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ABSTRACT

The SNAP-ADAR tool enables precise and efficient A-
to-I RNA editing in a guideRNA-dependent manner by
applying the self-labeling SNAP-tag enzyme to gen-
erate RNA-guided editases in cell culture. Here, we
extend this platform by combining the SNAP-tagged
tool with further effectors steered by the orthogonal
HALO-tag. Due to their small size (ca. 2 kb), both
effectors are readily integrated into one genomic lo-
cus. We demonstrate selective and concurrent re-
cruitment of ADAR1 and ADAR2 deaminase activity
for optimal editing with extended substrate scope
and moderate global off-target effects. Furthermore,
we combine the recruitment of ADAR1 and APOBEC1
deaminase activity to achieve selective and concur-
rent A-to-l and C-to-U RNA base editing of endoge-
nous transcripts inside living cells, again with mod-
erate global off-target effects. The platform should
be readily transferable to further epitranscriptomic
writers and erasers to manipulate epitranscriptomic
marks in a programmable way with high molecular
precision.

INTRODUCTION

After transcription, most RNA species get processed (e.g.
capped, spliced, trimmed, polyadenylated) and enzymati-
cally modified (1). Particularly wide-spread modifications
include methylation (e.g. m®A, 2’-O-methylation), isomer-
ization (pseudouridine) and deamination (e.g. A-to-I and
C-to-U editing). Due to recent progress in deep sequenc-
ing technologies, the fundamental role of such epitranscrip-
tomic modifications in human pathophysiology became ap-
parent (2,3), including the biology of learning (4), devel-
opment (5) and cancer (6,7). A detailed mechanistic un-
derstanding of the plethora of epitranscriptomic modifica-
tions is currently hampered by a lack of methods to ma-

nipulate transcripts in a programmable way with molec-
ular precision (8). Fortunately, RNA transcripts are pre-
cisely addressable via Watson-Crick base pairing. Thus, a
guideRNA can be applied to recruit a protein effector to
a specific transcript in a site-specific manner. During the
last years, various attempts focused on the engineering of
RNA-guided RNA base editing effectors, specifically on A-
to-I and C-to-U editing (8). As inosine is biochemically in-
terpreted as guanosine, site-directed RNA editing enables
the reprogramming of genetic information, e.g. substitution
of amino acids, formation and removal of premature ter-
mination codons, which open novel avenues for drug dis-
covery, promising to bypass technical and ethical issues re-
lated to genome editing (8). In this regard, our group de-
veloped an RNA-targeting platform based on fusion pro-
teins of the self-labeling SNAP-tag (Figure 1A). To engi-
neer a programmable A-to-I RNA base editor, we fused
the SNAP-tag with the catalytic domain of the RNA edit-
ing enzyme ADAR (9,10), more specifically, we have used
a hyperactive mutant (11), carrying a single glutamate (E)
to glutamine (Q) mutation, indicated by the letter Q. In
these fusions, the SNAP-tag (12) exploits its self-labeling
activity to covalently attach to a guideRNA in a defined
1:1 stoichiometry by recognizing a benzylguanine (BG)
moiety at the guideRNA (13). The guideRNA then ad-
dresses the editing of one specific adenosine residue in a se-
lected transcript with high efficiency, broad codon scope,
and very good precision (9). Competing RNA-targeting
platforms, e.g. based on Cas proteins (14,15) or tethering
approaches, have been developed for similar applications
(8,10,16,17). Each approach has different strengths and
weaknesses (8,10). A clear advantage of the SNAP-tag ap-
proach is its human origin, the small size, the ease of stable
expression, the ease of transfecting one or multiple chemi-
cally stabilized guideRNA(s), which allows for concurrent
editing (9), and the ready inclusion of photo control (18,19).
Here, we extend the self-labeling RNA-targeting platform
with HALO-tag fusions and characterize their abilities to
recruit two different editing effectors in an orthogonal fash-
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Figure 1. Recruitment of the ADAR1 deaminase domain in fusion with two different self-labeling enzymes. (A) Independent self-labeling enzymes, e.g.
SNAP- and HALO-tag, enable for the orthogonal recruitment of various effectors, e.g. enzymes A and B. (B) Characterization of 293 Flp-In T-REx cell
lines expressing either the Myc-tagged SA1Q or HA1Q transgene in a doxycycline-dependent fashion as visualized by immunostaining with a-Myc (green
channel) and DNA staining with Hoechst 33342 (blue channel). Scale bars correspond to 15 pm. (C) Western blot (a-Myc) to compare SA1Q and HA1Q
expression. + means 24 h, ++ means 48 h doxycycline induction. (D) Editing efficiency and orthogonality of four different guideRNAs (snap-UAC, halo-
UAC, snap-UAU, halo-UAU) targeting either a 5-UAC or 5-UAU codon in the ORF of endogenous GAPDH. Either single guideRNAs (left panel)
or the indicated combination of two guideRNAs (right panel) were transfected into the SA1Q or HA1Q cell line, as indicated in the legend respectively.
NH;-guideRNAs are control guideRNAs with same sequence but lacking a self-labeling moiety. Data are shown as the mean &+ SD of N = 3 independent
experiments. (E) Dose-dependent formation of SA1Q- and HA1Q-guideRNA conjugates (SA1Q-gRNA and HA1Q-gRNA) after transfection of 1.0, 5.0,
10 or 25 pmol snap- or halo-guideRNA per 8 x 10* cells respectively, visualized via Western blot (a-ADAR1). Endogenous ADARI p110 is equally

expressed independent of guideRNA addition.

ion (Figure 1A). This broadens the otherwise limited codon
scope of single editing enzymes, and enables site-selective,
concurrent A-to-I and C-to-U editing within the same
cell.

MATERIALS AND METHODS
Reagents and biological resources

Detailed information on reagents, enzymes, antibodies and
kits as well as cell lines used in this study are presented in
the Supporting Information.

Chemical synthesis

The self-labeling moieties that were attached to the
guideRNAs, i.e. snap, clip, halo, halo-snap, (snap), and
(halo), were synthesized via solid phase peptide synthesis as

described in the Supporting Information (Supplementary
Schemes S1-S3, Supplementary Figures S1-S5).

Generation of guideRNAs

As guideRNAs, 22 nt long RNAs with a 5'-C6-aminolinker
(NH,-guideRNAs) that were chemically stabilized in an
antagomir-like fashion as described before (20) were ap-
plied. Additional details as well as sequences and extinction
coefficients at 260 nm of all used guideRNAs can be found
in the Supporting Information (Supplementary Table S1).
snap-, clip- and halo-guideRNAs were produced anal-
ogous to the previously reported protocol for Npom-
guideRNAs (18). Instead of N’-Npom-BG-Linker-COOH,
8 wl (60 mM in DMSO, 480 nmol, ~35 eq) of either snap,
clip or halo were used. snap- and clip-guideRNAs were pu-
rified via precipitation as described before (18). For halo-
guideRNAs, samples were lyophilized after aqueous extrac-
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tion from the urca PAGE and subsequently purified with
C18 Reversed Phase Cartridges (WATERS, #020515) ac-
cording to manufacturer’s manual.

halo-snap-, (snap),- and (halo),-guideRNAs were pro-
duced analogous to the previously reported improved pro-
tocol with DIC activation (21), using 4 pl (60 mM in DMSO,
240 nmol, ~17.5 eq) of either halo-snap, (snap), or (halo),.
(snap),-guideRNAs were purified via precipitation as de-
scribed before (21), halo-snap- and (halo),-guideRNAs
were again purified with C18 Reversed Phase Car-
tridges (WATERS, #020515) according to manufacturer’s
manual.

Generation of stable cell lines

In general, cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM, LIFE TECHNOLOGIES) supple-
mented with 10% fetal bovine serum (FBS, LIFE TECH-
NOLOGIES) at 37 °C with 5% CO, in a water saturated steam
atmosphere. For generating stable, inducible cell lines, the
Flp-In™ T-REx"™ system by LIFE TECHNOLOGIES was used.
4 x 10° 293 Flp-In T-REx cells were seeded in 10 ml
DMEM/10% FBS/100 p.g/ml zeocin/15 pg/ml blasticidin
(DMEM/FBS/Z/B) in a 10 cm dish. After 23 h, medium
was replaced with DMEM/10 % FBS (DMEM/FBS) and
1 h later 9 wg pOG 44 and 1 pg of the respective con-
struct in a pcDNA 5 vector were forward transfected
with 30 wl Lipofectamine 2000 (THERMO FISHER SCI-
ENTIFIC). After 24 h, medium was replaced with 15 ml
DMEM/10% FBS/15 pg/ml blasticidin/100 pg/ml hy-
gromycin (DMEM/FBS/B/H), followed by selection for
approximately two weeks. Then, the stable cell lines were
transferred to a 75 cm? cell culture flask and subsequently
cultivated in DMEM/FBS/B/H. Sequences of the con-
structs for all cell lines used in this study can be found in
the Supporting Information.

Immunostaining of single cell lines

Briefly, 1.2 x 10° SA1Q or HAI1Q 293 Flp-In T-
REx cells were seeded on coverslips coated with
poly-D-lysine in DMEM/FBS/B/H for -Dox sam-
ples or DMEM/FBS/B/H/10 ng/ml doxycycline
(DMEM/FBS/B/H/10 D) for +Dox samples respec-
tively. After 24 h, cells were fixed with 3.7% formaldehyde
in PBS, permeabilized with 1% Triton X-100 in PBS and
blocked with 10% FBS in PBS. Cells were then incubated
with mouse a-Myc (1:1000 in 10% FBS in PBS, SIGMA
ALDRICH M4439), followed by goat a-mouse Alexa Fluor
488 (1:1000 in 10% FBS in PBS, THERMO FISHER ScCI-
ENTIFIC A11001). Nuclei were stained with NucBlue™
Live ReadyProbes™ Reagent Hoechst33342 (1:100 in PBS,
THERMO FISHER SCIENTIFIC R37605) and coverslips were
mounted to object slides with Fluorescence Mounting
Medium by DAKO. Microscopy was performed with a
ZEISS AXIO Observer.Z1 with a Colibri.2 light source
under 63x magnification. For further procedural details,
excitation and emission wavelengths, see Supporting
Information (Supplementary Table S2).
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FITC-BG & TMR-chloroalkane staining of duo cell lines

5 x 10* 293 Flp-In T-REx cells from cell lines 1-
5 were seeded on coverslips coated with poly-D-
lysine in DMEM/FBS/B/H for -Dox samples or
DMEM/FBS/B/H/10 D for +Dox samples respectively.
After 24 h, cells were stained with 2 puM FITC-BG, 5 pM
TMR-chloroalkane and NucBlue™ Live ReadyProbes™
Reagent Hoechst33342 (1:100, THERMO FISHER SCIEN-
TIFIC R37605). Cells were then fixed with 3.7% formalde-
hyde in PBS, permeabilized with 0.1% Triton X-100 in
PBS and coverslips were mounted to object slides with
Fluorescence Mounting Medium by DAKO. Microscopy
was performed with a ZEISS AXIO Observer.Z1 with
a Colibri.2 light source under 63x magnification. For
experimental data of -Dox samples, further procedural de-
tails, excitation and emission wavelengths, see Supporting
Information (Supplementary Figure S6, Table S2).

Western blotting of protein expression in single cell lines

Briefly, I x 10° SA1Q or HA1Q 293 Flp-In T-REx cells
respectively were seeded and treated with doxycycline for
24 h (+) or 48 h (++) or left uninduced (-). After 48 h,
cells were harvested and lysed in urea lysis buffer (8 M urea,
100 mM NaH, POy, 10 mM Tris, pH 8.0) via shear force. Pro-
tein lysates were separated via SDS-PAGE and transferred
onto a PVDF membrane (BIO-RAD LABORATORIES). Af-
ter blocking in 5% dry milk in TBST containing 50 pg/ml
avidin, the blot was incubated with mouse a-Myc (1:5000,
SIGMA ALDRICH M4439) and mouse a-ACTB (1:40 000,
SIGMA-Aldrich A5441) in 5% dry milk-TBST as primary
antibodies. As secondary antibody, goat a-mouse HRP
(1:10 000, JACKSON IMMUNORESEARCH 115-035-003) with
added Precision Protein StrepTactin HRP conjugate (for
visualisation of the Precision Plus Western C Standard,
1:25 000, Bi0-RAD) in 5% dry milk-TBST was applied.
Chemiluminescence was measured with a FUSION FX by
VILBER. For full Western Blot and further experimental de-
tails, see Supporting Information (Supplementary Figure
S7).

Western blotting of guideRNNA—protein conjugation

2 x 10° SA1Q or HA1Q 293 Flp-In T-REx cells were
seeded in DMEM/FBS/B/H/10 D. After 24 h, 4 x 10°
cells were reverse transfected with the respective amount of
snap- or halo-ACC with 2.5 pl Lipofectamine 2000. Doxy-
cycline concentration was kept at 10 ng/ml and after further
24 h cells were lysed in 1x Laemmli (67 mM SDS, 10 mM
Tris pH 6.8, 1.1 M glycerol, 0.10 M dithiothreitol, 0.15 mM
bromophenol blue) in RIPA Lysis and Extraction Buffer
(1% NP-40, 150 mM NacCl, 25 mMm Tris-HCI pH 7.6, 1%
sodium deoxycholate, 0.1% SDS, THERMO FISHER SCIEN-
TIFIC; supplemented with 1 tablet cOmplete™ Mini EDTA-
free Protease Inhibitor Cocktail by ROCHE per 10 ml). Pro-
tein lysates were separated via SDS-PAGE and transferred
onto a PVDF membrane (BIO-RAD LABORATORIES). After
blocking in 5% dry milk in TBST, the blot was incubated
with rabbit a-ADAR1 (1:1000, BETHYL LABORATORIES
A303-884) and rabbit a-GAPDH (1:1000, CELL SIGNAL-
ING #5174) in 5% dry milk-TBST as primary antibodies. As
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secondary antibody, goat a-rabbit HRP (1:10 000, JACKSON
IMMUNORESEARCH 111-035-003) in 5% dry milk-TBST
was applied. Chemiluminescence was measured with an
Odyssey Fc Imaging System (LI-COR). For additional ex-
perimental data as well as further procedural details, see
Supporting Information (Supplementary Figure S8).

TMR-staining & western blotting of protein expression in duo
cell lines

2 x 10° 293 Flp-In T-REx cells from the respective duo
cell line were seeded in DMEM/FBS/B/H for -Dox sam-
ples or DMEM/FBS/B/H/10 D for +Dox samples respec-
tively. After 24 h, cells were harvested and lysed in NP40
lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris pH 8.0;
1 tablet cOmplete™ Mini EDTA-free Protease Inhibitor
Cocktail by ROCHE per 10 ml). For co-staining with TMR-
BG and TMR-chloroalkane, protein lysate was incubated
with 5 uM TMR-BG and TMR-chloroalkane each in NP40
lysis buffer for 30 min at 37°C and 600 rpm. Protein lysates
were then separated via SDS-PAGE and TMR-staining was
visualized on a FLA 5100 by FUJIFILM with excitation at
532 nm and emmission at 557 nm (Cy3 filter set). Subse-
quently, proteins were transferred onto a PVDF membrane
(B10-RAD LABORATORIES), and the blot was blocked in 5%
dry milk in TBST containing 50 pg/ml avidin, followed by
incubation with mouse a-ACTB (1:40 000, SIGMA-Aldrich
A5441), rabbit a-SNAP-tag (1:1000, NEwW ENGLAND BI-
OLABS P9310S) and rabbit a-HaloTag (1:1000, PROMEGA
G9281) in 5% dry milk-TBST as primary antibodies. As
secondary antibodies, goat a-mouse HRP (1:5000, JACK-
SON IMMUNORESEARCH 115-035-003) with added Preci-
sion Protein StrepTactin HRP conjugate (for visualisa-
tion of the Precision Plus Western C Standard, 1:25 000,
BIO-RAD) and goat a-rabbit HRP (1:5000, JACKSON IM-
MUNORESEARCH 111-035-003) were applied. Chemilumi-
nescence was measured with a FUSION FX by VILBER. For
additional experimental data as well as further procedural
details, see Supporting Information (Supplementary Figure
S9).

Editing of endogenous targets

For the editing experiments, 4 x 10° of the re-
spective 293 Flp-In T-REx cells were seeded in
DMEM/FBS/B/H/10 D. After 24 h, 8 x 10* cells
were reverse transfected with the respective amount of
the guideRNA to be examined with 0.5 pl Lipofectamine
2000. Doxycycline concentration was kept at 10 ng/ml and
after further 24 h (or 48 h for cell lines expressing APO1S)
cells were harvested. RNA isolation was performed with
the Monarch@® RNA cleanup kit from NEW ENGLAND
BIOLABS, followed by DNase I digestion. Samples contain-
ing (snap),-ACC were treated with a DNA oligonucleotide
of complementary sequence (anti-(snap);-ACC, 1 uM) at
95°C for 3 min to trap the guideRNA. Purified RNA was
then reverse transcribed to cDNA, which was amplified
via Taq PCR and subsequently analyzed with Sanger se-
quencing (either EUROFINS GENOMICS or MICROSYNTH).
A-to-I editing yields were determined by dividing the peak
height for guanosine by the sum of the peak heights for
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both adenosine and guanosine. Additional experimental
data and further procedural details are given in the Sup-
porting Information (Supplementary Figures S12 and S13,
Supplementary Table S3).

Editing of transfected reporter transcript

For editing of the reporter transcript, cells were forward
transfected 24 h after seeding with 300 ng pcDNA 3.1
containing the coding sequence for eGFP-W58X with
1.2 pl Lipofectamine 2000. 24 h thereafter, 8 x 10* cells
were reverse transfected with the respective amount of the
guideRNA to be examined with 0.5 pl Lipofectamine 2000.
Cells were harvested after further 48 h and proceeded as for
editing of endogenous targets. For additional experimen-
tal data and procedural details, see Supporting Information
(Supplementary Figure S14).

Next generation sequencing

For cell line 2 and 9, four samples each were prepared for
NGS, i.e. a duplicate of an empty transfection and a dupli-
cate of a guideRNA transfection (0.5 pmol (snap),-CAG
and (halo),-CAU for cell line 2, 2.5 pmol (halo),-UAU
and (snap),-ACC for cell line 9), all under doxycycline in-
duction. RNA was isolated, DNase I digested and purified
via RNeasy MinElute Cleanup Kit from QIAGEN. mRNA
next generation sequencing was then performed by CEGAT.
The library was prepared with the library preparation kit
TruSeq Stranded mRNA by ILLUMINA starting from 100
ng RNA. Samples were then sequenced on a NovaSeq 6000
by ILLUMINA with 50 million reads and 2 x 100 bp paired
end. RNA-seq raw data from different lanes that belong to
the same sample were pulled together. After adapter trim-
ming with Trim Galore (v. 0.6.4; http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/), the trimmed reads
were aligned using STAR (v. 2.7.3a) (22) to a genome index
inferred by the human reference genome (hgl9) sequence,
along with the RefSeq annotation, both publicly available
at the genome browser at UCSC (23). For the alignments
we considered reads that were uniquely mapped (STAR
option: —outFilterMultimapNmax 1) to avoid multimap-
ping between highly similar regions. Aligned data (bam
files) were deduplicated, sorted and indexed with SAM-
tools (v. 1.9; http://samtools.sourceforge.net) (24). SNVs
in our samples were called with REDItools (v2; https://
github.com/tflati/reditools2.0) (25,26), considering the de-
velopers” recommendations for data preparation prior to
this step. Sticking to our previously published approach (9),
we considered only high-quality sites (min. MeanQ > 30 in
REDItools2), and we called editing in well-covered sites
(min. 50 reads in aggregate of the two replicates per sam-
ple) that showed >10% (for A-to-I) or > 5% (for C-to-
U) editing frequency when compared to the control. Ad-
ditionally, fisher’s exact tests were performed for all the
sites that fulfilled the aforementioned criteria and signifi-
cantly differentially edited sites were considered those that
showed adjusted P-value <0.01. Sites that were reported in
the first 6 sites of a read, or in homopolymeric regions, or
reported in the dbSNP (v. 142; excluding cDNA-based re-
ported SNPs: http://www.ncbi.nlm.nih.gov/SNP/), were ex-
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cluded throughout our output lists. All genomic coordi-
nates were annotated with Oncotator (v1.9.9.0) (27) and
Repeat Mask for Alu-SINE elements of UCSC Genome
Browser (23) both for hgl9. Additional data, including
scatter plots of total off-targets in all editing experiments,
elaborate analysis of significantly differently edited sites
with editing difference >25%, analysis of bystander edit-
ing sites and scatter plots of all called editing sites in the
two respective replicates, as well as details on the experi-
mental procedure can be found in the Supporting Infor-
mation (Supplementary Figures S16-S23, Supplementary
Tables S6-S12).

RESULTS AND DISCUSSION

The HALO-tag outperforms the CLIP-tag to complement
the RNA targeting platform

Two self-labeling enzymes are to be considered to comple-
ment the SNAP-tag for RNA targeting, the HALO-tag (28)
and the CLIP-tag (29). The HALO-tag covalently attaches
to halo-guideRNAs, carrying a 1-chloroalkane moiety (28),
the CLIP-tag to clip-guideRNAs, carrying a benzylcyto-
sine moiety for covalent conjugation (29), both in 1:1 sto-
ichiometry. In a preliminary experiment, we identified the
HALO-tag as the preferred tag for two reasons. First, a clip-
guideRNA gave notable editing also with SNAP-ADAR,
indicating insufficient orthogonality (29) between SNAP-
and CLIP-tag in the editing application (Supplementary
Figures S10-S12). Second, the clip-guideRNA showed loss
of activity upon long-term storage (Supplementary Fig-
ure S12). We thus continued to compare HALO-ADARI
(HA1Q) with SNAP-ADAR1 (SA1Q), our best RNA ed-
itor from our previous study (9). Both fusions carried the
hyperactive Q mutation in the deaminase domain. Plasmid
overexpression of editing enzymes typically results in enor-
mous variability of expression levels, massive off-target edit-
ing, and low and unsteady editing efficiency at endogenous
targets (10). To avoid such artefacts, we generated cell lines
stably expressing either HA1Q or SA1Q from a defined,
single genomic site, under control of doxycycline, by ap-
plying the 293 Flp-In T-REx system (9,19). Both cell lines
expressed the respective fusion protein in a homogenous
and doxycycline-inducible manner (Figure 1B). Both fu-
sions were localized in nucleoplasm and cytoplasm, favor-
ing the latter. The expression level of HA1Q was slightly
higher compared to SA1Q (Figure 1C).

Snap- and halo-guideRNAs recruit SNAP- and HALO-
fusions with high selectivity

To examine editing efficiency and orthogonality, we gener-
ated four guideRNAs and transfected them separately ei-
ther into the HA1Q or SA1Q cell line. Two guideRNAs
were designed to target a 5-UAC codon in the ORF of
GAPDH and were only differing in the self-labeling moiety,
being either benzylguanine (12) (snap-UAC) for SNAP-tag
or chloroalkane (28) (halo-UAC) for HALO-tag conjuga-
tion. Another pair of guideRNAs was equally designed to
targeta 5'-UAU codon in GAPDH. We observed very selec-
tive and orthogonal editing, both snap-guideRNAs elicited
editing only in the SA1Q cell line as both halo-guideRNAs
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did in the HA1Q cell line (Figure 1D, left panel). Further-
more, editing was reliably programmable and editing in the
non-targeted codon was not observed. Even though slightly
higher expressed, HA1Q was less active than SA1Q on both
targets. We checked the in situ assembly of each fusion pro-
tein with its respective guideRNA by Western blot (Figure
1E). Both couples gave a similar dose-dependent forma-
tion of the protein—guideRNA conjugate not exhausting the
protein component at guideRNA amounts typically applied
in editing reactions. Thus, neither expression level nor con-
jugation efficiency explains the slightly reduced editing effi-
ciency of HA1Q. Co-transfection of two guideRNAs, one
halo- and one snap-guideRNA, gave decent editing with
high selectivity for the matching enzyme in each respective
cell line (Figure 1D, right panel), highlighting that the co-
transfection of a guideRNA with mismatching self-labeling
moiety is possible and does not interfere with the selectivity
of the matching guideRNA.

Cell lines co-expressing SNAP- and HALO-tagged effectors
are easily generated

Next, we explored the selective and concurrent recruit-
ment of two different effectors based on the orthogonal
self-labeling reactions mediated by SNAP- and HALO-tag
within one cell (Figure 1A). As effectors, we first combined
two different A-to-I RNA editing enzymes, and later one
A-to-I with one C-to-U RNA editase.

ADARI and ADAR?2 have partly complementing sub-
strate preferences (9,30). Hence, their orthogonal recruit-
ment inside a cell is highly desired and we decided to co-
express the newly characterized HA1Q (Figure 1) with the
formerly characterized (9) SA2Q. In contrast to competing
RNA targeting platforms, e.g. based on Cas proteins, self-
labeling proteins are of small size with only 2.2 kb for HA1Q
and 1.8 kb for SA2Q. This enabled us to generate small
co-expression cassettes in the pcDNA 5 backbone which
allow for their targeted integration into the FRT recom-
bination site of 293 Flp-In T-REx cells (9,19). The strong
expression of two transgenes within close proximity often
leads to their mutual transcriptional interference (31). Thus,
we constructed five different cassettes (Figure 2A), varying
the relative positioning of the two transgenes, their promo-
tors (CMYV or Efla), and their direction of transcription.
We also tested a P2A (32) fusion construct that drives both
transgenes from one promotor. All five constructs were in-
tegrated into the 293 Flp-In T-REx parent cell line by sim-
ple plasmid transfection to generate duo cell lines that ex-
press both transgenes homogenously among the cell pop-
ulation under doxycycline control (Figure 2B, Supplemen-
tary Figure S6). Importantly, ready-to-use duo cell lines
were obtained after two weeks of antibiotic selection with
no need for cumbersome clonal selection. To better char-
acterize the relative transgene expression in duo cell lines
1-5, we stained both HA1Q and SA2Q in a defined 1:1 sto-
ichiometry with tetramethylrhodamine (TMR) by adding
TMR-benzylguanine and TMR-chloroalkane to full cell
lysate and analyzed the stained proteins after SDS-PAGE
separation (Figure 2C, Supplementary Figure S9). In a pre-
liminary editing experiment, we tested for the editing activ-
ity of both transgenes in all five duo cell lines and found
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Figure 2. Generation of duo cell lines 1-5 for homogenous co-expression of two transgenes. (A) Constructs (1-5) were designed to co-express both trans-
genes (HA1Q and SA2Q) from one cassette under doxycycline control. TetO»: tet operator, leads to repression of expression in the absence of a tetracycline
(33); bGH: bovine growth hormone terminator; P2A: porcine teschovirus-1 self-cleaving 2A peptide (32). (B) All duo cell lines have been characterized for
the transgene co-expression by staining with FITC-BG (green channel) and TMR-chloroalkane (red channel). Cell nuclei are stained with Hoechst 33342
(blue channel). Scale bars correspond to 15 wm. (C) Characterization of relative transgene expression via SDS-PAGE after co-staining with TMR-BG and
TMR-chloroalkane in raw cell lysate.

HA1Q expression to be the major limiting factor (Supple-
mentary Table S3). We continued the study largely based
on duo cell line 2, which expressed HA1Q to the highest
level and SA2Q to a level sufficient to obtain good editing
yields.

Selective recruitment of ADAR1 and ADAR?2 activity extends
the codon scope

ADARI1 and ADAR?2 partly prefer different codons (34,35).
We have comprehensively characterized the codon prefer-
ences of SA1Q and SA2Q before (9) and found, for example,
that the 5-CAG codon was preferentially edited by SA2Q,
with a 3.3-fold higher editing yield compared to SA1Q,
while the 5'-CAU codon was preferentially edited by SA1Q,
with a 6.3-fold higher editing yield (Figure 3A). Thus, a cell
line expressing only one of the two RNA base editors will
not permit optimal editing yields in any case. In contrast, we
predict that the selective recruitment of HA1Q and SA2Q
with halo- and snap-guideRNAs, will enable to recruit the
preferred enzyme to any substrate (matching combination,
Figure 3B). Accordingly, we can predict the existence of a
mismatching combination of guideRNAs that will lead to
inferior editing results on both targets.

FITC merge

+ Dox
12 3 45

100 kDa
75kDa ~~ ww == = HA1Q

50 kDa W = - W SA2Q

Initially, we tested this by transfection of single
guideRNAs into duo cell line 2 (Figure 3C, left panel).
GuideRNAs were either targeting a 5-CAG codon in
the ORF of ACTB or a 5-CAU codon in the ORF of
GAPDH. Furthermore, guideRNAs were either equipped
with a BG moiety (snap-guideRNA) or with a chloroalkane
moiety (halo-guideRNA) to selectively recruit SA2Q or
HAI1Q, respectively. Indeed, recruitment of SA2Q with
the snap-CAG guideRNA always gave better editing
yields for the 5-CAG codon in ACTB than recruitment
of HA1Q with the halo-CAG guideRNA. As expected,
the effect was reverse for the editing of the 5'-CAU codon
in GAPDH. Notably, only the halo-CAU guideRNA,
selective for HA1Q, was able to induce detectable editing
at all. A strength of the SNAP-ADAR platform is the
ease by which the short (ca. 20 nt), chemically modified
guideRNAs can be transfected into cells. In the past,
we demonstrated co-transfection of up to four different
guideRNAs enabling multiplexed, concurrent editing of
four different substrates without loss in editing efficiency
(9). Now, we co-transfected two guideRNAs, one snap- and
one halo-guideRNA, either in matching or mismatching
combination into cell line 2. Clearly, the matching combi-
nation gave better editing yields for both substrates (CAG,
CAU) compared to the mismatching combination. Again,
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Figure 3. Editingin duo cell lines expressing HA1Q and SA2Q. (A) SA1Q and SA2Q have different preferences for 5-CAG and 5'-CAU codons in the ORF
of GAPDH, as described before (9). (B) Due to the two different self-labeling moieties (BG and chloroalkane) the SNAP-tagged ADAR?2 and the HALO-
tagged ADAR1 deaminase domains can be recruited either to their preferred substrates (matching combination) or to their least preferred substrates
(mismatching combination). (C) Editing yield and selectivity after transfection of a single (5.0 pmol), matching or mismatching snap- or halo-guideRNA
into duo cell line 2 compared to the co-transfection of two guideRNAs (one snap- and one halo-guideRNA, each 5.0 pmol) either in matching (m) or in
mismatching (mm) combination (left panel). The right panel shows the activity of bisfunctional guideRNAs capable to recruit both editing enzymes with
one guideRNA. (D) Bisfunctional halo-snap-guideRNAs, carrying both a chloroalkane and a BG moiety, are able to recruit both HA1Q and SA2Q, leading
to maximum editing yields at any codon. (E) Editing yield and selectivity in duo cell line 2 after transfection of a single or co-transfection of two guideR NAs,
one (snap);- and one (halo),-guideRNA, either in matching (m) or in mismatching (mm) combination (5.0 pmol each). (F) Same as E) but with 0.5 pmol
each. (G) Concentration dependency of editing efficiency and selectivity in cell line 2 under co-transfection of (snap),- and (halo),;-guideRNAs (bis-
guideRNAs) in matching versus mismatching combination. For comparison, editing with the respective mono-guideRNAs (snap- and halo-guideRNAs)

is shown. (H) Concentration dependency of editing yields in duo cell line 2 after co-transfection of two bisfunctional halo-snap-guideRNAs. Data in a),
¢), e)-h) are shown as the mean + SD of N = 3 independent experiments.
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choosing the matching combination was required to see
editing with the CAU substrate at all. The same pattern
was observed for a second duo cell line, cell line 5 (Supple-
mentary Figure S13a). This demonstrates that the platform
is able to target two editing enzymes independently from
each other to their respective preferred target inside one
cell line.

One could also conceive a bisfunctional guideRNA capa-
ble of recruiting both editases, HA1Q and SA2Q, simulta-
neously (Figure 3D). Such a halo-snap-guideRNA may en-
able maximum editing with any codon and substrate. To ac-
complish that, we synthesized halo-snap-guideRNAs carry-
ing both, the BG and the chloroalkane moiety, targeting ei-
ther the CAG or CAU substrate and tested them in duo cell
line 2. As expected, both halo-snap-guideRNAs gave good
editing yields for both codons, 5-CAU and 5'-CAG, always
resembling the editing result of the formerly preferred snap-
or halo-guideRNA, respectively (Figure 3C, right panel).
This clearly indicates that both enzymes have been active
on the substrates.

As controls, we had also synthesized (snap),- and (halo),-
guideRNAs carrying either two benzylguanine or two
chloroalkane moieties, respectively. Notably, editing yields
have been higher with such controls (Figure 3E, F) com-
pared to the respective guideRNAs carrying only one self-
labeling moiety. This boost might be due to the recruit-
ment of two instead of one editing enzyme per guideRNA.
Similar effects have been described in the context of other
RNA editing systems before (36). Interestingly, not only
the yield but also the selectivity (e.g. CAG codon) was bet-
ter than before (Figure 3F). One can expect that the se-
lectivity increases further if one reduces the concentration
of the guideRNA-enzyme conjugate inside the cell. Thus,
we varied the amount of the two transfected guideRNAs
(one (snap);- and one (halo),-guideRNA, either matching
or mismatching) between 5 pmol and 0.1 pmol in four steps
(Figure 3G, Supplementary Figure S13b, ¢). Indeed, step-
wise reduction of the guideRNA amount improved the se-
lectivity progressively. At 0.1 pmol guideRNA, excellent se-
lectivity was obtained with virtually no residual editing on
both targets (CAG and CAU) in the mismatching com-
bination. Notably, the editing yields were satisfying also
at low amounts of guideRNA. A similar trend, but with
lower editing yields, was seen for the bisfunctional halo-
snap-guideRNAs (Figure 3H, Supplementary Figure S13d)
indicating that the recruitment of two copies of the pre-
ferred editing enzyme gives better editing yield than the
co-recruitment of one preferred and one non-preferred en-
zZyme.

Genomic co-expression of two editing enzymes elicits moder-
ate global off-target editing

Overexpression of engineered, highly active editing enzymes
leads to significant off-target editing throughout the whole
transcriptome (8,10). Various strategies have been tried to
minimize this (8,10). In this regard, we demonstrated that
the controlled expression of SA1Q and SA2Q from single
genomic loci reduces global off-target editing tremendously
(9). We now determined the total off-target editing in duo
cell line 2 after co-transfection with 0.5 pmol (snap),-CAG
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Table 1. Number of significantly differently edited sites found in edit-
ing experiments in mono cell lines SA1Q, SA2Q, and in duo cell line 2
(HA1Q + SA2Q) in comparison to a negative control cell line (293 Flp-In
T-REx) not expressing any editing enzyme (Total off-targets). The last col-
umn shows the guideRNA-dependent fraction of the total off-targets for
duo cell line 2

Total off-targets gRNA-dependent

HA1Q + HAIQ +
SA1Q SA2Q SA2Q SA2Q
Total number 3406 4795 8391 653
incl. Alu sites 400 1190 1281 136
5'UTR 124 168 286 19
Missense mutation 769 1080 2150 166
Nonstop mutation 51 46 108 5
Start codon SNP 1 1 2 0
Silent 470 515 1079 74
3'UTR 1427 2009 3422 267
Noncoding 564 976 1343 122

and 0.5 pmol (halo),-CAU guideRNA, by determining sig-
nificantly differently edited sites in comparison with a neg-
ative control expressing no artificial editing enzyme. As the
pipeline was more sensitive than the one used before (9), we
re-analyzed the raw data of the total off-target editing for
mono cell lines expressing SA1Q or SA2Q), in presence of an
ACTB-targeting snap-guideRNA (9), with the new pipeline
to allow for direct side-by-side comparison with duo cell
line 2. With 8391 sites, the amount of total off-target edit-
ing in duo cell line 2 roughly comprised the aggregate of
sites found in mono cell lines SA1Q and SA2Q (Table 1,
Figure 4A, Supplementary Figure S16). However, the vast
majority of editing sites (ca. 75%) showed changes in edit-
ing levels below 25% (Supplementary Table S6, Figure 4A).
The total off-targets comprise guideRNA-dependent and -
independent editing events. To determine the guideRNA-
dependent fraction we compared the off-target editing for
cell line 2 with versus without co-transfection of the two
guideRNAs. Our sensitive pipeline detected 653 sites that
were significantly differently edited depending on the pres-
ence of the guideRNAs (Figure 4B, Table 1). Again, only
a small number of sites (Supplementary Table S6) showed
editing sites with levels elevated above 25%. Among these 37
sites, only five sites were missense mutations. After careful
analysis, almost all 37 sites could be assigned to either bind-
ing of the GAPDH or ACTB guideRNA, respectively (Sup-
plementary Figures S17-S19). Notably, only one missense
mutation (ACTA2, 47%) achieved editing levels similar to
the on-targets GAPDH (41%) and ACTB (52%), see Sup-
plementary Table S7. This was due to the high sequence ho-
mology between ACTA2 and ACTB. In order to spot even
minute guideRNA-dependent bystander editings, we man-
ually analyzed the regions around the two on-target sites
(£ 500 bp) without applying the usual cutoff for editing
difference. This yielded 4 bystander sites in GAPDH (edit-
ing difference < 1%) and 10 sites in ACTB, with the three
highest sites exhibiting editing differences between 16.0%
and 7.7%, likely due to high similarity with the on-target
site (Supplementary Tables S8 and S9, Supplementary Fig-
ure S20). Overall, NGS analysis demonstrated again (9,10)
that total off-target effects are dominated by guideRNA-
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Figure 4. Off-target analysis of duo cell line 2. (A) Total off-target editing of duo cell line 2 (HA1Q + SA2Q) in comparison with mono cell lines SA1Q
and SA2Q. Shown are significantly differently edited sites (> 10% editing difference, Fisher’s exact test, two-sided, adjusted P < 0.01, n = 2 experiments)
that led to nonsynonymous substitutions, sorted by editing difference. (B) Scatter plot depicting the guideRNA-dependent off-target effects in duo cell
line 2. Significantly differently edited sites are marked in red. The two on-target sites (in ACTB and GAPDH) are marked by a green and yellow arrow

respectively.

independent off-target effects rather than by mis-guiding
through the guideRNAs.

Selective site-directed C-to-U and A-to-I editing can be com-
bined within one cell

C-to-U and A-to-I RNA base editing complement one an-
other. While A-to-I editing can remove premature STOP
codons, C-to-U editing can write them and furthermore
affect different amino acid substitutions, including key
residues like serine and proline. APOBEC1-mediated C-to-
U RNA editing plays a key role for human physiology by
inducing an isoform switch in ApoB48/100 (37). In pre-
liminary experiments, we found that a simple fusion of the
SNAP-tag to the C-terminus of murine APOBECI1 gener-
ates an effector protein dubbed APOI1S that can induce C-
to-U editing in an RNA-guided manner. Fully analog to the
duo cell lines above, we generated four duo cell lines (6-9,
Figure 5A) that co-express the HA1Q and APOIS trans-
genes under control of doxycycline. Via western blot/SDS
PAGE we characterized the relative transgene expression
(Figure 5B), which suggested cell line 6 and 9 to express
sufficient levels of both effectors. Notably, the inserts of cell
lines 6 and 9 are constructed analog to those in cell lines 2
and 5, indicating that these two designs might be generally
applicable for the co-expression of two RNA-guided effec-
tor proteins.

A first set of editing experiments targeted a 5-UAG
codon for HA1Q-mediated A-to-I editing and a proximal
5'-ACG codon for APO1S-mediated C-to-U editing in an
eGFP reporter transcript in duo cell line 9. The target sites
are close enough to design one guideRNA that can me-
diate both, adenosine or cytidine deamination, depending
on the self-labeling moiety attached, since HA1Q requires
an RNA duplex as substrate (9) whereas APO1S prefers
its positioning 4-6 nt upstream of the target site (Figure
5C). As expected, the halo-eGFP guideRNA elicited A-to-I
editing, the snap-eGFP guideRNA elicited C-to-U editing
and a bisfunctional halo-snap-eGFP guideRNA induced
both A-to-I and C-to-U editing (Figure SD). Similar results
have been obtained in the cell lines 6 and 7 (Supplemen-
tary Figure S14). Notably, the snap-eGFP guideRNA also
induced some A-to-I editing. However, highly selective C-
to-U editing was achieved when a snap-eGFP guideRNA

was applied that was fully chemically modified (mod-snap-
eGFP, Figure 5C, Supplementary Table S1) and that did not
contain the modification gap (38) around the adenosine re-
quired for ADARI action (Figure 5D). This highlights an-
other strength of the RNA targeting platform. Bystander
off-target editing can be easily controlled by chemical mod-
ification of the guideRNA (9), a frequent problem (8,10)
with RNA base editing approaches that apply genetically
encoded guideRNAs.

In a second set of editing experiments, we applied two dif-
ferent guideRNAs to selectively recruit APO1S and HA1Q
to two different endogenous transcripts in duo cell line
9. The (halo),-UAU guideRNA steers HA1Q to edit the
adenosine in a 5-UAU codon in the ORF of ACTB, the
(snap),-ACC guideRNA steers APOI1S to edit the cyto-
sine in a 5-ACC codon in the ORF of GAPDH (Figure
5E). In contrast to the editing of the eGFP reporter, edit-
ing on endogenous ORF targets was very selective. The
(halo),-UAU guideRNA induced site-specific A-to-I edit-
ing with excellent yields (ca. 65%) in the ACTB transcript
with no detectable C-to-U editing, whereas the (snap)-
ACC guideRNA induced site-specific C-to-U editing with
moderate yield (ca. 20%) in the GAPDH transcript, again
with no detectable A-to-I RNA editing (Figure 5F). No-
tably, co-transfection of both guideRNAs induced selective
A-to-I and C-to-U editing in the ACTB and GAPDH tran-
script, respectively, without any loss of editing efficiency
compared to the single guideRNA transfections. Similar re-
sults have been obtained in the cell lines 6 and 7 (Supple-
mentary Figure S13e). Thus, concurrent C-to-U and A-to-
I editing can be done within one cell under programmable
target selection.

We then benchmarked the C-to-U editing efficiency
achieved with APOIS in duo cell line 9 at both targets
(eGFP and GAPDH) with the recently published (39)
Casl3-based RESCUE approach (Supplementary Figure
S15). Specifically, we tested the most active variant, RES-
CUETr16, and tried four different C-flip guideRNAs for
each target (Supplementary Table S4). The APOIS en-
zyme outcompeted RESCUEr16 on both targets with re-
spect to on-target editing yield. While we found C-to-U by-
stander editing for both approaches, only the RESCUE ap-
proach induced A-to-I bystander editing (Supplementary
Table S5).
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Figure 5. Selective and concurrent A-to-I and C-to-U editing. (A) Constructs (6-9) were designed to co-express both transgenes (APO1S and HA1Q) from
one cassette under doxycycline control. TetO;: tet operator, leads to repression of expression in the absence of a tetracycline (33); bGH: bovine growth
hormone terminator; P2A: porcine teschovirus-1 self-cleaving 2A peptide (32). (B) Characterization of relative transgene expression via SDS-PAGE after
co-staining with TMR-BG and TMR-chloroalkane in raw cell lysate. (C) GuideRNA design to enable or block concurrent A-to-I and C-to-U editing in
an eGFP reporter with a single guideRNA. The modified guideRNA (mod-snap-eGFP) contained chemical modifications (Supplementary Table S1) that
block A-to-I editing. (D) Editing yield in cell line 9 from concurrent A-to-I and C-to-U editing in an eGFP reporter transcript after transfection of a halo-,
snap- or halo-snap-guideRNA (5.0 pmol). (E) GuideRNA design and recruiting strategy for concurrent and selective A-to-I and C-to-U editing at two
different endogenous transcripts. (F) Editing yield in cell line 9 for selective and concurrent editing as depicted in E) after transfection of a single or co-
transfection of two guideRNAs, one (halo);-guideRNA for A-to-I editing in ACTB and one (snap),-guideRNA for C-to-U editing in GAPDH (5.0 pmol
each). Data in D) and F) are shown as the mean + SD of N = 3 independent experiments. (G) Total off-target A-to-I and C-to-U editing of duo cell line
9. Shown are significantly differently edited sites (for A-to-1 > 10% editing difference, for C-to-U > 5% editing difference, Fisher’s exact test, two-sided,
adjusted P < 0.01, n = 2 experiments) that led to nonsynonymous substitutions, sorted by editing difference. A-to-I (in ACTB) and C-to-U (in GAPDH)
on-target sites are no. 40 and no. 18, respectively.

To assess transcriptome-wide global A-to-I and C-to-
U off-target editing, we applied next generation RNA se-
quencing to detect significantly differently edited sites in
duo cell line 9 after co-transfection of 2.5 pmol (halo);-
UAU and 2.5 pmol (snap),-ACC guideRNA in comparison
to a cell line lacking expression of any artificial editing en-
zyme (Table 2, Figure 5g, Supplementary Figure S22). Ex-
pressing only one A-to-I editing enzyme (HA1Q), the total
number of A-to-I off-target sites (6767) was below that of
duo cell line 2, which expresses two A-to-I editing enzymes.

Again, the majority of sites exhibited differences in editing
below 25% (Supplementary Table S10). A slightly higher
fraction of the off-target sites was guideRNA-dependent
compared to cell line 2, which might be due to the higher
guideRNA amounts applied in cell line 9. However, in par-
ticular off-target sites with high editing differences, e.g. >
25%, were typically guideRNA-independent (Supplemen-
tary Table S10). Taking the generally lower C-to-U edit-
ing yields into account, we adapted the pipeline and set the
cutoff for editing differences to 5%. With this highly sen-
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Table 2. Number of significantly differently edited A-to-I and C-to-U
sites found in editing experiments in duo cell line 9 (HA1Q + APOIS)
in comparison to a negative control cell line (293 Flp-In T-REx) not ex-
pressing any editing enzyme (Total off-targets). The guideRNA-dependent
fractions of the total off-targets are shown in the right column, respectively

A-to-T (A > 10%) C-to-U (A > 5%)

Total gRNA- Total gRNA-
off-targets dependent off-targets dependent
Total number 6767 2148 2976 153
incl. Alu sites 729 85 17 1
SUTR 262 92 44 3
Missense mutation 1944 704 16 1
Nonsense mutation 0 0 2 0
Nonstop mutation 104 30 0 0
Start codon SNP 2 0 0 0
Silent 979 352 17 2
3'UTR 2560 731 2593 131
Noncoding 916 239 304 16

sitive pipeline, we were able to find 2976 significantly dif-
ferently edited sites (Table 2). However, the vast number of
sites showed editing differences below 10%, and only 129
sites had editing differences above 25% (Supplementary Ta-
ble S11). Notably, almost all off-target sites were located
in the 3’-UTR, and only 18 of 2976 total sites were induc-
ing missense or nonsense mutations. Also the number of
guideRNA-dependent off-targets sites was comparably low
(153 of 2976), with basically all in the 3'-UTR (Table 2,
Supplementary Table S11). Again, we manually analyzed
the regions (£ 500 bp) around the on-target site to detect
low-level bystander A-to-I editing in ACTB (Supplemen-
tary Table S13) and C-to-U bystander editing in GAPDH
(Supplementary Table S12). We found one bystander site in
ACTB (editing difference < 1%) and a larger number (22)
of bystander sites in GAPDH, but only one of the 22 sites
had an editing difference > 1%. Overall, our approach for
concurrent A-to-I and C-to-U RNA editing, based on co-
expression of two different editing enzymes gave moderate,
mainly guideRNA-independent off-target effects for both
effectors.

CONCLUSIONS

Here, we show for the first time that one can combine two
self-labeling enzymes to create a powerful RNA targeting
platform to manipulate RNA inside living cells in a yet un-
precedented way. The orthogonality of HALO- and SNAP-
tag sets the ground for the selective and programmable
steering of two different RNA effectors. Furthermore, the
approach benefits from the small size of the fusion pro-
teins, which enable their facile genomic co-integration, and
the ease by which the short (20 nt), chemically stabilized
guideRNAs can be co-transfected and optimized to reduce
bystander editing, if required. Recent attempts to com-
bine two base editing activities in one protein either to tar-
get DNA (40) or RNA (39) illustrate the manifold prob-
lems of controlling two enzyme functions independently,
which we could solve here for RNA base editing. We suc-
cessfully demonstrate the functioning of our approach for
the orthogonal and concurrent recruitment of two pairs of
editing effectors. The selective recruitment of ADARI1 and
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ADAR?2 deamination activity enables site-directed A-to-I
RNA base editing with improved editing efficiency. The se-
lective recruitment of ADAR1 and APOBEC1 deamination
activity allows for target-selective, concurrent A-to-I and
C-to-U editing. Notably, orthogonality is particularly ef-
fective with guideRNAs that can recruit two copies of an
editase. Again, we demonstrate that genetic integration of
the editing enzymes helps to control global off-target A-
to-I and C-to-U editing induced by unengaged editing en-
zymes (9,10,16,41). Notably, even the concurrent transfec-
tion of two guideRNAs leads to only a very small number of
off-target editing events caused by misguiding through the
guideRNAs, and might be amenable for further sequence
optimization, if required.

Furthermore, our platform benefits from the high flex-
ibility in the linker chemistry. This makes it possible to
control the composition and stoichiometry of two fusion
proteins at a target with one guideRNA. We exemplify
this with the generation of bisfunctional guideRNAs that
are capable of co-recruiting either ADAR1/ADAR?2 or
ADAR1/APOBECI to one target with one guideRNA.
The possibility of including photochemistry to the linker
may add another level of spatio-temporal control in the fu-
ture (18,19). The general concept we present here may be
readily transferred to recruit further pairs of writers and
erasers of epitranscriptomic marks with ease and unprece-
dented control (2,42,43).
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NGS raw data for duo cell lines 2 and 9 can be found on
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mation on syntheses, protocols, and additional experimen-
tal data.
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