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ABSTRACT

Site-directed A-to-l RNA editing is a technology for
re-programming genetic information at the RNA-
level. We describe here the first design of genetically
encodable guideRNAs that enable the re-addressing
of human ADAR2 toward specific sites in user-
defined mRNA targets. Up to 65% editing yield has
been achieved in cell culture for the recoding of a
premature Stop codon (UAG) into tryptophan (UIG).
In the targeted gene, editing was very specific. We
applied the technology to recode a recessive loss-of-
function mutation in PINK1 (W437X) in HeLa cells and
showed functional rescue of PINK1/Parkin-mediated
mitophagy, which is linked to the etiology of Parkin-
son’s disease. In contrast to other editing strategies,
this approach requires no artificial protein. Our novel
guideRNAs may allow for the development of a plat-
form technology that requires only the administra-
tion or expression of a guideRNA to recode genetic
information, with high potential for application in bi-
ology and medicine.

INTRODUCTION

RNA editing alters genetic information at the RNA-level
by insertion, deletion or modification of nucleotides (1).
The catalytic deamination of adenosine (A) gives inosine
(I) that is biochemically read as guanosine. In consequence,
A-to-I RNA editing alters the function of RNAs in vari-
ous ways. Amino acids are substituted, miRNA recognition
(2,3) and splicing (4) are altered. In the human transcrip-
tome, the classic example for amino acid substitution is the
editing of the glutamate receptor GluR2 transcript at two
sites, the R/G and the Q/R site, with the latter one being
essential for nervous system function (5,6). A-to-I editing is

carried out by two ADARs (adenosine deaminases acting
on RNA), ADARI1 and ADAR?2 in different isoforms (7).
An alteration of RNA editing is linked to various neurologi-
cal diseases including behavioral disorders, epilepsy and the
Prader—Willi syndrome (8-11). Knock-out of ADAR2 in
mice leads to an early dead of the newborn due to seizures.
Interestingly, this phenotype can be rescued by genomic in-
sertion of an R at the Q/R site in GluR2 (12). Mutations in
ADARI1 are linked to the Aicardi-Goutieres syndrome, (13)
an autoimmune disease and others, including dyschromato-
sis (14). Knock-out of ADARI function in mice results in
early embryonic fatality, (15,16) which can be rescued by
a simultaneous knock-out of dsSRNA sensing via MDAS
(17,18). Both, hyper (19)- and hypoediting (20) have been
associated with cancer (21-23). Whereas ADARI1 is ubiq-
uitously expressed in various tissues, ADAR?2 is mainly ex-
pressed in neurons (24). Both enzymes are promiscuously
recruited to hundreds of thousands of double-stranded
RNA structures by their N-terminal dsRNA binding do-
mains (dsRBD) (25,26). Thus, editing is relatively unspe-
cific, happens massively in Alu repeats, and on dsRNA
structures of >30 bp (27). However, some RNA substrates,
containing bulges and loops, are edited in a highly specific
manner (7). In particular, the precise and efficient editing
at the R/G site of the GluR2 transcript results from a de-
fined positioning of ADAR2 by the interaction of its two
dsRBDs with the exon/intron border of the transcript (28).

Re-directing RNA editing to user-defined targets allows
altering genetic information in a highly rational way (29).
Various applications in basic biology and medicine are con-
ceivable. Even though limited to A-to-I substitution, the
scope is large. It includes the targeting of most polar amino
acids (Gln, Arg, His, Tyr, Ser, Thr and others), which play
essential roles in enzyme catalysis, signaling and posttrans-
lational modification. Furthermore, stop, start, splicing sig-
nals and miRNA recognition sites can be manipulated.
Thus, site-directing RNA editing at specific sites on user-
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defined targets has an immense potential for the manipu-
lation of protein function, RNA processing, and could be
used to attenuate disease phenotypes (29). Such a strategy
would complement current genome editing approaches (30)
in several aspects. The transient and thus reversible nature
of RNA manipulation could be beneficial with respect to
ethical issues and safety aspects. Both, therapeutic and po-
tential adverse effects are likely to be tunable and reversible.
Furthermore, manipulations are conceivable that are inac-
cessible at the genome level. This includes amino acid or
transcript level changes that would kill a cell if they are per-
manently enforced. Potentially lethal interventions on ki-
nases, apoptosis factors, coagulation factors, (31) transcrip-
tion or translation factors could be realized on the RNA-
level suddenly, transiently or partially to obtain a thera-
peutic effect. Manipulation at the RNA-level might also
be much more efficient compared to HDR-dependent gene
correction, which remained persistently inefficient in vivo,
(30) in particular in postmitotic tissues like the brain. For
many genetic diseases caused by recessive loss-of-function
mutations, a drug that can restore a small fraction (like 5%)
of functional gene product in a large fraction of a tissue is
superior to a drug that can restore full gene function (100%)
but only in a small fraction of the tissue. A typical example
is cystic fibrosis (32).

Site-directed RNA editing is not a new concept. The first
trial goes back to the pioneering work of Tod Woolf and
colleagues who could demonstrate already in 1995 to elicit
RNA editing in a reporter mRNA inside Xenopus eggs
when the mRNA was hybridized with a 52 nt long, unstruc-
tured guideRNA prior to microinjection (33,29). However,
the main issue of low efficiency and in particular off-site
editing in the guideRNA/mRNA could not be solved at
that time. In 2012 and 2013, we (34,35) and the lab of Joshua
Rosenthal (36) have reanimated the concept of site-directed
RNA editing by independent engineering of artificial edit-
ing enzymes that address the catalytic activity in a highly
rational way with the help of external guideRNAs. Such
strategies work inside mammalian cell culture and even in
a simple organism (37) and allow the repair of disease-
relevant genes, like the CFTR (36) mRNA. Chemical mod-
ification of the guideRNA was shown to improve specificity
(35). Even though feasible and expandable for multiplex-
ing approaches, both established strategies require the ex-
pression of an engineered deaminase. With respect to this
limitation, we were wondering if it may become possible
to harness the endogenous human ADARSs for site-directed
RNA editing, again with external guideRNAs. As ADARs
are well expressed in neurons, (24) such a strategy could en-
able the attenuation of (neuron-related) disease phenotypes
related to loss-of-function mutations simply by administra-
tion or ectopic expression of a small guideRNA.

Neurodegenerative diseases are a global challenge of to-
morrow (38). Their enormous costs in healthcare threaten
the welfare system. Parkinson’s disease (PD) affects the
central nervous system, destroys motion control, is often
accompanied by neuropsychiatric disorders and character-
ized by a slow progression (39). The disease results from a
loss of dopaminergic neurons in the substantia nigra and
is typically accompanied by the formation of Lewy bod-
ies. Several genes are linked to inherited forms of PD in-

cluding numerous mutations in a-synuclein, Parkin, PINK 1
or LRRK?2. However, some forms of hereditary early-onset
forms of PD are linked to single mutations in one gene,
like W437X in PINK1 (40). Studying such mutations has
proven valuable for the elucidation of the mechanism un-
derlying specific forms of PD. Recent research shows that
PINK1 and Parkin work together in a mitochondria qual-
ity control pathway, where damaged depolarized mitochon-
dria are eliminated by the process of autophagy, termed mi-
tophagy. The PINK1 kinase-function is required in an ini-
tial and essential step of mitophagy, which is the recruit-
ment of cytosolic Parkin to the damaged mitochondria and
the formation of perinuclear clusters (41). A single G-to-
A nucleotide exchange in PINK1 has been described that
changes Trp437 into a premature Stop codon and truncates
PINK1’s C-terminus by 145 amino acids including the func-
tionally important kinase domain (40). This results in the
impairment of the Parkin-dependent perinuclear clustering,
clearance of damaged mitochondria and is linked to early-
onset PD.

Here, we describe the rationale for the design of
guideRNAs to harness human ADAR?2 for site-directed
RNA editing. We demonstrate the feasibility of the ap-
proach by the repair of a neuron-related disease-causing
point mutation and show functional rescue of a mitophagy
phenotype.

MATERIALS AND METHODS

Protein production

Wild-type human ADAR?2 (with a C-terminal Hisg-tag) was
produced from yeast (YVHI10), purified by nickel and hep-
arin affinity chromatography similar as described before
(42). For details see Supplementary Material.

R/G-guideRNA synthesis

R/G-guideRNAs were produced by T7 in vitro transcrip-
tion. The guideRNAs were cleaved during transcription
from a cis-acting hammerhead ribozyme (TA TTCCACCT
GA TGAGTTTTTA CGAAACGTTC CCGTGAGGGA
ACGTC*GTGGAATA, the guideRNA starts after the as-
terisk that marks the cleavage site). The guideRNAs were
purified by urea (7.5M) PAGE (8%, 1xTBE), isolated by the
crush soak method and precipitated with ethanol.

In vitro editing

Editing assays were performed with purified mRNAs,
guideRNAs and ADAR2-Hisg protein. mRNA (0.5 or 25
nM), guideRNA (5 or 125 nM) and ADAR2 (180 or 350
nM) were incubated in reverse transcription buffer (75 mM
KCl1, 25 mM Tris-HCI, 2 mM DTT, pH 8.3) and the indi-
cated amounts of magnesium (1.5 or 3 mM), and spermi-
dine (0, 0.5 or 2 mM). Editing reactions were cycled three
times between 37°C (30 min) and 30°C (30 min) and were
stopped by addition of a sense oligomer that displaces the
guideRNA from the mRNA. After reverse transcription
and Tag-PCR, DNA was analyzed by Sanger sequencing.
The editing yields were estimated by the relative areas of
the guanosine versus adenosine traces.
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Cellular editing

(a) under transient ADAR2 expression: ADAR2 (lack-
ing the His-tag) was subcloned into the pcDNA3.1 vec-
tor as described in the Supplementary Material. The R/G
guideRNAs were subcloned into the pSilencer2.1-U6hygro
vector under control of U6 promoter and terminator. The
W58X eGFP gene was cloned into the pcDNA3.1 vector
as described before (29). 293T cells were cultivated with
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 1% P/S, 37°C, 5% CO,. Cells (1.75
x 103 /well) were seeded into 24-well plates and were 24
h later transfected with the indicated amounts of plasmids
using Lipofectamine 2000. Plasmid amounts have typically
been 300 ng ADAR2, 300 ng W58X GFP, 1300-1600 ng
guideRNA per well. For details see Supplementary Figures
S8-S15. After the indicated time after transfection (typi-
cally 48 h) editing was evaluated by fluorescence microscopy
(Zeiss AxioObserver.Z1) and RNA sequencing. For the lat-
ter, total RNA from the cells (Qiagen RNeasy Mini Kit) was
DNasel-digested, followed by reverse transcription, Taq-
PCR amplification and Sanger sequencing. (b) under ge-
nomic ADAR2 expression: the 293 Flp-In T-REx system
(Life Technologies) was used for stable integration of a sin-
gle copy of ADAR?2 at a genomic FRT-site in the cells.
Briefly, 4 x 10° cells were seeded on a 10 cm dish. After one
day, 1 wg of ADAR2 in a pcDNAS vector under control of
the tet-on CMV promoter, and 9 ng of pOG44 expressing
the Flp recombinase were transfected with Lipofectamine
2000 (30 wl). One day later, the medium was changed for at
least two weeks to selection medium (DMEM, 10% FBS,
100 wg/ml hygromycin B, 15 wg blasticidin S). Cells were
kept in selection medium prior to the editing experiment
which was then done in the absence of antibiotics. Edit-
ing: 3 x 10° /well were seeded in poly-D-lysin-coated 24-well
plates. Twenty four hours later, transfection was performed
with GFP (300 ng) and R/G-guideRNA (1300 ng) using
Lipofectamine 2000. GFP phenotype was analyzed by flu-
orescence microscopy. RNA was isolated and sequenced as
described above 72 h post transfection. The sequences of all
guideRNAs are given in Supplementary Table S1.

Mitophagy assay

HeLa cells (PINK 1 wt or KO) were cultured under standard
conditions (DMEM + 10% FBS, 37°C, 5% CO;). The mi-
tophagy assay was performed in 24-well dishes. Each well
contained a cover-slip coated with poly-D-lysine (Sigma
Aldrich). The cells were seeded at 2.5 x 10*/well. After 24
h, cells were transfected with the indicated plasmids using
FuGene6 (Promega) following the manufacturer’s instruc-
tions. If not indicated plasmid amounts/well were 300 ng
for EGFP-Parkin, 300 ng for PINK W437amber and 300 ng
editing vector. In control experiment Figure 4, d) 1300 ng of
a guideRNA plasmid based on pSilencer lacking ADAR?2
was co-transfected instead of the editing vector. In control
experiment Figure 4, e), 200 ng of an editing vector lacking
any guideRNAs but containing ADAR2 was co-transfected
instead of the original editing vector. Treatment with 10
pM CCCP (in DMEM + 10% FBS) was either performed
46 h after transfection for 2 h or 24 h after transfection
for 24 h. To visualize the mitochondria with a membrane
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potential sensitive dye, like MitoTracker Red CMXRos, a
CCCP wash out was performed. For this, the depolariz-
ing agent CCCP was washed out by changing the media
twice every 15 min. Then the cells were incubated with
100 nM MitoTracker Red CMXROS (Invitrogen, M7512)
in DMEM for 30 min at 37°C prior fixation or harvest-
ing. Always 48 h after transfection, cells were washed with
phosphate buffered saline (PBS) and then either fixated (4%
paraformaldehyde/PBS) for immunocytochemical staining
(A) or harvested for RNA isolation (B). (A) For immuno-
cytochemical staining, the cells were washed 3 times with
PBS and permeabilized with 1% Triton-X-100 in PBS for 5
min. After additional 3 washing steps, the cells were blocked
in 10% FCS in PBS for 1 h at RT and incubated with fol-
lowing antibodies for 2 h at RT: mouse anti-ADAR?2 (Santa
Cruz, sc-73409) and rabbit anti-PINK 1 (Novus Biological,
BC-100-494). Subsequently, the cells were incubated with
secondary antibodies: goat anti-rabbit or anti-mouse Alexa
Fluor 568, 647 or 350. The nuclei were counterstained with
Hoechst33342 in PBS. The cover-slips were mounted on
glass-slides using Dako fluorescent mounting medium. The
cells were analyzed using an Axio-Imager equipped with
ApoTome (Zeiss). (B) RNA was isolated from the cells (Qia-
gen RNeasy Mini Kit). This was followed by DNasel digest,
reverse-transcription, amplification and Sanger sequencing.
For further details see the Supplementary Material.

RESULTS AND DISCUSSION
Design of a trans-acting guideRNA

At the R/G-site of the natural GluR2 transcript, a cis-
located intronic sequence folds back to the exon under
formation of a bulged stem loop structure that recruits
ADAR?2 via its two dsRBDs (Figure 1A). A trans-acting
guideRNA is conceivable that contains a part of the nat-
ural cis-acting R/G-motif in combination with an mRNA-
binding platform to bind an arbitrary mRNA in order to re-
cruit ADAR? for site-directed editing. We designed a trans-
acting guideRNA based on available structural information
on the binding complex of dsRBD1 and 2 with the R/G-
hairpin structure (28). We decided to cut the native R /G-site
between the two guanosines five and six nucleotides down-
stream of the editing site (Figure 1A). This position ap-
peared most suitable to harbor the protruding mRNA un-
der minimal interference with dsRBD?2 recognition and the
deaminase domain. The latter assumption was confirmed
by a recent crystal structure of the ADAR2 deaminase do-
main with an RNA model substrate (43).

Human ADAR?2 gives highly efficient editing ir vitro

First, we studied the new editing strategy in the polymerase
chain reaction (PCR) tube with purified guideRNAs and
ADAR?2 protein. A reporter mRNA (cyan fluorescent pro-
tein) that contains a single G-to-A point mutation gen-
erating a nonsense stop signal (Trp®—amber) served as
substrate (Figure 1), as described before (34,42). Wild-type
human ADAR2 was expressed and purified from yeast
(YVH10), as described before (42). To minimize charge re-
pulsion and crowding at the exit of the mRNA, we gen-
erated guideRNAs with strictly homogenous 5-r(GUGG)
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Figure 1. (A) Engineering the natural cis-acting R/G-site into a trans-acting guideRNA that steers wild-type hADAR?2 to a reporter mRNA (CFP) to
repair the Stop codon 66 (UA*G) to tryptophan. (B and C) In vitro RNA editing experiments in absence and presence of spermidine and of the R/G-
motif in the guideRNA. Targeted adenosine is marked with an arrow; off-site editing around adenosine 381 is marked with *. The sequence of the control
guideRNA lacking the R /G-motif was 5'-NNN GAACACCCC*AGCACAGA. (B) Editing under high concentrations ((ADAR2] = 350 nM, [guideRNA]
=125 nM, [mMRNA] = 25 nM, [Mg] = 3 mM). (C) Editing under low concentrations ((ADAR?2] = 180 nM, [guideRNA] = 5 nM, [mRNA] = 0.5 nM, [Mg]

=1.5mM).

ends by in vitro transcription from a hammerhead cassette
(44). Initially, we used a guideRNA with a 16 nt reverse
complementary mRNA binding site that puts the targeted
adenosine in a mismatch with cytosine. The targeted adeno-
sine was kept at a distance of five intervening base pairs to
the 5'-terminus of the R /G-helix and was mismatched with
cytosine (Figure 1A).

First, we tested the system at high concentrations of all
components ((mRNA] = 25 nM, [guideRNA] = 125 nM,
[ADAR2] = 350 nM) in presence of 3 mM magnesium. Full
A-to-I conversion at the targeted site (A200) was achieved
(Figure 1B, (a)). However, in contrast to our engineered
SNAP-ADAR deaminase, (34,42) wild-type ADAR2 was
dramatically more reactive and gave massive off-target edit-
ing, with full conversion at A381 (Figure 1B, (a)), 50-70%
yield at A295, A380, A476 and minor editing at various sites
(Supplementary Figure S2). This off-site editing was typ-
ically guideRNA-independent. Furthermore, the presence
of the R/G-motif was not strictly necessary under these

conditions as demonstrated by sufficient editing when ap-
plying a 17 nt short, single-stranded guideRNA lacking the
R/G-motif (Figure 1B, (b)). Apparently, short RNA du-
plexes are already sufficiently recognized by ADAR2 un-
der these lax conditions. Consequently, we increased the
stringency by adding spermidine (2 mM, Figure 1B, (c
and d)). The additive diminished over-editing at all sites to
background except adenosine 381 that retained some resid-
ual activity (Figure 1B, (c)); Supplementary Figure S3). In
presence of spermidine, the guideRNA lacking the R/G-
motif was clearly inferior compared to the complete R /G-
guideRNA (Figure 1B, (d) versus (c)). We also tested the re-
verse case and demonstrated that the R /G-guideRNA does
not recruit the engineered SNAP-ADAR?2 deaminase that
lacks both dsRNA binding domains (Supplementary Fig-
ure S5). Thus, the recognition between R/G-motif and the
dsRBDs is required for editing.

Then we studied editing at low concentrations of the com-
ponents (Figure 1C). For this, we halved the ADAR?2 con-
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centration to 180 nM and strongly decreased the concentra-
tions of the guideRNA (5 nM) and of the mRNA (0.5 nM).
Furthermore, the magnesium concentration was decreased
to physiological levels (1.5 mM). Notably, the editing re-
action run much more smoothly, and significant off-target
editing occurred only at adenosine 381 (50% yield, Figure
1C, (a)). The addition of spermidine was only possible to
0.5 mM before losing editing yield at the target, and hence,
off-site editing was only slightly reduced (Figure 1C, (c)),
Supplementary Figure S4). However, 0.5 mM spermidine
improved the necessity for the presence of the R/G-motifin
the guideRNA clearly (Figure 1C, (b) versus (d)). Overall,
off-target editing is controllable to some extent. Complete
inhibition, however, appears difficult in the PCR tube.

Editing is selective and efficient in cell culture

In contrast to our alternative SNAP-tag strategy
(29,34,35,37), this new strategy allows the ectopic ex-
pression of all components including the guideRNA inside
the cell. To demonstrate this, we made use of the U6
promotor that enables expression of uncapped small RNAs
with homogenous 5-GUGG-termini by RNA polymerase
111 (45-47). Initially, we kept the successful guideRNA
architecture from the in vitro experiment, and put the
targeted adenosine 6 nt away from the R/G-motif, and
kept the adenosine mismatched with cytosine (Figure
2A). Initially, the mRNA binding template was 16 nt in
length. GuideRNAs were delivered on pSilencer U6 hygro
plasmids (Life Technologies). ADAR?2 and the fluorogenic
reporter substrate were provided on pcDNA3.1 vectors
under control of the CMV promoter. Due to the better
brightness we changed the editing substrate from CFP to
eGFP (W58amber).

After co-transfection of all three plasmids (ADAR2,
GFP reporter, guideRNA) into 293T cells the fluorescence
phenotype was analyzed via fluorescence microscopy (Fig-
ure 2B). Initial optimization showed that a stoichiometry of
five guideRNA to one ADAR?2 plasmid was optimal. Trans-
fection with wt GFP served as positive control (Figure 2B,
(a)). The fluorescence of the Stop58 eGFP transcript was
only restored in presence of both components: ADAR2 and
a guideRNA reverse complementary to the target site (Fig-
ure 2B, (e)). Applying no guideRNA (Figure 2B, (b)) or a
guideRNA that binds to the transcript, but 24 nt down-
stream the target site [not shown], showed no repair activ-
ity. This is in accordance with the strict requirement for a
dsRNA secondary structure at the editing site. Editing was
also absent when a catalytically inactive ADAR2 variant
(E396A) or no ADAR?2 was used (Figure 2B, (c and d)). We
extracted total RNA from the cells, reverse transcribed and
amplified the eGFP transcript with specific primers to esti-
mate the editing yield by Sanger sequencing. This revealed a
single and specific A-to-G conversion at the targeted codon
with approximately 25% yield after 24 h (Supplementary
Figure S8) and up to 40% yield after 48 h (Figure 2B, (¢)).
The Sanger sequencing trace covered the whole coding se-
quence of the reporter and revealed a highly specific edit-
ing. Only at adenosine 381, which was already prone to off-
target editing in vitro (Figure 1B and C), we found some mi-
nor (<5%) guideRNA-independent off-target editing (full
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trace see Supplementary Figure S6). However, by adjust-
ing the amount of co-transfected ADAR?2 (see next para-
graph) this specific off-target editing event was completely
abolished.

Further control experiments demonstrated the benefit of
the R/G-motif in our guideRNAs. First, when applying our
R /G-guideRNA together with SNAP-ADAR?2 (lacking the
dsRBD that recognize the R/G-motif) instead of human
ADAR?2 (Supplementary Figure S9), no editing took place.
Second, chemically stabilized, single-stranded guideRNAs
of 19 nt or 21 nt length that put the targeted adenosine al-
most centrally into an A:C mismatch but lacks the R/G-
motif elicited some minor editing but was clearly inferior
to the R/G-guideRNA in recruiting human ADAR?2 to the
reporter gene (Supplementary Figure S9).

Editing is further improved by optimizing the guideRNA

To further improve cellular editing we pursued several
strategies. First, a hairpin, derived from the BoxB-motif
(48,49), was included at the 3'-terminus of the R/G-
guideRNA to stabilize it. However, the effect was relatively
small. As the hairpin did not show any drawback for the
editing yields but facilitated cloning, the hairpin was in-
cluded in all guideRNA architectures that followed. We
then varied the length of the mRNA binding template from
18 to 29 nt with several intermediates (Figure 2C, and Sup-
plementary Figure S10). When using up to 20 nt, the edit-
ing yield stayed virtually unchanged around 40%. How-
ever, when increasing the mRNA binding site to 25 and
29 nt, the editing yield significantly dropped (Supplemen-
tary Figure S10). Furthermore, the risk for off-target editing
in the mRNA /guideRNA duplex increased with increasing
the guideRNA’s length (Figure 2C, Supplementary Figure
S10), reminiscent to the situation in the first editing trials
by Tod Woolf (33). We then systematically varied the dis-
tance between the editing site and the 5-terminus of the
guideRNA (Figure 2D, Supplementary Figure S11). No-
tably, we found a bell-shaped distribution of the editing
yield. Whereas almost no editing was observed with two in-
tervening bases, the yield increased step-wise and reached
an optimum with 6 to 7 intervening bases and decreased
slowly for >8 nucleotides. Thus, changing the guideRNA
architecture from the original 10+1+5 nt design to 8+1+7
nt not only shifts the targeted bases further into the middle
of the mRNA /gRNA-duplex but also improves the editing
yield from around 40% up to 50% (Figure 2B versus 2D and
E). The same bell-shaped trend with a maximum around 7
intervening nucleotides was repeatedly found for the repair
of the R407Q missense mutation (5'-CAG codon) in PINK 1
(Supplementary Figure S15). Under transient transfection,
editing increased until 48 h (50%), stayed constant until 72
h and then started to decline slowly (40% after 96 h, Supple-
mentary Figure S13). Finally, the amount of ADAR2 in the
transfection was optimized to reduce off-target editing. In-
deed, when reducing the amount of transfected ADAR2 to
a range of 25-200 ng, the off-target editing had disappeared
without interfering target editing (Figure 2E, Supplemen-
tary Figures S7 and S14).
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Figure 2. Editing under transient expression in 293T cells. (A) Scheme of the mRNA /guideRNA duplex of the editing experiment shown in B. (B) Fluo-
rescence imaging of the GFP channel (50 ms exposure time for editing and positive control, 150 ms for negative controls) and RNA sequencing results for
cellular editing, 48 h post co-transfection of R/G-guideRNA, ADAR?2 and the W58X GFP reporter. E396A ADAR?2 is a catalytically inactive mutant. For
the editing experiment a duplicate is shown. (C-E) Optimization of cellular editing. (C) Inclusion of a 3’-terminal hairpin and variation of the length of
the mRNA binding platform from 18 to 29 nt, black arrows indicate the different lengths used. For additional traces and fluorescence imaging see Supple-
mentary Figure S10. Red arrows indicate the targeted base, red* indicate off-target editing in the sequencing traces. (D) Editing dependency when varying
the number of nucleotides (2-9) intervening the targeted adenosine and the R/G-motif. (E) Editing versus off-target editing using the optimal guideRNA
architecture (7 intervening bases, 16 nt mRNA template, 3’-hairpin) depending on the amount of transfected ADAR?2. If not indicated differently, plasmid
amounts were 300 ng ADAR2, 300 ng W58X GFP, 1300-1600 ng guideRNA per well in 24-well-plates. For details see Supplementary Figures S8-S15.
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Editing works efficiently under genomic expression of
ADAR2

Unfortunately, editing failed in 293T cells without overex-
pression of ADAR?2 from a plasmid (Figure 2B, (d)). By
RT-qPCR we could show that neither ADAR2 nor its typ-
ical endogenous target GluR2 is expressed in 293T cells.
The plasmid-borne ADAR2 was on average expressed to
the ~11-fold mRNA-level of the reference gene B-actin
(Supplementary Figure S16). To better mimic endogenous
ADAR2-levels, we created a homogenous 293T cell line
containing a single genomic copy of human ADAR?2 under
control of the CMV tet-on promoter. Under full induction
with doxycycline, the mRNA-level of ADAR?2 was induced
to ~50% of that of the B-actin gene (Supplementary Fig-
ure S16). Into these cells, we transfected the W58X GFP
reporter and the optimized guideRNA (7 nt intervening,
3’-terminal hairpin) delivered on plasmids, as before. De-
pending on the amount of co-transfected guideRNA (400-
1300 ng) editing yields of 45-65% were achieved (Figure
3A, Supplementary Figure S17). No off-target editing was
observed in the entire ORF of the reporter gene including
adenosine 381 (Figure 3A and Supplementary Figure S18).
This is in accordance with the experiments above show-
ing that decreasing ADAR?2 expression reduces off-target
editing. Notably, the editing yields under lower, but ho-
mogenous expression of ADAR?2 were significantly better
than under transient expression. The advantage of the R /G-
motif seems even more pronounced under genomic com-
pared to strong transient ADAR2 expression. The transfec-
tion of ADAR2-expressing 293 cells with chemically stabi-
lized, single-stranded guideRNAs of 19 nt and 21 nt length
did not elicit detectable editing (Supplementary Figure S9),
even though some minor editing was found under transient
ADAR2 expression.

Editing of endogenous transcripts is possible by transfection
of the guideRNA only

We then tested the editing of endogenous transcripts, either
by co-transfection of the guideRNA with ADAR2 in 293T
cells, or by sole transfection of the guideRNA into cells that
express ADAR2 under control of doxycycline. Thirteen po-
tentially editable 5-UAG triplets in six different genes (B-
actin, GAPDH, GPI, GUSB, VCP, RAB7A) were selected.
The genes were chosen to cover a range from highly ex-
pressed (like B-actin) to lowly expressed (like GUSB). The
editing sites were selected not to interfere with gene func-
tion, thus they have been located mainly in the 3’-UTRs. To
be able to compare the editing yields, only 5'-UAG triplets
were selected. The guideRNAs were equally designed for
all 13 sites following the rules developed above. Twelve out
of the 13 sites were editable with yields ranging from 10%
to 35% (Figure 3B). With the exception of the VCP and
RAB7A transcript, the editing yields seem to benefit from
the 20-fold higher ADAR2-level under transient compared
to genomic ADAR2 expression. In contrast, the editing
yields did not depend on the transcript-levels. In B-actin,
for instance, two sites were edited well, whereas one site was
not edited at all. On the other hand GUSB, which is roughly
100-fold less expressed than B-actin, was edited to a similar
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extent as B-actin and with the same trends for transient ver-
sus genomic ADAR?2 expression. Thus, other factors may
determine the editing success like the accessibility of the
edited site.

Guided RNA editing repairs the PINK1 W437amber muta-
tion and rescues mitophagy

To demonstrate the practical application we aimed to re-
pair a disease-causing point mutation under rescue of the
disease-relevant phenotype. The PINK1 W437Stop muta-
tion was selected as it is linked to an inheritable mono-
genetic form of Parkinson’s disease (40) and is characterized
by a well-known cellular phenotype (loss of mitophagy).
Assuming that all three Stop codons at position 437 in
PINKI1 are disease-relevant, we chose the amber codon,
which is the best editable (42). Following the rules devel-
oped above, a guideRNA was designed that puts the amber
Stop codon at position 437 into an A:C mismatch in the
middle of a 16 nt mRNA /guideRNA duplex (Figure 3D).
The guideRNA was further stabilized by a hairpin at the
3’-terminus. Co-transfection of plasmids encoding PINK 1
W437amber, ADAR2 and the guideRNA in 293T cells re-
sulted in an editing yield of 35% (Figure 3D).

The established PINK1 functional assay in HeLa cells
follows a complex protocol (41). First, endogenous wild-
type PINKI1 is knocked down by RNAi. Then mutated
PINKI1 and eGFP-tagged Parkin are co-transfected on
plasmids, and the mitochondrial membrane potential of
the cells is depolarized by CCCP treatment. The CCCP-
induced PINK 1-dependent perinuclear clustering of Parkin
is typically visible after 2 h of CCCP treatment. After long-
term treatment (24 h CCCP) mitochondria are cleared from
the cytoplasm (mitophagy). To facilitate the protocol and
reduce the number of transfections, we simplified the as-
say. First, a stable PINK1 knock out (KO) HelLa cell line
was created using CRISPR-Cas9 (50) technology (for de-
tails see Supplementary Figure S20). Second, an editing vec-
tor was created that contains ADAR2-Hisg together with
five copies of the PINK1-guideRNA, each under control
of a U6-promotor (Figure 3C). This allowed us to apply a
triple (PINK1, Parkin, editing vector) instead of a quadru-
ple (PINK1, Parkin, ADAR?2, guideRNA) co-transfection.
Furthermore, the editing vector ensures that guideRNA
and ADAR?2 are taken-up in a defined stoichiometry and
allows to deduce guideRNA expression from ADAR?2 stain-
ing. The size of the vector was reduced to 7.4 kbp by remov-
ing all unnecessary parts of the backbone. A similar con-
struct that targets the W58X GFP reporter was functional
in 293T cells, however, suffering from slightly reduced edit-
ing yields (35% instead of 50%).

As shown in Figure 4A /B, (a), wild-type HeLa cells show
the typical perinuclear clustering of Parkin after 2 h CCCP
treatment in 89 + 3% of the Parkin-positive cells. This
clustering phenotype has been shown repeatedly (41,51) to
require functional PINK1. As expected, Parkin-clustering
disappeared in the PINK1-KO Hela cell line, even when
W437amber PINK1 was overexpressed from a plasmid
(Figure 4A/B, (b)), clearly showing that W437amber is un-
able to rescue the phenotype. However, Parkin-clustering
was fully rescued by co-transfection of PINKI1 W437X
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Figure 3. (A) Editing with genomically integrated ADAR?2 in 293T cells under administration of the R/G-guideRNA and the W58X reporter only. (B)
Editing of endogenous transcripts. 293T cells were transfected with 300 ng ADAR?2 and 1300 ng R/G-gRNA, 293T-ADAR?2 cells were induced with
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Figure 4. Assaying PINK1 function. (A) Parkin-clustering during CCCP treatment. HeLa wild type or PINK 1-KO cells were transfected with the respective
plasmids and treated either with CCCP or DMSO (=CCCP 0 h) for 2 h or 24 h as indicated. Afterwards, PINK1 and ADAR?2 were stained with antibodies,
Parkin was tagged with EGFP for subsequent fluorescence microscopy. The scale bars indicate 20 wm. (B) Analysis of the editing experiments (a) to (e)
shown in panel A. Top: quantification of cells with and without CCCP treatment for Parkin-clustering. The error bars give the standard deviation for N =
3 independent replications (always around 100 cells were counted). The asterisk(s) denote statistical significance when compared to sample (b) (2 h CCCP),
with *P < 0.05; **P < 0.005; ***P < 0.0005. Bottom: Sanger sequencing of the PINK 1 transcript after RT-PCR. Only sample (c¢) showed detectable editing
as indicated by a red arrow. (a) to (f) in panel A and B correspond to the same experiments. (C) Restoration of the mitophagy phenotype by editing. After
long-term CCCP treatment (24 h), triple positive cells (expressing Parkin, PINK1 and the editing vector) show clearance of the mitochondria that were
visualized by Mito-Tracker (Red CMXRos) staining after CCCP washout (30 min). The Mito-Tracker and GFP channel have been merged to visualize
the mitochondrial Parkin localization after 2 h CCCP treatment. For better visualization of mitophagy, the Parkin-positive cells have been encircled. The
yellow asterisk (24 h CCCP treatment) marks an example of a cell that lacks PINK1 expression and hence did not perform mitophagy.
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together with the editing vector in 8548% of the cells
positive for PINK1, Parkin and ADAR?2 expression. Co-
transfection of PINKlamber/Parkin with the guideRNA
or with ADAR?2 alone (Figure 4A/B, (d and ¢)) was unable
to rescue the clustering phenotype, even though some clus-
tering has been found occasionally in a low number of the
cells (<15%). Consequently, the presence of both compo-
nents of the editing system, the guideRNA and ADAR2,
are required to rescue the phenotype to the level seen
for the wild-type control. To asses editing efficiency, to-
tal RNA was extracted from cells, reverse transcribed with
PINK 1-specific primers and was Sanger-sequenced after
PCR amplification. Only in presence of both components,
guideRNA and ADAR?2, editing of the PINK 1 W437amber
codon was detectable (ca. 10% yield). The formation of
full-length PINK1 after editing was further confirmed by
Western blot (Supplementary Figure S21). To ensure that
the rescue of Parkin-clustering was due to the repair of the
PINK1 W437amber codon, we co-transfected HeLa KO
cells with Parkin and the editing vector, but in absence of the
editing target PINK1 W437X. As expected no rescue was
detectable (Figure 4A, (f)). Obviously, restoring the loss-
of-function phenotype was only mediated by site-directed
RNA editing of the amber Stop codon of the transfected
PINK1 W437X construct. Finally, we provide data for the
PINK1/Parkin-mediated mitophagy, which is restored af-
ter editing of PINK1 W437amber (Figure 4A). For this,
the mitochondria of all cells were stained after O h, 2 h and
24 h of CCCP with Mito-Tracker (Red CMXRos). As be-
fore, after 2 h of CCCP treatment Parkin did clearly co-
localize with the perinuclear mitochondria. After 24 h of
CCCP treatment, mitochondrial staining has disappeared
in PINK1/Parkin/ADAR?2 triple-positive cells but not in
cells that lack the expression of one or several of the trans-
fected components (Figure 4C, Supplementary Figure S23).
This confirms that the two stages of mitophagy, (41,51) the
Parkin-clustering (after 2 h of depolarization) and the clear-
ance of depolarized mitochondria (after 24 h of depolariza-
tion), are restored upon editing of PINK1 W437amber.

CONCLUSION

We demonstrate here the first strategy to harness wild-type
human ADAR?2 to stimulate site-selective RNA editing at
arbitrary mRNAs. The strategy relies on the ectopic expres-
sion of short, structured guideRNAs that base-pair to spe-
cific, user-defined mRNAs thereby mimicking the intronic
R/G-motif of the glutamate receptor transcript to recruit
wild-type human ADAR?2 to stimulate A-to-I conversion.
In the PCR tube, we demonstrated the functionality of the
tool and the dependency on the structured R /G-motif. Se-
lective and efficient editing was achieved even though the
tendency for off-site editing required optimization of the
reaction conditions and was not entirely controllable. As
the guideRNAs can be expressed from an RNA polymerase
1T promoter, the strategy is fully genetically encodable. We
have demonstrated the specific and efficient (up to 40%)
editing of a fluorescent reporter gene in 293T cells. Edit-
ing benefited from the presence of the structured R /G-motif
in the guideRNA, and the transfection of single-stranded,
chemically stabilized guideRNAs (with a binding site for

the target mRNA up to 21 nt) were not as efficient as our
guideRNAs with a 16 nt mRNA binding site plus the ad-
ditional R/G-motif. In contrast to in vitro editing, no off-
target editing was observed in the reporter gene within cells
once the amount of ADAR?2 plasmid was optimized. The
lower amount of ADAR2 and the RNP-landscape inside
the living cell possibly protects the transcript from over-
editing without suppressing editing at the targeted adeno-
sine. Editing was further improved to a yield of ~50% by
optimizing the guideRNA architecture. In particular the
placement of the targeted adenosine with respect to the
R/G-motif was critical. The optimal architecture turned
out to deviate slightly from the natural R /G-site of GluR2.
The insertion of additional nucleotides seems reasonable to
accommodate the exit of the mRNA’s 3’-part (28,43). Site-
directed RNA editing worked efficiently in a created 293T
cell line that expresses human ADAR?2 from the genome
under the control of doxycycline. Even though ADAR?2
mRNA-levels were >20-fold reduced compared to transient
expression conditions, improved editing yields (up to 65%)
were achieved. Furthermore, off-site editing in the reporter
was abolished and the amount of R /G-guideRNA could be
reduced. Finally, we demonstrated with a set of 13 sites in
six housekeeping genes that ADAR?2 can be re-directed for
the editing of endogenously expressed transcripts. Impor-
tantly, this was also successful by ectopic expression of the
guideRNA alone into the engineered 293 cells that express
ADAR?2 moderately from a single genomic copy. However,
as the guideRNAs have not been optimized for these tar-
gets, editing yields stayed in a range of 10-35%. Further op-
timization of the guideRNAs may focus on the R /G-motif,
the mRNA binding-site, and chemical modifications (29).
In this work, we have mostly focused on the editing of 5'-
UAG triplets. We expect many other triplets to be well ed-
itable, (42) an example for 5-CAG is shown in the Support-
ing Information (Supplementary Figure S15). However, one
can expect different triplets to be unequally well edited cor-
responding to the well-known preferences of the deaminase
domain (52).

To demonstrate the usefulness of the editing approach
in biological applications, we generated an editing vector
that contains one copy of human ADAR?2 and five copies
of the R/G-guideRNA. This vector allowed us to define
the stoichiometry of ADAR2 and the R/G-guideRNA in
the transfected cell and to strongly reduce the amount of
plasmid. We showed the functioning of the vector for the
repair of the W58X GFP reporter. The respective editing
vector against PINK1 W437X was functional to rescue the
PINK 1-mediated perinuclear clustering of Parkin and the
mitophagy phenotype in PINK 1-KO HeLa cells under tran-
sient transfection of the editing target. We could clearly
demonstrate the rescue to require the presence of the en-
tire editing machinery, the guideRNA and ADAR?2, as well
as the presence of the editing target PINK1 W437X. Edit-
ing was specific and no other A-to-I editing event was de-
tectable in the Sanger sequencing trace, which covered ca.
600 nt (140 adenosines) of the PINKI transcript (Supple-
mentary Figure S22). However, to assess how the guide-
RNA-dependent harnessing of ADAR2 affects the edit-
ing homeostasis at natural editing sites, transcriptome-wide
deep RNA-sequencing would be required, preferentially in
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an in vivo situation where endogenous ADAR?2 function
is detectable and required. The editing yield of 10% for
PINK1 W437X can surely be further improved, for instance
by optimizing the co-transfection conditions in HeLa cells.
The apparent editing yield over the entire cell culture suffers
from the expression of PINK1 in the absence of the editing
components. Thus, we expect an editing yield higher than
10% in those cells that actually express the editing machin-
ery. Anyway, the rescue of this recessive loss-of-function
mutation in PINK1 may indeed only require a relatively
moderate repair yield.

Together, we have shown that harnessing human ADAR?2
for site-directed RNA editing allows recoding mRNAs to
levels high enough to manipulate disease-relevant cellu-
lar phenotypes. Other endogenous RNA-processing en-
zymes, including RNaseH and the RNA-induced silencing
complex (RNA interference), have been shown to be re-
addressable toward new targets by ectopic expression or
administration of short (chemically stabilized) guideRNAs
(53,54). The structured R/G-guideRNAs introduced here
are capable of recruiting human ADAR2. It remains yet
unclear if they are able to recruit endogenously expressed
ADAR?2 for site-directed RNA editing. Certainly, they are
a good starting point for the development of improved
guideRNA architectures in the future. While RNAi and
RNaseH recruitment are limited to the up/down-regulation
of target transcripts, RNA editing allows for the active re-
coding and hence enables an entirely novel point of at-
tack. Currently, there is increasing success in the tailoring
of oligonucleotide drugs with respect to their efficacy, stabil-
ity, toxicology and delivery (55). Major breakthrough seems
to have happened in the therapeutic RNA interference field
currently (31,56,57). We feel confident that our work sets the
stage for the development of a novel therapeutic platform
that is based on the harnessing of human ADARs for the
repair of disease-relevant genes by either ectopic expression
or administration of chemically stabilized (29) guideRNAs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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