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Adenosine deaminases acting onRNA (ADARs) are endogenous
enzymes catalyzing the deamination of adenosines to inosines,
which are then read as guanosinesduring translation.This ability
to recode makes ADAR an attractive therapeutic tool to edit ge-
netic mutations and reprogram genetic information at the
mRNA level. Using the endogenous ADARs and guiding them
to a selected target has promising therapeutic potential. Indeed,
different studies have reported several site-directed RNA-editing
approaches formaking targeted base changes in RNAmolecules.
The basic strategy has been to use guide RNAs (gRNAs) that hy-
bridize and form a double-stranded RNA (dsRNA) structure
with the desired RNA target because of ADAR activity in regions
of dsRNAformation.Herewe report onanovel pipeline for iden-
tifying disease-causing variants as candidates for RNA editing,
using a yeast-based screening system to select efficient gRNAs
for editing of nonsense mutations, and test them in a human
cell line reporter system. We have used this pipeline to modify
the sequence of transcripts carrying nonsense mutations that
cause inherited retinal diseases in the FAM161A, KIZ, TRPM1,
and USH2A genes. Our approach can serve as a basis for gene
therapy intervention in knockin mouse models and ultimately
in human patients.
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INTRODUCTION
The most common type of RNA editing is the deamination of aden-
osine (A) to inosine (I), which is biochemically read as guanosine
(G) by the translation machinery.1 The consequence is an A-to-G
substitution that can lead to codon changes (recoding)2 and could
rescue G-to-A mutations. A-to-I RNA editing is catalyzed by the
highly conserved adenosine deaminase acting on RNA enzyme
(ADAR) protein family, found in all metazoans.3–6 In mammalians,
the ADAR family consists of two active enzymes, ADAR1 and
ADAR2, which share the catalytical deaminase domain (DD),7 and
double-stranded RNA (dsRNA) binding domains (RBDs). The
RBDs bind not only to perfect dsRNA but also to imperfect double-
stranded structures with mismatches at even higher affinity; accord-
ingly, dsRNA is considered to be a prerequisite for editing by
ADARs.3,8
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In recent years, the prospect of using CRISPR-Cas9 for therapeutics
has attracted much attention. This approach offers a solution to
chronic conditions by introducing a lifelong permanent genetic
modification.9,10 However, in some cases, RNA editing could be a
more appropriate alternative, as it does not require the introduction
of foreign immunogenic prokaryotic proteins and any off-target ef-
fects are impermanent.11 Thus, possible adverse effects would be
reversible and tunable, making this approach safer.12

Advances made in understanding the mode of action of the ADAR
proteins, enabled the development of several site-directed RNA-edit-
ing (SDRE) technologies as a therapeutic tool, one of which is by re-
cruiting the endogenous ADAR, which is the method of choice in the
present study. The ability of ADARs to recode makes them attractive
therapeutic tools for correcting genetic mutations and reprogram-
ming genetic information at the mRNA level. Several studies
described pioneering approaches aiming to use ADAR-mediated ed-
iting as a therapeutic tool.13,14 Given that most adenosines are not
likely to occur in a proper structure for editing, the main challenge
is to design guide RNAs (gRNAs), which form an artificial dsRNA
structure around a user-defined target and redirect human ADAR
(hADAR) activity to this site.

Inherited retinal diseases (IRDs) are a clinically heterogeneous and
complex group of visual impairment phenotypes caused by pathogenic
variants in at least 277 nuclear andmitochondrial genes causing vision
loss in individuals worldwide.15 It has been estimated that globally
at least one in three individuals is a carrier of at least one recessive
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
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Table 1. Four ADARable nonsense IRD-causing mutations selected for the present study

Gene NM
Inheritance
pattern gRNA c. p.

Number
of patients
in cohort

Original
AA

Mutated
AAa

ADAR
edited
AAb

% Editing
ADAR1
(NGS)

% Editing
ADAR2
(NGS)

% Editing
ADAR1
(Sanger)

% Editing
ADAR2
(Sanger)

TRPM1 NM_002420.5 AR 60 bases c.880A>T p.K294* 49
AAG
(K)

TAG (*)
TGG
(W)

32.6%
(n = 8)

25.1%
(n = 12)

42.4%
(n = 10)

45.6%
(n = 14)

FAM161A NM_001201543 AR 60 bases c.1567C>T p.R523* 34
CGA
(R)

TGA (*)
TGG
(W)

2.5%
(n = 2)

4.7%
(n = 2)

1.7%
(n = 2)

5.2%
(n = 2)

KIZ NM_018474.4 AR 60 bases c.226C>T p.R76* 21
CGA
(R)

TGA (*)
TGG
(W)

7.4%
(n = 6)

7.8%
(n = 6)

3.3%
(n = 2)

9.9%
(n = 3)

USH2A NM_206933.2 AR 60 bases c.11864G>A p.W3955* 49c
TGG
(W)

TAG (*)
TGG
(W)

31.2%
(n = 5)

20.5%
(n = 4)

30.0%
(n = 3)

29.5%
(n = 5)

USH2A NM_206933.2 AR
18 bases +
55 base GR

c.11864G>A p.W3955* 49c
TGG
(W)

TAG (*)
TGG
(W)

0.5%
(n = 2)

9%
(n = 4)

0%
(n = 2)

10.4%
(n = 4)

AA, amino acid; AR, autosomal recessive; NGS, next-generation sequencing.
aThe mutated nucleotide is in boldface type.
bThe edited nucleotide is in boldface type.
cBased on a previous analysis of IRD variants worldwide.15
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IRD-causing variant and that 1 in 1,380 individuals are affected by
recessive IRDs.16,17 Taking into account that�41%of IRD-causing sin-
gle-nucleotide variants (SNVs) can be candidates for ADAR G-to-A
editing,15 the somewhat high editing activity in the retina,18 and the
relative ease of gRNA delivery to the retina, SDRE appears to be a
promising approach for genetic therapy of IRDs. There is currently
no effective treatment for the vast majority of IRDs, but recent ad-
eno-associated virus (AAV)-based gene therapies bring some hope.
Although this is the case, many relatively prevalent IRD-causing genes
(such as ABCA4 and USH2A) are too large for AAV vectors and/or
have complex alternative splicing patterns yet to be well understood,
and therefore new treatment modalities should be developed.

Here we developed a pipeline in which we selected common nonsense
disease-causing mutations amenable for ADAR editing, used yeast
screening systems that enable identification of efficient gRNAs that
promote endogenous ADAR recruitment for SDRE, and verified their
function in a human reporter cell line. Our study provides a proof of
concept that RNA editing mediated by ADAR can be used as a novel
approach for treating IRDs as well as other inherited diseases and
forms the basis for better gRNA designs.

RESULTS
Selecting “ADARable” candidate mutations

We selected four nonsense mutations (Table 1) to be edited in the pre-
sent study on the basis of the following rationale: optimal ADAR edit-
ing targets for this study were identified by using the previously re-
ported coding system,15 in which each SNV and therefore the
corresponding mutated codon is assigned a score of 0–3, representing
their amenability for undergoingADAR editing.We assessed every dis-
ease-causing variant in a cohort of more than 2,100 Israeli and Pales-
tinian families with IRDs as well as the international Global Retinal In-
herited Disease (GRID) dataset.15Within our scoring system, a score of
3 denotes that the wild-type (WT) amino acid can be reinstated by
ADAR editing, 2 denotes a nonsense mutation in a codon that can
2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
be edited to a missense variant by either correcting the mutated nucle-
otide or a neighboring nucleotide, 1 denotes a mutated codon causing a
missense variant that can be edited to a different missense variant, and
0 denotes an amino acid that is unable to undergo editing to another
amino acid. In our cohort, 47.4% of solved families with IRD-causing
missense or nonsensemutations have a score of 3 or 2. The distribution
of the ADAR score 2 variants in our cohort is shown in Figure 1. We
chose the three most common Israeli editable nonsense mutations (in
the TRPM1, FAM161A, and KIZ genes) within our cohort as targets
(Table 1), all of which are score 2 mutations. In addition, we also chose
the most common worldwide nonsense mutation (c.11864G>A;
p.W3955* in USH2A with a score of 3), identified in at least 49 cases
on the basis of our previous analysis.15 All score 2 mutations had a
neighboring adenosine whose subsequent deaminization would trans-
form the premature stop codon into a tryptophan (W), while the orig-
inal USH2A codon can be reinstated by ADAR. Aiming to verify that
the missense variants generated by RNA editing in the KIZ,
FAM161A, and TRPM1 genes are unlikely to affect protein function,
we performed mutation and sequence analysis of these genes
(Figure S1). Although these three particular amino acids are highly
conserved, there are either no reported missense pathogenic variants
(KIZ), a single “missense” mutation reported as pathogenic or likely
pathogenic that is likely to affect splicing (FAM161A), or mainly null
pathogenic variants (TRPM1) in these genes.

Creating a screening system in yeast for identifying the gRNA

against IRD mutations

As a first step to identifying effective gRNAs for the aforementioned
IRD-causing nonsense mutations, we created a yeast-based system to
test candidate gRNAs (Figure 2A). The system is based on a strain car-
rying a LEU2-marked plasmid that can conditionally express hADAR1
or hADAR2 under a galactose-inducible promoter (GAL1p). This
strain is a uracil auxotroph as a result of a deletion in the endogenous
URA3 gene, and thus is unable to grow in a medium lacking uracil. A
second HIS3-marked plasmid carries a copy of a URA3 gene that has



Figure 1. Most prevalent “ADARable” IRD-causing

mutations with ADAR scores of 2 in our cohort

calculated by percentage of families

The 3 most prevalent variants are also shown (original

codon > mutated codon > edited codon).
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been altered with a premature stop codon leading to the absence of the
corresponding protein. Thismutationwas originated from 102 bpmin-
igene fragments which were inserted in frame, immediately following
the URA3 start codon, and contain the nonsense mutation in the
selected target genes (termed TRPM1-p.K294*-ura3, FAM161A-
p.R523*-ura3, KIZ-p.R76*-ura3, and USH2A-p.W3955*-ura3). As
shown in Figures 2C and 2D we validated that such insertions mini-
mally affected the function of the URA3 reporter gene. The 30 end of
the reporter gene is followed by a “tail” that can fold back and hybridize
at the RNA level with the region flanking the nonsense mutation, thus
creating a dsRNA structure that can promote ADAR-mediated editing
of the UAG nonsense mutations, to UGG encoding tryptophan
(Figure 2B). Thus, efficient hADAR-mediated editing of the IRD mu-
tations should promote the expression ofWTUra3 and correlates with
the strain’s growth in uracil-depleted medium.

Both hADAR1 and hADAR2 exhibit high expression levels in the
retina, surpassing those found in most other tissues, including various
brain regions where editing activity is known to be relatively high
(Figures S2A and S2B). ADAR2 is particularly abundant in the retina
(Figure S2A), and as it is responsible for most of the recoding activ-
ity,19–21 it is not surprising that the editing levels of the known recoding
sites reach their peak in the retina (Figure S2C). Thus, we conducted
experiments involving both hADAR1 and hADAR2.

To test whether the insertion of the minigene fragment affects the
functionality of the URA3 reporter gene, a positive control strain
was created as well, in which the stop codon within the 102 bp frag-
ment was swapped with tryptophan (TGG), mimicking the outcome
Molecula
of perfect editing of the target adenosine
(TRPM1-K294W-URA3, FAM161A-R523W-
URA3, KIZ-R76W-URA3, and USH2A-
W3955W-URA3) (Figures 2C and 2D). This
would lead to a full-length Ura3 protein carrying
an extra 34 amino acids. As shown in Figures 2C
and 2D, we were able to validate that this addition
had only a minor effect on the growth rates in the
absence of uracil and revealed the expected
maximum growth associated with each insertion.

Next, we identified and optimized the gRNA
sequence for each IRD mutation. As mentioned
above, the gRNAs used in previous studies to
direct the endogenous ADARs are composed of
two essential elements: the “specificity domain”
and a 49 nt dsRNA structure originating from
the GluR (GR) ion channel receptors used to re-
cruit ADAR binding (the “recruitment element”). We decided to
test the following gRNAs (Figure 3A) for each of the IRD mutations:
(1) a 60 nt sequence representing the specificity domain, which fully
complements the cDNA of the IRD sequence (termed 60nt-SpD),
except for an A-C mismatch at the target adenosine, which is known
to enhance editing efficiency,22 and (2) a shorter 30 nt specificity
domain combined with GR as the recruiting element (termed 30nt-
SpD-GR). These gRNAs were inserted in the above-mentioned 30

end region. Next, we tested the growth of the indicated strains in
the presence of galactose to induce hADAR2 or hADAR1 expression
and under uracil depletion, for 25 hours. Growth was compared with
the positive control carrying the corrected version of the IRD muta-
tion (see above) and to the negative control carrying an empty
LEU2-marked plasmid (without the hADAR) (Figure 3B). The results
indicate that in the cases of TRPM1-p.K294* and USH2A-p.W3955*,
the 60nt-SpD induced growth similar to theWT, while the 30nt-SpD-
GR gRNA induced mild growth only in the case of the USH2A
variant. However, the 60nt-SpD gRNA induced only minimal or
mild growth in the cases of KIZ-p.R76* and FAM161A p.R523*,
respectively (Figures 3C and 3D). No improvement was detected in
the growth of these mutants even when we attempted to elongate
the specificity domain to 60 nt and add GR as the recruiting element
(60nt-SpD-GR) (Figure S3).

Tovalidate the necessity of dsRNA formation in the vicinity of the target
adenosine as an editing substrate forADAR,weused a similar 60nt-SpD
gRNA that in addition to the A-C mismatch, carried additional mis-
matches around the target adenosine. In comparison with the 60nt-
SpD gRNA strain, which did not contain additional mismatches
r Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Yeast-based screening system for testing gRNAs that promote A-to-I editing

(A) Schematic representation of the yeast-based selection system. A uracil auxotroph yeast strain (deleted in the URA3 genes [Dura3]) harbors a LEU2-marked plasmid that

enables the conditional expression of hADAR2 or hADAR2 under a galactose-inducible promoter (GAL1p-hADAR1/2) and aHIS3-marked plasmid carrying the geneURA3 as

a reporter gene. The reporter gene expression was interrupted by the in-frame insertion of 102 bp minigene fragments containing the following nonsense mutations: TRPM1

K294*, FAM161A R523*, KIZ R76*, and USH2AW3955* (denoted by the green arrow with the red bar). The 30 end of each plasmid containing the mutated insert is followed

by a reverse complement gRNA sequence (“tail”) of the region flanking the mutated insert (denoted a pink triangle in the HIS3-marked plasmid). When the “tail” folds back at

the RNA level, it hybridizes with the corresponding mutated insert sequence and forms the dsRNA structure required for hADAR recruitment and editing, except from a single

A-Cmismatch at the target adenosine. If RNA editing is efficient, the translated wild-type Ura3 protein permits growth in amedium lacking uracil. (B) Sequences of the original

amino acids, the specific changes leading to a nonsensemutation within the indicatedmutations, and the result of ADAR-mediated editing. Nucleotides colored in red denote

the specific mutation site. The target adenosines and the result of the ADAR-mediated editing are denoted in green. (C and D) Insertion of the corrected version of the

minigene fragments minimally affect the function of the URA3 reporter gene. (C) Similar to (A), the corrected version of the mutated insert (*>Trp) is denoted by the green bar.

(D) Growth curves of the strains indicated in (C). Strains were grown to stationary phase in selective media supplemented with 2% raffinose (ADAR expression is off) and

transferred to selective media lacking uracil, supplemented with 2% galactose (t-0) to induce the expression of hADAR2. Samples were brought to an optical density at a

wavelength of 600 nm (O.D 600 nm) of 0.1, and the growth rate was assessed in a 96-well plate using a Tecan microplate reader by measuring O.D 600 nm every 30 min for

25 hours. Error bars represent the SD between three independent experiments. A plasmid carrying the URA3 gene without the in-frame insertion of the mutated insert

fragment was used as a positive control.
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(termed “perfect tail”), we observed that the growth was largely
impaired (Figure S4).

Overall, these results demonstrate that the combination of either hA-
DAR2 or hADAR1, along with the hybridization of the dsRNA, can
induce editing within the selected targets.

Next-generation sequencing confirms that yeast growth is

associated with A-to-I editing

Next, we used next-generation sequencing (NGS) to validate that the
yeast growth seen in our experimental system is a result ofA-to-I editing
carried out by hADAR2.To this end, we extractedRNA from the strains
in which the presence of the selected IRD mutation, hADAR2, and
either the gRNA 60nt-SpD (for variants in FAM161A, TRPM1, KIZ,
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
and USH2A) or 30nt-SpD-GR (USH2A) induced yeast growth. cDNA
of the region flanking the mutation was then amplified and subjected
to NGS. The results indicate that in all cases, A-to-I editing at the target
adenosine was detected. Strains carrying the FAM161A and KIZ vari-
ants exhibited the lowest editing levels of 5% and 1% (ADAR2), or
5% and 2.5% (ADAR1), which aligned with their limited growth,
most probably because these mutants carry guanosines at the 50 end
of the target adenosine, which are largely depleted from the 50 end of
natively edited adenosines.23 The TRPM1 andUSH2A variants showed
a similar growth rate, with higher editing levels of 11% and 10%
(ADAR2), or 40% and 30% (ADAR1), respectively, in the presence of
the 60nt-SpD gRNA. Additionally, the presence of 30nt-SpD-GR
induced editing levels of 0% and 7.3% (ADAR2), or 10.3% and 16%
(ADAR1) (Figures 3C and 3D).



Figure 3. hADAR2- and hADAR1-mediated editing of selected IRD mutations can be induced in the presence of gRNAs

(A) Schematic representation of the dsRNA structure formed when the “tail” containing the selected gRNA sequences folds back at the RNA level on the target to form the

dsRNA structure for ADAR recruitment. (B) A table describing the contents of the strains (denoted as I–V) tested in (C)–(F). Strain I mimicked the outcome of perfect editing by

ADAR and served as the positive control, while the negative controls (strains IV and V) carried an “hADAR1-mediated editing of selected empty” LEU2 plasmid without the

ADAR enzyme. (C and D) Growth curves of the indicated strains were produced as described in two dimensions in the presence of hADAR2 (top) and hADAR1 (bottom). The

numbers representing the editing levels at the target A’s are the average (n = 3) obtained on NGS analysis.
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Overall, these results imply that the growth rate of the yeast strains in
our screening system correlates with editing levels.

Expanding the yeast-based system for screening millions of

candidate gRNAs

In naturally occurring editing sites, the dsRNA structure is imperfect
in the vicinity of the targeted adenosine, and these mismatches are
essential for efficient editing.24,25 Thus, although it is clear that perfect
RNA duplexes make suboptimal structures for editing, the positions
of the mismatches and bulges are difficult to predict. Hence, we aimed
to investigate whether our yeast strains could be employed for their
identification.

As a control, we initiated by introducing a specific G-G mismatch
between the target and gRNA at the 50 G of the adenosine to be
edited in KIZ-p.R76* and FAM161A p.R523* mutants. It was
recently demonstrated that such a mismatch can enhance editing
efficiency in this context.26 Indeed, the results indicate a significant
improvement in growth, which was correlated with increased edit-
ing efficiency 1%–38% (hADAR1) or 35% (hADAR2) in KIZ-
p.R76* and 2.5%–10% (hADAR1), or 5%–8.6% (hADAR2), in
FAM161A p.R523* (Figure 4). These findings underscore the
potential of identifying specific mismatches that can enhance
editing.

Next, we conducted an unbiased screening assay to identify the best
performing gRNAs out of randomized pools. For this purpose, we
focused on theKIZ-p.R76*mutant, which exhibited the lowest editing
levels. We tested whether we could enhance the baseline editing levels
obtained with the 60nt-SpD in the presence of hADAR2. To achieve
this, we used the yeast strain described in Figure 2 to create a library of
approximately 107 strains (Figure 5A). Each of these strains carries a
distinct gRNA sequence that is mostly base-paired with the target,
containing %6% mismatched positions, in addition to the A-C
mismatch in the target adenosine. The 50 and 30 positions were left un-
touched, as we wanted to identify additional mismatches that could
further contribute to the effect provided by the G:G mismatch at
the 50 G of the target as described above (see Figure 4). The library
was then pooled and subjected to successive rounds of selection under
uracil starvation (Figure 5B). Next, in order to identify the gRNA se-
quences responsible for enhancing editing and stimulating induced
growth of cells in the pooled culture, we serially diluted a sample
from the library and plated single cells on a medium that selects for
the plasmid harboring the gRNAs and hADAR2. The sequences of
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. Induction of editing with a G-G mismatch at the 50 end of the target adenosine

Similar to Figure 3, but this time, the 60nt-SpD gRNA was compared with a gRNA containing a specific G-G mismatch between the target and gRNA at the 50 G of the

adenosine to be edited in KIZ-p.R76* and FAM161A p.R523* mutants (60nt-SpD G-G).
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the gRNAs that facilitated growth in the selected colonies were deter-
mined through Sanger sequencing of the PCR products, using univer-
sal primers flanking the insertion sites of the gRNA-encoding DNA.
NGS analysis of RNA samples extracted from the cells containing the
identified mismatched gRNAs (dubbed “B4,” “B12,” and “TT”) re-
vealed that the minimal baseline editing level of 1% induced by the
hADAR2 and 60nt-SpD was significantly increased to 4.5%–6%
(Figure 5C).

These results along with the validation in mammalian cells (see
below), demonstrate that our screening system can be scaled up
and customized for screening millions of candidate gRNAs to identify
those that are particularly efficient in editing selected targets.

Confirming a functional reporter system

As the gRNAs identified as ADAR-recruiting candidates for the specific
genes andmutations were tested in a yeast system, we chose to then test
these in a mammalian cell line using a fluorescent reporter system.
Validation of the fluorescent reporter system was done by cloning a
161 nt gene fragment of the GAPDH 30 UTR into the pmCherry-
EGFP reporter plasmid. Although this part of the gene is not translated,
we cloned it into a reading frame in which one of the only two “stop
codons” contains the target adenosine (supplemental methods), whose
place in the sequence would cause termination of translation unless
edited. We made a single base change (T>C) to the other “stop codon”
in the 30 UTR, 8 nt downstream to the target adenosine, to prevent
termination of translation (TAG>CAG) unrelated to RNA editing. A
chemically modified gRNAwith an 18 nt long complementarity region
and a 55 ntGRmotif tail targeting the specific adenosine in the reporter
plasmid, previously developed by the Stafforst group,27 was introduced
to ADAR1 p.110 and ADAR2 (supplemental methods) overexpressing
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
HeLa cells transiently transfected with the target plasmid, and all exper-
imental wells showed both mCherry and EGFP fluorescence (Fig-
ure S5), while the negative control only showed mCherry fluorescence.
Sanger sequencing showed that ADAR1 p.110-overexpressing and
ADAR2-overexpressing HeLa cells underwent an average of 16.5%
(n = 2) and 26.1% (n = 2) editing, respectively.

Editing levels are sequence dependent

Using our validated cellular reporter system in which a target
nonsense mutation and surrounding exonic bases were inserted as a
cassette between mCherry and EGFP in an expression plasmid and
transfected into ADAR1 p.110-overexpressing and ADAR2-overex-
pressing HeLa cells, allowed us to measure the editing of our designed
gRNAs (Figure 6A). The gRNAs used were those with the highest
levels of editing and survival measured in the aforementioned yeast
model. Introducing chemically modified 60-base oligomer gRNAs
without a GR motif into ADAR1 p.110 or ADAR2-overexpressing
stable HeLa cell lines induced varying levels of RNA editing.

The highest levels of editing were observed in the samples transfected
with a TRPM1 60-mer gRNA as measured by both Sanger sequencing
and NGS. The minigene reporter construct expressed in the cell lines
contained the TRPM1 mutation (c.880A>T, p.K294*) and the target
adenosine for editing was the 30 neighboring base to the mutated A>T
(Table 1). BothmCherry andEGFP expressionwere observed in all sam-
ples (Figure 6B). For samples of gRNA-treated ADAR1 p.110-overex-
pressing HeLa cells in which RNA editing was clearly observed, an
average of 42.4% (n = 10) and 32.6% (n = 8) editing was observed in
Sanger sequencing and NGS, respectively, compared with an average
of 45.6% (n = 14) and 25.1% (n= 12) editing observed amongHeLa cells
expressing ADAR2 in Sanger sequencing and NGS with the maximum



Figure 5. The high-throughput yeast-based screening system

(A) A library of approximately 107 yeast strains, described in Figure 2, was created by using in vivo homologous recombination to insert distinct gRNA sequences at the 50 end
of the reporter gene. (B) The process of selecting improved gRNA variants targeting the KIZ R67* mutation. The sample containing yeast strains with a gRNA that forms

perfect dsRNA structures with the target mutation was used as a baseline growth control and compared with the pooled library. After iterative rounds of enrichment in a

medium lacking uracil, we serially diluted a sample from the enriched library and plated single cells on a medium that selects for the HIS3 plasmid that harbors the gRNAs.

Plasmids were prepared from the developing colonies, and the sequences of the gRNAs that facilitated growth in the selected colonies were determined through Sanger

sequencing of the PCR products, using universal primers flanking the insertion sites of the gRNA-encoding DNA (blue arrows). (C) Sequence of the target adenosine and

flanking sequence (green) and the complementary identified gRNAs (red) (termed “B4”, “B12”, and “TT”) compared with the control dsRNA containing a single A-Cmismatch

at the target adenosine. The editing levels of the control were determined using NGS as described above.
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editing levels approaching 66% in Sanger sequencing (Table 1;
Figures 6C and 6D).

Editing was also observed in cells transfected with a minigene reporter
construct containing the nonsense USH2A mutation (c.11864G>A,
p.W3955*) and in this case the target adenosine for editing is the muta-
tion itself, for a complete correction of the mutation (Table 1). Because
of high levels of editing in the yeast model for bothUSH2A gRNAs with
andwithout the GRmotif, we tested each in the reporter system.Higher
levels of editing were noticed in ADAR1 p.110-overexpressing and
ADAR2-overexpressing HeLa cells transfected with a USH2A 60-mer
gRNA without an GR motif compared with the levels observed in the
samples transfectedwith theGRmotif inwhich no editingwas apparent
in the ADAR1 p.110-overexpressing HeLa cells (Table 1; Figure S6).
Both mCherry and EGFP expression were observed for all samples
transfected with both types of gRNA.

Highest editing was seen in both ADAR1 p.110 and ADAR2 cells
treated with the USH2A gRNA without the GR motif. For samples
where RNA editing was observed, an average of 30.0% (n = 3) and
31.2% (n = 5) editing was observed in Sanger sequencing and NGS,
respectively, for ADAR1 p.110-expressing cells compared with an
average of 29.5% (n = 5) and 20.5% (n = 4) in ADAR2-expressing
HeLa cells (Table 1). For samples transfected with USH2A gRNAs
with an GRmotif, the only levels of editing noted were in ADAR2-ex-
pressing HeLa cells with an average of 10.4% (n = 4) and 9% (n = 4)
editing in Sanger sequencing and NGS, respectively (Table 1).

Both minigene reporter constructs containing nonsense mutations in
the FAM161A gene (c.880A>T, p.K294*) and KIZ gene (c.226C>T,
p.R76*) were less amenable to ADAR editing, probably because of a
neighboring guanosine, 50 to the target adenosine, previously
described as being challenging to edit due hinderance of necessary
base flipping for deaminization.28 Cell lines transfected with the
mutant FAM161A gene fragment-containing reporter construct and
treated with the 60-mer gRNA showed an average editing of 1.7%
(n = 2) and 2.5% (n = 2) in Sanger sequencing and NGS, respectively,
in ADAR1-overexpressing HeLa cells compared with 5.2% (n = 2)
and 4.7% (n = 2) for ADAR2-overexpressing HeLa cells (Table 1).
EGFP fluorescence was noted in some of the wells (Figure S4).
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Figure 6. RNA editing in HeLa cells

Representative images from samples of ADAR1 p.110 (ADAR1)-overexpressing

and ADAR2-overexpressing HeLa cells transfected with both the TRPM1 nonsense

mutation reporter plasmid and 60-mer chemically modified gRNA at 96 h post-

seeding. (A) Schematic of the in-vitro experiment. (B) Fluorescent microscopy. (C)

Sanger sequence. (D) Next-generation sequencing reads in IGV viewer.
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Targeted editing of RNA transcribed from the KIZ reporter construct
proved challenging as well. Among ADAR1-expressing HeLa cells
treated with the KIZ gene fragment-containing reporter construct
and 60-mer gRNA, where RNA editing was observed, an average of
3.3% (n = 2) and 7.4% (n = 6) of target adenosine editing was
measured in Sanger sequencing and NGS, respectively, while an
average of 9.9% (n = 3) and 7.8% (n = 6) editing was measured in
ADAR2-expressing treated HeLa cells (Table 1). The same mamma-
lian reporter system expressing ADAR2 was used to test the editing
efficiency of the three library-identified gRNAs “B4,” “B12,” and
“TT” (Figure 5C) complementary to the KIZ target with identified
mismatches. One of the three tested gRNAs (“TT”) showed a 1.4� in-
crease in editing compared with the original gRNA (Figure S7).

Off-target editing levels are also sequence dependent

A collateral consequence of using endogenous ADAR for RNA edit-
ing can be off-target editing affecting neighboring adenosines. Just as
the editing levels of the RNA differed on the basis of gene and muta-
tion, so too did the resulting off-target editing levels (Figure 7).
TRPM1 has 16 potential off-target sites within the complementary re-
gion, 4 of them have a G 50 nucleotide neighbor to the A and were un-
perturbed in both ADAR1 p.110-overexpressing and ADAR2-overex-
pressing samples, with only 2 sites and 5 sites showing levels of editing
more than 2� background respectively, with an average of 1.1% and
2.9% for the adenosines that were edited (corrected for background).
Each off-target adenosine that was edited would cause an amino acid
change in that particular transcript. KIZ had the highest levels of off-
target editing, while FAM161A and TRPM1 had almost none and
minimal off-target editing, respectively. USH2A has 17 potential
off-target sites; 7 are upstream to the target and 10 downstream.
Only 3 sites show significant levels of editing with a maximum of
13%, 7 nt downstream to the target when the target averaged 29% ed-
iting. Moreover, when analyzing the off-target effects of the data ob-
tained in yeast and comparing the two gRNAs used for the USH2A
and TRPM1 variants (60nt-SpD or 30nt-SpD-GR), we observed
that in the case ofUSH2A and hADAR1, no off-targets were detected.
Interestingly, the total number of off-target sites was reduced from 4
to 2 when using 60nt-SpD and 30nt-SpD-GR respectively. Further-
more, no significant editing was detected in TRPM1 in the presence
of these gRNAs and hADAR2. However, in cells expressing hADAR1,
a similar effect was detected, resulting in a reduction in the total num-
ber of off-target sites from 4 to 0 (see Figure S8). These results imply
that in addition to the previously described approaches,29–32 gener-
ally, shorter gRNAs can be used to reduce bystander editing. Howev-
er, it may come with a cost, as in both cases, the RNA-editing effi-
ciency of the target adenosine was negatively affected.

DISCUSSION
IRDs are a set of devastating diseases that can cause blindness, with at
least 5.5million individuals affectedworldwide.16 As the injured photo-
receptors cannot regenerate, curing retinal degeneration is an extremely
challenging task. Indeed, of the many therapeutic modalities developed
and preclinically tested, there is currently only one US Food and Drug
Administration (FDA)-approved treatment, namely, AAV-based gene



Figure 7. Heatmap of average off-target and on-target editing rate for adenosines in complementarity region

Average editing level percentages are shown for TRPM1 (n = 8, n = 10), KIZ (n = 2, n = 2), FAM161A (n = 2, n = 2), and USH2A (without R/G) (n = 2, n = 2) in ADAR1 p.110-

overexpressing and ADAR2-overexpressing HeLa cells, and USH2A (with GR) in ADAR2-overexpressing HeLa cells, corrected for NGS sequencing noise. Positions below the

heatmap are relative to the target adenosine (0), bases in gray are non-adenosine bases, andadenosineswith 0%editing arewhite, gradually increasing to deep green in correlation

with increasing editing levels.
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therapy, which is suitable for but one of the 277 genes found to be
mutated in the >50 IRD phenotypes. Here we propose a personalized
approach for curing IRDs: applying RNA editing mediated by
ADARs to target nonsense IRDmutations. Given that most adenosines
are not likely to occur in a proper structure for editing, amain challenge
is to design antisense gRNAs to artificially create an editable dsRNA
structure around a user-defined target to redirect hADAR activity to
this site. However, the rules for the construction of these elements are
only partially known. To address this issue, we established for the first
time a gRNA screening pipeline that is based on a powerful yeast-based
initial screening system, followed by validation steps in a dual reporter
system using HeLa cells which enables faster, easier, and cheaper ap-
proaches that can be tailored for the screening of a large number of
candidate gRNAs to uncover those that are particularly more efficient
in editing selected targets.
Yeast cells have been previously used as a model system to explore
ADAR functionality and preferences. These studies have focused on
hADARs and identified a novel set of editing substrates.33,34 Further-
more, the co-expression of hADARs with selected substrates has al-
lowed monitoring the effects of mutations within the ADAR domains
or the target dsRNA structure on the editing levels.35,36 These studies
nicely demonstrated that ADAR enzymes can be expressed in yeast
and carry out their biological function. Thus it was not surprising
that the strains expressing the KIZ-p.R76* and FAM161A p.R523*
mutations showed minimal growth and were difficult to edit. These
mutants carry guanosines at the 50 end of the target adenosine, which
are largely depleted from the 50 end of natively edited adenosines,23

most probably because of a steric clash between the 2-amino group
of the 50 guanosine and G489 of ADAR2 loop involved in stabilizing
the flipped-out conformation required for the adenosine deamination
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reaction.7 This concept is supported experimentally by a recent
study,26 as described in the control experiment outlined in Figure 4.
By introducing a G:G mismatch at the 50 end of the target adenosine,
we observed a notable enhancement of editing, in line with the predic-
tions made in this study that such mismatch should solve this steric
problem.

This together with the clear correlation between the growth and editing
levels in yeast and HeLa cells nicely demonstrate that the yeast-based
screening system can be used as an efficient in-vitro platform for testing
and optimizing selected “specificity domains” and recruitment ele-
ments. However, it is important to emphasize that the yeast system
does not replicate the endogenous dsRNA structure surrounding the
target adenosines. Furthermore, in addition to the ADARs’ dsRBDs,
the human genome encodes for more than 1,000 RNA-binding pro-
teins (RBPs), 16 of which contain dsRBDs that may directly compete
with ADAR binding depending on the cellular context.37–39 Thus, it
is crucial to highlight the significance of assessing and validating the re-
sults obtained in our yeast and HeLa cell pipeline in later stages, using
model systems that mirror the endogenous dsRNA structure, and the
dsRBP expression profile of the therapeutically relevant target cell.

Indeed, we have identified three gRNAs, termed “B4,” “B12,” and
“TT,” that exhibited enhanced activity in yeast. Interestingly, this
enhancement was replicated in mammalian cells only for the “TT”
gRNA. Considering the aforementioned possibilities, it is plausible
that only the bulge present in “TT,” a portion of which is also found
in “B4” and “B12,” plays a crucial role in editing activity. Moreover, it
is conceivable that the additional bulges in “B4” and “B12” might
actually hinder their performance in mammalian cells. This specific
hypothesis will be further explored in our forthcoming studies.

The pipeline we describe here is suitable mainly for nonsense muta-
tions and in rare cases might be adapted for other type of mutations
by shifting the frame of the target sequence to create a nonsense mu-
tation around the target “A” if is surrounded by TAA, TGA, or TAG.
Nonsense mutations are responsible for 18% of IRD-causing muta-
tions11 and 11% of inherited diseases in humans,40 leaving a relatively
large number of mainly missense and splice-site mutations that
cannot be studied using this pipeline. Therefore additional screening
systems need to be developed aiming to identify the most efficient
gRNAs for each mutation using genetic libraries as gRNAs.41 Unlike
the extremely large number of gRNAs that can be tested using the
yeast screening tool described here, cloning-based libraries of gRNAs
in human cells are limited by the number of studied inserts and there-
fore will allow only a more restricted analysis of missense and splice-
site mutations.

The yeast model system described here is based on the dynamic range
of theURA3 reporter gene, which leads to aWT-like growth of treated
mutations even with a low editing level of about 12% editing. This
feature will not enable us to distinguish between gRNAs with very
high efficiency (more than 50%) to those in the lower range of
20%–25% editing. To overcome this issue, we are currently screening
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
for other auxotrophic markers or fluorophores that will serve as alter-
native reporter genes.

Three out of the four nonsense mutations we studied are amenable for
RNA editing by recoding nonsense to a missense variant, while only
the USH2A nonsense mutation can be fully corrected by ADAR RNA
editing. This distribution reflects nonsense mutations in general and
therefore one needs to verify that the newly coded amino acid variant
is not pathogenic. As functional assessment of protein isoforms is
usually limited and is currently not available for most disease-causing
proteins, other measures need to be taken to decrease the chances for
such risk. We therefore selected genes (KIZ, FAM161A, and TRPM1)
with either null reported mutations only or with a limited number of
reported missense mutations. The encoded proteins are therefore
likely to tolerate missense changes. This can be further validated by
functional rescue of the retinal phenotype in an appropriate knockin
mouse model. Currently only one such model is available42 for the
FAM161A nonsense mutation. On the other hand, some of the major
genes that cause retinal degeneration whenmutated in humans do not
cause a retinal phenotype in mouse models, therefore limiting the
abilities of proving functional disease restoration.

One of the major concerns regarding nucleic acid manipulation as a
therapeutic approach is the possibility of off-target effect and mainly
non-targeted coding regions that might be edited by such manipula-
tions.43 Although this concern is mainly valid for DNA editing using
externally augmented proteins, such as CRISPR-Cas9, that might cause
permanent DNA sequence abnormalities, ADAR-based RNA editing
can only create missense changes,44,45 mainly in the vicinity of the tar-
geted A, and not null mutations. In addition, RNA editing is temporary
and can be tuned at any stage. Here we performed an off-target analysis
of the gRNA region and show that once editing of the target “A” is effi-
cient, off-targets are rare with extremely limited levels. On the other
hand, if the target “A” shows limited editing levels, other “A”s in its vi-
cinity might undergo relatively high editing. Our data also show that
for both target and non-target “A”s, similar rules might apply and
the editing of both might be low if the “A” is preceded by a “G” nucle-
otide. This is only one example of challenging sequences for editing and
recent studies that are based on sequence libraries unravel potential
sequence modifications that might overcome these challenges.41

The systems used in the present study use artificially expressed ADAR
in both yeast and HeLa cell lines. Moving toward therapeutic options
will require either recruiting endogenous ADAR or using AAV to
deliver an exogenous ADAR to retinal cells. It is therefore difficult
to predict how well the results obtained in the present study will be
translated into editing levels in vivo. However, as the expression levels
of ADAR2 in neurons generally, and in retinal cells particularly, are
relatively high, one may hypothesize that RNA editing in photore-
ceptor cells will reach the required level to stop disease progression.

In summary, we describe here a pipeline for efficient design of gRNAs
for RNA editing of IRD mutations. Together with previous prelimi-
nary studies,46,47 we provide here proof of concept that RNA editing
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might serve as an excellent therapeutic tool for genetic diseases. The
next major challenge would be to obtain meaningful RNA editing
levels in retinal cells using endogenous ADAR enzymes.

MATERIALS AND METHODS
Yeast strains

All the strains used in this study are isogenic to the diploid strain
BY4743 (MATa/a ura3D0/ura3D0 leu2D0/leu2D0 his3D1/his3D1
lys2D0/LYS2 met15D0/MET15.48

The relevant genotypes are presented in Table S1.

Yeast plasmids

The relevant plasmids used in this study are presented in Table S1.
The Gateway recombination cloning technology (Invitrogen, Wal-
tham, MA) was used to clone the hADAR2 into the URA3 marked
plasmid (pYES2-DEST52 Gateway destination vector [catalog
#12286-019]; Thermo Fisher Scientific, Waltham, MA). The URA3
marker was later swapped with the LEU2 marker to create BSB641.
This plasmid enables the conditional expression of the hADARs in
yeast, under a galactose-inducible promoter (GAL1p-hADAR2).

The plasmid carrying the URA3 reporter gene (BSB656) was created
using in vivo homologous recombination in yeast, by co-transforming
the yeast URA3 gene (including its 50 promoter region and 30 UTR)
into a linearized HIS3-marked plasmid (pRS31349) digested with
XhoI/XbaI. In vivo homologous recombination was used to insert
the target and reverse complement “tail” sequences (shown in
Table S2) by linearizing BSB656 with either EcoRI (target insertion)
or BamHI (“tail” insertion). Site-directed mutagenesis was used to
insert the EcoRI (right before the URA3 start codon) and BamHI
(right after the URA3 stop codon). The target and “tail” insertions
were validated by PCR and Sanger sequence using OSB2366/
OSB207 and OSB1202/OSB502, respectively (Table S3).

Yeast growth conditions

Yeast cells were grown in synthetic complete medium (SC; 0.17%
yeast nitrogen base, 0.5% (NH4)2SO4, and amino acids), supple-
mented with either 2% glucose (SD), raffinose (SC+Raf), or galactose
(SC+Gal), and 0.2% of either (-Histidine-Leucine) or (-Histidine-
Leucine-Uracil) amino acid mix. Unless otherwise stated, cells were
grown at 30�C. For logarithmic culture, cells were grown for 16–
18 h and then back diluted 10� with fresh media and allowed to
grow for the indicated time.

Yeast cell growth assays

To measure cells viability, exponentially growing cells were normal-
ized to a density of 1 � 106 cells/mL into a 96-well plate containing
selective medium supplemented with galactose to induce hADAR
genes expression and incubated for 24 h at 30�C while shaking. Cell
growth was then determined by measuring the absorbance at
600 nm in 30 min intervals using a Tecan Spark 10M multimode mi-
croplate reader. The area under the curve (AUC) was calculated using
the Growthcurver package in R.
Yeast NGS

RNA samples were extracted from yeast cells using the MasterPure
Yeast RNA purification Kit (Epicentre Technologies, Madison, WI).
cDNA was synthesized using ProtoScript II Reverse transcriptase
(OSB2798;NEB, Ipswich,MA). Then the IRD fragmentswere amplified
using 15 PCR cycles, with specific primers for the relevant region (for-
ward primers OSB2795-7 and OBS2840) and universal reverse primer
(OSB2798). The primers included an overhang partial adapter for the
UD indexes (sp p5 and sp p7). Adapters for Illumina NGS were added
by 8 PCR cycles using the IDT for Illumina UD indexes. PCR products
were then cleaned using KAPA pure beads in a 1:1 ratio, followed by
DNA quantification and quality check using Qubit and tapestation,
respectively. Finally, the samples were subjected to NGS by Illumina
sequencing.

Library of gRNA construction and screening process

A library of random gRNA sequences was created using single-
stranded DNA primers ordered from Integrated DNA Technologies
(IDT). PCR amplification was performed using universal primers
flanking the random sequences (OSB2874+2875). The resulting
DNA fragments were co-transformed with a BamHI-digested
plasmid containing the selected minigene into a strain carrying the
hADAR2 plasmid. This step resulted in the integration of the PCR
fragment at the 30 UTR of the URA3 reporter gene through in vivo
homologous recombination. The resulting yeast transformants,
each carrying a unique gRNA, were pooled together and subjected
to successive rounds of selection steps under uracil starvation in the
presence of galactose (SC+GAL-HIS-LEU-URA). Next, to identify
the gRNA sequences responsible for enhancing editing and stimu-
lating induced growth of cells in the pooled culture, we serially diluted
a sample from the library and plated single cells on a medium that se-
lects for the plasmid harboring the gRNAs and hADAR2 (SD-HIS-
LEU). Plasmids harboring the gRNAs that facilitated growth in the
selected colonies were determined through Sanger sequencing of
the PCR products, using universal primers flanking the insertion sites
of the gRNA-encoding DNA (OSB502 and 1202).

Stable ADAR1 p.110-expressing and ADAR2-expressing HeLa

cell line

HeLa cells conditionally overexpressing ADAR1 or ADAR2 were
created using a CRISPR-CAS9-mediated system for the insertion of
a doxycycline (Dox)-induced ADAR1 and ADAR2 cassette into the
AAVS1 locus in HeLa cells.50

Reporter plasmids

An insert (ranging in size from 152 to 233 nt) harboring a cDNA frag-
ment flanking the four studied mutations (TRPM1: c.880A>T,
p.K294*; FAM161A: c.1567C>T, p.R523*; KIZ: c.226C>T, p.R76*;
USH2A: c.11864G>A, p.W3955*) was cloned into the reporter
plasmid expressing mCherry and EGFP (#86639; Addgene, Water-
town, MA) in frame with the fluorescent proteins. Cloning was
performed using restriction enzymes KpnI (#00914286; Thermo
Fisher Scientific) and BamHI-HF (#R3136; New England Biolabs,
Ipswich, MA) and subsequently ligated and transformed into
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DH5a-HIT-competent cells (#RH618; RBC, New Taipei City,
Taiwan). Plasmids were purified using a plasmid purification kit
(QIAprep Spin Miniprep Kit [#2714]; Qiagen, Hilden, Germany). Se-
quences of the cloned products were verified using Sanger
sequencing.

gRNA generation

The chemically modified 73-mer gRNA (4 nmol) with an 18-nt-long
complementarity region and a 55 nt GR motif tail targeting the spe-
cific adenosine in GAPDH cloned into the reporter plasmid was or-
dered from Biospring (Frankfurt, Germany) as previously described
by Merkle et al.27 for the validation of the reporter system.

All chemically modified gRNAs used for the editing of IRDmutations
were purchased as high-performance liquid chromatography
(HPLC)-cleaned, 60-mer RNAs at a 4–6 nmol scale from Biospring.
Both the 50 and 30 ends of the gRNA contained three 20 O-methyl ba-
ses and two phosphorothioate bonds. All bases were complementary
to the target sequence except for the thirtieth base, to be directly
across from the target adenosine, which was a cytosine, creating a
cytosine-adenosine mismatch (sequences are shown in Table S4).

In vitro editing in HeLa cells

Editing assays were performed with the stable ADAR-overexpressing
HeLa cell line under transient expression controlled by the introduc-
tion of Dox, reporter plasmids, and chemically modified 60-mer
gRNAs.

HeLa cells were cultured in DMEM + 10% fetal bovine serum (FBS) +
1% penicillin/streptomycin (P/S) (100 U/mL penicillin and
100 mg/mL streptomycin) + 1% L-glutamine. For editing, 4.0 � 104

of either ADAR1 p.110-expressing or ADAR2-expressing HeLa cells
were seeded into 24-well plates in 500 mL DMEM+ 10% FBS + 1% P/S
(100 U/mL penicillin and 100 mg/mL streptomycin) + 1%
L-glutamine + 1 ng/mL Dox. After 24 h, medium and Dox was
changed and the reporter plasmid was transfected into each well;
50 mL Opti-MEM I Reduced-Serum Medium was mixed with
0.5 mg plasmid DNA and 1.0 mL TransfeX (AATC, Atlanta, GA) re-
agent, incubated at room temperature for fifteen minutes, and then
distributed dropwise to each well. After 48 h, medium and Dox was
changed, and the gRNA was transfected into each well; 1.5 mL Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific) and 25 pmol gRNA
were each diluted in a total volume of 50 mL OptiMEM. After each
solution was incubated for five minutes, the two solutions were com-
bined, and after another 20 min incubation, the 100 mL transfection
mix was evenly distributed into each well. After 72 h, the cells seeded
on 10 mm coverslips were fixated using 4% paraformaldehyde (PFA)
and mounted onto slides using DAPI mounting solution or harvested
for RNA isolation using the Quick-RNA Miniprep Kit (Zymo
Research, Irvine, CA) and Sanger sequencing as well as NGS.

Off-target analysis of NGS data

Binary alignment map (BAM) files were created by aligning the cor-
responding FASTQ files to a manually generated fasta file containing
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the insert sequence using bowtie2 (https://usegalaxy.org). Simulta-
neous analysis of NGS-generated samples was done using an RStudio
code with BAM files used as input and nucleotide count at each refer-
ence sequence adenosine position as output. For each off-target site,
the percentage of A-G in the negative control was deducted from
the corresponding value in each sample, followed by heatmap
generation.
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