' and 5-GGTGGGATACTATACCACT
TACCTGAATGGTATACTATTCCACCCACCTAAACG-3'. For the subse-
quent insertion of the 3’-splice site, we first introduced a Nhel site
in the plasmid by site-directed mutagenesis with the primers 5'-CC
TACCCAGACGGGCGGCTAGCGGCGGCAGCGGC-3' and 5'-GCCGCTGC
CGCCGCTAGCCGCCCGTCTGGGTAGG-3'. The resulting vector was
restricted with Nhel and treated with mungbean nuclease. Finally,
the intronic sequences together with the 3’-splice site were intro-
duced by inserting the PCR product generated using siCheck-2
(Promega) as the template and with the primers 5'-ATCAAGGTTA
CAAGACAGG-3’ and 5-CTGCCGCCTGTGGAGAGAAAGGCAA
AGTGG-3'.

For generating the preedited hairpin structure, the to-be-edited
A was altered into a G by site-directed mutagenesis with the prim-
ers 5'-CCATCACCATCACGTTTGGGTGGGTGGAATAGTATACC-3' and
5'-GGTATACTATTCCACCCACCCAAACGTGATGGTGATGG-3'.

Transient transfections

To determine the functionality of the different Renilla luciferase
constructs, transient transfections were performed in Hela cells.
All transfections were done in 24-wells plates (Becton Dickinson
and Company, Franklin Lakes, NJ) using Superfect Transfection Re-
agent (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Forty-eight hours after transfection, cells were lysed
with cell culture lysis buffer (Promega, Catalogue Number E1960)
and luciferase activity was measured using a fluorometer (Thermo
Fisher Scientific, Waltham, MA). All constructs constitutively ex-
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