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Adenine base editor (ABE) is a new generation of genome-edit-
ing technology through fusion of Cas9 nickase with an evolved
E. coliTadA (TadA*) and holds great promise as novel genome-
editing therapeutics for treating genetic disorders. ABEs can
directly convert A-T to G-C in specific genomic DNA targets
without introducing double-strand breaks (DSBs). We recently
showed that computer program-assisted analysis of Sanger
sequencing traces can be used as a low-cost and rapid alterna-
tive of deep sequencing to assess base-editing outcomes. Here
we developed a rapid fluorescence-based reporter assay (Base
Editing ON [BEON]) to quantify ABE efficiency. The assay re-
lies on the restoration of the downstream green fluorescent
protein (GFP) in ABE-mediated editing of a stop codon located
within the guide RNA (gRNA). We showed that this assay can
be used to screen for effective ABE variants, characterize the
protospacer adjacent motif (PAM) requirement of a novel
NNG-targeting ABE based on ScCas9, and enrich for edited
cells. Finally, we demonstrated that the reporter assay allowed
us to assess the feasibility of ABE editing to correct point mu-
tations associated with dysferlinopathy. Taken together, the
BEON assay would facilitate and simplify the studies with
ABEs.

INTRODUCTION
Recent advancements in genome-editing technologies have opened a
new era of therapeutic development for genetic diseases. Analysis of
the ClinVar database showed that about 48% of the pathogenic hu-
man single-nucleotide polymorphisms (SNPs) are caused by G-C to
A-T conversion.1 Thus, the ability to efficiently convert the A-T
base pair to G-C base pair would facilitate the correction of G-C to
A-T pathogenic SNPs. Although homology-directed repair (HDR)
of CRISPR-induced double-strand breaks (DSBs) can introduce pre-
cise base conversion at the target site,2 HDR is highly inefficient
because repair of DSBs is predominantly achieved through non-ho-
mologous end joining (NHEJ), which generates undesired stochastic
insertions and deletions (indels).3–7

Recently, a new generation of genome-editing technology, namely,
base editors (BEs), was developed through fusion of the RNA-pro-
grammable Cas9 nickase with nucleobase deaminase enzymes.8–13
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By fusion with different DNA deaminases, two classes of DNA BEs
have been developed: cytosine BEs (CBEs) converting a C-G base
pair into a T-A base pair9,11–13 and adenine BEs (ABEs) converting
an A-T base pair into a G-C base pair.10 These BEs can directly install
point mutations into target DNA without making DSBs, requiring a
DNA donor template, or relying on cellular HDR. It has been shown
that the BEs are highly efficient in mammalian cells and introduce
fewer indels as compared with HDR-based approaches.

Despite the advantages of BEs, there are several challenges that need
to be addressed. First, there is a lack of effective ways to identify and
isolate cell populations that have been edited, in particular when en-
gineered cells will be used in clinics and there is no readily detectable
phenotype to distinguish edited from unedited cells. Some ap-
proaches have been taken to facilitate enriching edited cells, such as
co-transfecting a fluorescent protein plasmid or fusing BEs to fluores-
cent proteins, and using flow cytometry to isolate reporter-positive
cells.14 However, these techniques lack the capability to directly report
on base-editing activity per se but rather on transfection. Recently,
fluorescent reporters for editing enrichment were reported, which
are based on CBE-mediated conversion of a blue fluorescent protein
(BFP) to green fluorescent protein (GFP).15,16 However, these re-
porters are limited to report on a particular target (a guide sequence
on BFP), lack the flexibility of testing other desired targets, or do not
work for ABE. Second, cells with the pathogenic SNPs for therapeutic
development may not be readily available. Engineering or obtaining
cells with the target pathogenic mutations is laborious, time
consuming, and expensive. Designing a reliable fluorescence reporter
with the flexibility to test desired targets would greatly facilitate the
development of ABE therapies.

In this work, we developed a fluorescence reporter assay (Base
Editing ON [BEON]) based on the rescue of a downstream
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Figure 1. Design of the BEON Assay for

Quantification of ABE Editing

(A) A schematic diagram of the reporter construct, con-

sisting of a puromycin-resistant gene cassette, fused in

frame with a gRNA target sequence carrying a stop

codon (TGA) in the suitable editing window of ABE, E2A

peptide sequence, and ATG-removed GFP cassette. The

reporter is under the control of the CMV promoter. The

PAM sequence is shown in blue. (B) Representative

fluorescence and bright-field (merged) images of

HEK293 cells transfected without (left) or with the re-

porter alone (middle), or together with S1-gRNA, S1-re-

porter, and ABEmax (right). Scale bar: 100 mm. (C)

Representative flow cytometry plots of HEK293 cells as

treated in (B). (D) Quantification of GFP+ HEK293 cells by

flow cytometry. (E) Representative Sanger sequencing

chromatogram of the RT-PCR amplicons from HEK293

cells as treated in (B). (F) Quantification of base-editing

efficiency of HEK293 cells as treated in (B). ***p < 0.001;

****p < 0.0001.
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GFP upon ABE-mediated conversion of a stop codon located
within the guide RNA (gRNA) target fused in frame with GFP.
We demonstrated that the BEON assay can be used to screen
for effective ABE variants, characterize the protospacer adjacent
motif (PAM) requirement of a novel ScCas9-ABE, enrich for edi-
ted cells, and test the feasibility of base correction of disease-
causing mutations.

RESULTS
Engineering a Fluorescence Reporter for Measuring Base-

Editing Activity

The ABEs convert A to G or T to C, thus allowing the conversion of
stop codons (such as TAG or TGA) to other codons that encode for
M

amino acids (e.g., CAG, CGA, or TGG). We
reasoned that insertion of a gRNA target
sequence carrying a stop codon in the suitable ed-
iting window of ABEs upstream of an mCherry
or GFP cassette and downstream of a puromy-
cin-resistant gene cassette (Figure 1A) would
serve as a fluorescent reporter assay to evaluate
the ABE base-editing activity. We selected a
target sequence with an NGG PAM in the human
site 1 (S1) as a testing system and generated the
corresponding reporter and gRNA plasmids.
The stop codon TGA in the S1 target was fused
in frame with the downstream mCherry cassette
and the upstream puromycin and self-cleaving
E2A cassette (Puro-E2A-S1-mCherry). Conver-
sion of the stop codon TGA to TGG (the target
A is located at position 5 of the gRNA) would
allow the expression of downstream fluorescent
mCherry or GFP. Although the Puro-E2A-S1-
mCherry reporter showed some background
signal, co-transfection with the S1-gRNA and
ABEmax showed substantially increased mCherry fluorescence
(data not shown).

We reasoned that the baseline fluorescence from the Puro-E2A-S1-
mCherry reporter is likely due to the presence of multiple in-frame
start codons in the mCherry open reading frame, and that replac-
ing the mCherry with start codon-deleted GFP would minimize the
background fluorescence. We thus constructed the Puro-E2A-S1-
GFP reporter (for simplicity, it is referred to as S1-reporter here-
after). Indeed, transfection of HEK293 cells with this reporter
alone yielded little GFP fluorescence (Figure 1B, middle panel),
similar to the non-transfection control (Figure 1B, left panel), as
examined by fluorescence microscopy. Co-transfection of the cells
olecular Therapy Vol. 28 No 7 July 2020 1697
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Figure 2. The Effects of Reporter Dosage and the

Transfection Time on the BEON Assay

(A) Representative fluorescence and bright-field (merged)

images of HEK293 cells transfected with different amounts

of the S1-reporter (0.125, 0.25, 0.5, 0.75, 1.0 mg) and 1:1 of

ABEmax and S1-gRNAwith a total of 2 mg DNA per well in a

six-well plate. The images were taken at day 3 after trans-

fection. Scale bar: 100 mm. (B) Representative fluorescence

and bright-field (merged) images of HEK293 cells trans-

fected with S1-reporter (0.5 mg), ABEmax (0.75 mg), and

S1-gRNA (0.75 mg), imaged at different time points after

transfection. (C) FACS quantification of GFP+ cells for

conditions described in (A). (D) FACS quantification of GFP+

cells for conditions described in (B). *p < 0.05; **p < 0.01;

***p < 0.001.
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with S1-gRNA, S1-reporter, and ABEmax evoked substantial GFP
fluorescence (Figure 1B, right panel). Flow cytometry detected a
low level of background fluorescence in the reporter control group
as compared with non-transfected cells (Figures 1C and 1D), indi-
cating that there is some leaky expression of GFP. However, the co-
transfection group with the three plasmids showed the highest
GFP-positive population (Figures 1C and 1D). To further deter-
mine whether the restoration of GFP fluorescence corresponded
to conversion of the premature stop codon, we extracted total
RNA from the cells, performed RT-PCR, and sequenced the PCR
products. Analysis of the Sanger sequencing traces using BEAT17

showed that a 20% A-to-G conversion occurred at position 5 of
the S1-gRNA target in the co-transfection group (Figures 1E and
1F). These results confirmed that the restoration of GFP fluores-
cence resulted from the conversion of the stop codon TGA to
TGG at the targeted base.

We next examined the effects of varying doses of the reporter vector
and the ABE/gRNA plasmids on GFP fluorescence restoration. We
observed that the GFP+ populations in both the reporter alone and
the co-transfection group were increased with the increasing amount
of the reporter plasmid transfected (Figures 2A and 2C). We chose
0.5:0.75:0.75 (reporter:ABE:gRNA, in micrograms per well for a six-
well plate) for the following experiments, because this ratio yielded
1698 Molecular Therapy Vol. 28 No 7 July 2020
good rescue of GFP fluorescence relative to the
reporter alone (Figures 2A and 2C).

We also examined the time course of base-edit-
ing-induced restoration of GFP. HEK293 cells
were co-transfected with S1-reporter, ABEmax,
and S1-gRNA, and the cells were examined at
different time points using fluorescence micro-
scopy and flow cytometry analysis. We observed
that GFP started to show up at 24 h post-transfec-
tion, gradually increased over time in the cells co-
transfected with the three plasmids, and peaked
at around 72 h post-transfection (Figures 2B
and 2D) (notably, the higher GFP+ reading at
120 h was inaccurate due to the high cell den-
sity-induced cell detachment). In the reporter alone group, GFP+ cells
peaked at 48 h (Figure 2D). Thus, in all of the following experiments,
the GFP reporter assays were analyzed at 72 h unless noted otherwise.

Screening for Relative Activities of Different ABEs

Previous studies showed that codon optimization improves the base-
editing efficiency.14,18 To examine the relative activities of ABEs with
or without codon optimization or with modified PAM targeting,19,20

we compared ABE7.10, ABEmax, and xABE [ABE7.10 with
xCas(3.7)] using the BEON assay. Fluorescence microscopy examina-
tion showed that all of these ABEs can restore GFP fluorescence of the
S1-reporter; however, substantially higher GFP-positive cells were
induced by ABEmax editing as compared with ABE7.10 (Figure 3A).
Fluorescence-activated cell sorting (FACS) analysis further confirmed
that ABEmax had higher editing activity than ABE7.10 (31.57% ±

1.08% versus 18.03% ± 0.90%) (Figures 3B and 3C). As compared
with ABE7.10, the xABE (31.67% ± 0.94%) also had higher activity
(Figures 3B and 3C). Thus, the BEON assay can be used to screen
for relative efficacy of BEs at desired target sites.

Determination of the PAM Requirement of a Novel ScCas9-ABE

Using the BEON Assay

Recently, a new Cas9 variant from Streptococcus canis (ScCas9) was
reported to recognize a minimal 5'-NNG-3' PAM sequence.21 We



Figure 3. Screening for Optimal Base Editors Using the BEON Assay

(A) Representative bright-field (upper) and GFP fluorescence (lower) images of HEK293 cells without transfection (control), transfected with the reporter alone, or co-

transfected with S1-gRNA, S1-reporter, and one of the base editors: ABE7.10, xABE7.10, or ABEmax. Scale bar: 100 mm. (B) Representative flow cytometry plots of HEK293

cells as treated in (A). (C) Quantification of GFP+ population by FACS analysis for the HEK293 cells as treated in (A). **p < 0.01; ****p < 0.0001.
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constructed ScCas9-ABE by fusing the TadA-TadA* with codon-
optimized ScCas9-D10A nickase. We also constructed 11 S1-reporter
plasmids that carry the same S1-gRNA target but vary in the PAM se-
quences (S1-NNG1 to S1-NNG11, excluding TAG and four NGG
PAMs) (Figure 4A). The two adjacent positions following NNG
were fixed as TT. HEK293 cells were transfected with the S1-gRNA
and ScCas9-ABE with 1 of the 11 reporter plasmids. After 72 h of
transfection, the cells were imaged by fluorescence microscopy and
analyzed by flow cytometry. We observed that ScCas9-ABE activated
GFP expression in all of these 11 S1-reporters (Figure 4B; Figures S1–
S9). Flow cytometry demonstrated that all of the reporters except
ATG and GAG PAM had low baseline GFP+ cells, and that
ScCAs9-ABE was efficient to rescue the GFP fluorescence in these re-
porters (Figure 4C). The high baseline GFP expression in ATG and
GAG reporters is most likely due to a combination of the leaky scan-
ning mechanism22 (allowing the initiation from a downstream start
codon) and usage of AUG and non-AUG start codons23 carried by
the PAM sequences. Both of these mechanisms are well illustrated
in adeno-associated virus capsid genes, in which a single open reading
frame allows the expression of VP1, VP2, and VP3 proteins.24 Quan-
tification of the fluorescence intensity in the ATG reporters showed
that the average baseline fluorescence intensity was substantially
Molecular Therapy Vol. 28 No 7 July 2020 1699
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lower than that with ScCas9-ABE editing (Figure S2C), indicating
that the ScCas9 editing further increased the expression of the down-
stream GFP. Taken together, these results confirmed that ScCas9 rec-
ognizes a minimal NNG PAM.

Enrichment of Base-Edited Cells Using the BEON System

We reasoned that successful editing of the reporter DNA would
reflect the efficiency of editing in the endogenous DNA and thus en-
visioned that the reporter assay could allow us to enrich the base-edi-
ted cell population. At 72 h after transfection, the cells were sorted
into two populations with either low (GFP-low) or high (GFP-high)
GFP fluorescence intensity (Figure 5A). These two cell populations
and cells without sorting were analyzed for base editing of the endog-
enous S1 by Sanger sequencing and the BEAT software.17 As
compared with the cells before sorting, the GFP-high population
showed a significantly increased overall editing at position 5 (after
sorting versus before sorting: 70.61% ± 7.27% versus 29.54% ±

4.86%) (Figures 5B and 5C), a 2.4-fold enrichment. In contrast, the
GFP-low population showed only 12.26% ± 1.42% editing (Figures
5B and 5C). As a comparison, we replaced the BEON reporter with
a simple GFP-expressing construct and sorted cells into GFP-high
and GFP-low populations. We observed that the GFP-high popula-
tion still showed higher editing compared with the GFP-low popula-
tion. However, the editing detected in the GFP-high population was
significantly lower than the GFP-high population resulting from the
BEON reporter (Figure 5C), suggesting that the BEON reporter can
yield higher enrichment than a simple GFP-expressing construct.

To examine whether the editing at the endogenous S1 of HEK293 cells
will be preserved after prolonged culture, the sorted cells were main-
tained in culture for another week and analyzed by Sanger
sequencing. Despite the GFP fluorescence loss (due to several cell
doublings and gradual loss of the transfected plasmids), the editing
events at the target S1 could still be detected with high efficiency in
the GFP-high group similar to the cells analyzed at 24 h after sorting
(Figure 5D), indicating that the editing is long-lasting.

Previous studies showed that the target DNA sequence features per
se,25,26 nucleosome occupation of the target DNA,27–31 and chro-
matin accessibility26,32–35 may affect the editing efficiency by Cas9
endonuclease. We tested whether the BEON reporter could allow
enrichment of endogenous editing at a previously identified refrac-
tory site: CAR (nuclear receptor subfamily 1 group I member 3).
The GFP-high population showed 37.54% ± 1.27% editing, signifi-
cantly higher than the editing activity in GFP-low population
(3.11% ± 2.15%) (Figure 5E), suggesting that the BEON reporter sys-
tem can facilitate the enrichment of edited cells even for refractory
targets.
Figure 4. Determination of the PAM Requirement of a Novel ScCas9-ABE Usin

(A) Samples of the reporter sequences consisting of the same S1-gRNA target but diffe

stop codon. (B) Representative fluorescence and bright-field (merged) images of HEK2

(CAG) reporter plasmids, or the corresponding reporter alone. The PAM sequences are

reporters with or without ScCas9-ABE editing. The PAM sequence is listed on each gr
Finally, to test whether the BEON system could be used in other cell
types, we designed a reporter and gRNA for mouse Tmem5. Again,
the GFP-high population sorted by FACS showed substantially higher
editing activity than the GFP-low population (Figure 5F).

Exploring the Feasibility of ABE-Mediated Correction of

Nonsense Mutations Causing Dysferlinopathy

Finally, we applied the BEON assay to determine whether disease-
causing nonsense point mutations can be corrected using ABE editing.
We chose the DYSF gene because its mutations have been identified in
patients with muscular dystrophy manifested as distal anterior
compartment myopathy, limb girdle muscular dystrophy type 2B and
Miyoshi myopathy, proximodistal dysferlinopathy, and isolated/long-
lasting hyperCKemia, together termed dysferlinopathy.36 Specifically,
the nonsense mutations of R377X (GenBank: NM_003494.3,
c.1129C>T), Q605X (c.1813C>T), and Q1278X (c.3832C>T) were
selected (Figure 6A). Because the patient cells with these mutations
are not readily available in the laboratory, we tested whether these mu-
tations could be corrected by ABE editing using the reporter assay. As
shown in Figure 6B, the R377X and Q1278X reporters showed robust
GFP expression after co-transfection with ABEmax and their corre-
sponding gRNAs. However, the Q605X reporter showed only back-
ground signal withABEmax and gRNA treatment, indicating thatABE-
max was inefficient for this target, obviously due to the non-compatible
PAM (AGT) for ABEmax. We speculated that xABE or the ABE based
on the NG variant of SpCas9 (ABE-NG)37 may be able to work on the
Q605X target. Indeed, co-transfection with ABE-NG and Q605X-
gRNA was effective in turning on GFP expression in the Q605X re-
porter, whereas xABE was still ineffective (Figure 6C). Quantification
with flow cytometry showed thatABEmax editing inducedGFP expres-
sion in 47.9% and 50.3% of cells for R377X and Q1278X reporters,
respectively (Figure 6D), and that ABE-NG editing evoked 28.2%
GFP-positivity for theQ605X reporter (Figure 6E), suggesting that these
nonsense mutations are targetable by ABE-mediated editing.

DISCUSSION
In this study, we report a fluorescence reporter system BEON that en-
ables rapid and easy quantification, enrichment, and preclinical eval-
uation of ABE activity for targeted correction of disease-causing point
mutations.

We first demonstrated the flexibility and quantitative nature of BEON
to profile different ABEs with codon optimization or PAM modifica-
tion. Our experiments revealed the robustness of ScCas9-ABE in ed-
iting NNG-PAM target sites. Although we studied only a relatively
small panel of ABEs, BEON could be implemented in characterizing
and comparing features of newly generated enzymes in various
mammalian cell systems.
g the BEON Assay

rent PAM sequences (in blue). The target “A” base is highlighted in red in the bolded

93 cells transfected with S1-gRNA, ScCas9-ABE, and S1NNG1 (AAG) or S1NNG2

listed in yellow. Scale bars: 100 mm. (C) FACS quantification of GFP+ cells for various

aph. ***p < 0.001; ****p < 0.0001.
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Figure 5. Enrichment of Base-Edited Cells Using the BEON Assay

(A) Representative fluorescence and bright-field (merged) images of HEK293 cells transfected with the S1-reporter, S1-gRNA, and ABEmax before and after sorting. Scale

bar: 100 mm. (B) BEAT analyses of the PCR amplicons of the endogenous site 1 for the cells before and 24 h (24h) after sorting. The red arrows point to the target “A” base at

position 5. (C) Quantification of the A-to-G conversion efficiency of site 1 target for the sorted GFP-high and GFP-low HEK293 cells with the BEON reporter or a simple GFP-

expressing construct. (D) Quantification of the A-to-G conversion efficiency of site 1 target for the sorted GFP-high and GFP-low HEK293 cells cultured for 1 more week. (E)

Quantification of the A-to-G conversion efficiency ofCAR target for the sorted GFP-high and GFP-low HEK293 cells using the BEON reporter. (F) Quantification of the A-to-G

conversion efficiency of mouse Tmem5 target for the sorted GFP-high and GFP-low Neuro2A cells using the BEON reporter. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001.
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Several recent studies have described base-editing reporters that
evoke or suppress GFP expression. For instance, BE-FLARE16 and
TREE15 employed a fluorescence shift from BFP to GFP following
cytidine deamination of codon 66. Moreover, Martin et al.38 estab-
1702 Molecular Therapy Vol. 28 No 7 July 2020
lished a panel of GFP reporters for CBEs based on the findings that
a T-to-C mutation ablates fluorescence in three GFP codons, and
thus CBE-mediated C-to-T conversion switches on GFP. However,
these reporters lack the flexibility to test different gRNA targets and



Figure 6. Feasibility Evaluation of ABE Editing to Correct Nonsense Mutations Causing Dysferlinopathy

(A) The target sequences and gRNAs of three nonsense mutations causing dysferlinopathy. The mutations are shown in red, and the PAM sequences are shown in blue. (B)

Representative merged fluorescence and bright-field images of HEK293 cells transfected with R377X and Q1278X reporters plus or minus their corresponding gRNAs and

ABEmax. Scale bar: 100 mm. (C) Representative merged fluorescence and bright-field images of HEK293 cells transfected with the Q605X reporter, Q605X gRNA and

ABEmax, xABE, or ABE-NG. Scale bar: 100 mm. (D) Quantification of GFP+ cells for the conditions described in (B). (E) Quantification of GFP+ cells for the conditions

described in (C). ***p < 0.001; ****p < 0.0001.
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also are limited for detecting CBE activities. During writing up this
manuscript, we realized that Katti et al.39 reported a similar reporter
system named GO as our BEON system, which utilized the BE-medi-
ated conversion of an upstream stop codon or the translation initia-
tion codon.

We demonstrated that the BEON system enabled over 2-fold enrich-
ment of base-edited cells following a single FACS sorting step.
Although we used only GFP and mCherry, our system can be easily
adapted to use other non-fluorescent marker genes, such as antibiotic
resistance genes, to facilitate enrichment of endogenous base-editing
events without using cell sorting.
Onemajor advantageof these reporters is theirflexibility to test different
targets. This is particularly important formodelingor correctinghuman
disease variants, where patient-derived cells may not be readily avail-
able. As a proof-of-concept test, we showed that BEON enabled rapid
validation of ABE base editing as a potential therapeutic approach to
correct three disease-causing mutations in dysferlinopathy.

BEON is a rapid and robust functional reporter system that can be
used to detect, quantify, and enrich base-editing activity. It can be
easily modified to adopt a range of functional reporters and thus
expand the applicability of base-editing technologies and potentially
the most recent prime editing technology40 as well.
Molecular Therapy Vol. 28 No 7 July 2020 1703
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MATERIALS AND METHODS
Plasmids Construction

The ABE plasmids, including pCMV-ABE7.10 (#102919; Addgene),
xCas9(3.7)-ABE(7.10) (#108382; Addgene), and pCMV-ABEmax
(#112095; Addgene), were obtained from Addgene (Watertown,
MA, USA). The codon-optimized ScCas9 was synthesized by
GenScript and subcloned into pCMV-ABEmax to generate pCMV-
ABEmaxSc. The pCMV-ABEmaxNG was constructed by site-
directed mutagenesis of pCMV-ABEmax. The gRNAs were designed
to target human S1 and human dysferlin gene. The annealed gRNA
oligos were cloned into pLenti-OgRNA-Zeo plasmid, which was
modified from pLenti-sgRNA(MS2)_zeo (#61427; Addgene). The
target reporter plasmid backbone pLKO- puro-E2A-GFP was con-
structed by cloning the puro-E2A-GFP (with ATG removed from
GFP) into pLKO-GFP-E2A-SpCas9.41 The annealed reporter oligos
were then cloned into EcoRI/BamHI linearized pLKO-puro-E2A-
GFP. All oligos for gRNAs, target reporters, and PCR are listed in
Table S1. All plasmids are listed in Table S2.
Cell Culture and Transfection

HEK293 cells and Neuro2A cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA) containing
10% fetal bovine serum (FBS) and 1% 100� penicillin-streptomycin
(Invitrogen). Cells were plated in six-well plates and transfected
with the 2 mg plasmids (0.5 mg reporter, 0.75 mg gRNA, and 0.75 mg
ABE) per well unless specified otherwise by polyethylenimine (PEI)
as previously described.42
Fluorescence Microscopy

After 3 days post-transfection or as stated otherwise, HEK293 cells
transfected with the BEON reporter, gRNA, and ABE plasmids
were collected from six-well plates and re-seeded in poly-L-lysine-
coated 35-mm glass dishes. Fluorescence images were collected on
a Nikon Ti-E inverted fluorescence microscope equipped with an
Andor Zyla sCMOS camera and Nikon Super Fluor 20� 0.75 NA
objective lens. Images were recorded using NIS-Elements Advanced
Research software package (Nikon) and processed using Adobe
Photoshop CC software.

Flow Cytometry

At 72 h post-transfection, HEK293 cells transfected with ABE plas-
mids were collected from six-well plates and analyzed on Becton
Dickinson LSR II (BD Biosciences) to determine GFP-positive cells.
A total of 100,000 cell events were collected, and data analysis was
performed using the FlowJo software (Tree Star, Ashland, OR,
USA). For the cell sorting experiment, the transfected HEK293 cells
were sorted on Aria III by the staff at the Analytical Cytometry Shared
Resource of the Ohio State University Comprehensive Cancer Center.
PCR and Sanger Sequencing

Genomic DNA or total RNA was extracted from HEK293 cells 3 or
5 days after transfection. PCRs were carried out with 100 ng genomic
DNA or cDNA in the GoTaq Master Mix (Promega) according to the
1704 Molecular Therapy Vol. 28 No 7 July 2020
manufacturer’s instruction. PCR conditions were 5 min at 95�C, fol-
lowed by 32 cycles of 15 s at 95�C, 15 s at 60�C, and 30 s at 72�C. The
PCR products were purified using theWizard SVGel and PCR Clean-
up System (Promega). Purified PCR products (100 ng) were subjected
to Sanger sequencing at the Genomics Shared Resource of the Ohio
State University Comprehensive Cancer Center and analyzed by
BEAT program.17

Statistical Analysis

The data are expressed as the mean ± SD unless otherwise stated. Sta-
tistical significance was determined using Student’s t test for two
groups or one-way ANOVA followed by Bonferroni post hoc tests
for multiple groups using GraphPad Prism v.8.0.1 (GraphPad Soft-
ware). A p value <0.05 was considered as significant.
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Supplementary Table I. Oligos for PCR and construction of gRNAs and reporters 
Purpose Name Sequences (5’  3’) 

gRNAs 

S1gRNA-F ACCGATGACAGGCAGGGGCACCG 
S1gRNA-R AAACCGGTGCCCCTGCCTGTCAT 
DYSF_Q605X_gF ACCGATCCTACAGCATGGTGGCTG 
DYSF_Q605X_gR AAACCAGCCACCATGCTGTAGGAT 
DYSF_R377X_gF ACCGCCTCACAGGGCTACGCCTGT 
DYSF_R377X_gR AAACACAGGCGTAGCCCTGTGAGG 
DYSF_Q1278X_gF ACCGTCTCTAGATGAGCTCAAAAG 
DYSF_Q1278X_gR AAACCTTTTGAGCTCATCTAGAGA 
CAR-gF ACCGCTTTAATGCGCTGACTTGTG 
CAR-gR AAACCACAAGTCAGCGCATTAAAG 
mTmem5-gF ACCGACTTACGTTGCTACACCTAA 
mTmem5-gR AAACTTAGGTGTAGCAACGTAAGT 

PCR 

S1-F TTCCAGTGGTTCAATGGTCA 
S1-R CTTTCAACCCGAACGGAGAC 
puro-F AGTGGTCTCCGGAAACCTCCGCGCCCCGCAAC 
EGFP_R GTAGGTCAGGGTGGTCACGA 
CAR-F CCCTCTGTTATGCCACCAGT 
CAR-R ACTCAGGAGGCTGAAGTGGA 
mTmem5-F GAAGAGGGCAAAATCCAACA 
mTmem5-R TTGCTTGGAAATGAGCACTG 

Reporters 

S1-repF AATTCGGATGACAGGCAGGGGCACCGCGGAGTG 
S1-repR GATCCACTCCGCGGTGCCCCTGCCTGTCATCCG 
S1NNG-F AATTCGGATGACAGGCAGGGGCACCGAAGTTTG 
S1NNG-R GATCCAAACTTCGGTGCCCCTGCCTGTCATCCG 
S1NNG2-F AATTCGGATGACAGGCAGGGGCACCGCAGTTTG 
S1NNG2-R GATCCAAACTGCGGTGCCCCTGCCTGTCATCCG 
S1NNG3-F AATTCGGATGACAGGCAGGGGCACCGGAGTTTG 
S1NNG3-R GATCCAAACTCCGGTGCCCCTGCCTGTCATCCG 
S1NNG4-F AATTCGGATGACAGGCAGGGGCACCGATGTTTG 
S1NNG4-R GATCCAAACATCGGTGCCCCTGCCTGTCATCCG 
S1NNG5-F AATTCGGATGACAGGCAGGGGCACCGCTGTTTG 
S1NNG5-R GATCCAAACAGCGGTGCCCCTGCCTGTCATCCG 
S1NNG6-F AATTCGGATGACAGGCAGGGGCACCGGTGTTTG 
S1NNG6-R GATCCAAACACCGGTGCCCCTGCCTGTCATCCG 
S1NNG7-F AATTCGGATGACAGGCAGGGGCACCGTTGTTTG 
S1NNG7-R GATCCAAACAACGGTGCCCCTGCCTGTCATCCG 
S1NNG8-F AATTCGGATGACAGGCAGGGGCACCGACGTTTG 
S1NNG8-R GATCCAAACGTCGGTGCCCCTGCCTGTCATCCG 
S1NNG9-F AATTCGGATGACAGGCAGGGGCACCGCCGTTTG 
S1NNG9-R GATCCAAACGGCGGTGCCCCTGCCTGTCATCCG 
S1NNG10-F AATTCGGATGACAGGCAGGGGCACCGGCGTTTG 



S1NNG10-R GATCCAAACGCCGGTGCCCCTGCCTGTCATCCG 
S1NNG11-F AATTCGGATGACAGGCAGGGGCACCGTCGTTTG 
S1NNG11-R GATCCAAACGACGGTGCCCCTGCCTGTCATCCG 
DYSF_Q605X_repF AATTCTACTCAGCCACCATGCTGTAGGATGTGG 
DYSF_Q605X_repR GATCCCACATCCTACAGCATGGTGGCTGAGTAG 
DYSF_R377X_repF AATTCCGGCCCACAGGCGTAGCCCTGTGAGGAGCCG 
DYSF_R377X_repR GATCCGGCTCCTCACAGGGCTACGCCTGTGGGCCGG 
  
DYSF_Q1278X_repF AATTCCTGGCCTCTTTTGAGCTCATCTAGAGAGAGG 
DYSF_Q1278X_repR GATCCCTCTCTCTAGATGAGCTCAAAAGAGGCCAGG 

 CAR-rep-F AATTCCTTTAATGCGCTGACTTGTGTGGGG 
 CAR-rep-R GATCCCCCACACAAGTCAGCGCATTAAAGG 
 mTmem5-rep-F AATTCTGGCCTTTAGGTGTAGCAACGTAAGTACAAG 
 mTmem5-rep-R GATCCTTGTACTTACGTTGCTACACCTAAAGGCCAG 

 
 
 
 
  



Supplementary Table II. List of plasmids used in this study 
Purpose Name Information 

gRNAs 

pLenti-S1-ogRNA S1 optimized gRNA 
pLenti-Q605X-ogRNA Q605X optimized gRNA 
pLenti-R377X-ogRNA R377X optimized gRNA 
pLenti-Q1278X-ogRNA Q1278X optimized gRNA 
pLenti-CAR-ogRNA CAR optimized gRNA 
pLenti-mTmem5-ogRNA mTmem5 optimized gRNA 

ABEs 

ABE7.10 ABE based on SpCas9 
ABEmax ABE based on codon optimized SpCas9 
xABE ABE based on xCas9(3.7) 
ScCas9-ABE ABE based on codon optimized ScCas9 

ABE-NG 
ABE based on codon optimized SpCas9-
NG 

Reporters 

pLKO-puro-E2A-GFP Empty reporter 
pLKO-puro-S1-E2A-EGFP S1 reporter 
pLKO-puro-Q605X-E2A-EGFP Dysferlin Q605X reporter 
pLKO-puro-R377X-E2A-EGFP Dysferlin R377X reporter 
pLKO-puro-Q1278X-E2A-
EGFP 

Dysferlin Q1278X reporter 

 
pLKO-puro-S1NNG(1-11)-E2A-
EGFP 

S1NNG (1-11) reporters 

 pLKO-puro-CAR-E2A-EGFP CAR reporter 

 
pLKO-puro-mTmem5-E2A-
EGFP 

mTmem5 reporter 

 
  



 
 
 

Supplementary Figure S1. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG3 (GAG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG3 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 
 

  



 
 
 

Supplementary Figure S2. (A) Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG4 (ATG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG4 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. (B) FACS quantification of GFP+ cells for S1NNG4 
reporter with or without ScCas9-ABE editing. *p<0.05. (C) FACS quantification of the 
geometric mean of GFP fluorescence intensity in GFP+ cells (out of a total 1x105 cells) 
for S1NNG4 reporter with or without ScCas9-ABE editing. **p<0.01. 

  



 
 

Supplementary Figure S3. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG5 (CTG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG5 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 

  



 
 
 

Supplementary Figure S4. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG6 (GTG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG6 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 

  



 
 

Supplementary Figure S5. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG7 (TTG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG7 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 

  



 
 
 

Supplementary Figure S6. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG8 (ACG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG8 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 

  



 
 
 

Supplementary Figure S7. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG9 (CCG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG9 reporter. The PAM sequences are 
listed in yellow. Scale bar: 100 µm. 
 

  



 
 

Supplementary Figure S8. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG10 (GCG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG10 reporter. The PAM sequences 
are listed in yellow. Scale bar: 100 µm. 

  



 
 
 

Supplementary Figure S9. Representative fluorescence and bright-field (merged) 
images of HEK293 cells transfected with the S1NNG11 (TCG)-reporter alone, or co-
transfected with S1-gRNA, ScCas9-ABE and S1NNG11 reporter. The PAM sequences 
are listed in yellow. Scale bar: 100 µm. 
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