
Published online 25 September 2019 Nucleic Acids Research, 2019, Vol. 47, No. 20 10801–10814
doi: 10.1093/nar/gkz815

RNA binding candidates for human ADAR3 from
substrates of a gain of function mutant expressed in
neuronal cells
Yuru Wang, Dong hee Chung, Leanna R. Monteleone, Jie Li, Yao Chiang, Michael
D. Toney and Peter A. Beal*

Department of Chemistry, University of California, One Shields Ave, Davis, CA 95616, USA

Received April 03, 2019; Revised August 26, 2019; Editorial Decision September 11, 2019; Accepted September 16, 2019

ABSTRACT

Human ADAR3 is a catalytically inactive member of
the Adenosine Deaminase Acting on RNA (ADAR)
protein family, whose active members catalyze A-
to-I RNA editing in metazoans. Until now, the rea-
sons for the catalytic incapability of ADAR3 has not
been defined and its biological function rarely ex-
plored. Yet, its exclusive expression in the brain and
involvement in learning and memory suggest a cen-
tral role in the nervous system. Here we describe the
engineering of a catalytically active ADAR3 enzyme
using a combination of computational design and
functional screening. Five mutations (A389V, V485I,
E527Q, Q549R and Q733D) engender RNA deami-
nase in human ADAR3. By way of its catalytic ac-
tivity, the ADAR3 pentamutant was used to identify
potential binding targets for wild type ADAR3 in a
human glioblastoma cell line. Novel ADAR3 binding
sites discovered in this manner include the 3′-UTRs
of the mRNAs encoding early growth response 1
(EGR1) and dual specificity phosphatase 1 (DUSP1);
both known to be activity-dependent immediate early
genes that respond to stimuli in the brain. Further
studies reveal that the wild type ADAR3 protein can
regulate transcript levels for DUSP1 and EGR1, sug-
gesting a novel role ADAR3 may play in brain func-
tion.

INTRODUCTION

Adenosine deaminases that act on RNA (ADARs) catalyze
adenosine-to-inosine (A-to-I) editing in RNA (1), an es-
sential post-transcriptional modification for normal meta-
zoan life and believed to contribute to protein diversity,
regulate RNA processing and act as a blockade of auto-
immune response in higher organisms (2–4). Malfunctions
in ADARs are associated with human diseases, includ-

ing Aicardi-Goutieres Syndrome (AGS), Dyschromatosis
symmetrica hereditaria (DSH) and cancers (5–7). Three
members have been identified in the human ADAR fam-
ily; ADAR1, ADAR2 and ADAR3 (1). ADARs are com-
posed of double-stranded RNA binding domains (dsRBDs)
that facilitate substrate recognition and a C-terminal cat-
alytic (deaminase) domain that catalyzes the A-to-I deam-
ination (1). Uniquely, ADAR1 also harbors Z-binding do-
mains which facilitate binding to Z-conformation duplexes
and ADAR3 has an N-terminal arginine-rich domain which
enables it to bind to single stranded RNA (8,9). ADARs
deaminate adenosines within duplex RNAs using a base-
flipping mechanism (10).

Unlike ADAR1 and ADAR2, which are ubiquitously
expressed and catalyze deamination at thousands of sites
in the human transcriptome, ADAR3 is exclusively ex-
pressed in the brain and catalytic activity has not been
observed (11). Puzzlingly, the ADAR3 deaminase domain
contains key residues known to be important for the catal-
ysis of adenosine deamination (i.e. histidine and cysteine
residues that coordinate the catalytic zinc ion and a gluta-
mate residue that facilitates proton transfers) in ADAR1
and ADAR2, and shares high sequence similarity to the
ADAR2 deaminase domain (50% identity and 70% simi-
larity) (6,8). Although it is widely accepted that ADAR3
is catalytically inactive, the reason for its lack of catalytic
activity is not clear. It has been suggested that the absence
of ADAR3 activity is a result of its inability to dimerize
(12,13). There is also the intriguing possibility that ADAR3
targets and edits (or simply binds to) yet unidentified RNA
substrates in the brain (11,14).

While the studies for ADAR1 and ADAR2 have been
blooming over the years, those for ADAR3 are relatively
rare. However, the exclusive expression of ADAR3 in the
brain, which is the most highly edited organ in the adult
mouse, suggests a unique function for ADAR3 in the ner-
vous system (11). Indeed, Mladenova et al. recently re-
ported that ADAR3 is involved in memory and learning in
mice, demonstrating a central role in the mammalian ner-
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vous system (15); yet, the underlying molecular mechanism
is unclear.

It has been suggested that ADAR3 regulates the activ-
ity of ADAR1 and ADAR2 (8,16,17). For instance, in vitro
studies have shown that ADAR3 can inhibit editing on the
5-HT2cR RNA by ADAR1 and ADAR2 (8). In addition,
a recent study showed that ADAR3 can regulate editing of
the GluR B receptor mRNA in vivo, via its dsRBDs but not
its deaminase domain (17). The inhibitory role of ADAR3
on the editing activities of ADAR1 and ADAR2 was fur-
ther demonstrated by a recent study analyzing the overall
editing levels in relation to ADAR3 expression in various
brain tissues (16). Yet additional specific transcripts that
are competitively bound by ADAR3 are unknown, limit-
ing our understanding of the biological processes in which
ADAR3 may be involved as a binding competitor of the
other ADARs.

On the other hand, ADAR3 may have a direct effect
on the fate of cellular RNAs as an RNA binding protein,
independent of RNA-editing. Both ADAR1 and ADAR2
are involved in important biological processes indepen-
dent of their A-to-I editing functionality (18,19). Indeed,
human ADAR3 (hADAR3) has been shown to interact
with the GGGGCC expanded repeat in the endogenous
C9ORF72 RNA and the interaction appears to play a
role in the intranuclear GGGGCCexp RNA foci forma-
tion (20). The identification of additional cellular bind-
ing targets is required to fully define ADAR3′s biological
functions.

Here, in order to elucidate the reasons for the catalytic
incapability of ADAR3 and further provide insights into
its biological role, we carried out targeted mutagenesis to
generate a catalytically active ADAR3 and used the active
mutant to identify potential binding targets of the wild type
human ADAR3 protein. Combining computational design
using the Janus program (21,22) and functional screening of
ADAR2/ADAR3 chimeras, we enabled human ADAR3 as
an active deaminase by introducing five point mutations in
its deaminase domain. These results show that select, cat-
alytically critical residues, which had not previously been
appreciated, are altered in ADAR3. We show that the ac-
tive mutant efficiently deaminates RNA substrates both in
vitro and in vivo. Taking advantage of the capacity of the
active mutant to put inosine marks on bound substrates,
expression of the active mutant in the human glioblastoma
cell line U87, followed by whole transcriptome sequencing,
identified potential cellular binding targets of hADAR3.
The ADAR3-interacting RNAs identified in this manner
include transcripts with known ADAR1 and ADAR2 edit-
ing sites but also RNAs not previously known to interact
with any ADAR. Two particularly interesting novel targets
are 3′ UTRs of mRNAs of EGR1 and DUSP1, which are
known to be activity-dependent immediate early genes that
respond to stimuli in the brain. We have demonstrated the
interaction between the wild type ADAR3 and these two
mRNAs and, more importantly, that ADAR3 expression
can regulate the transcript abundance of these two genes in
cells. Our results suggest a novel function for ADAR3 as a
direct regulator of certain IEGs expression through 3′ UTR
interactions, one possible mechanism by which ADAR3 is
involved in cognitive processes in mammals.

MATERIALS AND METHODS

General methods

Components for yeast culture media were purchased from
BTS (biological grade peptone, yeast extracts and bio-
logical grade agar), BD (yeast nitrogen base w/o amino
acid) and Sigma-Aldrich (glucose, glycerol, lactate, galac-
tose, raffinose, amino acids, yeast synthetic dropout supple-
ment medium without uracil and yeast synthetic dropout
medium without tryptophan). Phusion hot start DNA poly-
merase was purchased from Thermo Scientific for high
fidelity DNA amplification. Restriction enzymes, T4 lig-
ase and other cloning enzymes were obtained from New
England Biolabs. Ligation products were transformed into
XL 10 gold cells. The sequences of plasmids were con-
firmed by Sanger sequencing. Plasmid extraction from Es-
cherichia coli was carried out with QIAprep Spin Miniprep
kit (Qiagen). Oligonucleotides were synthesized by Inte-
grated DNA Technology. Codon-optimized ADAR3 genes
were synthesized by Thermo Fisher Scientific.

Janus prediction

ADAR1 sequences were retrieved by searching the
hADAR1 full length protein sequence against the UniPro-
tKB protein sequences database using HMMER v3.1b2.
The Z-alpha domain was used as a signature to retrieve
ADAR1 sequences. ADAR2 sequences present in the
retrieved ADAR1 search were identified based on its 5′
binding loop sequence, and removed (23). A total of 84
ADAR1 sequences were identified. ADAR2 sequences were
retrieved by searching the full length hADAR2 sequence
against the UniProtKB protein sequences database using
HMMER v3.1b2. Returned sequences that did not contain
the 5′ binding loop motif of ADAR2 were removed. A total
of 124 ADAR2 sequences were retrieved. Two methods
were combined to search for ADAR3 sequences. First,
a PSI-BLAST search was done using the hADAR3 full
protein sequence. ADAR2 sequences were identified based
on its 5′ binding loop sequence and were removed. Second,
the ADAR3 full length sequence was searched against the
UniProtKB protein sequences database using HMMER
v3.1b2. Sequences from the two searches were combined
and a total of 89 ADAR3 sequences were retrieved.

Janus predictions employed sequence alignments gen-
erated using MUSCLE, with ADAR3 sequences as the
‘start’ group, and ADAR1 and ADAR2 sequences as the
‘target’ group. A homology model of the hADAR3 cat-
alytic domain was created using SWISS-MODEL and PDB
ID:5HP2 as a template. This structure was used as the refer-
ence structure for distance calculations in Janus. Atom 683
(O2 of E434) was used for measuring distances from the ac-
tive site. Janus 18v1 (see Supplementary Materials) was used
for mutation predictions with the human ADAR3 protein
sequence as the reference sequence.

ADAR protein constructs

Genes encoding ADARs for expression in yeast were in-
serted in yeast expression plasmid YEpTOP2PGAL1. The
hADAR3 gene codon-optimized for expression in yeast
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was synthesized by Thermo Fisher Scientific. To construct
ADAR3 libraries covering all possible combinations of the
top 11 mutations predicted by Janus, a PCR method named
MPPCR, developed to rapidly generate multi-site-specific
libraries of a gene of interest, was used (24). Specifically, mu-
tant megaprimers were first generated in separate PCR reac-
tions using a forward mutant primer and a reverse primer.
Subsequently, these megaprimers were mixed and used in
a single PCR reaction containing the ADAR3 gene tem-
plate and a forward primer. Cloning was performed us-
ing standard Gibson assembly protocols and used to trans-
form E. coli (DH5�) which generated a total of 5 × 107

transformants. The incorporation of all 11 mutations were
confirmed by sequencing analysis of the library mixture.
To generate hADAR2-D/hADAR3-D chimeric proteins, a
three-step PCR method was used (25). To introduce muta-
tions to hADAR3-D, QuikChange II XL site-directed mu-
tagenesis kit (Agilent) was used. The YEpTOP2PGAL1
yeast expression plasmid has a GAL1 promotor, a URA3
auxotrophic marker for selection of transformed yeast, and
an ampicillin resistance marker for selection of transformed
E. coli.

hADAR3 gene codon-optimized for expression in human
cells was synthesized by Thermo Fisher Scientific and in-
serted into the pcDNA 3.1 vector that has a CMV enhancer
and an ampicillin resistance gene for selection in E. coli.
Point mutations were introduced into hADAR3 gene using
QuikChange II XL site-directed mutagenesis kit. All con-
structs were confirmed by Sanger Sequencing.

Yeast growth and ADAR overexpression in yeast

Saccharomyces cerevisiae INVSc1 strains containing
ADAR genes were generated using a lithium acetate
protocol and grown on the complete media (CM) – ura
+ 2% glucose plates (26). Single colonies were picked and
used to inoculate 5 ml CM – ura + 2% glucose media
and incubated for 24 h at 30◦C with shaking at 275 rpm.
Cells were pelleted from 1 ml of each culture, washed
twice with ddH2O and used to inoculate 25 ml CM – ura
+ 2% raffinose + 3% galactose media for induction. The
galactose cultures were grown for 48 h at 30◦C with shaking
at 275 rpm.

Reporter assays

Reporter plasmids (BDF2 reporter for the colorimetric as-
say and yeGFP reporter for the fluorescence assay) used in
this study were described previously (26,27). The reporter
plasmids have a GAL1 promotor, a TRP1 auxotrophic
marker for selection of transformed yeast, and an ampi-
cillin resistance marker for selection of transformed E. coli.
Saccharomyces cerevisiae INVSc1 strain were sequentially
transformed with one of the reporters followed by plasmid
expressing ADAR and plated on complete media (CM) –
ura – trp + 2% glucose plate for growth. In the colorimet-
ric assay, single colonies were transferred to plates of CM
– ura – trp + 2% raffinose + 3% galactose treated with X-
�-Gal. Plates were incubated in 30◦C until the appearance
of a green color. In the fluorescence assay, single colonies
were picked from the culture plate and used to inoculate

5 ml CM – ura – trp + 2% glucose media for overnight
growth. The resulting culture (0.1 ml) was used to inocu-
late 20 ml CM – ura – trp + 3% glycerol + 2% lactate
media for another growth until the OD600 of the culture
reaches 1–2 (∼30 h). Galactose was then added to a final
concentration of 3% for induction. Cells were harvested af-
ter ∼20 h of induction and the same number of cells (108)
were pelleted, washed twice with PBS and measured for flu-
orescence in an Optiplate-96 black, black opaque 96-well
microplate (PerkinElmer) using a CLARIOstar plate reader
(BMG labtech), with excitation at 482/16 nm and emission
at 520/10 nm.

FACS screening of the ADAR3 mutant library

ADAR3 mutant library covering the top 11 mutations was
transformed to S. cerevisiae INVSc1 strain already harbor-
ing the yeGFP reporter using a high efficiency lithium pro-
tocol (28). A small fraction of transformation mixture was
plated on dropout plate to calculate transformation effi-
ciency. The transformation was estimated to cover at least
50-fold of the theoretical diversity of the library. The re-
maining transformation mixture was used to inoculate 10
ml CM – ura – trp + 2% glucose media and grew until
OD600 reaches to 7–8. The glucose culture was then used to
inoculate CM – ura – trp + 3% glycerol + 2% lactate media
(0.25 ml to 25 ml) and after an additional 36 h of growth
(OD600 = 1–2), galactose was added to a final concentra-
tion of 3% for induction. Cells collected after 24 h induc-
tion were washed twice and resuspended with PBS to 20 000
cells/�l. Cells were sorted using Beckman Coulter Astrios
EQ cell sorter at UC Davis flow cytometry shared resource
laboratory. GFP excitation was at 488 nm and emission at
529/28 nm.

In vitro deamination assay

hADAR3-D WT and the mutant protein M3 were overex-
pressed and purified from S. cerevisiae BCY123 strain using
protocols described previously (29). Purified hADAR3 pro-
teins were stored in 20 mM Tris–HCl, pH 8.0, 20% glycerol,
1 mM �-mercaptoethanol and 100 mM NaCl at −80◦C. The
200 nt BDF200 RNA and the 150 nt GLI1 mRNA used in
the deamination assays was transcribed in vitro and puri-
fied and refolded as described previously (26). The deam-
ination assays were performed under single-turnover con-
dition with 15 mM Tris–HCl PH 7.8, 41 mM potassium
glutamate, 20 mM KCl, 5 mM NaCl, 0.6 mM dithiothre-
itol, 1.4 mM EDTA, 0.003% NP-40, 4% glycerol, 1.0 �g/ml
yeast tRNAPhe, 160 units/ml RNAsin, 250 nM protein and
10 nM RNA. Each solution was incubated at 30◦C for 30
min before adding enzyme and each reaction was allowed to
proceed for different time periods at 30◦C prior to stopping
with either hot water or hot 1% SDS. Reacted RNAs were
phenol–chloroform extracted and ethanol precipitated. RT-
PCR was used to generate cDNA from deaminated RNA
and the resulting cDNA were subjected to Sanger sequenc-
ing. The sequencing data were quantified using Chromas
Lite (Technelysium) and ImageJ and were fit to the equation
[P]t = �[1 – e(-kobs*t)], where [P]t is the fraction of deamina-
tion product at time t, � is the fitted reaction end point, and
kobs is the fitted rate constant using KaleidaGraph.
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MD simulation

Molecular dynamics simulations were performed with
YASARA (30). The AMBER15IPQ forcefield was used
(31). Simulations were setup and run using the ‘md run’
macro provided with the program. A cubic cell extended
10 Å around the protein structure was used. Forcefield pa-
rameters for the protein bound Zn2+ ion were taken from
the literature (32). The md run macro fills the cell with wa-
ter, calculates pKa values for ionizable groups, neutralizes
the cell, and incorporates salt as specified (NaCl at 0.15 M
was used here). The cell was slowly heated to 25◦C and snap-
shots were taken at 0.05 ns intervals over the course of 10
ns of simulation. The data after a 2 ns equilibration period
were analyzed.

Measuring editing on endogenous yeast RNA and Western
blot

Following 48 h of induction, total RNAs were isolated
from yeast cells (S. cerevisiae INVSc1 strain) overexpressing
ADAR proteins using RiboPure-Yeast kit (Ambion). Edit-
ing on sites of interest was determined by amplifying ap-
proximately 200 bp cDNA surrounding the editing sites by
RT-PCR. The PCR products were then subjected to Sanger
sequencing. The experiments were performed in biological
triplicate.

For testing expression of ADAR3 in yeast INVSc1 cells,
the same number of cells (108) were harvested after 48 h
of induction for ADAR3 protein expression. Cells were
lysed with glass beads (Sigma Aldrich) and the cell lysates
were boiled and used directly for western blot analysis. The
ADAR3 protein has a 10× His-tag at its N-terminus and
was probed with a mouse His-probe antibody (Santa Cruz
biotechnology).

U87MG cell line culture and Western blot

Human glioblastoma cell line U87 was grown and main-
tained in DMEM (Gibco) supplemented with 10% FBS (In-
vitrogen, Carlsbad, CA, USA), 100 units/ml penicillin and
100 �g/ml streptomycin in 5% CO2 at 37◦C. Transfection
of plasmids encoding hADAR3 proteins was performed in
six-well plate with lipofectamine 3000 transfection reagent
(Life Technologies) when cells were grown to ∼90% conflu-
ence. Equal numbers of cells (∼106) 48 h post-transfection
were lysed with 125 �l native lysis buffer and cell lysate were
cleared by centrifugation. The supernatants (20 �l) were
used for Western blot analysis. The hADAR3 mammalian
expression constructs have a HA tag and were probed with a
mouse HA tag monoclonal antibody (Thermos Fisher Sci-
entific). Actin was used as a loading control and was probed
with actin antibody (Santa Cruz biotechnology).

RNA-seq

In six-well plates, 106 cells were transfected with 2.5 �g
hADAR3 M3 or hADAR3 M3 E434A plasmid DNA. To-
tal RNA was isolated from cells 48 h post-transfection us-
ing RNAqueous-4PCR kit. Strand-specific and barcode in-
dexed RNA-seq libraries were generated from 1 �g to-
tal RNA each after poly-A enrichment using the Kapa

Stranded mRNA-seq kit (Kapa Biosystems, Cape Town,
South Africa) following the instructions of the manufac-
turer. The fragment size distribution of the libraries was
verified via micro-capillary gel electrophoresis on a Bioan-
alyzer 2100 (Agilent, Santa Clara, CA, USA). The libraries
were quantified by fluorometry on a Qubit fluorometer (Life
Technologies, Carlsbad, CA, USA) and pooled in equimo-
lar ratios. The pool was quantified by qPCR with a Kapa Li-
brary Quant kit (Kapa Biosystems) and sequenced on one
lane of an Illumina HiSeq 4000 (Illumina, San Diego, CA,
USA) with paired-end 100 bp reads. The experiments were
performed in biological triplicate.

RNA-seq data analysis

Raw sequencing reads were subjected to quality con-
trol: the adapter sequences were removed using scythe
(https://github.com/vsbuffalo/scythe, version c128b19),
and the bases that have quality score below 30 were
trimmed using sickle (https://github.com/najoshi/sickle,
version 7667f147e6). All reads that passed the quality
control and had a minimum length of 30 bp were re-
tained for downstream analysis. Alignment was carried
out using STAR/2.5.2b (33) to the GRCh38 reference
genome and the annotation from Ensembl database (34).
PCR duplicates were removed using picard-tools/2.6.0
(http://broadinstitute.github.io/picard/). Single nucleotide
polymorphisms (SNPs) A-to-G were identified using
Freebayes/v1.1.0 (35), with the requirement of a mapping
quality ≥30 and a base quality ≥30. All known SNPs were
removed. In non-Alu regions, SNPs that are located within
4 base pairs of a known splice junction were removed
and sites in simple repeat regions were removed. High
confidence A-to-G SNPs were selected to have a minimum
quality score of 60 and have no <10 reads supporting the
site from all samples. High confidence A-to-G sites were
tested for differential editing between control (E434A) and
experiment (ADAR3 M3) using Fisher’s exact test for each
replicate pair. Raw P-values were adjusted for multiple
testing using Benjamini & Hochberg method (36). The sites
that have an FDR adjusted P-value <0.05 and the editing
level fold change >2 are considered to reach statistical
significance in differential editing and considered ADAR3
M3 editing sites. Annotations for overall A-to-I sites were
done with HOMER (http://homer.ucsd.edu/homer/ngs/).
Sequence motif for highest confidence ADAR3 M3 editing
sites were generated using WebLogo 3.

Confirmation of editing by Sanger sequencing

Nested RT-PCR was performed on total RNA samples
isolated from U87 cells transfected with hADAR3 M3 or
hADAR3 M3 E434A plasmid DNA as described above for
RNA-seq using Access RT-PCR kit (Promega) for 15 cycles
and then followed by Phusion Hot Start DNA Polymerase
(ThermoScientific) for the second PCR of 25 cycles. The re-
sulting PCR product was purified by agarose gel and Qiagen
Gel Extraction kit. The product was subjected to Sanger
sequencing and sequence traces were analyzed by 4Peaks
(Nucleobytes) to quantify percent editing.

https://github.com/vsbuffalo/scythe
https://github.com/najoshi/sickle
http://broadinstitute.github.io/picard/
http://homer.ucsd.edu/homer/ngs/
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ADAR3/RNA immunoprecipitation assay and quantification
by RT-qPCR

Human glioblastoma cell line U87 was grown and main-
tained in DMEM (Gibco) supplemented with 10% FBS (In-
vitrogen, Carlsbad, CA, USA), 100 units/ml penicillin and
100 �g/ml streptomycin in 5% CO2 at 37◦C. Once culti-
vated cells reached 70–90% confluency, 1.5 × 105 cells were
seeded into 24-well plate. Cells were transfected 24 h later
with 750 ng of hADAR3 wild type plasmid using Lipo-
fectamine 2000 (ThermoFisher Scientific). After 48 h, cells
were lysed with 150 �l of IP Lysis Buffer (Pierce) supple-
mented with Halt Protease Inhibitor (ThermoFisher Scien-
tific) and RNase Inhibitor (NEB) for 20 min at 4◦C with
gentle agitation. Cell lysates were then cleared by centrifu-
gation at 13 000 rpm for 15 min and 50 �l of lysate was
incubated with anti-HA magnetic beads (Pierce) for 4 h at
4◦C with gentle agitation. Magnetic beads and HA-tagged
hADAR3 binding complex was washed three times with
IP Lysis Buffer (Pierce) supplemented with Halt Protease
Inhibitor (ThermoFisher Scientific) and RNase Inhibitor
(NEB). Samples were then boiled in 0.1% SDS for 5 min.

Lysate prior to immunoprecipitation (input) and after
immunoprecipitation (IP) were treated with RQ1 RNase-
free DNase (Promega). RNA was then isolated using Tri-
zol Reagent (ThermoFisher Scientific) and precipitated.
RNA was resuspended in nuclease-free water and used
for RT-qPCR. For RT-qPCR, RNA was diluted for a
20 �l reaction using TaqMan™ RNA-to-CT™ 1-Step Kit
(ThermoFisher Scientific). TaqMan gene expression probes
(DUSP1, EGR1, GAPDH, �-actin and 18S rRNA) (Ther-
moFisher Scientific) were used. Samples were amplified us-
ing standard qPCR program for TaqMan™ RNA-to-CT™ 1-
Step Kit and is described as follows: initial holding at 48◦C
15 min, followed by denaturation at 95◦C 10 min, and fur-
ther followed by 40 cycles of: 95◦C 15 s and 60◦C 1 min.
The threshold cycle (Ct) was set using the software Bio-Rad
CFX Maestro (BioRad) on CFX Connect™ Real-Time Sys-
tem (BioRad). Transcript fold enrichment was determined
using 18S rRNA as reference gene and by comparing input
and post immunoprecipitation samples using the following
equation:

Transcript Fold Increase =
2−((Gene of InterestADAR3 HA tag IP−Gene of Interestinput)−(18S rRNAADAR3 HA tag IP −18S rRNAinput))

Transcript abundance by RT-qPCR Nested-RT PCR

Human glioblastoma cell line U87 maintenance and
ADAR3 plasmids transfection are as described above. After
48 h of transfection, cells were lysed and total RNA was col-
lected using RNAqueous 4PCR kit (Life Technologies) and
DNase treated with RQ1 RNase-free DNase (Promega).
For RT-qPCR, total RNA was used from cells overexpress-
ing ADAR3 wild type or control (human ADAR2 deami-
nase domain mutant, ADAR2-D E396A). TaqMan gene ex-
pression probes (DUSP1, EGR1, GAPDH, �-actin and 18S
rRNA) (ThermoFisher Scientific) were used. RT-qPCR was
done with the TaqMan™ RNA-to-CT™ 1-Step kit following
protocols as described above. Transcript fold increase was
determined using 18S rRNA as reference gene and com-
pared to empty pcDNA3.1 plasmid transfection samples
using the following equation:

Transcript Fold Increase =
2−((Gene of InterestADAR3−Gene of Interestempty pcDNA3.1)−(18S rRNAADAR3−18S rRNAempty pcDNA3.1))

RESULTS

Activating mutations in the ADAR3 deaminase domain pre-
dicted by Janus

We sought first to convert ADAR3 into an active deaminase
with limited mutations. In the absence of detailed struc-
tural information for wild type ADAR3, the bioinformat-
ics program Janus was used to predict mutations required
to revive activity. Janus is a bioinformatics tool that pre-
dicts and ranks mutations that can allow for functional in-
terconversion of two structurally similar, but functionally
distinct proteins. The program uses multiple sequence align-
ment information from the two proteins and scores the dif-
ferences in conservation and covariation of physicochem-
ical properties of each residue at a given position of the
alignment. The score is then weighed by the inverse dis-
tance of the residue to a given reference site from a struc-
ture, usually the active site. A ranked list of predicted muta-
tions in order of importance is generated in the end (21,22).
We focused the application of Janus on the isolated deam-
inase domain of ADAR3 (ADAR3-D). Predictions em-
ployed ADAR3-D sequences from different organisms as
the ‘start’ group that lacks activity and combined the se-
quences of both ADAR1 and ADAR2 deaminase domains
(ADAR1-D and ADAR2-D) as the ‘target’ group that has
activity (Figure 1A). Both ADAR1-D and ADAR2-D were
used as the target group to achieve maximum stringency in
defining residues critical to catalytic activity. Janus muta-
tion scores were weighted by the distance of the residue to a
reference site, which was the side chain OE2 atom of E434 in
the ADAR3 homology model, the presumed proton trans-
fer residue in the active site of ADAR3 (Figure 1A) (8,10).
The 11 highest ranking Janus-predicted mutations are listed
in Table 1.

Converting ADAR3 into an active deaminase

A fluorescent reporter assay and a colorimetric reporter
assay previously described were used here to evaluate the
importance of Janus-predicted mutations to activation of
ADAR3 (26,27) (Figure 1B). The assays link the deami-
nation of adenosine in a 5′-UAG-3′ stop codon to the ex-
pression of either yeast enhanced green fluorescent protein,
which fluoresces inside yeast cells, or �-galactosidase, which
is secreted from yeast cells and turn yeast colonies green
upon reaction of the x-�-Gal substrate present on the cul-
ture plate (Figure 1B). These two assays are advantageous
at providing quantitative evaluation of A-to-I editing activ-
ities and reporting on low editing activities, respectively.

We focused on the top 11 mutations predicted by Janus
listed in Table 1. Initial efforts included constructing an
ADAR3 mutant library comprising mutants introduced
with all possible combinations of these mutations. The re-
sulting library was estimated to cover >100-fold of the the-
oretical diversity of the designed library (211 = 2048), en-
suring examination of every unique library member. The li-
brary was screened with fluorescence-activated cell sorting
using the fluorescent reporter assay. No cells with outstand-
ing fluorescence intensities were identified; nevertheless top
2% most fluorescent cells of the whole population screened
(∼1 million) were collected and ADAR3 libraries plasmids
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Figure 1. Janus prediction and hADAR2-D/hADAR3-D chimeras for testing the importance of mutations predicted by Janus. (A) Workflow of Janus
program for predicting mutations important for ADAR3 activation. (B) Top: Scheme of the reporters for testing A-to-I editing activity (26,27). The
colorimetric reporter and the fluorescent reporter use �-galactosidase and yeGFP (yeast enhanced green fluorescent protein) as the reporter protein,
respectively. The secretion signal sequence exists only in the colorimetric reporter but not the fluorescent reporter. Bottom: sequence of the ADAR substrate
used in the reporters. The editing site is colored in red. (C) Scheme of composition of hADAR2-D/hADAR3-D chimeras. The numberings in the chimeras
are based on hADAR3 sequence. (D) A-to-I editing activity of the chimeras evaluated with the colorimetric reporter assay. ‘+’ indicates that yeast colonies
started turning green after >30 days of incubation; ‘++’ indicates 9 days; ‘++++’ indicates 4 days; ‘+++++’ indicates 2 days. (E) The effect of mutations
predicted by Janus on Chi322 activity using the fluorescent reporter assay. Mutations were introduced into Chi322. F/F0 is the ratio of fluorescence of
cells expressing each mutant construct divided by fluorescence of cells expressing hADAR2-D inactive mutant E396A. Error bar indicates SD, n ≥ 3.

regenerated from the harvested cells and transformed to
yeast cells harboring the colorimetric reporter (Supplemen-
tary Figure S1). The resulting transformants were plated
on the colorimetric plates and >2000 colonies were incu-
bated at 30◦C for an extended period (>30 days) for a green
phenotype. However, these two layers of screening failed to
identify any positive hit from this library, indicating that the
top eleven mutations do not cover all necessary mutations
needed to activate ADAR3.

We next assessed the importance of each of the top 11
mutations for activating ADAR3. This involved generat-
ing chimeric ADAR2/ADAR3 proteins. ADAR2-D and
ADAR3-D share high sequence similarity and are there-
fore likely to generate stable chimeras. A series of hADAR2-
D/hADAR3-D chimeric proteins were generated, with each
comprising ∼1/3 of hADAR3-D sequence and 2/3 of
hADAR2-D sequence (Figure 1C and Supplementary Fig-

ure S2A). The junctions between sequences from different
origins were chosen at the homologous sites in the unstruc-
tured loops (according to the ADAR2-D crystal structure)
to avoid perturbing local secondary structures (Supplemen-
tary Figure S4) (10). The chimeric proteins were tested using
the colorimetric screening assay and two chimeras (Chi322
and Chi223) appeared to be active (Figure 1C, D, Supple-
mentary Figure S2).

Among the top eleven mutations, six (H387R, A389V,
S411T, V435I, V436I, V485I) are located in the ADAR3 se-
quence in Chi322. We set out to evaluate the effect of each
individual mutation on the activity of Chi322 using both
the fluorescent reporter assay and the colorimetric reporter
assay. We found that the activity of Chi322 was too low to
generate above-background signal in the fluorescent assay.
Thus, to generate quantifiable fluorescence signal, an E to Q
mutation at the base flipping residue (E527Q in hADAR3)
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Table 1. Top mutations for activating ADAR3 predicted by Janus using E434a in active site as reference site

Scoreb Predicted change Score Predicted change

100 V485I 48 H496F
72 A389V 43 V435I
71 T556S 42 V436I
63 V586L 38 S411T
59 V598A 23 Q549R
48 H387R

aNumbering is based on human ADAR3.
bNormalized scores with highest scoring mutation set to 100.

known to enhance ADAR editing activity was introduced
in Chi322 (26,37). The resulting mutant generated a fluo-
rescence signal of ∼2.3-fold of that of the negative control
(Figure 1E). On the basis of Chi322 E527Q, each muta-
tion was further introduced individually, and activities of
the resulting mutants were evaluated using the fluorescent
reporter assay (Figure 1E). The fold change of fluorescence
signals relative to Chi322 E527Q was calculated for a quan-
titative evaluation of the effect of the introduced mutation
on the editing activity. Importantly, we found that muta-
tion A389V increased the fluorescence signal by more than
20-fold, suggesting a substantial increase in the activity of
the chimeric protein. Another mutation, V485I, increased
the fluorescence intensity by ∼3-fold, suggesting that this
mutation is also beneficial for activating the ADAR3 deam-
inase, albeit to a lesser extent. The other mutations did
not substantially increase the fluorescence signal, suggest-
ing that they do not contribute to ADAR3 deaminase ac-
tivity. Consistent with results from the fluorescent reporter
assay, the colorimetric reporter assay showed that A389V
mutation had the largest effect on editing activity of Chi322
and V485I had a beneficial but lesser effect whereas other
mutations tested showed no effect (Supplementary Figure
S3A–C).

The other active chimeric protein that was identified,
Chi223, contains hADAR3 sequence spanning aa667-
aa739. There is no mutation predicted by Janus for the
ADAR3 region in Chi223; however, the activity of Chi223
is not optimal suggesting activity-inhibitive elements in this
protein segment. The lack of Janus-predicted mutations in
this region is likely due to the large distance of this re-
gion from the reference site chosen in the original pre-
diction protocol, and the 1/distance mutation weighting
scheme employed here. The ADAR3 segment in Chi223
contains a region bound to an inositol hexakisphosphate
(IHP) molecule. The IHP molecule in ADAR is deeply
buried in the protein and is crucial for both the structure
and activity of ADARs (38).

We carried out a second Janus prediction using NZ of
K700 near the IHP molecule as the reference site, gener-
ating a new list of candidate mutations shown in Table 2.
We tested the top mutation, Q733D, in the background of
Chi223. Importantly, introducing this mutation to Chi223
clearly increased signal in the colorimetric reporter assay
to a level comparable to that of wild type ADAR2 (Figure
1D, Supplementary Figure S3D), indicating this mutation
is beneficial for activating ADAR3.

It is known that an E to Q mutation at the base flipping
residue of either ADAR1 or ADAR2 increases activities of

Figure 2. Converting human ADAR3 into an active deaminase by in-
troducing five mutations. (A) Evaluation of RNA editing activity of
hADAR3-D mutants using the fluorescent reporter assay. WT is the wild
type hADAR3-D. M1, M2 and M3 are hADAR3-D mutants introduced
with mutations as shown. F/F0 is the ratio of sample fluorescence di-
vided by negative control (inactive mutant) fluorescence. Error bar indi-
cates SD, n ≥ 3. (B) Editing of the catalytically active ADAR3 mutant M3
on BDF200 RNA substrate at t = 0 min and t = 60 min. The editing site
is shown by an arrow. (C) Fraction edited by ADAR3-D M3 in the BDF2
model substrate RNA as a function of time. Error bar means SD. n ≥ 3.

both enzymes substantially (26,37). We converted the pu-
tative base flipping residue of human ADAR3 (E527) to a
Q, giving rise to a single point mutant hADAR3-D protein
(M1) with no detectable editing activity, indicating that the
E527Q mutation alone is not sufficient to activate the deam-
inase (Figure 2A). We then introduced the three activity-
improving mutations identified above (A389V, V485I and
Q733D), giving rise to mutant hADAR3-D M2. With the
fluorescent reporter assay, hADAR3-D M2 generated no
positive signal (Figure 2A), indicating additional activity-
repressing elements in ADAR3. Previous studies showed
that residue R510 in ADAR2, which contacts the 3′ phos-
phodiester of the base opposite the editing site in the RNA
(i.e. the orphan base), when mutated to the corresponding
residue in ADAR3 (glutamine at position 549), led to a sub-
stantial decrease in the deamination efficiency of ADAR2
(10). This suggests that Q549 in ADAR3 may be activity in-
hibiting. Importantly, Q549R is one of the top ranked muta-
tions predicted by Janus for activating ADAR3 using either
reference site (Table 1, Table 2). We thus further introduced
the Q549R mutation into hADAR3-D M2, giving rise to
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Table 2. Top mutations for activating ADAR3 predicted by Janus using K700a at IHP site as reference site

Scoreb Predicted change Score Predicted change

100 Q733D 77 L442I
93 V709A 77 V436I
86 H496F 76 T556S
83 V598A 74 Q549R
78 H443R 68 H387R

aNumbering is based on human ADAR3.
bNormalized scores with highest scoring mutation set to 100.

mutant hADAR3-D M3. hADAR3-D M3 generated a clear
fluorescence signal whose intensity was comparable to that
generated by wild type hADAR2-D (Figure 2A and Sup-
plementary Figure S4)).

hADAR3-D M3 was overexpressed, purified and tested
for its editing activity in vitro on model RNA substrates.
The mutant protein showed clear editing activity on a seg-
ment of the yeast bromodomain factor 2 mRNA, the same
type of substrate used in the reporter assays (Figure 1B),
with a kobs of 0.076 ± 0.0045 min−1 (Figure 2B, C) (26). In
contrast, under the same condition, the wild type ADAR3-
D showed no editing. hADAR3-D M3 also edits a site from
the human glioma factor 1 (GLI1) mRNA (Supplementary
Figure S5), further demonstrating the deaminase activity of
this enzyme in vitro.

Next, we tested whether hADAR3-D M3 could deam-
inate previously identified editing targets of hADAR1-D
and hADAR2-D from the S. cerevisiae transcriptome. Here
we tested the editing activity of hADAR3-D M3 on these
RNAs by overexpressing hADAR3-D M3 in yeast. With
hADAR3-D M3 overexpressed in yeast, we observed ef-
ficient editing on nine known substrates (Supplementary
Table S1 and Supplementary Figure S6). Interestingly, al-
though the hADAR3-D M3 sequence is highly similar
to that of hADAR2-D, their selectivity among these nine
targets is clearly different (Supplementary Figure S6A).
We speculate that this is due to the substantial differ-
ences in their 5′ binding loops (Supplementary Figure S6B)
(10,39). On these RNAs, we further tested whether the
full length hADAR3 bearing the M3 mutations could also
perform editing in yeast cells. We overexpressed the full-
length hADAR3 M3 in yeast and found a clear, but gen-
erally lower editing compared to hADAR3-D M3 (Supple-
mentary Figure S6A). Western blots showed that the full-
length hADAR3 M3 was expressed to a much lower level
than the hADAR3-D M3 (Supplementary Figure S6C), in-
dicating that the low editing levels introduced by full-length
hADAR3 M3 are likely a result of its low expression level
in the yeast cells.

Mutations that activate ADAR3 appear to be involved
in stabilizing the base-flipped conformation necessary for
catalysis (see Discussion). Indeed, using the homology
model of hADAR3-D, we performed molecular dynam-
ics simulations comparing RNA complexes of hADAR2-
D, hADAR3-D and hADAR3-D M3. These simulations
suggest that the distance between the zinc-coordinated hy-
droxyl group and the C6 position of the reactive purine in
the complex with wild type ADAR3-D is longer than those
in complexes of ADAR2-D and ADAR3-D M3 (Supple-
mentary Figure S7).

RNA-seq to identify endogenous binding targets of hADAR3

Having shown that the mutant hADAR3-D M3 could effi-
ciently catalyze deamination on various RNAs both in vitro
and in yeast cells, we turned our attention to identifying
RNA substrates in human cells. McMahon et al. developed
the TRIBE method in which RNA binding proteins (RBPs)
are fused to a deaminase domain of an ADAR to detect the
binding targets of the RBPs (40). The deaminase domain
of ADAR causes A-to-I editing thus placing inosine marks
on the bound RNA, which are then identified by RNA-seq.
The method is advantageous over the conventional CLIP-
seq method in that it is more specific, requires less material,
and is more efficient for double stranded RNA binders (41).
Inspired by this method, we envisioned a similar approach
that would use full length hADAR3 M3 bearing the five mu-
tations to identify the binding targets of wild type human
ADAR3.

RNA binding selectivity by ADARs is controlled by the
double stranded RNA binding domains and the RNA bind-
ing surfaces in the deaminase domains (10,42,43). Impor-
tantly, none of the five mutations introduced in M3 is on a
primary RNA recognition surface of the deaminase domain
(i.e. 5′ or 3′ binding loop), although two mutations (E527Q
and Q549R) are expected to enhance contacts important
for stabilizing the base-flipped RNA conformation neces-
sary for deamination (see below) (10,44). Therefore, RNA
binding selectivity by hADAR3 is expected to be minimally
altered by the mutations introduced, and the editing targets
of the active full length hADAR3 M3 mutant should repre-
sent binding targets of the wild type hADAR3. As a control,
an inactivated mutant of hADAR3 M3 generated by mutat-
ing the proton transfer residue E434 to an alanine was used
to account for competitive binding by hADAR3. Overex-
pressing the full-length hADAR3 M3 in human cells should
cause elevated editing on bound RNA substrates compared
to the control E434A mutant, which could be identified by
RNA-seq (Figure 3A).

Wild type hADAR3 is normally only expressed in brain,
therefore we chose a brain-derived tumor cell line, glioblas-
toma U87 MG, to identify biologically relevant hADAR3
binding targets. The full-length hADAR3 M3 and its in-
active mutant E434A were similarly expressed in U87 cells
(Supplementary Figure S8).

Before identifying potential transcriptome-wide editing
targets of hADAR3 M3, we performed reverse transcription
followed by PCR to amplify regions surrounding the edit-
ing site in glioma factor 1 (GLI1) mRNA on total RNA iso-
lated from cells to evaluate the method. The GLI1 mRNA
is a substrate of both hADAR1 and hADAR2 (45) (and
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Figure 3. ADAR3-seq to identify cellular binding targets of hADAR3. (A)
Schematic of ADAR3-seq. (B) Overlap of candidate editing sites identified
from biological replicate I, II and III. (C) Editing levels of the 39 candidate
editing sites in the most confident group upon hADAR3 M3 overexpres-
sion versus inactive E434A overexpression calculated from data of RNA-
seq. X-axis is the names of the genes where the candidate editing sites are
located. Statistics of reads counts for these 39 sites across all samples show
that the lowest read count is 47, highest is 2673 and average is 333. Thus,
read count is not a limitation for editing level quantification. (D) Sequence
motif surrounding the candidate editing site (labeled with a red star) in the
most confident group. (E) Pie chart depicting the region distribution of the
candidate editing sites in the most confident group.

was shown to be efficiently edited by hADAR3-D M3 in
vitro (Supplementary Figure S5)). We found that GLI1 edit-
ing was elevated in cells transfected with the full length hu-
man hADAR3 M3, compared to cells transfected with the
E434A (Supplementary Figure S8B, C). This result vali-
dates the method and suggests that the GLI1 mRNA is a
binding target of hADAR3.

RNA-seq was used to identify transcriptome-wide bind-
ing targets of hADAR3. Each replicate consists of an
hADAR3 M3 experimental sample and an E434A con-
trol sample. Overall more than 20,000 A-to-I editing sites
were identified for each replicate, among which 42–46% are
overlapped with RADAR, a comprehensive repository of
known A-to-I sites (Supplementary Figure S9) (46). Each
replicate also covers around 17- 21% of editing sites re-
ported by Bahn et al. for U87 MG cell line (Supplemen-
tary Figure S9) (47); the low overlap is likely because we
and Bahn et al. have each identified a subset of editing sites
in this cell line. Approximately half the population of the
A-to-I editing sites we identified are located in repetitive re-
gions (Supplementary Figure S9A), in agreement with pre-
vious knowledge that most A-to-I editing events occur in

the repetitive regions. To identify ADAR3 M3 editing sites,
among the overall editing sites we further looked for sites
whose editing levels are elevated in the active ADAR3 ex-
pressed sample compared to the inactive mutant expressed
sample, following the bioinformatics criteria we applied (see
methods). Three biological replicates identified 73, 61 and
82 elevated editing sites (relative to the control, adjusted P
< 0.05) respectively which exhibited high overlap, indicating
the reproducibility of the method and reliability of the iden-
tified sites (Figure 3B, Supplementary Table S2). Sixty-four
sites are identified in at least two replicates and are consid-
ered more confident than other sites, while 39 sites show up
in all three replicates and are considered the most confident
sites (Supplementary Tables S3). We focused on the highest
confidence sites for further analysis. Figure 3C shows statis-
tics from the three replicates confirming that the editing lev-
els at the highest confidence sites are increased by overex-
pression of hADAR3 M3 compared to overexpression of
the inactive mutant.

The sequence motif surrounding the highest confidence
sites showed a preference for U and A 5′ to the editing
site and G and C 3′ to the editing site (Figure 3D), in
agreement with previously observed nearest-neighbor pref-
erences for ADARs, suggesting these are indeed hADAR3
M3 editing sites. The editing sites are mainly found in
coding regions (64%), with the rest distributed in 3′ UTR
(31%) and intron (5%) (Figure 3E). These RNAs encode
proteins with a variety of functions, such as transcrip-
tion regulation (EGR1, GTF3C1, NR1D1, ELK3 and
SETD8), cell signaling (DUSP1), mRNA decay (SMG5),
inflammation (SOCS3), cell autophagy (ATG13) and neu-
ronal signaling (DLG4). We searched two different online
databases of known RNA editing sites (REDIportal (2017)
and RADAR (2014)) and a recently reported compilation
of known human editing sites (46,48,49) and found that
many of the 39 highest confidence ADAR3 target tran-
scripts are known substrates for either ADAR1 or ADAR2.
However, hADAR3 M3 edits different adenosines in each
of these transcripts compared to ADAR1 or ADAR2, ex-
cept for PI4K2A, SMPD4 and IFI30. In addition, two of
the highest confidence ADAR3 target transcripts identified
here (DUSP1 and NBPF19) were not reported to be edited
by ADAR1 or ADAR2 in any tissue. We validated a few
hADAR3 M3 editing sites located in 3′ UTR (DUSP1 and
EGR1) and CDS (NR1D1, PI4K2A and SMG5) using re-
verse transcription followed by PCR and Sanger sequencing
(Figure 4 and Supplementary Figure S10).

ADAR3 binds to transcripts for immediate early genes
DUSP1 and EGR1 and regulates their expression levels in
cells

Among the novel ADAR3 binding genes identified, we fo-
cused our attention on two particularly interesting tran-
scripts; mRNAs of DUSP1 and EGR1. DUSP1 mRNA en-
codes for dual specificity phosphatase 1, also referred to
as MKP-1 (MAP kinase phosphatase 1). This enzyme de-
phosphorylates and inactivates MAP kinases such as ERK,
JNK and p38 and is an important negative feedback regu-
lator of MAP kinase activation (50–52). Another hADAR3
M3 editing target of note is EGR1 (early growth response
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Figure 4. ADAR3 target sites in 3′ UTRs of DUSP1 and EGR1. (A) Editing site for ADAR3 M3 in DUSP1 3′ UTR. (Top) Sequence adjacent to DUSP1
editing site with deamination site highlighted red and putative miR133a binding site underlined. (Bottom) Confirmation of editing by hADAR3 M3 at this
site in U87 cells by Sanger sequencing. (B) Editing site for ADAR3 M3 in EGR1 3′ UTR. (Top) Sequence adjacent to EGR1 editing site with deamination
site highlighted red and putative miR506 binding site underlined. (Bottom) Confirmation of editing by hADAR3 M3 at this site in U87 cells by Sanger
sequencing. (C) Quantification of editing by hADAR3 M3 at the DUSP1 and EGR1 3′ UTR editing sites U87 cells. Plotted values are averages of three
independent replicates ± standard deviation. (D) Fold enrichment of RNA transcripts in a RIP-qPCR experiment showing interaction of HA-tagged wild
type ADAR3 with DUSP1 and EGR1 RNAs in U87 cells. The fold enrichment was calculated by comparing RNA levels in samples after and prior to
HA-ADAR3 immunoprecipitation with the 18S rRNA as the internal reference gene. Plotted values are averages of three independent replicates ± standard
deviation. Statistical differences between groups were determined by t tests. **P < 0.01; ***P < 0.001; ns, not significant. (E) Effect of expression of wild
type ADAR3 in U87 cells on transcript levels measured by RT-qPCR (blue bars). The RNA fold increase was calculated relative to samples transfected with
empty vector with 18S rRNA as internal reference gene. Expression of an inactive mutant of the human ADAR2 (ADAR2-D E396A) does not alter levels
of these transcripts (grey bars). Plotted values are averages of three independent replicates ± standard deviation. Statistical differences between groups
were determined by t tests. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

1, a.k.a. Zif268) (53,54). EGR1 is a transcription factor
implicated in neuronal plasticity and memory formation
(53,54). Both EGR1 and DUSP1 are activity-dependent im-
mediate early genes (IEGs) that respond to stimuli in the
brain (53,55–57), indicating that ADAR3 may be involved
in cognitive processes through interaction with these genes.
We validated editing by hADAR3 M3 on the DUSP1 and
EGR1 transcripts in U87 cells using reverse transcription
followed by PCR and Sanger sequencing. In both cases,
hADAR3 M3 efficiently deaminates a site in the transcript’s
3′ UTR (Supplementary Table S1, Figure 4A–C), suggest-
ing that wild type hADAR3 binds to each RNA at the
3′ UTR. To confirm binding of wild type hADAR3 to
DUSP1 and EGR1 transcripts, we expressed HA tagged
hADAR3 in U87 cells and immunoprecipitated the tagged
protein followed by determination of the fold enrichment
of DUSP1 and EGR1 transcripts by the protein via RT-
qPCR. Our data showed that compared to samples prior to
immunoprecipitation, DUSP1 and EGR1 transcripts were
enriched by around 1.5-fold and 4.5-fold respectively, as
opposed to the control genes �-actin and GAPDH which
were not enriched, demonstrating the interaction between
hADAR3 and DUSP1 and EGR1 transcripts (Figure 4D).
Moreover, the adenosine deaminated further localizes the
ADAR3 binding site to a specific position within the 3′
UTR. In each case this corresponds to a location proxi-

mal to a predicted binding site for a miRNA (miR133a for
DUSP1 and miR506 for EGR1) (Figure 4A, B). These ob-
servations suggested that ADAR3 binding may have an ef-
fect on expression levels of DUSP1 and EGR1 by compet-
ing with miRNAs or other RNA-binding proteins that con-
trol transcript stability through 3′ UTR interactions. To test
this idea, we expressed wild type hADAR3 in U87 cells and
used RT-qPCR to assess transcript levels for both DUSP1
and EGR1. Importantly, hADAR3 expression caused an in-
crease in measured transcript levels for both DUSP1 (2.1
± 0.3-fold) and EGR1 (5 ± 1-fold), whereas �-actin and
GAPDH transcripts are unaffected (Figure 4E). For com-
parison, we also expressed an RNA-binding and deaminase
deficient mutant of human ADAR2 (ADAR2-D E396A)
and this had no effect on DUSP1 or EGR1 transcript levels
(Figure 4E).

DISCUSSION

A significant knowledge gap in our understanding of
ADAR3 function is its RNA binding profile. Traditionally,
ADAR1 and ADAR2 substrates are identified based on the
A-to-I editome, but this is not possible for ADAR3 due to
its lack of RNA editing activity. Thus, alternative strate-
gies, such as CLIP-seq, are required to identify binding
substrates for ADAR3. However, CLIP-seq requires large
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amounts of RNA as starting materials, suffers from high
level of non-specific crosslinking, exhibits low cross-linking
efficiency for dsRNA binding proteins as well as prevents
downstream analysis of binding sites due to the introduc-
tion of sequencing errors at the sites of crosslinking. We
envisioned that an activated version of ADAR3 would fa-
cilitate the identification of RNA substrates for ADAR3
by putting inosine marks on substrates to which it binds.
To this end, we engineered a catalytically active ADAR3
variant using a combination of computational prediction
and functional screening. Five mutations (out of 739 amino
acids; a mutation rate of 0.6%) engender RNA deaminase in
human ADAR3. These efforts have provided insights into
the catalytic incapability of the wild type protein (see be-
low), as well as enabled us to use the pentamutant enzyme
as a tool to identify potential cellular binding targets for
ADAR3. Further studies into the novel ADAR3 substrates
identified in this manner reveal that the wild type ADAR3
protein can regulate transcript levels for immediate early
genes DUSP1 and EGR1, suggesting a novel role ADAR3
may play in mammalian nervous system (see below).

Earlier domain swapping experiments established that
the N-terminal RNA binding region of human ADAR3
is functional, capable of binding both duplex and single
stranded RNA (8,11). Yet no catalytic activity could be
shown for the ADAR3 deaminase domain (8). This domain
is highly similar to the deaminase domain found in human
ADAR2 (50% identity and 70% similarity) and active site
residues involved in zinc binding and proton transfers are
present in the wild type ADAR3 sequence (1,8). However,
residues outside an enzyme active site can also be impor-
tant for catalysis, yet their identities and roles are more dif-
ficult to determine. To aid in identifying residues present in
ADAR3 that may be responsible for its lack of deaminase
activity, we turned to the Janus computer program, which
predicts mutations required to interconvert structurally re-
lated yet functionally distinct enzymes. Using sequences for
ADAR3 and the two active ADAR enzymes from differ-
ent organisms as Janus input, residues conserved in the ac-
tive ADARs but different in ADAR3s were identified and
ranked based on physicochemical properties and distance
from known functionally important reference points (e.g.
the zinc-containing active site and IHP-binding site). Using
this approach, we identified candidate mutations to convert
ADAR3 into an active RNA deaminase. A subset of these
mutations were then tested in ADAR2/ADAR3 chimeric
proteins to determine their effect on activity.

With this strategy we identified four relatively con-
servative mutations (A389V, V485I, Q549R and Q733D)
that, along with the known deaminase-activating mutation
E527Q, activated the ADAR3 deaminase. These five amino
acids are each involved in different aspects of ADAR catal-
ysis (Figure 5).

The A389V mutation is at a location in ADAR3 corre-
sponding to V351 in human ADAR2. In crystal structures
of the ADAR2 deaminase domain bound to RNA bear-
ing a transition state analog (8-azaN hydrate) at the editing
site, the side chain of V351 provides a hydrophobic surface
that anchors the edited base in position for catalysis (Fig-
ure 5A). An alanine at this position is likely to be less ef-
fective due to the shorter side chain. The V485I mutation

Figure 5. Interactions surrounding the hADAR3 mutations-
corresponding locations in hADAR2 (10). (A) V351 (corresponding
to A389 in hADAR3) mediates hydrophobic interactions with the edited
base. (B) I446 (corresponding to V485 in hADAR3) facilitate anchoring
the proton transfer residue E396. (C) Q488 and R510 (corresponding to
E527 and Q549 respectively in hADAR3) contacts the orphan base of
RNA substrate. (D) D695 (corresponding to Q733 in hADAR3) has a
water-mediated contact to IHP.

corresponds to I446 in ADAR2. Here the side chain of the
isoleucine residue contacts that of E396, positioning it for
proton transfers to and from the reacting base during catal-
ysis (Figure 5B). The Q549R and E527Q mutations alter
residues involved in stabilizing the base-flipped conforma-
tion of the nucleotide opposite the editing site (i.e. the or-
phan base) during catalysis (Figure 5C). Finally, the Q733D
mutation (corresponding to D695 in ADAR2) is located at
the IHP binding site. The side chain of D695 is involved
in water-mediated hydrogen bonding to an IHP phosphate,
and a glutamine at this location is likely to disrupt this in-
teraction (Figure 5D). Results from a molecular dynamics
simulation were consistent with the notion that the five mu-
tations stabilize a conformation of the protein-RNA com-
plex involving close approach of the reactive zinc-hydroxide
to adenine C6 (Supplementary Figure S5). Given the ex-
tent of changes necessary at residues involved in different
aspects of adenosine deamination, we think it unlikely that
wild type ADAR3 is a functional RNA deaminase.

Using the active human ADAR3 M3, we attempted to
identify binding partners of the wild type protein with
RNA-seq technology. In total, 103 confident positive hits
were identified as hADAR3 M3 sites from the three biolog-
ical replicates, with 39 appearing in all three replicates, 25 in
two replicates and 49 in one replicate (Supplementary Ta-
ble S2 and S3). Thus, 39 highest confidence hADAR3 M3
editing sites were identified here revealing not only the iden-
tity of transcripts that interact with ADAR3 but also the
specific location of the binding site near the adenosine that
is deaminated. The highest confidence hADAR3 M3 edit-
ing sites discovered here are mainly located in coding se-
quences (Figure 3E), This is likely due to that overexpres-
sion of hADAR3 M3 did not cause statistically significant
changes in editing at most sites in the repetitive regions, thus
they were not identified as hADAR3 M3 editing sites by
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our protocol. We believe that expression of ADAR3 along
with knocking down ADAR1 and/or ADAR2 to decrease
RNA editing background would significantly expand the
ADAR3-editing list reported in this study. Besides, prior
to performing RNA-seq, we found that editing on the Gli1
RNA, which is also edited by both ADAR1 and ADAR2,
was improved from ∼10% upon overexpression of inactive
hADAR3 M3 E434A to around 17% with overexpressed
hADAR3 M3 (Supplementary Figure S8). However, this
site was not identified by RNA-seq due to low read cover-
age of the gene. This suggests that additional positive sites
might be identified with deeper sequencing. It is also possi-
ble that important ADAR3 binding RNAs could be missed
by our approach if the RNA lacks an adenosine positioned
to react in the binding site.

While this manuscript was in preparation, Mladenova
et al. reported genes that are differentially expressed in
response to ADAR3 deficiency (15). Importantly, among
the ADAR3-dependent genes they reported, 14 overlap
with positive hits identified here: BCAR1, DLG4, EGR1,
FASN, CRKL, HK2, ZYX, MARK2, APBB1, TLE3,
NFIX, KMT2B, PRKAR2A and ABL. These common tar-
gets identified in two independent studies suggest that they
are true binding partners of ADAR3 and corroborate our
method of using activated ADAR3 to identify binding part-
ners of the wild type hADAR3. Indeed, we have confirmed
via an immunoprecipitation followed by qPCR assay the
binding of the wild type ADAR3 to two (DUSP1 and EGR1
transcripts) of the RNAs identified by our method (Figure
4D).

The importance of defining the RNA binding partners
for ADAR3 is highlighted by recent discoveries that impli-
cate ADAR3 in learning and memory and in various dis-
eases, including acute lymphoblastic leukemia, hepatocellu-
lar carcinoma, brain tumors and Alzheimer’s disease (58–
61). Previously it was known that ADAR3 acts as a com-
petitive binder for the other two ADARs thereby regulates
RNA editing negatively (Figure 6). However other mech-
anisms by which ADAR3 might regulate RNA processing
are unknown. Particularly intriguing among our findings
were ADAR3 binding sites in 3′-UTRs for the immediate
early genes (IEGs) EGR1 and DUSP1 (Figure 3, Figure 4).
The expression of IEGs in response to new sensory expe-
riences is important for changes to synapses, learning and
memory (53,56,57). However, the precise mechanisms by
which these expression levels are controlled are not com-
pletely understood (57). Interestingly, the ADAR3 M3 edit-
ing sites found in both the EGR1 and DUSP1 3′-UTRs are
near predicted miRNA binding sites suggesting a possible
competition between ADAR3 and miRNAs for the same
sites (62). Furthermore, the stability and translation effi-
ciency of DUSP1 mRNA are known to be regulated by
protein binding to its 3′ UTR (63). Indeed, the dsRBD-
containing protein NF90 binds the DUSP1 3′ UTR and
increases transcript half life (63). The transcript stabilizing
protein HuR also binds the DUSP1 3′-UTR (63). An ear-
lier study demonstrated that HuR and ADAR1 cooperate
to bind and stabilize specific mRNAs (64,65). Indeed, we
found here that ADAR3 expression in U87 cells increases
transcript abundance for both DUSP1 and EGR1. These
results suggest that one mechanism by which ADAR3 could

Figure 6. Known ADAR3 function as a competitor of ADAR1 and
ADAR2 and proposed new function for ADAR3 as a direct regulator of
IEGs RNA stability.

influence cognitive processes is by directly regulating tran-
script levels for certain IEGs through competitively binding
to 3′ UTR which could be otherwise a target of miRNAs or
other RNA-binding proteins (Figure 6). Additional experi-
ments will be necessary to further test this hypothesis.

We also found that a large fraction of ADAR3 binding
sites identified by our protocol are located in the CDS re-
gion of RNAs. It is possible that by binding to the CDS
region of RNAs, ADAR3 could regulate RNA translation
and/or splicing. Further studies will be necessary to de-
termine the consequence of ADAR3 binding to these and
other RNA targets identified here.

Looking forward, we envision that the active mutant
ADAR3 M3 introduced in this study will be invaluable for
future studies of ADAR3 structure and biology. Further im-
provement of the mutant will be possible, with potential ap-
plication in site-directed RNA editing (66–68), given the ef-
ficient editing activity and distinct deamination specificity
exhibited by the ADAR3 mutant compared to ADAR1 and
ADAR2. Finally, our study exemplifies a success in combin-
ing a bioinformatics tool and functional screening to acti-
vate an intrinsically inactive protein. Similar approach may
be used to activate catalytically inactive members in other
protein families and utilizing the active versions of the pro-
teins to study their function in the biological context may
be widely appreciated by other fields.
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