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Recruiting the endogenous editing enzyme adenosine deaminase acting

on RNA (ADAR) with tailored guide RNAs for adenosine-to-inosine (A-to-I)
RNA base editing is promising for safely manipulating genetic information
atthe RNA level. However, the precision and efficiency of editing are

often compromised by bystander off-target editing. Here, we find that in
5’-UAN triplets, which dominate bystander editing, GeU wobble base pairs
effectively mitigate off-target events while maintaining high on-target
efficiency. This strategy is universally applicable to existing A-to-lRNA
base-editing systems and complements other suppression methods such

as GeA mismatches and uridine (U) depletion. Combining wobble base
pairing with a circularized format of the CLUSTER approach achieves highly
precise and efficient editing (up to 87%) of a disease-relevant mutationin the
Mecp2 transcriptin cell culture. Virus-mediated delivery of the guide RNA
alonerealizes functional MeCP2 protein restorationin the central nervous
system of a murine Rett syndrome model with editing yields of up to 19% and
excellent bystander controlin vivo.

Site-directed adenosine-to-inosine (A-to-I) RNA base editing is a
very promising technology with a clear path for clinical applica-
tion"?. Hydrolytic deamination of A by enzymes of the ADAR family
(adenosine deaminases acting on RNA) produces an inosine, which
is biochemically interpreted as G in many cellular processes such as
splicing or translation and, consequently, functionally substitutes A
with G on the RNA level**. There are three catalytically active human
ADAR proteins: constitutively and ubiquitously expressed ADAR1
p110, interferon-inducible ADAR1 p150 and ADAR2. In the past, ADAR

deaminase domains have been engineered into various artificial edit-
ing approaches that enable the efficient and highly programmable
editing of any giventarget A in the transcriptome by applying custom-
ized guide RNAs and simple Watson-Crick base-pairing rules. Typical
examples are the SNAP-ADAR®®, the AN-ADAR’"? and the Cas13-ADAR
approaches'®?, However, even after several rounds of optimization,
major limitations of such systems remain: (1) aguide RNA plus a protein
component needs to be delivered; (2) nonhuman protein domains
are included; and (3) global off-target editing hampers the clinical
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development. An elegant solution to all three limitations could be to
harness ubiquitously expressed endogenous ADAR enzymes for RNA
base editing. It was shown recently that endogenous ADAR1 can be
recruited by either chemically modified antisense oligonucleotides
(ASOs)"" or genetically encoded guide RNAs™ ', Genetically encoded
guide RNAs are particularly desired for the long-lasting reversal of
disease-causing G>A point mutations in vivo by viral delivery of the
guide RNA component.

Genetically encoded guide RNAs currently suffer from massive
bystander editing in the guide RNA-target RNA duplex. This is, on
one hand, caused by the large size of the duplex (70-200 bp) and, on
the other hand, by the ubiquitous presence of highly editable A bases
all over the duplex. Both ADAR1 and ADAR2 prefer similar nearest
neighboring bases (for example, U> A > C > G at the 5’ position rela-
tivetothetargetAandG>C=A>Uor G>C>U=Aatthe 3’ position,
respectively)'. Consequently, bystander editing is dominated by a
handful of preferredtriplets, particularly all four 5’-UAN triplets (N=A,
U,GorC),5-AAG and 5’-CAG. Bystander editing can lead to unwanted
recoding eventsin the target and might even cause ribosome stalling®.
Thus, the avoidance of bystander editing represents a major engi-
neering problem for encodable RNA base-editing systems. Today,
several strategies have been suggested. In the LEAPER approach'®”,
bystander editing is usually suppressed by mismatching some or even
all bystander-prone A bases with G. The rationale behind this is the
preference of the ADAR deaminase for a specific counter base (C>U > A
or G) opposite the targeted A”. Amore recent approachis U depletion
of the guide RNA by keeping off-target prone A bases unpaired, thus
producing single-nucleotide bulges within the guide RNA-mRNA
duplex®. However, both strategies do not always work optimally as
they sometimes fail to suppress bystander editing and often reduce
editing efficiency, sometimes even dramatically (forexample, in A-rich
sequence contexts). Consequently, using these strategies toimprove
editing precision can cost notable editing efficiency. An alternative
solutionis presented in the CLUSTER approach®. Here, the presence of
editabletripletsin the guide RNA-mRNA duplex is minimized by subdi-
vidingthe guide RNA into several functional segments. Each segment is
designedtobind thetarget transcriptinareas selected for the absence
of editable A bases. Because the individual segments of the CLUSTER
guide RNAs, which we refer to as recruitment sequences (RSs), can be
arranged closely within awindow of a few hundred nucleotides around
thetargetsite, theapproachleadstoavery good control of bystander
editingand high editing yields. However, in target transcripts that are
veryrichinhighly editable Abases, the RSs currently have to be placed
atlarge distances, which sometimes compromises editing efficiency. In
asomewhatrelated solution, the guide RNA-mRNA duplexis regularly
interrupted by bulged-out nucleotides, which leads to a reduction in
bystander editing'®. While the latter guide RNAs are very simple to
design, the CLUSTER approach allows the assembly of guide RNAs
fromamuchlarger sequence space and was shown to enable aboost of
editing efficiency by computationally selecting CLUSTER guide RNAs
that avoid inhibitory self-folding.

In the human transcriptome, several highly efficient and precise
editing events are known, which are guided by cis-acting intronic edit-
ing complementary sequences (ECS) that fold back to the target site
inside anexon?2%, Notably, such natural editing sites are typically not
foundin perfect RNA helices but rather contain bulges, mismatches and
wobble base pairs, whichmay serve to suppress bystander editing while
preserving high on-target editing yields. The exact structural layer that
makes anRNA agood or poor substrate for ADAR s stillunderexplored,
although several recent studies have started to address this issue* .

Here, we systematically explore the rational use of GeU wobble
base pairs to affect editing precision and efficiency. The G-U wobble
base pair is the most abundant type of non-Watson-Crick base pair
in the transcriptome®>*. Surrounding the G-U wobble base, the RNA
helix structureis perturbed, affecting the groove width, base stacking

and electrostatic profile®. Specific structural effects induced by G-U
wobble bases have been shown to be important for the interaction
of double-stranded RNA (dsRNA)-binding proteins with dsRNA sub-
strates, including ADAR**. In this study, we systematically deduce rules
on how to place G-U wobble base pairs to improve site-directed RNA
base editing in terms of editing precision and efficiency. We apply GU
wobble base pairs in various RNA base-editing approaches including
the CLUSTER approach, whereit greatly improves the guide RNA design
process, giving raise to highly precise and efficient circular CLUSTER
guide RNAs that recode aRett syndrome causing mutationinvivo. The
disease in the model animals is caused by a loss-of-function mutation
(W104>amber) inthe transcription factor methyl CpG-binding protein
2 (MeCP2) thatimpairsits expression and binding to methylated DNA,
thus deregulating >2,500 downstream genes, including many that are
relevant for neuronal function®. This model system allowed us to assess
key factors of successful in vivo transcript repair with endogenous
Adarsinthe central nervous system (CNS).

Results and discussion

Wobble bases modulate editing depending on their
orientation

Tocharacterize the effect of wobble base pairsin the nearest neighbor
context, we first studied all 12 possible triplets that contained either
aUoraGeither 5 and/or 3’ next to the target A. While the target A
was always placed opposite of a U base, similar to a regular bystander
site, the nearest neighboring nucleotides were either conventionally
Watson-Crick base-paired or wobble base-paired (Fig.1a). Under these
circumstances, four types of wobble base pairs can occur. When the U
baseina5’-UAN or 5’-NAU triplet (N = any base) is base-paired with a
G, werefer to thisasa5’-G+U or 3’-G+U wobble, respectively; when the
G baseina5’-GAN or 5’-NAG triplet is base-paired with a U, we refer
to thisas a 5’-UG or 3’-U-G wobble, respectively. As abenchmark to
previous studies?, we also included experiments where the target A
was mismatched with a G base (G+A mismatch), to suppress editing.

The experiment used an editing reporter construct, based on
the earlier R/G-guide RNA approach®**¥. While the trans-acting guide
RNA comprised only adouble-stranded ADAR-recruiting domainand
asingle-stranded 20-nt specificity domain (SD), the cis-acting reporter
additionally contained its own 20-nt target sequence (TS) and was
located in the 3’ untranslated region (UTR) of an eGFP transcript to
enable convenient Sanger sequencing readout (Fig. 1a). Editing was
performed by transfecting the plasmid-borne editing reporter into
Flp-In T-REXx cells, overexpressing ADAR1 p110.

Importantly, we found that both, 5’-G+U and 3’-G<U wobble base
pairs strongly suppress editing in the five triplets, 5-UAN and 5’-AAU
(Fig. 1b and Supplementary Fig. 1), which are highly editable under
normal Watson-Crick base-pairing conditions and are, thus, a major
source of bystander off-target events for trans-acting guide RNAs. In
the 5’-UAU triplet, both GeU wobbles seemed to cooperate. For four of
the five triplet contexts, the suppressive effect of the GeU wobble on
editing significantly outcompeted the suppressive effect of the G-A
mismatch (Fig. 1b). Interestingly, we found the opposite effect for the
U-Gwobble base pair. In particular, for the three triplets 5’-UAG, 5’-AAG
and 5’-CAG, aclear editing-enhancing effect on the A directly adjacent
to the 3’-U+G wobble was apparent (Fig. 1c). Because of the inability
of ADARs to achieve sufficient editing at 5’-GAN triplets, the effect of
5’-U-Gwobbles could not be verified (Supplementary Fig. 1).

The 5’-UAG triplet can simultaneously accommodate both a sup-
pressive 5’-G+U and an enhancing 3’-U-G wobble base pair and, thus,
allows studying their interplay. Our data suggest that the suppressive
effect of the G-U wobble entirely dominates the activating effect of
the UG wobble (Fig. 1b).

Itisintriguing to speculate that the enhancing effect of the 3’-U+G
wobble could be combined with or replace the activating effect of the
commonly used C-A mismatch at an on-target site such as 5’-UAG.
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construct to generate theresultsinb,c. b, Suppression of RNA editing in different
target triplets using GsU wobble base pairs or GeA mismatches. ¢, Enhancing

RNA editing in different target triplets using UG wobble base pairs. The Sanger
sequence analysisinb and c was performed after transfection of editing reporter
plasmidsinto ADAR1p110 Flp-In T-REx cells. Datain b and c are shown as the
mean + s.d. of n =3 biological replicates. For statistical analysis, a Student’s ¢-test
(two-tailed, parametric) was applied.

We tested this idea using the CLUSTER guide RNA system on three
endogenous targets (Supplementary Fig. 2a,b), with amixed outcome.
Only in one example (ACTB) was the U-G wobble a promising alterna-
tive to the C<A mismatch, although it could be useful in certain other
sequence contexts for guide RNA structure optimization.

Aguide RNA might find and bind to near-cognate sequences within
the transcriptome to induce off-target editing. In this context, we
aimed to understand whether arandomly occurring GeU wobble sup-
presses editing only in the context of a U-paired A or also in the rare
context of a C-mismatched A, which is known to be more prone to
editing. We evaluated the potential of 5’-G-U wobbles for suppressing
editing at 5’-UAG sites where the A was mismatched with C. In two of
three examples (GUSB and NUP43), the suppressive effect of the 5’-G-U
wobble was strong enough to suppress editing even at the mismatched
A (Supplementary Fig. 2c).

To see whether the enhancing and suppressing effects of wobble
base pairsalso apply for ADAR1p150 and ADAR2, we selected the 5’-UAG

triplet, which is a particularly frequent site of bystander editing, and
transfected the corresponding plasmid-borne editing reporters into
Flp-In T-REx cells, overexpressing ADAR1 p150 or ADAR2, respectively.
As expected, the underlying mechanisms were not ADAR isoform
dependent and worked equally well (Extended Data Fig. 1).

G<Uwobbles improve precision and efficiency of

LEAPER guides

We next applied G-U wobble base pairsin the context of unstructured
111-nt-long LEAPER guide RNAs' (Fig. 2a and Supplementary Fig. 3),
which are highly prone to bystander editing. Our data (Fig. 1b) indi-
cated that G-U wobble base pairs would be convenient to suppress
bystander editing in the five highly editable triplets 5-UAN (N=A, U,
GorC)and5’-AAU and could be combined with the GeA mismatch at all
other editable triplets, such as 5-AAG and 5’-CAG. To test this concept,
trans-acting LEAPER guide RNAs (Fig. 2a) encoded on plasmids were
cotransfected into Hela cells with plasmids carrying the full-length
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Fig. 2| G°Uwobbles improve efficiency and precision of trans-acting LEAPER
guide RNAs for exogenous targets. a, Schematic of 111-nt-long unstructured
linear LEAPER guide RNA. b-d, Editing heat maps of the LEAPER guide RNA-
binding sites within the indicated transcripts: AH/1 (b), COL3A1 (c¢) and BMPR2 (d).
The basic design column, LEAPER, lacks G<A mismatches and wobble base pairs.
The other guide RNAs contain either GeA mismatches or GeU wobbles at G-U-
amenable sites or acombination of both solutions at all bystander sites. In the

latter case, GsA mismatches are placed at sites not amenable to G-U wobbles. The
triplet context for each listed editing event is given with the target A highlighted
ingreen and all off-target A bases in blue. The position of each site is given relative
to the transcript and the target A (+0 position). Editing was performed with
plasmid-borne guide RNA and target in HeLa cells (endogenous ADAR). Data are
shownas the mean editing percentage +s.d.of n=3 (AH/1and COL3AI)orn=35
(BMPR2) biological replicates.

complementary DNA (cDNA) of one of three different target genes
(AHII (ref. 38), COL3AI (ref. 39) and BMPR2 (ref. 40)) each carrying a
disease-relevant W>amber STOP mutation (5’-UAG) (Fig. 2b-d). To
also evaluate endogenous targets, LEAPER guide RNAs targeting a
5’-UAG within the 3" UTR of NUP43 and RAB7A were transfected into
HEK293FT cells expressing these genes (Extended Data Fig. 2a,b).
As seenin both settings, LEAPER guide RNAs recruited endogenous
ADARtoinducesignificant on-target editingin each of the five targets
(54-80%); however, this was contaminated with massive bystander
editing (>10 sites per target), as previously reported®.

First, we tested for all five targets whether GeU wobble base pairs
outcompete G-A mismatches to suppress bystander editing at such

sites, where GeUwobbles are amenable (G-U at GeU-amenable sites) and
compared such guide RNAs with guide RNAs that apply GeA mismatches
atthe samesites (G-A at GeU-amenable sites) (Fig. 2b-d and Extended
DataFig.2a,b). Notably, we found that the GeU wobble strategy was very
potent to suppress bystander editing, often but not always outcom-
peting the G-A mismatch approach. Moreover, the on-target editing
yield was higher for four of the five targets (AHI1, 74% versus 51%, and
COL3A1,47% versus 29%, Fig. 2; endogenous NUP43,36% versus 17%,
and endogenous RAB7A, 45% versus 25%, Extended Data Fig. 2).
Second, we aimed to suppress bystander editing entirely by either
fully relying on the prior-art GeA mismatch approach (G-A all off-target
sites) or by combining G-A mismatches with G<U wobble base pairs
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(G+A and G-U at all off-target sites). For AHI1 (Fig. 2b), only the com-
bination of GeA mismatches with GeU wobble base pairs achieved the
entire suppression of bystander editing and a good on-target editing
yield (45%), while the guide RNA using only GsA mismatches suffered
fromresidual bystander editing (position —38, 43%; position —35,15%)
and a reduced on-target efficiency (26%). These results highlight the
power of GeU wobbles toimprove the precision of LEAPER guide RNAs.
For COL3A1 (Fig. 2c) and NUP43 (Extended Data Fig. 2a), the on-target
yields were again clearly better when complementing Ge.A mismatches
with wobble base pairs (41% versus 21% and 23% versus 12%, respec-
tively). However, because of the lower yields at all edited sites, the
G-A mismatch approach appeared to give slightly better precision.
The BMPR2 target transcript (Fig. 2d) gave equal on-target yields for
bothstrategiesbutbetter precision when GsU wobble base pairs were
included. In the case of RAB7A (Extended Data Fig. 2b), both designs
performed similarly.

Accordingtotheliterature, LEAPER guide RNAs that carry numer-
ous G+A mismatches can suffer from aloss of editing efficiency'. The
reason for this might be that GsA mismatches have the lowest duplex
stability among all known nucleotide mismatches". In contrast, the
thermodynamic stability of the GeU wobble is comparable to the A-U
base pair®’. This might partly explain why on-target efficiency often
benefitted when G-A mismatches were complemented with GeU wob-
ble base pairs. Notably, the number of suppressive GeU wobble base
pairs required to improve precision can be smaller than that of G-A
mismatches because one GeU wobble acts simultaneously atits 5’ and
3’ nearest neighbor positions. Examples can be foundin Fig. 2b,c (AHI1,
positions +29 and +31; COL3A1, positions =5 and —3). Furthermore, we
found several cases where GeA mismatching failed to fully suppress
bystander editing, while the G-U wobble strategy succeeded (for exam-
ple, AHI1 at positions —38,-35 and -31and BMPR2 at positions —32, +32
and +35; Figure 2b,d).

Aftertargeting both exogenous and endogenous transcripts rang-
ing from high expression levels (AHI1, BMPR2 and COL3A1 all as cDNAs),
over medium (RAB7A, normalized transcripts per million (nTPM) =105)
tolow (NUP43,nTPM = 36) expression levels, our datasuggest that the
G-Uwobblestrategy is unaffected by target transcript abundance and,
thus, widely applicable. Overall, the wobble strategy complements the
prior-art GeA mismatch strategy very well and regularly improves both
editing efficiency and precision.

G+U wobbles are widely applicable to RNA base-editing tools

Bystander editing is a common problem of all RNA base-editing
systems, particularly those such as the AN-ADAR® and Cas13-ADAR"
approaches (Fig. 3a-d and Supplementary Fig. 3) that also use geneti-
cally encoded guide RNAs. Thus, we applied the GsU wobble strategy
with boxB guide RNAs (Fig. 3a) and direct repeat (DR) guide RNAs
(Fig. 3¢) to see whether itimproves the precision of the AN-ADAR and
the Cas13-ADAR approaches, respectively. For this, triple-plasmid pro-
tocols were used where plasmids encoding the guide RNA, the editase
(AN-ADAR2Q or Cas13-ADAR2Q) and the target (AH/I W725X) were
cotransfected into HeLa cells. In contrast to the LEAPER approach,
the AN-ADAR and Cas13-ADAR approaches apply a hyperactive ADAR
mutant and use guide RNAs with comparably short antisense part
(boxB, 49 nt; DR, 59 nt). Because of the shorter duplex, the number of
bystander sitesis overall smaller. Nevertheless, the AN-ADAR approach
induced significant bystander editing (Fig. 3b). Notably, amenable sites
were readily controlled by GeU wobbles but not by G<A mismatches
alone. A combination of GsU wobble and G-A mismatches was able to
fully suppress bystander editing at a minor cost of editing efficiency
(65% + 7% to 49% + 2%; Fig. 3b). For Cas13-ADAR, the combination of
G-Uwobble and G.A mismatches gave the best resultsin terms of edit-
ing efficiency (25% + 3% versus 20% + 4%) and allowed for complete
bystander suppression (Fig. 3d). However, the Cas13-ADAR system
itselfgave dramatically lower editing yields compared to the AN-ADAR

system (26% + 2% versus 65% + 7%) and showed little specificity for
the Cas13b protein, as the editing yield of the DR guide RNA with and
without overexpression of the editase differed only by ~9% (Fig. 3d).

In ADAR-recruiting ASOs, the strategic placement of chemical
modifications allows to control bystander events"'*. However, dense
chemical modification, for example with 2’-O-methylated ribose
(2’-OMe), can interfere strongly with editing. Thus, we evaluated G-U
wobble base pairs in a case where additional chemical modifications
diminished the on-target efficiency. Using a chemically modified
(phosphorothioate linkage and 2’-OMe end-blocked) 59-nt-long sym-
metric ASO (Fig. 3e), we targeted the PEXI transcript, specifically the
G843D substitution causative for the peroxisome biogenesis disorder
Zellweger syndrome*?. While placement of additional 2’-OMe modifi-
cations at the 25, -6 and +7 positions controlled bystander editing,
they alsoreduced the on-target yield drastically (34% + 7% t012% + 3%;
Fig.3f). By contrast,acombination of GsUwobble base pairs and 2’-OMe
modifications enabled the control of bystander editing while preserv-
ingthe on-targetyield (28% + 8%; Fig. 3f). The latter example shows that
ASO-based approaches can also potentially benefit from wobble base
pairs to maintain high on-target yields.

Superior off-target control in A-rich target sites
The suppression of bystander editing in closest proximity to an
on-target Aisacommon problem for all fully encoded RNA base-editing
systems. Strategies such as GeA mismatching' or U depletion” often
lead to a substantial loss of editing yield when they are applied too
close to the on-target site. To assess the G-U wobble strategy for such
asetting, we systematically tested how far the suppressive effect of a
single GeUwobble base pair extends in the 5 and 3’ directions. For this
purpose, we again used cis-acting constructs that placed an editable
duplex in direct extension of an ADAR-recruiting domain (R/G helix;
Extended Data Fig. 3a and Supplementary Fig. 4) into the 3’ UTR of
an eGFPreporter. We then evaluated the editing yields after transfec-
tion of these constructs into ADAR1 p110-expressing Flp-In T-Rex 293
cells (Supplementary Fig. 4). To study the suppressive effect of the
3’-GeUwobbleinthe 5’ direction, we studied aseries of three 5’-UA(A),U
base-paring motif’s (i = 1-3 A bases) with increasing distance between
the 3’-G<U wobble and the on-target A (Supplementary Fig. 4a-c).
Accordingly, we also designed aseries of three 5’-U(A),AG base-paring
motifs (i =1-3 A bases) to test the effect of a 5’-G-U wobble in the 3
direction (Supplementary Fig. 4d-f). The target triplet was either
5’-UAA or 5’-AAG, hereinafter indicated by square brackets. In both
series, we also benchmarked the effect of the GeA mismatch for the
same bystander off-target A site. Neither the 5’-G+U nor the 3’-G-U
wobble affected the on-target editing yield negatively at any distance
tested. Instead, the suppressive effect was almost entirely focused on
the direct 3’ and 5’ neighboring base. This was in clear contrast to the
G+A mismatch where not only the mismatched base but also the first
and sometimes even the second neighboring base in both directions
were negatively affected (Supplementary Fig.4). Thus, the GeUwobble
strategy should be particularly strong to precisely suppress bystander
editing close to an on-target A. We show exemplary data on how the
5’-G+U wobble controls editing precision in a 5’-U[AAG] base-pairing
motif (Extended Data Fig. 3a,c,e) and how the 3’-G-U wobble acts in
the 5’-[UAA]U base-pairing motif (Extended Data Fig. 3a,d,f), always
in comparison to the G<A mismatch. In both cases, the GsU wobble
clearly gave abetter balance of editing efficiency over editing precision.
Next, we transferred the concept to trans-acting CLUSTER guide
RNAs (linear design), which targeted a 5’-U[AAG] site in the BMPR2
transcript (K984, on cDNA) by harnessing endogenous ADAR in HeLa
cells (Extended Data Fig. 3b,c,g). As expected, the reference guide
RNA showed good on-target yields (A, 59%; Extended Data Fig. 3g)
but also a strong bystander editing at the 5’ neighboring A (30%). The
strategically placed 5’-G-U wobble base pair was able to fully suppress
this bystander editing. This was not the case with the GeA mismatch
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Fig. 3| G°U wobble base pairs are broadly applicable to numerous side-
directed RNA base-editing systems. a, Schematic of the AN-ADAR editing
system. The 2x boxB motif-containing guide RNA (84 nt) binds its target mMRNA
(through 49 bp) to recruit the engineered hyperactive AN-ADAR2Q editase.

b, Editing heat map of exogenous AHI1 W725>amber mRNA targeted by the
AN-ADAR system. ¢, Schematic of the Cas13b-ADAR system. The DR motif-
containing guide RNA (87 nt) binds its target mRNA (through 51 bp) to recruit
the engineered PspCas13b-ADAR editase carrying a hyperactive ADAR2 E488Q
deaminase domain. d, Editing heat map of exogenous AHI1 W725>amber mRNA
targeted by the Cas13b-ADAR system. e, Schematic of asymmetric ASO bound
toits target mRNA (through 58 nt). The ASO is end-blocked by 2’-OMe, contains
phosphorothioate linkages and recruits endogenous ADARs. f, Editing heat
map of the ASO binding site within exogenous PEXI°**® transcript. Inb,d f, the
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basic designs (columns 2x boxB, DR guide RNA and ASO) do not contain G-A
mismatches, wobble base pairs or 2’-OMe modifications beyond the end-blocks.
The other guide RNAs contain additional 2’-OMe modifications, GeA mismatches,
G-Uwobbles at GeU-amenable sites or acombination of these solutions at all
bystander sites. In the case of acombined solution, GeA mismatches or 2’-OMe
modifications are placed at sites not amenable to GeU wobbles. The triplet
context for each listed editing event is given with the target A highlighted in
green and all off-target A bases in blue. The position of each site is given relative
to the transcript and the target A (+0 position). Editing was performed in HeLa
cells using plasmid-borne guide RNAs (2x boxB and DR guide RNA) and editase
(AN-ADAR2Q and Cas13b-ADAR2Q) or ASOs recruiting endogenous ADAR. Data
are shown as the mean editing percentage + s.d. of n = 3 biological replicates.

where only a partial suppression of bystander editing was achieved.
Notably, the U depletion strategy” even increased bystander editing
to 38% (Extended Data Fig. 3g). The 5’-G+U wobble also gave the best
on-target efficiency of the compared bystander solutions with 47%
yield, whereas a GeA mismatch reduced the yield and U depletion
almost fully blocked editing, highlighting the power of the GeU wobble

strategy to achieve high efficiency and high precision in very A-rich
triplet contexts where GsA mismatch and U depletion fail (Extended
DataFig. 3g and Supplementary Fig. 5a,b).

To show that this finding is highly generalizable, we performed a
meta-analysis over three different target transcripts (AH/1, BMPR2 and
COL3AI1) representing three different A-rich target triplets (5’-[UAA]
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U, 5-U[AAG] and 5’-U[AAA]U) while using two different editing
approaches, the CLUSTER guide RNA with endogenous ADAR and
the boxB/AN-ADAR system with engineered ADAR. Notably, not only
bystander control but also on-target efficiency was significantly better
with GeUwobble base pairs, demonstrating the strength of the strategy
tosuppress bystander editing precisely within A-rich triplets (Extended
Data Fig. 3h and Supplementary Fig. 5).

Wobble bases improve the engineering of CLUSTER guide RNAs
CLUSTER guide RNAs represent a recent strategy to harness endog-
enous ADAR for precise and efficient RNA base editing”. The basic
concept combines an ADAR recruitment motif,a20-nt SD that binds the
targetsiteand three or more additional RSs15-20 ntin length that bind
tothetarget mRNA over alarger stretch of sequence spacein amultiva-
lent fashion (Supplementary Fig. 3). Insilico optimization of the guide
RNA sequence is applied to choose RSs in such a way that highly edit-
able Abases are avoided, enabling high control over bystander editing.
Furthermore, guide RNAs witha high tendency to forminhibitory sec-
ondary structure are sorted out automatically, which helps toimprove
editing efficiency. Similar to the report for the LEAPER system", we
herein established the ribozyme-based Tornado expression system*?
for circularization and, thus, stabilization of guide RNAs (Extended
DataFig.4). Starting with asimple LEAPER design, we could verify the
formation of cleanly circularized guide RNAs (Supplementary Fig. 6),
which gave animproved editing efficiency on the endogenous RAB7A
transcript (Supplementary Fig. 7). Particularly notable was the positive
effect of circularization on the editing yield after stableintegration of
the LEAPER guide RNA cassette by the PiggyBac transposase into the
genome of HelLa cells, which gave moderate and stable editing yields
over several weeks even with the weaker Pol2 promoter, elongation
factor 1o (EF1a) (Supplementary Fig. 8).

Compared to simple LEAPER guide RNAs, the flexible design of
CLUSTER guide RNAs represented a considerable engineering chal-
lenge for circularization. The order of elements within the CLUSTER
guide RNA, suchas the SD, the RSs, the ADAR recruitment motifand the
target mRNA exit points, can all be placed individually and relative to
eachother.Onthe guide RNAside, RSs canbe placed 5’ and/or 3’ to the
SD, while the ADAR recruitment motif can be flexibly placed anywhere
in between. On the mRNA side, binding sites that correspond to the
RS within the guide RNA can be located 5" and/or 3’ of the TS, which
corresponds to the SD within the guide RNA. Binding-site placement
ultimately defines whether the exit points of the mRNA are close or
distant relative to the ligation stem. Furthermore, the number and
length of all antisense elements and linkers can be varied, which may
individually affect the torsion within the guide RNA circle and, thus,
itsinteraction with the target transcript.

Toidentify general design rules for circular CLUSTER guide RNAs,
we tested various constructs on a luciferase reporter construct (Sup-
plementary Figs. 9 and 10). We found that the mRNA exits should be
placed approximately opposite of the SD and that the ADAR recruit-
ment motif can be combined with the ligation stem into a larger RNA
structure placed adjacent to the SD. Notably, a 5-ntbulge that separates
ADAR recruitment motif and ligation stem achieved particularly high
editing efficiency (Supplementary Fig.10a-c, design L13). This ADAR
recruitment motif was called the split-R/G motif and was used in sub-
sequent designs.

After identifying general design principles for circular CLUS-
TER guide RNAs, we aimed to design an optimal guide RNA for a
proof-of-conceptin vivo study. Specifically, we aimed to target a pre-
mature STOP codon in the murine Mecp2 transcript (W104>amber),
which causes severe Rett syndrome-like symptoms in mice carrying
this patient mutation**,

CLUSTER guide RNAs avoid bystander editing by choosing RSs
that minimize the presence of editable A basesin the guide RNA-target
RNA duplex. However, in highly A-rich target RNAs, such as Mecp2,

individual binding regions for RSs can be separated by long distances
within the target transcript (for example, spread over several exons)
and the available sequence space for secondary structure optimiza-
tion can be limited. Both effects can negatively impact the editing
efficiency of CLUSTER guide RNAs". However, by applying the wobble
base-pairing strategy to suppress bystander editing, the highly limiting
filter set that defined eligible A bases within the RS-binding regions
could now be considerably expanded; 5’-UAB, 5’-BAU triplets (B=C, G
orU)and5’-KAAU (K = G or U) sequence motifs are nowincluded, while
only 5’-GAB triplets were previously allowed”. Furthermore, 5-CAC
triplets and all A bases located at either end of a binding region (edge
A bases), which we identified as being resistant to off-target editing,
couldbeusedto expand the sequence space. Withthe old filter settings
(Fig. 4a), a circular CLUSTER guide RNA with four RSs and a split-R/G
ADAR recruitment motif needs substantial space on the Mecp2 target
RNA-—specifically, 1,470 nt for guide RNA V1 and 1,208 nt for guide
RNA V2 (Fig. 4c). In contrast, with the new filter settings (Fig. 4b), the
entire guide RNA (V3) covers only 127 nt on the murine Mecp2 tran-
script (Fig. 4c). This guide RNA V3 gave significantly better on-target
editing than V1and V2 (87% versus 63% and 65%), which used the old
filter settings (Fig. 4d). Partially, this might also be attributed to the
larger available sequence space, which allows selecting guide RNAs
with a much lower level of inhibitory secondary structure (Fig. 4€).
As expected, the expansion of eligible A bases led to the appearance
of bystander editing at binding sites of the RSs, which were albeit well
suppressed with the GU wobble strategy (Fig. 5).

Very recently, circular LEAPER guide RNAs were demonstrated
to recruit endogenous ADARs with moderate editing efficiency and
precision in cell culture and in vivo™'®, We benchmarked our best cir-
cular CLUSTER guide RNAs (Fig. 5a) for the Mecp2 W104>amber tran-
script against 111-nt-long symmetric LEAPER guide RNAs (Fig. 5b) and
assessed various means of bystander editing suppression (Fig. 5 and
Extended Data Fig. 5). Linear (Extended Data Fig. 5) and circularized
LEAPER guide RNAs (Fig. 5b,c), using the Tornado expression system
were tested by transfection into HelLa cells. As expected, the circular
LEAPER-based design gave massive bystander editing at >10 sites, with
yields of 20-39% at seven suchssites (Fig. 5c, circular LEAPER). Againwe
first compared GeA mismatching'®, U depletion'” and G-U wobbles to
suppress bystander editing at the four bystander sites, which are ame-
nable to GeU wobble base pairing. Given the low number of amenable
sites (Fig. 5¢) the effects on on-target editing efficiency and bystander
editing were comparably low. However, when we aimed to suppress
off-target editing at the major ten bystander sites, the on-target yield
ofapure GeA mismatch (17% + 2%) or pure U depletion (16% + 1%) solu-
tiondropped considerably, while acombination of GeUwobble and G-A
mismatch (25% + 2%) outperformed the combination of GeU wobble
and U depletion (18% + 1%) for the best-performing circular LEAPER
guide RNA (Fig. 5¢).Incontrast,alinear CLUSTER guide RNA applying
the G-U wobble strategy already achieved bystander-free 38% + 7%
on-target editing (Extended Data Fig. 5f). Furthermore, all optimized
circular CLUSTER guide RNAs gave an exceptionally good editing
efficiency of >84% on target with very good precision (Fig. 5d), clearly
outcompetingalltested LEAPER guide RNAs (Extended DataFig.5). GeU
wobbles entirely suppressed bystander editing at all three bystander
sites where RSs bound the Mecp2 mRNA. It might be possible that
G-Amismatches or U depletion would work similarly well to suppress
bystander editing at such sites but this was not tested. There was one
remainingsite (5’-AAG) at position -5 with amoderate editing yield of
8% that was not amenable for wobble base pairing. Editing at this site
would not change the amino acid sequence of MeCP2 yet its editing
was reduced by U depletion or Ge.A mismatching (Fig. 5d).

In vivo proof-of-concept in a murine Rett syndrome model
Before applying the optimized circular CLUSTER guide RNA in vivo,
we verified its successful circularization in cell culture with two sets of
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Fig. 4| Wobble base pairing improves the design of CLUSTER guide RNAs. a,
Results from aninsilico search for RS-binding sites within the murine Mecp2
W104>amber ORF when applying the previous filter settings to the GuideRNA-
Forge tool. The binding site for the SD is displayed in turquoise and outlined in
black. It contains the target Ain green and underlined. All potential RS-binding
regions > 20 nt length, in which binding sites for RSs can be selected, are
displayed inlight blue. The previous filter excludes all A bases except for those
withina5’-GAB (B =U, Cor G) triplet context. b, Results for the same in silico
searchwith the latest filter thatincluded A basesin a 5-GAB, 5’-UAB, 5’-BAU, 5’
KAAU and 5’-CAC triplet context, inaddition to allowing A bases independent of
their sequence context at the edges of a detected binding region. ¢, lllustration of

binding regions in which specific binding sites of RSs of three circular CLUSTER
guide RNAs are located within the Mecp2 ORF, generated using the previous
filter (V1and V2) or the latest filter (V3). d, Editing was performed with plasmid-
borne guide RNA and murine Mecp2 transcript in HeLa cells (endogenous ADAR).
e, Secondary structure prediction of guide RNA V1-V3 generated using the
ViennaRNA Package 2.0 (ref. 54). The mean free energy (MFE) of the antisense
part (SD and CLUSTER of RS) is given in kcal per mol. The dot-bracket ratio (DBR)
indicates the number of dots (unpaired bases) per bracket (paired bases) within
the dot-bracket annotation of the antisense part. Data are shown as the mean
editing percentage + s.d. of n = 3 biological replicates. For statistical analysis, a
Student’s t-test (two-tailed, parametric) was applied.

reverse transcription (RT)-qPCR primer pairs (Supplementary Fig. 11).
Theuse of an outward primer pair (Extended Data Fig. 6a) allowed usto
verify circularization with high confidence (Extended Data Fig. 6b,c),
while the use of aninward primer pair (Extended Data Fig. 6d) allowed
us to quantify the strong effect (235-fold increase) of circularization
onthetotalguide RNA abundance (Extended Data Fig. 6e), suggesting
that the majority of guide RNAs are fully processed (Extended Data
Fig. 6f). We chose the PHP.eB serotype for adeno-associated virus
(AAV) encapsulation as it allows cargo delivery to the mouse brain
after systemic administration®. Indeed, this serotype was successfully
used by us before to deliver the boxB/A-ADAR tool into the same Rett
syndrome mouse model for mutation correction**. The targeting virus
encodedthe circular CLUSTER guide RNA as displayed in Fig. 5a,d (G-U
at GeU-amenable sites). For the nontargeting virus control, the guide
RNA’s antisense parts were scrambled.

Mice were treated with 4 x 10" viral genomes by retro-orbital injec-
tionand killed 4 weeks later; brain regions were analyzed separately for
editing efficiency by Sanger sequencing. Editing levels differed among
thesevenbrainregions, with clearly detectable editing in the midbrain,
brainstem and thalamus, with an editing efficiency up to 19% (Fig. 6a).
Tobetter understand the key factors for successful editing, we analyzed
all seven brain regions for the expression of the guide RNA (Fig. 6¢),
the AAV episome abundance (Fig. 6e) and the expression levels of all

catalytically active murine Adar isoforms: total Adar1 (Fig. 6g), Adarl
p150 (Fig. 6i) and Adar2 (Fig. 6k). The relative expression of guide RNA
and Adars were directly compared through RT-qPCR by normalization
to the geometric mean of the same three housekeeping genes Actb,
Rps29and Rnu6 (Supplementary Figs.12 and 13), while the AAV episome
abundance was determined as the number of copies per cell. Unexpect-
edly, editing yield correlated the least with the Adar levels (Fig. 6h,j,I;

=0.29-0.51), even though Adar expression differed among brain
regions, particularly for Adar2 (for example, thalamus versus other
brain regions). This indicates that Adar abundance did not limit the
editing outcome. The strongest correlation was found between guide
RNA expression level and editing yield (Fig. 6d; R’ = 0.87), suggesting
that, even under circularization, guide RNA levels still limit on-target
editing. Editing also correlated well with AAV abundance (Fig. 6f;
R?’=0.84) and, in most brain regions, guide RNA expression seemed
to also correlate well with AAV abundance. However, there were a few
exceptions, such asinthe cortex, where guide RNA expression was low
even though AAV abundance was comparably high. This indicates, in
agreement with our previous findings**, that the strength of the guide
RNA promoter (for example, U6 promoter) or guide RNA stability dif-
fersamongbrainregions, thereby limiting editing even after success-
ful viral delivery. In summary, these data show that the guide RNA’s
abundance (determined by its delivery, expression and stability) is the

Nature Biotechnology | Volume 43 | April 2025 | 545-557

552


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02313-0

a 5! ) C Circular d Circular
S LEAPER CLUSTER
= =
Circular = © = © =
= =
£ 0% o3 @ O s @ 5@ > T 25 @ Ta 2%
g 2x27% 2e e e 2o _= §z Oz e 22 §g Ox
o 00% o Ol e oo 2y T D w3 w030 D w
= oc 2. Ko i = @ 3@ - @ 52 P2 3 2 c 8= = © 32 =
2 c=EQ Sa © & o5 © S o8 TS o8 ©3 39 °5 o2 °8
2 3442 83 of g <f TE <L Tg <g £2 2¢ v <z
F <o:8 ()t O D O Do OB D6 O OO0 O D5 OO
CAUJ 310(-52) | [0+0] [0+0]|[o0x1][o+0] [0+0][0x0]|[2%3][0z0 o[ 00 | [ 00 | [ 0«1 | | 10
UAU | 313 (-49) 29+5 11 00 3+2 00 1+1 00 00 @ | 24+3 1+2 0+0 O+
GAC| 320(-42) | [1£1 ] [1x1|[222]||0x0|[1x1]|0z0|[0:0]|0z0
GAC| 327(-35) | [ 1+1]| [0x0]|[1£1] [0+0]|[0x0] [0:0]|[0t0] [0z0O 0:0||0x0|[0x0] [O¢
UAU| 331(-31) | [82+8| |0+0||1+1| 4:2 |0:0| 0+0 [22]||0%0 1£1 | [0£0] [ 141
UAU | 335(-27) | [88£9| |11 |[3%2]| |2+2 [0+t0| 0:0 [0£0| |00 @l6+1]|0zx0 +
GAU| 338(-24) | [3+1| [1z0]| [2£2] |1£1|[0z0]| |00 [0z0]| |0x0 0+0|[0:0
GAC | 341(-21) 7+4| (21| [1422| [9+5||0+0| 0x0|[0z0]| 0x0 00| | 1+1 || 1% 0
Circular CAC | 346(-16) 6+5 1+1 9+4| |4+3 1+2 2+2 | |00 3+2
LEAPER GAA | 356 (-6) 21| [ 11| | 121 ] |223[[1+1|]|0+0| |11 |[0=x0 1+1 | (00| |0 0+0
AAG | 357(-5) 5+5| [1+0||6+1]|[5+2|[1+2]||0+0 |00 00 8+3||8+4 + 411
UAG[ 3620) | [#1=6] [B0=4] [@1=5] [32=7] [17=2] [16:1] [18%1] [2522 8221 [8az1] [521]
GAC| 364(+2) 0+0| [1x1[[1£1]|]0+0]|[0+0] [0x0][0£0] [ 121 N EFTIRE 0+0| [0t0
CAC | 366 (+4) 00 00 11 00 11 00 11 0+0 + 0+x0| (00
GAA | 369 (+7) 00 2+2 11 00 1+0 0+0||0+0 0+0 & £ 0+x0]| |0%
AAA | 370 (+8) 2+0| [2+0|[2+2] [1+1||0x0| 11 [1£1 | 2%2
Legend (a + b) AAG| 371(+9) 3+2 1+1 1£1 2+2 1£2| 0+0 [0x0| 0O
(Guide RNA schematics): UAA | 376(+14) | [3888| | 1+1 | |00 1+1 [1£1| 1+0 | [ 1+1 | }0z0
A =Target adenosine AAA | 377 (+15) 9+4| |0+x0| (00 1+1 1+1 11 1+1 1+0
SD = Specificity domain
I gy AAC | 378 (+16) 9+5 2+1 1+1 1+1 0+0| |00 | 11 11
TS =Target sequence CAA | 380(+18) 3+2 11 1+£2 2+2||0+0 11 1+0 0+0
= Binding site AAA | 381(+19) | [20£6| [6+3| [1621| [22+3| [1£1| 0+0|[122||0z0
Legond 0+ d) AAG| 382 (+20) | [89%7| [22:2| [49=1| [BO=3| [1:0| 0+0 [1:2| 0:0
" (heatmap): GAA | 385 (+23) 11| [0+0| |21 || 1+1]|[0£0| |0+0||[1£1||0%0
AAG | 386(+24) | [22£8| |9+4 | [23£1| (216 [15+2| [15+2| |51 | [14+3 +0
Av Target adenosine <
GAU | 396 (+34) 1+1 1+0 2+1 1+ 0+0| |0+0| |00 | |00 » 1+0 1+1
Off*a'ge‘ade”w"e GAA | 405(+43) | |0+0| |0+0| |32 | 1% 1#1 | |0+0| [0+0| |00 i + t +
Av + 5. G-A mismatch AAA | 406 (+44) 11 11 1+1 O3 0+0 11 0+x0| |00
- ) AAG | 407 (+45) 0+x0| [0+0 21 1+ 11 0+0||0+0| |0*0 + + + 0+0
Udeptet\on
UAU | 410 (+48) 2+0 1+2 4+1 6+ 1+1 1+0 | [1x0 0+0 7+2 2+1 0+0] |00
5'G'UW°bble GAU | 413 (+51) 0+0| [0+0|[1£2 ]| 1% 0+0| |0+0||0+0| |00 - + 0+0
3vG4Uwobble UAU| 417(+55) | [0+0| [ 121 | [ 11| |0* 0:0| [0+0]|[1+1]]0=x0 a 0+0 0+0
- T UAU | 419 (+57) + 00 0+0
m Editing yield
GAU | 424 (+62) 11 00 00

Fig. 5| Circular CLUSTER versus circular LEAPER Mecp2 guide RNAs. Editing
heat map of guide RNA-binding sites within the murine Mecp2 W104>amber
transcript. The triplet context for each listed editing event is given with the target
Ahighlighted in green and all off-target A bases in blue. The position of each
siteis given relative to the transcript and the target A (+0 position). Editing was
performed with plasmid-borne guide RNA and murine Mecp2 transcriptin

HeLa cells (endogenous ADAR). a, Circular CLUSTER guide RNA design.

b, Circular LEAPER guide RNA design. ¢, Yields achieved using circular
unstructured LEAPER guide RNAs containing a111-nt-long antisense part.

The basic design (column circular LEAPER) does not contain bystander solutions.

The other guide RNAs either contain GeA mismatches or apply U depletion at

all bystander sites, GeU wobbles at GeU-amenable sites or acombination of

G+A mismatching or U depletion with GeU wobbles at amenablessites. d, Yields
achieved using circular CLUSTER guide RNAs containing a100-nt-long antisense
partsplitinto atargeting sequence (20 nt) and four RSs (each 20 nt). The basic
design (column circular CLUSTER) does not contain bystander solutions. The
other guide RNAs contain GeU wobbles at positions 49, -27 and +48, as well as
no bystander solution, GeA mismatch or depleted U at position —5. Dataina,b are
shown as the mean editing percentage +s.d. of n = 3 biological replicates.

most important factor to achieve high on-target editing in the brain,
while Adar levels seem lessimportant. This may instruct future designs
of expression cassettes for CNS applications.

Particularlyina clinical setting, editing must be efficient and pre-
cise, represented by cleanly edited transcripts devoid of unintended
recoding events. To evaluate bystander off-target events in the Rett
mouse model, we performed deep amplicon sequencing (average
read depth of 47,009 and average coverage of 45,991) of the Mecp2
target transcript in all seven brain tissues. To ensure extensive detec-
tion of bystander events, we selected the two mice from the targeting
virus group that had given the highest on-target editing yield in the
thalamus. The on-target editing results matched very well with the
Sanger sequencing (Fig. 6a,m and Extended Data Fig. 7). As controls,

two nontargeting virus-treated mice were used. They showed consider-
ably lower background (-0.2%) compared to Sanger sequencing (-5%)
(Fig. 6a,m and Extended Data Fig. 7). Consequently, this now enabled
usto measure on-target editing yields of 1.7-3.0% with high confidence
inthe olfactory bulb, cerebellum, hippocampus and cortex (Fig. 6m).
Notably, bystander editing was hardly detected in any brain region.
At three positions (—49, -27 and +48), G-U wobble base pairs were
applied to suppress bystander editing. At positions —49 and -27, this
was very successful; no bystander editing was detectable. At position
+48, there may have been up to 0.12% bystander editing in the brainstem
but100-fold below the on-target editing yield in that tissue. Only one
bystander was detected with high confidence. This was the unresolved,
silent bystander site at position -5 that was already discovered in cell
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Fig. 6 | Transcript repair ina mouse model of Rett syndrome using circular
wobble-optimized CLUSTER guide RNAs and endogenous murine Adars.

a, Editing yields in different brain regions, after delivery of the AAV-PHP.
eB-encoded guide RNA through retro-orbital injection into Rett mice carrying
the Mecp2 W104>amber mutation and quantification by Sanger sequencing

4 weeks later. b, Correlation between the median editing in aand the geometric
mean of the RT-qPCR targetsin ¢,g,i,k. Olfactory bulb, Ob; cerebellum, Cb;
hippocampus, Hi; cortex, Cx; midbrain, Mb; thalamus, Th; brainstem, Bs. ¢, Guide
RNA expression quantified by RT-qPCR (normalized to the geometric mean of
Actb, Rps29 and Rnué6.d, Asinb but correlating a,c. e, Absolute quantification
of AAV episomes per cell by standard curve qPCR (normalized to Actb).f, Asinb
butcorrelatinga,e. g, Asin cbut for Adarl. h, Asinbbut correlating a,g. i, Asin
cbut for Adar1p150.j, Asinbbut correlating a,i. k, Asin c but for Adar2.1, Asin

b but correlating a,k. m, Bystander off-target events at the guide RNA-binding
sites and the TS. n, Allamplicon reads with on-target editing binned according
to their number of bystander events (based on Supplementary Fig. 14). o, Global
RNA editing at 2,533 endogenous sites (coverage > 50 reads, REDIportal®). p,
Thalamus sections stained for MeCP2 and DAPI (nuclei). For a, dataare shown as
the median editing percentage + 95% Cl determined in n =3 mice (nontargeting
virus) and n =5 mice (targeting virus). For statistical analysis, aMann-Whitney
U-test (two-tailed, nonparametric) was applied. For c,e,g,i,k,m,n, data are shown
as the median fold change + 95% Cl or median number of copies per cell + 95% Cl
determined in n =2 mice (three technical replicates each). The NGS analysisin o
is based onresults from n =1 (nontargeting virus) or n = 2 (targeting virus) mice.
Theresultsin p are derived from n=1mouse per group. Forb,d,fhj I, the R?
values were determined by simple linear regression.
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culture (Fig.5d; 8% + 4%). Here we detected up to 0.37% bystander edit-
inginvivointhebrainstem (Fig. 6m).If they appear at manysites, even
bystander events with low editing yield may sum up to interfere with
on-target editing. To address this potential issue, we studied how often
an on-target edited read is damaged by an additional bystander edit.
We found that 98.3% of the -10,000 detected on-target edited reads
were completely bystander free (Fig. 6n and Supplementary Fig. 14),
highlighting theimpressive degree of editing precisionachievedinthe
invivo proof of concept.

Next, we evaluated the global editing precision by interrogating
transcriptome-wide RNA sequencing (RNA-seq) data collected from the
thalamus of targeting and nontargeting virus-treated Rett mice (Fig. 60
and Extended Data Fig. 8a). As before, we selected the two mice from
the targeting virus group that gave the highest on-target editing yieldin
the thalamus with Sanger sequencing. First, we applied the RNA-editing
index method that monitors changes in global RNA-editing levelsina
highly unbiased manner and focused the analysis on the particularly
critical coding sequence space*®. The A-to-GRNA-editing indices were
nearlyidenticalin bothgroups (Extended DataFig. 8a), indicating that
the global editing activity was overall not affected by the presence of
thetargetingguide RNA. Second, we tried to detect differentially edited
sites between the two conditions (Fig. 60), similar to a previous study®.
However, compared to the same analysis performed with untreated
Rett mice (Extended DataFig. 8b), we detected no clear off-target sites.
Only three sites fell slightly outside of the +25% A-editing margin but
this was likely because of normal variability among mice. None of the
three sites were located in the coding region and none of them were
complementary to the guide RNA. Third, we tried to detect off-target
eventsinacandidate approach and searched in silico throughout the
whole murine genome for transcripts with 20-nt similarity (with up
to one mismatch) to the guide RNA-binding regions. We identified
65 potential sites; however, only four of these sites were sufficiently
expressed (=20 reads of coverage) to be evaluated and no off-target
editing was detected at any of them. Overall, we were unable to iden-
tify any global off-target events, excluding mouse-to-mouse vari-
ability, which suggests a very high precision of our approach on the
transcriptome-wide level.

RNA base-editing approaches that apply the overexpression
of an engineered editase, such as AN-ADAR2, typically suffer from
substantial, editase-dependent global off-target events**™*%, In our
recent study—from which the noninjected mice data were derived
(Extended DataFig. 8a), we also detected numerous off-target events
even though the native ADAR2 deaminase domain was fused to the
AN peptide. We revisited this published RNA-seq data** to compare
with the CLUSTER generated data. The boxB/AN-ADAR2 data were
generated using the same experimental setup (mouse model, AAV
serotype and application route) as in this CLUSTER study. Weran the
datain parallel through the same next-generation sequencing (NGS)
analysis pipelines. First, we evaluated the same 2,533 endogenous
RNA-editing sites (with coverage > 50 reads) that we evaluated for the
CLUSTER approach, asshowninFig. 60. Again, we selected the tissue
with the highest on-target editing yield, which was the brainstem in
this study**. We found a notable number (25) of potential off-target
sites exhibiting a A-editing margin above 25% (Extended Data Fig. 8c).
Importantly, the identified events included two evolutionary highly
conserved, Adar2-specific editing sites in glutamate metabotropic
receptor 4 (GRM4) and neuro-oncological ventral antigen 1 (NOVA1)*,
for which the change in editing level could have functional impact.
Second, we analyzed the editing index in the coding sequence space
and found a considerable increase in the index in the presence of
the AN-ADAR2 deaminase (Extended Data Fig. 8c). Together, this
shows, in accordance with the literature®, that the harnessing of
endogenous ADAR is more precise on the transcriptome-wide level
than the ectopic expression of engineered ADAR effectors, whether
hyperactive or native.

Lastly, we studied the restoration of MeCP2 protein expression
and function upon treatment using the circular CLUSTER guide RNA
(targeting virus). In the noninjected Rett mice, MeCP2 expression
was not detectable by single-cell immunohistochemistry** in the
thalamus, as the mutation resulted in an unstable protein (Fig. 6p
and Extended Data Fig. 9). In clear contrast, MeCP2 was restored in
~33.3% + 4% (median = 95% confidence interval (CI)) of the cells in
the thalamus of the treated brain. Importantly, the restored MeCP2
protein was localized in heterochromatic foci inside the nucleus,
which is an accepted proxy for its in vivo binding ability to methyl-
ated DNA***' and very similar to the positive control mouse where up
to 100% of the cells showed MeCP2 protein associated with hetero-
chromatin (Fig. 6p and Extended Data Fig. 9a,b). The abundance of
fociincreased with increasing editing yields over the evaluated brain
tissues (Extended Data Fig. 9c). The results suggest that MeCP2 pro-
teinandits functionarerestoredin cellswhere guide RNAis delivered
and expressed.

Conclusions and outlook

Thestrategic placement of GeUwobble base pairsis anovel approach to
improve editing precision and is widely applicable to RNA base-editing
tools, including the LEAPER and CLUSTER approaches, AN-ADAR,
Cas13-ADAR and chemically modified ASOs. The 5’-GsU wobble is par-
ticularly powerful to suppress editing at all four 5’-UAN triplets, which
account for the largest burden of bystander editing. The suppressive
effect of the GeUwobbleisvery strongand, at the same time, restricted
tothe direct 5’ and 3’ neighboring bases. Inthis regard, the GeU wobble
differs from alternative solutions such as GsA mismatch or U deple-
tionand makes the wobble strategy particularly powerful to suppress
bystander editing close to an on-target site. As not all bystander-prone
triplets are amenable to the G-U wobble strategy, we suggest to com-
bine themwith other strategies of bystander suppression, particularly
with G.A mismatches at sites not amenable for the wobble strategy.
Typically, but not always, a combination of wobble base pairing with
G-Amismatching resulted in abetter balance of editing efficiency over
editing precision than the use of GeA mismatching only.

Itis intriguing to speculate about the mechanism that underlies
the suppressive effect of wobble base pairs. The ADAR deaminase
domainstrongly favors 5’-UAN triplets over 5’-CAN and 5’-GAN. Arecent
crystal structure analysis of the ADAR2 deaminase in complex with
a dsRNA substrate shed light on the molecular basis of the nearest
neighbor preference®® and identified a specific steric clash between
the backbone of G489 and the exocyclic amino group of the guanine
of the 5’ neighboring G=C base pair (Extended Data Fig.10a-c). Thus,
replacinga5’-A=Ubase pair witha5’-G+U wobble base pair would again
introduce asterically demanding exocyclic amino group in the minor
groove of the dsRNA substrate. Furthermore, the guanine base s likely
further shifted toward the minor groove given the noncanonical hydro-
gen bond pattern in a GsU wobble base pair®’. This might explain the
very strong and located suppressive effect of the 5’ GeU wobble base
pair (Extended Data Fig.10a-c). A similar clash of the exocyclicamino
group with S486 in the minor groove might explain the suppressive
effect of the GsU wobble base pair at the 3’ nearest neighbor position
(Extended Data Fig.10d-f).

Overall, wobble base pairs create structural perturbations within
the RNA substrate that have consequences for the activity of human
ADAR. Moreover, regarding natural substrates, wobble base pairs seem
to be part of a structural layer of control that may not yet be fully rec-
ognized. Nevertheless, we could deduce simple rules for the rational
designof trans-acting guide RNAs for targeted RNA base editing, which
achieved very high editing efficiency with very good editing precision.
While broadly applicableinmany approaches, the GeUwobble strategy
proved helpful to design CLUSTER guide RNAs by means of expanding
the sequence space for the computation of insilico optimized circular
CLUSTER guide RNAs. Inadirect comparison with LEAPER guide RNAs

Nature Biotechnology | Volume 43 | April 2025 | 545-557

555


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02313-0

of similar length, we could show that CLUSTER guide RNAs can be
designed with clearly advantageous efficiency and precision. It remains
open whether G-A mismatching or U depletion could serve similarly
wellto optimize CLUSTER guide RNAs. However, given the shortlength
of an individual RS (15-20 nt), we speculate that wobble base pairs
mightwork better in highly A-rich binding regions where multiple G-A
mismatches or bulged A bases might interfere with RS binding.

The AAV-mediated delivery of the most advanced circular
CLUSTER guide RNA demonstrated effective (up to 19%) transcript
repair of the Mecp2 W104>amber mutation in a mouse model of Rett
syndrome and represents a successful in vivo recruitment of endog-
enous Adars for site-directed RNA editing in the CNS. With a median
editing yield of ~14.4%, it also represents a high in vivo editing yield
forrestoring a disease-causing mutation ina murine model of human
disease using only endogenous Adars. Furthermore, deep ampli-
con sequencing showed that on-target editing was achieved with
very high precision regarding bystander editing. More than 98% of
the detected on-target-edited reads were free from bystander edits.
Only one (silent) bystander edit was detected with high confidence,
albeit with a yield of only 0.1-0.37%. Transcriptome-wide RNA-seq
confirmed a stable A-to-G RNA-editing index and no off-target sites
in the transcriptome could be identified. This shows that editing
can be achieved with very high precision and under the control of
bystander editing in vivo. Notably, it is highly promising to see that
endogenous Adar can be harnessed to obtain similar editing levels to
those achieved with the exogenous boxB/AN-ADAR tool in the same
mouse model before*. Interestingly, the trends regarding the varying
editing efficiencies in different brain regions were also comparable
between endogenous and exogenous ADAR approaches. A side-by-side
analysis of on-target editing, AAV episome abundance as well as guide
RNA and Adar isoform expression data®® suggests that not endogenous
Ader expressionbut rather the virus-mediated guide RNA expression
limited editing efficiency in the CNS of the murine Rett model. Thus,
futureimprovements of AAV capsid engineering, application routes,
guide RNA expression cassettes and/or guide RNA stability promise to
enhance RNA base editing even further, breaking ground for clinical
applications. Overall, harnessing endogenous ADAR with permanent
AAV-driven CLUSTER guide RNAs inthe CNSis animportant next step
toward the development of novel drug modalities that fight neurologi-
cal diseases.
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Methods

The GuideRNA-Forge tool

The GuideRNA-Forge tool was programmed in Python (version 3.9).
It is based on our previously published ‘recruitment cluster finder’
tool and, thus, follows the core principles summarized previously®.
GuideRNA-Forge uses aJavaScript Object Notation file (.json) to allow
for the modular input of guide RNA parts and, thus, makes the power of
insilico optimization available to any conceivable multivalent design,
including circular guide RNAs. An example .json file including all rel-
evantinput values or strings for the generation of a circular CLUSTER
guide RNAis provided in the GitHub archive.

The filters that identify binding regions for RS placement, while
excluding RSs that contain unwanted sequences (for example, immuno-
genic, cytotoxic or guide RNA-destabilizing motifs) are now customiz-
able. A combination of regular expressions (regex) and modular filter
building blocks allows for quick assembly of user defined filters. The
filters used in this study to generate G-U wobble-containing circular
CLUSTER guide RNAs are provided in the GitHub archive. Note that the
filtersdonot apply GeUwobbles to your guide RNA. Instead, they allow
binding regions that contain Abasesina5’-GAB, 5-UAB, 5-BAU (B=C,
GorU),5-KAAU (K=GorU)and5’-CAC sequence context, aswellas A
bases at the edges of binding regions. As not all A bases that allow for
the GsUwobble solution (5’-UAB, 5’-BAU and 5-KAAU) are necessarily
edited, we recommend determining actual bystander off-target sites
experimentally. GsUwobbles can then be strategically placed adjacent
to problematic A bases.

In contrast to the previous version, the GuideRNA-Forge tool can
identify multiple RSs within one potential binding region, as well as
searchinboththe 5’ and the 3’ directions starting from the SD-binding
site. Furthermore, the processing speed of recombination and folding
(ViennaRNA package®*) was drastically increased by implementing
multithreading.

Theresulting guide RNAs are scored for proximity of their binding
sitesandminimal secondary structure. CLUSTER guide RNAs with a high
median score consist of RSs that bind in close proximity to each other on
thetargettranscript and are less likely to engage in unproductive fold-
ing of their antisense part or misfolding of the ADAR-recruiting domain.

Vector design (guide RNA and cDNA)
The guide RNA and cis-acting reporter inserts including the neces-
sary overhangs were created by hybridization and phosphorylation
of oligonucleotides. The cis-acting editing reporters were created
by cloning hybrid oligonucleotide inserts into our pcDNA3.1-based
eGFPexpression plasmid (pTS58) using Apal and Agel as described in
Supplementary Note 1. Linear CLUSTER (using HindlIll and Bbsl into
pTS1033), LEAPER (using HindIll and BamHI into pTS1033) and boxB
(using HindlIll and BamHI into pTS1033) guide RNAs were created as
previously described”. DR guide RNAs were created by cloning hybrid
oligonucleotide inserts encoding the antisense partinto the PspCas13b
crRNA backbone (Addgene plasmid 103854) using Bbsl. The DR hairpin
isalready presentinthe backbone and must not be apart of theinsert.
Asthefirststep to create circular CLUSTER or LEAPER guide RNAs
expressed by the U6 promoter, amodified Tornado expression cassette
was created by gene synthesis (Thermo Fisher, GeneArt gene synthesis)
and cloned into the backbone of our in-house editing vector ‘pEdit1.2’
(ref.37) using Nhel and Agel, thereby replacing the ADAR2 expression
cassette. Theresulting Tornado OHA vector U6 (pTS1541) was used as
the backbone for subsequent circular guide RNA cloning. The hybrid
oligonucleotide guide RNA inserts were cloned into the latter back-
bone using Bbsl. The cloning strategy is described in Supplementary
Note 2. As afirst step for cloning of circular LEAPER guide RNAs with
flexible poly(AC) RNA linkers (AC50), the latter were synthesized as
agene block and cloned into pTS1541 using Bbsl, resulting in the Cir-
cLEAPERACS50 cloning vector (pTS2508). Subsequent cloning of gene
blocks containing circular LEAPER guide RNAs destined for the AC50

context was performed using Bbsl into pTS2508. For the expression
of circular guide RNAs by the EF1a promoter, the Tornado OHA vector
EFla (pTS1593) was used for subsequent circular guide RNA cloning
analogous to pTS1541. For direct benchmarks between EF1lac and U6
constructs, the hybrid oligonucleotide guide RNA inserts were cloned
into pTS1593 (EF1a) and pTS1790 (U6) using Bbsl. For stable genomic
integration of linear or circular guide RNAs by the PiggyBac system, a
transposase expression plasmid and the plasmid pTS1896 (transpo-
son, U6, circular LEAPER guide RNA RAB7A), pTS1897 (transposon,
U6, linear LEAPER guide RNA RAB7A), pTS1899 (transposon, EFla,
circular LEAPER guide RNA RAB7A) or pTS1900 (Transposon, EFla,
linear LEAPER guide RNA RAB7A) were used.

For AAV production, the lead circular CLUSTER guide RNA
targeting the Mecp2 W104>amber transcript was cloned into the
PAAV-GFPbackbone (Cell Biolabs). The cloning strategy is describedin
Supplementary Note 3.

The open reading frame (ORF) sequence of murine Mecp2
W104>amber was supplied by the Mandel Lab (VollumInstitute, Oregon
Health and Science University) and cloned into the pEGFP-N3 backbone
(Clonetech) using EcoRI and Kpnl under the control of a cytomeg-
alovirus (CMV) promoter and terminated by an SV40 poly(A) signal.
The human PEX1°%* plasmid was supplied by the Dodt Lab (Interfac-
ulty Institute of Biochemistry and Cell Biochemistry, University of
Tiibingen). The cassette is under the control of an EFla promoter and
terminated by an EFla poly(A) signal. The dual-luciferase reporters
and the disease-relevant cDNA constructs AH/I W725>amber, BMPR2
W298>amber and COL3A1 W1278>amber were created as previously
described”. The sequences of all cloned products were verified by
Sanger sequencing. The ORFs and amino acid sequences of Mecp2, PEX1
and the engineered editases are given in Supplementary Note 4. Plas-
mid maps of all mentioned pTS plasmids are given in Supplementary
Note 5 or canbe found in the literature”. Further details can be found
inthe Supplementary Information.

Analysis of RNA editing

A-to-l editing yields were quantified from Sanger sequence traces
using SNAP-Gene (version 4.2.11). The relative height of the signal of
G was compared to the sum of G+A, as described earlier”. If a reverse
primer was used for sequencing, C and T peaks were treated accord-
ingly. For better comparability, on-target editing yields of the same
target with different guide RNAs were quantified using the same
sequencing primer. Off-target editing had to be evaluated with dif-
ferent sequencing primers in most cases because of large distances
between the guide RNA-binding sites. Only the cleanest reads were
used for off-target evaluations, whereby G peaks below background
were counted as 0% off target. Editing events with yields below 10%
were background-corrected with the negative control.

Structural analysis

A-Ubase pair structures and ADAR amino acid residue structures were
obtained from the substrate-bound ADAR2 dimer crystal structure
(Protein Data Bank (PDB) 5HP2)*¢, while G-U and UG wobble base pairs
were obtained from the NMR structure of the Gria2 stemloop RNA (PDB
21.2))¥. Structures were fitted and imaged with the open-source PyMOL
Molecular Graphics System (version 2.5.0)°. The results are reported
in Extended Data Fig.10.

Cell culture

General. The used cell cultures were grownin DMEM (Thermo Fisher,
41965062) supplemented with10% FBS (Thermo Fisher,10270106) and
keptinanincubatorat37 °Cand 5% CO.,.

Cell line choice. In our laboratory, HeLa cells have undergone com-
prehensive characterization, including assessment of ADARI1 expres-
sion, knockdown efficiency, response to interferon treatment and
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optimization of transfection conditions. Consequently, HeLa cells
were used for most RNA base-editing experiments, particularly those
involving editing of overexpressed exogenous transcripts. However,
when targeting endogenous transcripts, achieving a high percent-
age of positively transfected cells is crucial for robust results. Each
untransfected cell harbors the unedited transcript, which can adversely
impactthe overall readout. HEK293FT cells offer superior transfection
efficiency and were, thus, used for targeting endogenous transcripts.
By integrating a single genomic copy of ADAR1 p110, p150 or ADAR2
under the control of an CMV Tet-On promoter into Flp-In T-REx cells,
we generated a set of cell lines that can be used to characterize how
well dsRNA substrates such asbound guide RNAs or editing reporters
areaccepted by specific ADAR isoforms. Notably, the ADAR expression
levels in these Flp-In cell lines exceeded typical endogenous levels,
which increased bystander editing and facilitated the discovery of
suppressive effects of wobble base pairs on bystander off-target edits.

ADAR Flp-In T-REx cells. A total of 2.5 x 10° ADAR1 p110 or p150
Flp-In T-REx cells or 3 x 10° ADAR2 Flp-In T-REx cells were seeded
on poly(bLys)-coated 24-well plates in 500 pl of DMEM +10%
FBS +10 ng ml™ doxycycline. After 24 h, cells were transfected with
1,300 ng of cis-acting editing reporter plasmid (NucleoSpin Plas-
mid Transfection-grade, Macherey Nagel, 740490) using a 1:3 ratio
of Lipofectamine 2000 (Thermo Fisher, 11668019). Then, 72 h after
transfection, the cells were harvested. As the readout method, Sanger
sequencing was used. Results are reported in Fig. 1, Extended Data
Figs.1and 3 and Supplementary Figs.1and 4.

HEK293FT cells. HEK293FT cells (6 x 10*) were seeded in 24-well
plates in 450 pl of DMEM +10% FBS. After 24 h, cells were trans-
fected with 1,200 ng of guide RNA plasmid (NucleoSpin Plasmid
Transfection-grade, Macherey Nagel, 740490) using a 1:3 ratio of
FuGene 6 (Promega, E2691). Then, 48 h after transfection, cells were
harvested. As the readout method, Sanger sequencing was used.
Results are reported in Extended Data Fig. 2 and Supplementary
Figs.2,6and?7.

Hela cells (experiments using encodable guide RNAs). A total
of 0.8 x10° HeLa cells were seeded in 24-well plates in 500 pl of
DMEM +10% FBS. Then, 24 h after seeding, cells were transfected with
atotal of1,000 ng (800 ng of LEAPER or CLUSTER guide RNA plasmid
and 200 ngof target-encoding plasmid) or atotal of 1,200 ng (800 ng
of boxB or DR guide RNA plasmid, 200 ng of target-encoding plasmid
and 200 ng of AN-ADAR or Cas13-ADAR editase encoding plasmid) per
well using a 1:1.5 ratio of plasmid to Lipofectamine 3000 ratio. Then,
72 h after transfection, cells were harvested. As the readout method,
Sanger sequencing was used. Results are reportedin Figs. 2-5, Extended
DataFigs.3,5and 6 and Supplementary Figs.5and 11.

Hela cells (experiments using an ASO guide RNA targeting the
PEX1°%%3P transcript). A total of 1 x 10° HeLa cells were seeded in 24-well
plates in 500 pl of DMEM +10% FBS. Then, 24 h after seeding, cells
were transfected with 300 ng of target PEX1°***"-encoding plasmid per
well using al:3 ratio of plasmid to FuGene 6. Then, 48 h after seeding,
the chemically modified guide RNAs were forward-transfected with
25 pmol of guide RNA and 1.5 pl of Lipofectamine RNAiIMAX reagent
(Thermo Fisher,13778150) per well. Then, 24 h after guide RNA trans-
fection, cells were harvested. The one-step RT-PCR (PEXI primer set
A) was followed by a nested PCR (PEX1 primer set B) for this specific
target. As the readout method, Sanger sequencing was used. Results
arereportedin Fig. 3f.

Hela cells (stable integration of guide RNAs). A total of 1.5 x 10°
Hela cells were seeded in 12-well plates in 1 ml of DMEM +10% FBS.
Then, 24 hafter seeding, cells were transfected with a total of 2,000 ng

(1,600 ng of PiggyBac transposon vector containing the guide RNA
expression cassette and 400 ng of pTS687 PiggyBac transposase vec-
tor) using a 1:3 ratio of plasmid to FuGene 6 (Promega, E2691). Then,
24 hafter transfection, cells were transferred to 10-cm dishes and, after
another 48 h, selection was started by addition of 5 ug ml™ puromycin.
Puromycinwasrefreshed on day 6 after transfection and selection was
stopped 8 days after transfection. Each time when the cells were split,
an aliquot was taken aside and used for RNA extraction and editing
analysis. Results are reported in Supplementary Fig. 8.

Hela cells (experiments using the dual-luciferase reporter system).
Atotal of 2.4 x 10* HeLa cells were seeded in 96-well plates. Cells were
transfected 24 h after seeding with 160 ng of guide RNA plasmid and
40 ngof dual-luciferase reporter per well using a1:1.5 ratio of plasmid
to Lipofectamine 3000 and a 1:2 ratio of plasmid to P3000 reagent.
For equimolar comparisons among differently sized guide RNA plas-
mids, their amount was adjusted accordingly and filled to a total of
160 ng withan empty pcDNA3.1 plasmid. The luciferase assay was per-
formed 48 hafter transfection. Results arereported in Supplementary
Figs.9and 10.

Editing readout using dual-luciferase activity. Dual-luciferase activ-
ity was measured with the Dual-Luciferase Reporter Assay System (Pro-
mega) according to the manualin 96-well plates. Cells were washed with
PBSand thenlysed in 1x passive lysis buffer (35 pl per well) while shaking
for 15 min at 700 r.p.m. at room temperature. Cell lysate (30 pl per
well) was transferred toa LumiNunc 96-well plate (VWR, 732-2696) and
measuredinaSpark10M plate reader (Tecan) using the dual-luciferase
reporter assay reagents (35 pl per well) with an autoinjector. The attenu-
ationstandard settings (OD-none) of the Tecanreader were used. Each
measurement was performed for 10 s, starting 5 s after injection. Per
treatment, five biological replicates were analyzed, each measuredin
one technical replicate. For data processing, measured blank values
(background) were subtracted from samples and controls and then
all firefly values were divided by the corresponding Renilla values.
The resulting normalized firefly activity of all samples was then set in
ratio to the positive control to obtain the restored normalized firefly
activity as a percentage.

Editing readout using Sanger sequencing (total RNA from cell
lines). Cells were harvested in RLT buffer (Qiagen, 79216), followed
by RNA isolation using either the Monarch RNA cleanup kit (NEB,
T2030L) or the RNeasy Mini RNA isolation kit (Qiagen, 74104). DNase
I digestion was performed according to the manual using NEB DNase
I (NEB, M0303S). One-step RT-PCR was performed using the Bio-
techrabbit one-step RT-PCR kit (Biotechrabbit, BR0400102) for
regular substrates. For difficult substrates (for example, the murine
Mecp2 W104>amber transcript), the OneTaq one-step RT-PCR kit
(NEB, E5315S) was used. All samples were mixed with nuclease-free
water (10 pl) and heated to 90 °C for 2 min immediately before
RT-PCR. If necessary, a sense-oligo (1 ul, 10 pM) corresponding to
the used guide RNA (Supplementary Table 2) was included in the
volume. For the murine Mecp2 W104>amber transcript, the heating
step was performed at 95 °C for 3 min under 12.5% DMSO (5% final
concentration in RT-PCR mix). After TAE buffer-agarose gel elec-
trophoresis and PCR cleanup (NucleoSpin Gel and PCR cleanup
kit, Macherey Nagel, 740609), Sanger sequencing (Microsynth AG)
was performed.

RT-qPCR experiments. RNA isolation was performed using either
the Monarch RNA cleanup kit (NEB, T2030L) or the RNeasy Mini RNA
isolation kit (Qiagen, 74104) according to the manufacturer’s proto-
col. DNase digestion was performed according to the manufacturer’s
protocol (rigorous two-step incubation treatment) using the Turbo
DNaseKit (Thermo Fisher, AM1907). RT with 500 ng of RNA per sample
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was performed using the high-capacity cDNA RT kit (Thermo Fisher,
4368814), followed by PCR cleanup using the NucleoSpin Geland PCR
cleanup kit (Macherey Nagel, 740609). RT-qPCR was executed in an
Applied Biosystems QuantStudio 7 Proreal-time PCR system (96-well or
384-well gPCR plate, 20 ngor 4 ng of cDNA (10 or 2 ng pl™) per well). The
Fast SYBR-Green mastermix (Applied Biosystems, 4385612) was used
accordingto the manufacturer’s protocol (10 pl or 5 pl of SYBR-Green
mix, 7.2 pl or 2.6 pl of nuclease-free water and 0.4 pl or 0.2 pl of each
primer). Samples and TE buffer negative controls were measured in
threetechnical replicates. AAC,calculations were performed as previ-
ously described®”. Amplification efficiency and melting curves were
analyzed for each new primer pair using a cDNA dilution series (Sup-
plementary Fig. 11). For normalization, one or more housekeeping
genes from the following list were used: human U6 small nuclear RNA
(snRNA; RNU6), murine U6 snRNA (Rnu6), murine [3-actin (Actb) and
murine ribosomal protein 29 (Rps29). Results are reported in Fig. 6 and
Supplementary Figs.11-13.

qPCR experiments (AAV episome copy number). Genomic DNA
isolation from murine brain tissue was performed using the QlAamp
DNA Micro Kit (Qiagen, 56304) according to the manufacturer’s pro-
tocol. qPCR was executed in an Applied Biosystems QuantStudio 7
Pro real-time PCR system (384-well qPCR plate, 4 ng of genomic DNA
(gDNA; 2 ng pl™) per well). The Fast SYBR-Green mastermix (Applied
Biosystems, 4385612) was used according to the manufacturer’s proto-
col (5 pl of SYBR-Green-Mix, 2.6 pl of nuclease-free water and 0.2 pl of
each primer). Samples and AE buffer negative controls were measured
inthree technical replicates. AAC,calculations were performed as pre-
viously described®. For normalization, the murine Actb housekeeping
genewas used. The vector copy number per pg of DNA was determined
by absolute quantification using a standard curve. The templates for
the standard curve were prepared according to the manufacturer’s
protocol (Takara, 6233). For the conversion of vector copy number
per pg of DNA into copies per cell, 6.030 pg of gDNA was assumed
per male C57BL/6 nucleus according to a previous study*’. Results are
reportedin Fig. 6.

Animal experiments

Animal studies. All animal procedures were approved by the Insti-
tutional Animal Care and Use Commiittees of Oregon Health and Sci-
ence University. A total of ten Mecp2°*"-carrying male mice (W104X)
were killed during this study. Three mice were injected with the
nontargeting virus and seven were injected with the targeting virus.
From these seven animals, five were used for RT-qPCR and Sanger,
ampliconand RNA-seq. The remaining two mice were used for MeCP2
immunohistochemistry.

Mecp2 311G>A husbandry and genotyping. All mice were housed
in conventional laboratory housing under controlled humidity
(target value, 44%; minimum, 24%; maximum, 64%), temperature
(target value, 21 °C; minimum, 18 °C; maximum, 24 °C) and lighting
(12-hlight, 12-h dark period) with free access to food (regular mouse
chow) and water. The Mecp2®*"~* mice were maintained by cross-
ing to pure wild-type C57BL/6) mice. Genotyping was performed
using primers specific for the Mecp2©*"™* allele. Separately, sex was
determined using PCR primers specific for the Xand Y chromosomes
(Supplementary Table 2).

Design of AAV-encoded guide RNAs. The targeting virus encoded
the circular Mecp2-targeting CLUSTER guide RNA V27.2.4 (Supple-
mentary Table 1). The latter consisted of a TS and four RSs of 20 nt
length each, a split-R/G V3 ADAR-recruiting domain, a ligation stem
and two ribozymes required for its circularization (Extended Data
Fig. 4). For the nontargeting guide RNA virus, the sequences of all
four RSs and the targeting sequence were scrambled, while A linkers,

the ADAR recruiting motif and ribozymes required for circularization
were unchanged (Supplementary Table 1).

Viral vector preparation. The AAV-PHP.eB vectors were produced by
the Penn Vector Core Facility (Perelman School of Medicine, University
of Pennsylvania) and titered using droplet digital PCR. Aliquots were
stored at -80 °Cbefore use.

Viralinjections. P30-P34 male mice were deeply anesthetized with 3%
isofluorane (v/v) and placed onaprewarmed surface. For each animal,
a100-pl volume containing 4E12 viral genomes was injected into the
retro-orbital sinus. Following injections, mice were monitored for pain
and distress while recovering on a heated pad before being returned
to their home cage.

RNA isolation and Sanger sequencing (in vivo samples). Four weeks
afterinjection, brains were dissected in5 mM HEPES in Hanks’ balanced
saltsolution and total RNA was isolated from individual brain regions
using QIAzol reagent (Qiagen, 79306) and the Qiagen miRNeasy Kit
reagent (Qiagen, 217004) according to the manufacturer’sinstructions.
RNAwas reverse-transcribed using the SuperScript Il first-strand syn-
thesis system (Invitrogen,18080051) and primed using oligo dT. Endog-
enous Mecp2 cDNA was amplified and analyzed by Sanger sequencing
(Supplementary Table 2).

RT-qPCR experiments (in vivo samples). Total RNA was isolated from
individual brainregions using QIAzol reagent (Qiagen, 79306) and the
Qiagen miRNeasy Kit (Qiagen, 217004) according to the manufacturer’s
instructions. DNase digestion was performed on 1 pg of RNA using
Turbo DNase Kit (Thermo Fisher, AM1907) according to the manufac-
turer’sinstructions. DNase-treated RNA was then reverse-transcribed
using the SuperScript Ill first-strand synthesis system (Invitrogen,
18080051) and was primed using oligo dT. RT-qPCR experiments were
performed onan Applied Biosystems QuantStudio 6 Flex real-time PCR
system. All samples were runin triplicate with a standard curve using
SYBR select master mix reagent (Thermo Fisher, 4472918) for inward
and outward primer sets to quantify CLUSTER guide concentrations
across brainregions and circularization, respectively. CLUSTER guide
expression was calculated relative to the geometric mean of three
housekeeping genes (Rnu6, Rps29 and Actb). Primers sequences are
listed in Supplementary Table 2.

Immunostaining. Immunostaining was performed as previously
described®°. Briefly, mice were anesthetized using an intraperitoneal
injection of 2,2,2-tribromoethanol (Sigma Aldrich, T48402) and killed
by transcardial perfusion of PBS pH 7.4, followed by 4% depolymerized
paraformaldehyde. Brains were cryoprotected with sucrose, embedded
infreezingmediumandstored at—80 °C. Sagittal whole-brain sections
were cut at 25 um using a cryostat and stored at —20 °C until staining.
Sections underwent heat-mediated antigen retrieval before blocking
in PBST (0.1% Triton X-100 in PBS, pH 7.4) and 10% BSA (Sigma, A2153-
500G) for1hatroomtemperature. Sections were incubated overnight
at 4 °C with rabbit anti-MeCP2 antibody (rabbit monoclonal antibody
D4F3, RRID: AB_2143849, Cell Signaling, 1:500) diluted in blocking
buffer. Sections were washed with PBST and incubated for 1 h at room
temperature with Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen,
A212061:750) diluted in blocking buffer. Sections were washed and incu-
bated with300 nM DAPI (Invitrogen, D1306) in PBS for 5 min. After afinal
wash in PBS, sections were mounted using Fluoromount G (Invitrogen,
00-4958-02).Images were acquired using ZEN 2.3 SPIFPS Black (version
14.0.0.0) ona Zeiss LSM 710 confocal microscope witha C-Apochromat
x40 (1.2numerical aperture) objective and LSM T-PMT detector. Images
were processed in ImageJ (version 1.54f). Murine MeCP2 protein and
nuclei (DAPI) were pseudo-colored in ImageJ to highlight colocation
puncta. Results are reported in Fig. 6p and Extended Data Fig. 9.
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Deep amplicon NGS experiment

Retro-orbitalinjections and RNAisolation were performed as explained
above. Two settings were carried out, each withanindependent dupli-
cate: (1) nontargeting circular CLUSTER guide RNA and (2) Mecp2
W104>amber transcript-targeting circular CLUSTER guide RNA. For
the latter we selected the two thalamus samples that showed the high-
est Mecp2 on-target editing yield during Sanger sequencing. Puri-
fied RNA was delivered to the Massively Parallel Sequencing Shared
Resource Core (MPSSR) at the Oregon Health and Science University
for llluminalibrary preparation and then transferred to the Molecular
Technologies Core (MTC) at the Oregon National Primate Research
Center for lllumina amplicon sequencing. The library was prepared
with the TruSeq DNA nano library prep kit and sequenced witha MiSeq
instrument (I millionreads, 500 cycles, 2 x 500 bp of paired-end reads;
Illumina). Furthermore, 2 nM pooled libraries were spiked with 5% PhiX
before the sequencingrun. The sequencing reads were demultiplexed
using BCL Convert (version 2.4.0). Adaptors were trimmed with FastQ
(version 1.0.0). Raw FASTQ files were processed using Seqtk (version
1.3-r106). The command ‘seqtk trimfq in.fastq > out.fastq’ was used
to trim low-quality bases. The command ‘seqtk seq -q30 -n N in.fastq
> out.fastq’ was used to mask base calls with a quality value <30 as
N. The base-call accuracy of the remaining bases was, thus, 99.9%.
FASTQ file quality was assessed with FastQC (version 0.11.9)°".

Mapping of deep amplicon-seq reads. Reads were aligned to
the GRCm38/mml0 reference genome using BWA-MEM (version
0.7.17-r1188). The alignments were analyzed using the Integrative
Genomics Viewer (version 2.16.2). The editing yields were exported
fromIGV (version 2.16.2) and then further processed in Excel 2016.

Next-generation RNA-seq experiment

Retro-orbitalinjections and RNAisolation were performed as explained
above. Two settings were carried out, each withanindependent dupli-
cate: (1) nontargeting circular CLUSTER guide RNA and (2) Mecp2
W104>amber transcript-targeting circular CLUSTER guide RNA. For the
latter, we selected the two thalamus samples that showed the highest
Mecp2 transcript on-target editing yield during Sanger sequencing.
Purified RNAwas delivered to CeGaT for total RNA-seq. The library was
prepared from 100 ng of RNA with the KAPA RNA HyperPrep library
prep kit with RiboErase (HMR) and KAPA globin depletion hybridiza-
tion oligos (Roche) and sequenced with a NovaSeq 6000 (50 million
reads, 2 x 100 bp of paired-end reads; lllumina). The sequencing reads
were demultiplexed using lllumina bcl2fastq (version 2.20). Adaptors
were trimmed with Skewer (version 0.2.2)°2. No quality trimming of the
reads was performed. Raw FASTQ file quality was assessed with FastQC
(version 0.11.8)°". One of the nontargeting CLUSTER guide RNA samples
failed quality control (RNA integrity number of 1) and, thus, had to be
removed from the analysis. Results are reported in Fig. 60 and Extended
DataFig. 8.Inaddition, we reanalyzed brainstem samples from a similar
previous study that applied the boxB/AN-ADAR system**. From this
existing dataset, we randomly selected samples from the untreated
Rett mouse negative control group and the two samples from the
boxB/AN-ADAR targeting virus-treated group that that showed the
highest Mecp2transcript on-target editing yield. Results are reported
in Extended Data Fig. 8.

Mapping of RNA-seq reads. Reads were uniquely aligned to the
GRCm38/mm10 reference genome using STAR (version 2.7.3a)
(‘STAR-2.7.3a --alignSJoverhangMin 8 --alignintronMax 1000000
--alignMatesGapMax 600000 --outFilterMismatchNoverLmax 0.3
--outFilterMismatchNoverReadLmax1--outFilterMatchNminOverLread
0.66 --outFilterMultimapNmax 1 --outReadsUnmapped Fastx
--outSAMattributes All --outSAMtype BAM Unsorted --quantMode
GeneCounts--genomeLoad LoadAndKeep --limitBAMsortRAM 37580-
963840 --outBAMsortingThreadN 10 --runThreadN 40 --genomeDir

mm10.STAR.7.ReadsLn100.gencodeM18 --readFilesCommand cat
--readFilesIn file-name_R1.fastq file-name_R2.fastq--outFileNamePrefix
file-name’)®.

RNA-editing index. The RNA-editing index tool*° calculates the average
editing level across all A bases in a set of regions. The editing index is
defined as the ratio of the number of AG mismatches to the total cover-
age of Abases. Genomicssites overlapping common single-nucleotide
polymorphisms (dbSNP142) were excluded. The RNA-editing index
tool was used to assess the overall editing for all the coding sequence
regions of the mouse genome.

Global RNA editing. To assess global RNA editing, we used the known
editing sites from the REDIPortal* and from a very small set of evolu-
tionarily conserved A-to-1 editing sites®*. We calculated the editing
levels in those sites using REDITools® with a coverage > 50 reads for
everysite. For every group of each dataset (this study and the previous
study**), we combined the editing levels of the replicates for each site.
We then selected the 2,532 sites that were common in both datasets.

Data analysis

Datawere analyzed using Excel 2016 and GraphPad Prism 8. Figures were
created with CorelDraw 2017. The manuscript was written using Word
2016. The custom GuideRNA-Forge tool was written in Python (ver-
sion3.9). Guide RNA folds were created using the ViennaRNA Package
(version 2.0, http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNA-
fold.cgi). qPCR analysis was performed using the Applied Biosystems
7500 data analysis software version 1.1 (animal experiment) and version
2.3 (remainder of the study).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Transcriptome-wide RNA-seq data are accessible from the National
Center for Biotechnology Information (NCBI) Gene Expression
Omnibus database with accession code GSE265898. Deep amplicon
NGS data are accessible from the NCBI Sequence Read Archive SRA
database with accession code PRJNA1100948. Transcriptome-wide
RNA-seq data from Sinnamon et al. are accessible from the NCBI SRA
database with accession code PRINA849938. Structural data from
Thuy-Boun et al. and Stefl et al. are available from PDB 5SHP2 and 2L2),
respectively.

Code availability

The full code of the GuideRNA-Forge tool is available upon request.
The compiled tool canbe obtained from GitHub (https://github.com/
recruitment-cluster-finder/GuideRNA-FORGE)®.
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Extended Data Fig. 1| The enhancing and suppressing effects of G-U and
U-G wobble base pairs on RNA editing apply to all catalytically active ADAR
isoforms. (a) Schematic of the utilized cis-acting editing reporter construct.
(b) Editing yields when applying G-A mismatches or G-U wobbles for editing
suppression at the 5-UAG triplet in either ADAR1 p110-, ADAR p150- or ADAR2-
Flp-In T-REx cells. The exact position of each mismatch or wobble is indicated
below each bar. The target adenosine is highlighted in green, bold and

underlined. Bases thatinduce wobbles or mismatches are highlighted in dark
blueandbold. The 5’ and 3’ orientation of the triplet and the used ADAR isoform
areshown above the grouped bars. (c) As b) but regarding editing yields when
applying enhancing U-G wobbles. Data for b) and c) are shown as the mean + s.d.
of N =3 biological replicates per bar. For statistical analysis, a student’s t-test

(two-tailed, parametric) was applied.
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Extended Data Fig. 2| G-U wobbles improve efficiency and precision of trans-
acting LEAPER guide RNAs for endogenous targets. (a-b) Editing heat-map of
the LEAPER guide RNA binding site within the indicated transcripts. The basic
design column, LEAPER, lacks G-A mismatches and wobble base pairs. The other
guide RNAs contain either G-A mismatches or G-U wobbles at G-U amenable sites
or acombination of both solutions at all bystander sites. In the latter case, G-A
mismatches are placed at sites not amenable to G-U wobbles. The triplet context
foreach listed editing event is given with the target adenosine highlighted in

green and all off-target adenosines in blue. The position of each site is given
relative to the transcript and the target adenosine (+0 position). The editing
events detected at position 2546 (+47) and 2548 (+49) of the NUP43 transcript
were natural events and were thus skipped in regard to bystander suppression.
Editing was performed with plasmid-borne guide RNA and endogenous target
transcripts in HEK293FT cells (endogenous ADAR). Data are shown as the mean
editing percentage + s.d. of N = 3 biological replicates.
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| G-U wobbles significantly outperform previous
solutions in bystander suppression at nearest neighbor (NN) sites.

(a) Design of the cis-acting RNA editing reporter constructs used ine) and f).
(b) Design of the linear trans-acting CLUSTER guide RNAs used in g).

(c) lllustration of the base-pairing motifs applied to the constructsin a) (ocher)
andb) (grey) that were used to suppress bystander editing at the 5"-U[AAG]
sequence motifine)and g). (d) As c) but for the 5" -[UAA]U sequence motif
and the resultsin f). (e) Suppression of bystander editing at the 5"-NN A and
concurrent effect on the target A editing yield in a 5’-U[AAG] sequence motif.
(f) Similar to e) but targeting the Ain a 5’-[UAA]U sequence motif and
suppressing bystander editing ata3”-NN A. Editing in e) and f) was performed
in ADAR1p110 Flp-In T-REx cells using plasmid-borne reporters as displayed in
a). (g) Suppression of bystander editingat a5 -NN A when editing a 5-U[AAG]
site (K984) of the human BMPR2 transcript using trans-acting CLUSTER

guide RNAs. (h) Meta-analysis of bystander suppressionat 5"-and 3"-NN

sites over three different target transcripts (AHI1, BMPR2 and COL3Al), three
different A-rich target triplets flanked either 5’ and/or 3’ by uridines (5-[UAA]

U, 5-U[AAG], 5-U[AAA]U), and applying two trans-acting site-directed RNA
editing systems (CLUSTER/endogenous ADAR, boxB/AN-ADAR2Q). The full data
set of the meta-analysis is shown in Supplementary Fig. S5. Editing in g) and h)
was performed in HeLa cells using plasmid-borne editase (A\N-ADAR2Q) and/

or guide RNA (2x boxB, CLUSTER). Data in e) - g) are shown as the mean editing
percentage +s.d. of N = 3 biological replicates. Data in h) are shown as the mean
editing percentage + s.d. of three 5’-NN off-target sites, seven on-target sites,
and five 3'-NN off-target sites containing N = 3 biological replicates per site. The
center line represents the median, the plus-sign the mean. The whiskers extend
to the minimum and maximum values. The box limits the 25" and 75" percentile.
For statistical analysis, a student’s t-test (two-tailed, parametric) was applied.

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article https://doi.org/10.1038/s41587-024-02313-0

Cluster of recruitment

sequences (RS)
T 1

5' ribozyme 5' split-R/G L L L L L 3' split-R/G 3' ribozyme
HEEE 000000000 e o e e e O s 0 .
Promoter 5' ligation SD RS#1 RS#2 RS#3 RS#4 3' ligation Terminator
sequence sequence

Polymerase Il or llI
transcription

Legend:
SD = Specificity Domain
RS = Recruitment Sequence

L =Linker
(¢ ’
o
\ r
5' 3
I Ribozyme cleavage I
\/ \/ 5
Q 3
<4
Intracellular RNA
ligation <céh 92
I
Target transcript
\ binding & A-to-1 editing &
+ >
\ P
5

\

5'-OH
2'3'-cyclic
phosphate

Circular CLUSTER guide RNA
bound to its target transcript

Extended DataFig. 4| Circularization of a split-R/G CLUSTER guide RNA using RNA, the ligation stem (orange) forms a nearly continuous duplex with the split-

the Tornado expression system. The guide RNA is expressed from either a R/G motif (light green), only interrupted by a five-nucleotide bulge. The circular
polymeraseIll (for example U6) or a polymerase Il (for example CAG) promoter guide RNA binds toits target transcript. Strategic placement of wobble base pairs
witha corresponding terminator. 5’ and 3’ ribozymes auto-cleave the primary within the recruitment sequences (RS) and/or the specificity domain (dark green)

transcript resultingina5’-OH and a 2°,3’-cyclic phosphate overhang, respectively, suppresses off-target editing, while a C-A mismatch within the specificity domain
whichare subsequently ligated by the endogenous RTCB ligase. In the final guide (SD) promotes on-target A-to-IRNA editing.
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AAG | 386 (+24) | | 120 | [2228] | 94 | [23%1] [2126] [152 | [1522] [ 51 ©| 0:0 | [ 2£3 < %2 | [ 11| [0x0 | [ 11| [ox0 | [ 0£0 | [ 11| [ 120
GAU|[ 396 (+34) | [ 121 | [ 121 | [120 | [ 21| [ 121 | [0£0 | [ 00 | [ 0£0 & 020 | [ 00 G113 [020 | [ 121 | [ 121 ] [2#0 | [120 | [ 121 | [ 121
GAA | 405 (+43) 12 0+0 0+0 32 1+1 1#1 0+0 0+0 @700 0+0 @ 0+0 0+0 1+1 0+0 0+0 0+0 1+1 1+1
AAA [ 406 (+44) | [ 0£0 | [121 | [121 | [ 11| [0#0 | [ 020 | [ 121 | [[0#0
AAG [ 407 (+45) | [ 00 | [0£0 | [0£0 | [ 21| [1£2 | [ 121 | [ 00 | [ 020 4£1| [ 0£0 | [ 0£0 | [ 0£0 | [ 121 | [ 0£0 | [ 0£0 | [ 00
UAU | 410 (+48) | | 00 2+0 1+2 4+1 617 1+1 120 10 411 6+1 7£2 | | 9+4 1+ 2+1 0+0 0+0
GAU| 413 (+51) | [122 | [ 00 | [ 00 | [1%2 | [ 121 ][ 0+0 | [ 020 | [ 020 @[ 120 | [0£0 | [ 121 | [0£0 | [ 00 | [ 0£0 | [ 11 | [ 0:0
UAU | 417 (+55) | [ 0£0 | [ 00 | [ 121 [ 1#1] [0£0 | [ 00 | [ 020 | [ 121 R 11| [1£1] [1£2 | [0x0 | [00 | [ 020 | [[020 | [ 00
UAU | 419 (+57) 341 | [ 11| [ 121 | [0£0 | [ 121 | [0£0 | [ 020 | [ 020
GAU | 424 (+62) 0+0 1+1 1+1 0+0 | [ 0+0 | | 00 1+1 0+0
GAA [ 461 (+99) 0:0 | [ 020 ™ 3 % a
AAU | 462 (+100) —111 00 (Guide ﬁl\gsec:j\atics): (H_iagt%p):
GAULAE (+104) 01 00 00 A = Target adenosine
AU [471 (+109 &1 528 | | 121 L = [AvSd| Target adenosin
SAg 473 ((+111; (553 | 1z SD = Specificity domain G e
RS = Recruitment seq. .
| GAA | 479 (+117)| 2+3 110 TS = Target sequence Off-target adenosine
AAA [480 (+118) 040 | | 120 = Binding site )
GAC |503 (+141) 1£1 | [ 121 Av£Sd| GA-mismatch
UAA 508 (+146) <[ 120 | [121 -
AAU |50 (+146) % 020 13 A d| U-depletion d| 5' GU-wobble
[3e]
g:g g:g Eﬂgg; 8:3 8:3 Ediing yield 3 GU-wobble

Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Extended data set for editing Mecp2 W104amber
with LEAPER and CLUSTER guide RNAs. Panels (a) to (d) give schematic
representations of the used linear and circular LEAPER and CLUSTER guide
RNAs and their binding to the target mRNA. LEAPER guide RNAs were 111 nt
long, centered with a C-A mismatch on the target adenosine. CLUSTER guide
RNAs combined an ADAR-recruiting domain (R/G motif), a20 nt long specificity
domain containing the C-A mismatch with the target adenosine at position 8,
and a cluster of three recruitment sequences of 20 nt length each. The circular
CLUSTER guide RNA combines the ligation stem for circularization with the
ADAR-recruiting motifinto a split-R/G motif. (e) Editing heat-map using linear
and circular LEAPER guide RNAs as seenina) and b). (f-h) Editing heat map
using linear and circular CLUSTER guide RNAs as seenin c) and d). Notably, the
linear R/G version 21 guide RNA achieved already highly precise editing with an
impressive 38 + 7% on-target editing yield, clearly better than the best circular

LEAPER guide RNA design (25 + 2% on-target yield) with similar precision.

A circular CLUSTER guide RNA with six recruitment sequences, but lacking
the ADAR recruitment motif, achieved 54 + 7% on-target editing with very high
precision after applying the GU wobble strategy. However, adding a split-R/G
recruiting motif achieved even better on-target editing yields of 75 + 1% to

82 +1%, eventhough only 4 recruitment sequences were applied. GU wobbling
was required to eliminate bystander editing at the binding sites of recruitment
sequences. The triplet context for each listed editing event is given with the
edited adenosine highlighted inbold green. The position of each bystander
site (bold blue) is given relative to the target adenosine (+0 position). Editing
was performed with plasmid-borne guide RNA and murine Mecp2in HeLa cells
(endogenous ADAR). Data are shown as the mean editing percentage + s.d. of
N =3 biological replicates.
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Extended DataFig. 6 | Verifying guide RNA circularization via quantitative
RT-qPCR. The circular state of the split-R/G CLUSTER guide RNA (V27.2.4,
pTS2108) targeting mMecp2 W104Amber was verified by using quantitative
RT-PCR oninvitro samples from transfected HeLa cells. As reference a linear
version of the same guide RNA was used. The dataset was normalized to human
RNU6 snRNA. The amplicon of the outward primer pairin a) is 187 bp long and
requires reverse transcription and PCR through a strong hairpin structure. It can
thus not be directly compared to the inward primer pair in d) which is smaller

(75 bp) and does not contain inhibitory secondary structures. (a) Binding sites
ofthe outward primer pair, which can only amplify circular guide RNAs. (b) Fold
change of linear and circular split-R/G CLUSTER guide RNAs (V27.2.4, pTS2108,
pTS2228) relative to endogenous human RNU6 as detected by using the outward
primer pair. The 2984-fold difference between linear and circular shows that the
endogenous circularization of the guide RNAs though the RTCB ligase (Extended
Data Fig. 4) was successful and that the outward primer pair can identify circular

guide RNAs with high confidence (low type-l error rate). (c) Type-l error rate
calculated from b) amounts to only 0.03%, thus 99.97% of circular guide RNAs

are correctly identified. (d) Binding sites of the inward primer pair, which can
amplify both linear and circular guide RNAs. (e) Fold change of linear and circular
split-R/G CLUSTER guide RNAs (V27.2.4, pTS2108) relative to endogenous human
RNU6 snRNA as detected by using the inward primer pair. The 235-fold difference
between linear and circular shows the high level of total guide RNA enrichment
achieved after circularization. (f) Percentage of successfully circularized guide
RNAs calculated frome). Under the assumption that the 235-fold increase
detected for circular guide RNAs compared to linear ones solely depends on
circularization, 99.6% of all guide RNAs were successfully processed by the
ribozymes of The tornado expression system and then ligated by RTCB.
Datainb)and e) are shown as the mean editing percentage + s.d. of N=3
biological replicates.
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CAU[ 310 (-52) | [§]0.17] [0.12] [0.19] [0.12] [0.11 ] [0.14 | [0.12] [CAU[ 310(-52) | [§]0.12] [0.14] [0.12] [0.12] [0.15] [0.14 | [ 0.14
UAU | 313 (-49) 8 0.08 | | 0.08 | | 0.11 0.08 | [ 0.08 | | 0.11 0.10 UAU \ 313 (-49) | 8 0.10 | 10.07 | | 0.09 | | 0.08 | | 0.06 | | 0.07 | | 0.08
|
GAC | 327 (-35) 0.21]/0.28||028||0.21]|[0.28]||0.22]|0.14 GAC | 327 (-35) 015|022 |(0.19||0.18 || 0.17 | | 0.20 | | 0.19
UAU| 331(31) | |~[0.12] [0.14] [0.16 | [0.12] [0.09 | [0.11 ] [0.11 UAU| 331(31) | |~[0.13] [0.11] [0.11] [0.14] [0.11 | [0.11] [0.11
UAU | 335 (-27) &10.09] [0.13] [0.31] [0.09] [0.13] [0.13] [0.11 UAU | 335 (-27) %0014 | 1010 | [0.10 | [0.07 | [0.15] [0.11 0.16
GAU | 338 (-24) 020 [0.18] [0.30 | [0.13] [0.26 | [0.17 | [0.21 GAU | 338 (-24) ©[0.20| [0.23] [0.18] [0.23]| [0.24 | [0.23] [0.26
GAC | 341 (-21) 0.21][016]|[023][0.16|[0.19] [0.22 | [0.14| [GAC| 341 (-21) 0.17|[0.17| [ 0.16| [0.16 | [ 0.16 | [ 0.21 | [ 0.20
Legend (a+b)
— (Guide RNA schematics):
GAA | 356 (-6) 0.17]10.15(|0.38 || 0.18| | 0.22 | | 0.18 | [ 0.19 GAA | 356 (-6) 0.17|10.20 | [0.16 | [ 0.18] | 0.23 | | 0.24 | | 0.20 _ .
AAG | 357 (-5) 0.29 | [0.28] [0.78 ] [0.23] [0.29| [0.26| [0.21]| [AAG]| 357 (5) 0.37 | [0.39] [0.32] [0.36] [0.39| [0.61] [0.58 A =Target adenosine
SD = Specificity domain
UAG] 362 (0) | |,[0:17] [0:23] [0:35] [0.15] [0.29] [0.16] [019] [UAG] 362 (20) | |.,[1:86] [2:36] [2:85] [3:20 [ [t Sl .
GAC| 364 (+2) | |7[0.25][0.21][0.32[0.20| [0.23 ] [0.25][0.26 | [GAC| 364 (+2) | [F[0.16 | [0.22] [0.24 | [0.25 | [ 0.22 | [ 0.28 | [ 0.20 TS = Target sequence
CAC | 366 (+4) 0.17][0.13|[0.60| [0.18 | | 0.22| [0.17 | | 0.19| [CAC| 366 (+4) 0.21|{0.19][0.15|[0.25| [0.18 | [0.22 | [ 0.22 = Binding site
GAA | 369 (+7) 0.19][0.18| [0.29] [0.15| [ 0.18] [0.18 | | 0.15]| [GAA| 369 (+7) 0.15|[0.17 | [0.16| [0.20 | [0.19| [0.21 | [ 0.16
Legend (c+d)
AAG | 386 (+24) | [[0.16 | | 0.22 | |045| | 0.21||0.21|[0.24 || 0.27 AAG | 386 (+24) | [[0.20 | [ 0.23 | |0.26 | | 0.20 | | 0.25 | | 0.24 | | 0.25 (Heatmap):
GAU| 396 (+34) | [5[0.09 | [0.13] [0.19] [0.07 | [0.12]| [0.15]| [0.17 | [GAU| 396 (+34) | |&[0.14 | [0.09 | [0.10] [0.14 | [0.12] [0.14 | [ 0.11
GAA | 405 (+43) @015 [0.19] [0.33] [0.19 ]| [0.20| [0.22] [0.18 GAA | 405 (+43) @020 [0.19] [0.17] [0.19] [0.17 | [0.25] [ 0.21 IAviSdI Target adenosine
AAG | 407 (+45) 0.25 | [0.18] 029 [0.23 | [0.27 | [0.21] [0.22] [AAG] 407 (+45) 0.18 | [0.18] [0.24 | [0.19] [0.29| [0.25 | [ 0.29 AR
UAU | 410 (+48) 0.13][0.08|[0.15] [0.13|[0.11] [0.12]| [0.06 | [UAU | 410 (+48) 0.124 | 0.114 | 0.104 | 0.124 | 0.201 | 0.20 | 0.18 5' GU-wobble
GAU| 413 (+51) | |2/ 0.20 | | 0.18 | | 0.32| | 0.19 | | 0.19 | | 0.18 | | 0.17 GAU| 413 (+51) | |2/ 0.16 | | 0.17 | [ 0.19 | | 0.19 | [ 0.18 | | 0.20 | | 0.18
UAU| 417 (+55) | |@[ 011 [0.41] [0.20] [0.12] [0.13] [0.14| [0.12] [UAU| 417 (+55) | |@R[0.13] [0.11] [0.11| [0.10] [0.17 | [0.15] [0.15 3' GU-wobble
UAU | 419 (+57) 0.05|[0.09| [0.13| [0.08 | | 0.09 | | 0.08 | | 0.06 UAU | 419 (+57) 0.08 | [ 0.10 | [ 0.08 | [0.06 | | 0.07 | | 0.12 | | 0.09 Editing yield
GAU | 424 (+62) 0.06 | | 0.05| | 0.11 0.08 | [ 0.05 | | 0.07 | | 0.07 GAU | 424 (+62) 0.09 | [ 0.08| |[0.06||0.05]||0.08||0.05|]|0.07 &y
Extended Data Fig. 7| Amplicon sequencing results before background adenosinein blue. The position of each site is given relative to the transcript
correction. (a) Editing heat map of the indicated brain tissue of Rett syndrome and the target adenosine (+0 position). The dataset covers the complete guide
mice treated with either the scrambled circular CLUSTER guide RNA virus RNA binding region including all binding sites (BS) and the target sequence (TS)
(nontargeting virus) or (b) the circular CLUSTER guide RNA virus (targeting containing the target adenosine. Data are shown as the mean editing percentage
virus). The triplet context for the target-site row is boxed, and the target of N=2mice.

adenosine underlined and green. All other triplet contexts contain an off-target
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Extended Data Fig. 8| Analysis of global off-target events by RNA-seq. (a) Rett
miceinjected with wobble-optimized circular CLUSTER guide RNA (targeting
virus) versus scrambled guide RNA (nontargeting virus). (a) (top) A-to-G RNA
editingindex in coding sequences. Anindex of 1 means 1% of RNA nucleotides
mapped to genomic adenosines are guanosines. The index was stable (no change
inglobal editing activity due to the targeting guide RNA). (a) (bottom) Global
RNA editing at 2,528 endogenous sites (coverage > 50, REDIportal®’). With only
3sites showing > 25% A-editing (beyond blue dotted lines), no clear off-target
editing was detectable in comparison to panel b. (b) Reanalyzed RNA-seq data
(previous study**). With respect to the tissue selected in panel ¢), data from the
brainstems of two untreated Rett mice are compared. (b) (top) Both untreated
mice show astable editing index. (b) (bottom) Global RNA editing at 2,301
endogenous sites (coverage > 50). These sites are also displayed in panel a)
(bottom) and ¢) (bottom). The 7 sites showing > 25% A-editing are considered
normal mouse to mouse and technical variability. (c) Reanalyzed RNA-seq data

(previous study**). Rett mice injected with boxB/AN-ADAR2 virus were compared
to untreated ones. The ADAR2 catalytic domain in the virusis from the native
ADAR?2 protein. (c) (top) The A-to-G index increase by 0.007 in the coding space
reflects a substantial and somewhat concerning increase in global editing,
probably due to the overexpressed ADAR2 catalytic subunit. (c) (bottom) Global
RNA editing at 2,533 endogenous sites thatinclude the 2,528 sites shown in panel
a) (coverage > 50 reads). 25 sites showing > 25% A-editing after injection of the
AN-ADAR2 targeting virus. Thisisin clear contrast to the very high precision
seen for CLUSTER guide RNAs recruiting endogenous ADARs in a) (bottom) or
the untreated mice in b) (bottom). Importantly, the potential off-target sites
included two ADAR2-specific, highly evolutionary conserved sites in GRM4
(glutamate transmission) and NOVAL1 (splicing)*’. Datain a), b) and c) are based
onresults from N =1-2 mice per group. Thalamus and brainstem were selected for
showing the highest editing yields in their respective study.
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Extended Data Fig. 9| Immunohistochemical evidence supporting repair of
MeCP2 protein and function after treatment of Rett mice with the circular
CLUSTER guide RNA. (a) Confocal images of sections of thalamus stained for
MeCP2 protein and DAPI to indicate nuclei. MeCP2 puncta staining, co-localizing
with DAPI, only seen in middle and lower panels indicating restoration of
endogenous protein expression. Nuclei (DAPI) were pseudo-colored to highlight
colocalization puncta. (b) Each bar represents the total percentage of MeCP2
protein foci positive cells relative to DAPI positive cells in each mouse group.
Each datapoint represents one microscopic field of view. Non-injected Rett mice
show background levels ofimmunofluorescence*:. The distribution of positive
nucleiin non-injected wild-type mice reflects the cellular heterogeneity within
the brain. Analysis was performed by confocal imaging in three sections from

each brainregionindicated in the figure. We selected the four brain regions

with the highest editing yields. Data is shown as the median percentage of cells
showing MeCP2 protein foci + c.i. (confidence interval 95%) from N = 2 mice

per bar, as counted in 3 (non-injected Rett mice) or 6 (injected Rett mice) fields

of view per animal. (c) High correlation between the median editing yields
(amplicon sequencing) and the percentage of cells with MeCP2 protein fociin
the four brain regionsina). The abbreviations stand for Cortex (Cx), midbrain
(Mb), thalamus (Th), and brainstem (Bs). Data is shown as one datapoint per brain
region. Each datapoint represents the median result of the respective tissue from
N =2miceinjected with targeting virus per readout. For technical reasons the
correlated editing yields and protein foci percentages are from different animals.
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Extended Data Fig. 10 | Proposed mechanisms for the suppressive effect of
G-Uwobble base pairs on RNA editing when placed at nearest neighbor sites.
(a) Superpositionofa5”~ G Uwobble base pair (blue) on top of a Watson-Crick
AU base pair (black) arranged according to panel b) and c). The shifted Guanine
(blue) results in the projection of an exocyclic amino group into the minor
groove, whichis a distinctive feature of the GU wobble base pair®. (b) hADAR2d/
Bdf2 crystal structure indicating the close proximity of the 5’ nearest neighbor
AU base pair and Glycine 489. The position of the observed base pair (black,
bold) and the target adenosine (green, bold, underlined) is highlighted in the
Bdf2 duplex sequence. (c) A5~ G-U wobble base pair fitted into the hADAR2d/
Bdf2 crystal structure at the 5’ nearest neighbor position predicts a steric clash

between the exocyclicamino group of the Guanine and the Glycine 489. The
clash would require extensive accommodation of the complex and thus cause
structural perturbations, that might negatively affect the deamination rate. The
position of the observed wobble base pair (blue, bold) and the target adenosine
(green, bold, underlined) is highlighted in the Bdf2 duplex sequence. (d) As a)
butarranged accordingto panel e) andf). (e) As b) but showing the 3’ nearest
neighbor AU base pairs proximity to Serine 486. The AU base pair was fitted into
the position of the original CG base pair of the hADAR2d/Bdf2 crystal structure.
(f) As c) but showing the Guanosine of the 3’ G-U wobble base pairs clashing with
Serine 486. The 3° G-U wobble base pair was fitted into the position of the original
CG base pair of the hADAR2d/Bdf2 crystal structure.
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RNA-seq. reads were demultiplexed using Illumina bcl2fastq (version 2.20),
RNA-seq. adapters were trimmed with Skewer (version 0.2.2),
RNA-seq. FASTQ file quality was assessed with FastQC (version 0.11.8),
RNA-seq. reads were aligned to the GRCm38/mm10 reference genome using STAR (version 2.7.3a),
Deep amplicon-seq. reads were demultiplexed using BCL Convert (version 2.4.0),
Deep amplicon-seq. adapters were trimmed with FastQ (version 1.0.0),
Deep amplicon-seq. FASTQ file quality was assessed with FastQC (version 0.11.9),
Deep amplicon-seq. reads were quality trimmed and their low quality bases masked using Seqtk (version 1.3-r106),
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Deep amplicon-seq. reads were aligned to the GRCm38/mm10 reference genome using BWA-MEM (version 0.7.17-r1188),
Deep amplicon-seq. alignments were analyzed using the Integrative Genomics Viewer (version 2.16.2).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Transcriptome-wide RNA-seq data are accessible via the NCBI GEO database with accession code GSE265898. Deep amplicon sequencing data are accessible via the
NCBI Sequence Read Archive (SRA) database with accession code PRINA1100948. Transcriptome-wide RNA-seq data from Sinnamon et al. are accessible via the
NCBI SRA database with accession code PRINA849938. Structure data from Thuy-Boun et al. and Stefl et al. are available with Protein Data Bank ID 5HP2 and 2L2J,
respectively.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No research involving human participants.

Reporting on race, ethnicity, or  No research involving human participants.
other socially relevant

groupings

Population characteristics No research involving human participants.
Recruitment No research involving human participants.
Ethics oversight No research involving human participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Experiments for evaluating editing yields via Sanger sequencing were mostly done in n=3 biological replicates in rare cases in n=4 or n=5.
When possible (in bar diagrams or box plots) data points are displayed individually. In case of heat maps (in-vitro experiments) the mean + s.d.
was displayed.

The evaluation of the editing yields via Sanger sequencing for the animal experiment was done with n=3-5 mice per group, with each
indicated brain region being measured individually as one technical replicate.

Amplicon-seq. and RNA-seq. for the animal experiment were done with n=2 mice per group. In case of heat maps (in-vivo experiment) the
median + 95% confidence interval was displayed.

gPCR quantifications for the animal experiment were done with n=2 mice and n=3 technical replicates per tissue per mouse.

The evaluation of the fold change via the dual-luciferase assay for cell culture experiments was done with n=5 biological replicates with one
technical measurement each.

No sample size calculation was performed. The sample sizes for cell culture experiments were selected based on the prior knowledge of
variation. The group sizes for animal experiments were selected based on "Sinnamon, J. R, et al. (2022). "Targeted RNA editing in brainstem
alleviates respiratory dysfunction in a mouse model of Rett syndrome." Proc Natl Acad Sci U S A 119(33): e2206053119."

Data exclusions  One of the non-targeting CLUSTER gRNA samples from the next-generation RNA-sequencing experiment failed quality control (RIN value 1)
and thus had to be removed from the analysis.

Replication All experiments could be reproduced, as shown in the manuscript, the number of replications and nature of replicates is always given in the
figure caption.
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Randomization  All samples were treated according to the same protocols side-by-side with the respective controls and thus, there was no requirement for
randomization.

Blinding No blinding was performed due to the involvement of several experimentators and several laboratories.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChiIP-seq

|:| Eukaryotic cell lines |Z |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

[] clinical data

X |:| Dual use research of concern

XI[] plants

Antibodies
Antibodies used MeCP2 (D4F3) XP Rabbit mAb (Monoclonal IgG, Cell Signaling Technology, #3456S), Donkey a Rabbit AlexaFluor 488 (Polyclonal 1gG,
Invitrogen, A21206)
Validation MeCP2 (D4F3) XP Rabbit mAb (Commonly used commercial antibody validated in KO mouse tissue sections previously in our lab.

RRID: AB_2143849, PMID: 35939700)

Donkey a Rabbit AlexaFluor 488 (Commonly used commercial antibody with 135 IHC-IF citations as of Jan. 2024. RRID: AB_2535792
Recent publications: PMID: 36865524, PMID: 36321664, PMID: 38017073)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela (cat. no. CCL-2, ATCC)
HEK-Flp-In T-Rex-A1p110, A1p150, A2 (cat. no. R78007, Thermo Fisher scientific, stably transfected with ADAR1 p110 vector
in our lab)
293FT (cat. no. R70007, Thermo Fisher scientific)

Authentication Authentication via STR profiling was performed by the commercial suppliers before purchase of the material. Cell lines were
not additionally authenticated by us.

Mycoplasma contamination The Hela cell line has been tested as mycoplasma-free by the commercial suppliers and in house. 293FT and HEK-FIp-In T-Rex
(A1p110, A1p150, A2) cell lines were purchased mycoplasma-free, but not tested for mycoplasma in-house.

Commonly misidentified lines  None were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Species: mouse, strain: C57BL/6, disease: Rett syndrome caused by Mecp2 311G>A mutation.
All groups consisted of hemizygous male mice.
The animals were between P30 and P34 at the time of AAV treatment.

Wild animals No wild animals were used in this study.

Reporting on sex The findings in this study apply to male mice. Their sex was identified via PCR (see methods section). Female homozygous Rett mice
(Mecp2-/-) are hard to obtain due to the inability to use hemizygous Rett males (Mecp2-/y) as breeders as they have a decreased life
span and Rett-like symptoms that begin to emerge early in life. Homozygous females are also not a model for the human disease
because the human Rett females are heterozygous. The hemizygous males are the optimal choice for our experimentation because




we are able to accurately study the Mecp2 RNA editing efficiency and protein recovery without worrying about the mosaicism that
Mecp2+/- females demonstrate.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight All animal procedures were approved by the Institutional Animal Care and Use Committees of Oregon Health and Science University
(IACUC protocol number: IPO0000284).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks No plants were used in this study.

Novel plant genotypes  No plants were used in this study.
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Authentication No plants were used in this study.
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