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A nonsense mutation is a substitutive mutation in a DNA
sequence that causes a premature termination during transla-
tion and produces stalled proteins, resulting in dysfunction
of a gene. Although it usually induces severe genetic disorders,
there are no definite methods for inducing read through of
premature termination codons (PTCs). Here, we present a tar-
geted tool for bypassing PTCs, named CRISPR-pass, that uses
CRISPR-mediated adenine base editors. CRISPR-pass, which
should be applicable to 95.5% of clinically significant nonsense
mutations in the ClinVar database, rescues protein synthesis
in patient-derived fibroblasts, suggesting potential clinical
utility.

INTRODUCTION
Nonsense mutations, in which premature termination codons (PTCs)
are formed by base-pair substitution, truncate protein synthesis dur-
ing translation. Such gene dysfunction is a source of severe patholog-
ical phenotypes in genetic diseases. Hence, compelling ribosomal read
through of the full coding sequence is a reasonable strategy for treat-
ing such genetic disorders. To address this issue, previous studies
showed to induce the skipping of exons containing PTCs by using
antisense oligonucleotides (AONs).1,2 In other ways, a few small-
molecule drugs such as ataluren3,4 and aminoglycosides5 (e.g., genta-
micin) have been utilized to bypass nonsense mutations by
introducing near-cognate tRNAs at the site of the PTC.6,7 However,
those approaches act transiently and have nonspecific effects for the
drugs. Alternatively, CRISPR-mediated homology-directed repair
(HDR) can be used for gene correction but is limited by low correc-
tion efficiency, especially in differentiated nonreplicating cells from
higher eukaryotes including humans.8–10

It was reported that CRISPR-mediated base editing technologies
enable highly efficient direct conversion of DNA bases without pro-
ducing double-strand breaks (DSBs). Cytidine deaminase-based
base editors (CBEs) produce C-to-T or G-to-A substitutions between
the fourth and eighth bases in the nonbinding strand of single-guide
RNA (sgRNA) at protospacer DNA.11,12 On the other hand, A-to-G
or T-to-C transitions in the same DNA positions can be achieved by
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adenine base editors (ABEs).13 In addition to the initial versions of
CBEs and ABEs, including ABE7.10, Koblan et al.14 improved the
base-editing activities by expression optimization and ancestral
reconstruction, which were named BEmax and ABEmax, respectively.
Moreover, Hu et al.15 and Nishimasu et al.16 independently developed
new Cas9 variants, named xCas9 and SpCas9-NG, that recognize
50-NG-30 and 50-NAR-30 sequences, expanding the targetable
sites. By combining xCas9 3.7 with ABE7.10 (called xABE here),
Hu et al.15 further demonstrated how to expand the targetable sites
for adenine base editing.

To date, a few groups have reported to successfully correct target genes
by restoring the open reading frame in PTCs by using the ABEs, such
as a TAG-PTC of EGFP gene in rice17 and both TAA-PTC of the Tyr
gene and TAG-PTC of the DMD gene in mice.18 However, although a
few meaningful examples were shown, the systematic gene rescue for
all possible cases is not demonstrated yet. It is expected that by target-
ing the coding strand with ABEs, the three possible PTCs, 50-TAA-30,
50-TAG-30, and 50-TGA-30, can be converted to 50-TGG-30, which will
be translated to tryptophan (Trp). Alternatively, by targeting the non-
coding strand, the three PTCs can be converted to 50-CAA-30 (trans-
lated to glutamine; Gln), 50-CAG-30 (Gln), or 50-CGA-30 (arginine;
Arg), respectively (Figure 1A). In this study, we established an ABE-
mediated read-through method, named CRISPR-pass, to bypass
PTCs by converting adenine to guanine or thymine to cytosine. We
constructed all type of PTCs knockin (KI) cell lines and then showed
the read through for all cases. Ultimately, we showed gene rescue at
a patient-derived fibroblast containing PTC.
(s).
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Figure 1. CRISPR-Pass for Restoring Abbreviated

Gene Expression

(A) Schematic of ABE-mediated CRISPR-pass. Target-

able adenines are located in the coding or noncoding

strand depending on the PAM’s orientation. All possible

PTCs are shown in the upper boxes (coding strand tar-

geting-TAA, TAG, TGA; noncoding strand targeting-TAA,

TAG, TGA). The orange-colored shapes represent aden-

osine deaminase. (B) The percentages of different types of

mutations causing pathological phenotypes in the ClinVar

database. (C) The percentages of PTCs that are targetable

by CRISPR-pass with various PAMs of variant ABEs and

the recoverable rate of intact amino acids and bypassing

alternative amino acids are depicted.
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RESULTS
In Silico Investigation of Applicable Targets for CRISPR-Pass in

the ClinVar Database

We first inspected all targetable variations registered in the
ClinVar database in silico to investigate how many genetic diseases
with nonsense mutations could potentially be treated with
CRISPR-pass. Of the 50,376 mutations causing pathological phe-
notypes in the database, nonsense mutations account for 16.2%
(Figure 1B); among these, 41.1% are targetable by conventional
ABEs that recognize a canonical protospacer adjacent motif
(PAM), 50-NGG-30, and 95.5% are covered by xABEs, which recog-
nizes a noncanonical set of PAMs, 50-NG-30, and 50-NAR-30 (Fig-
ure 1C). Only 31.5% of the nonsense mutations in the database can
be exactly corrected to amino acids found in the nonmutant pro-
tein by xABEs, implying that the set of mutations that can be
modified for read through by CRISPR-pass is much larger than
the set for which exact gene correction in DNA is possible (Fig-
ure 1C; Data S1).

Construction of Six KI HeLa Cell Lines Carrying Various Types of

PTCs in EGFP Gene

To demonstrate the efficiency of CRISPR-pass in human cells, as a
proof of concept, we tried to construct six KI HeLa cell lines, each car-
rying a different mutated version of the EGFP gene. We first prepared
six DNA plasmids having different types of PTCs in the EGFP gene.
The mutant EGFP genes as a set contain each type of PTC at two
locations: the three PTCs in a position that can be converted by
targeting the coding strand and the three PTCs in a position that
Mole
can be converted by targeting the noncoding
strand. The first position corresponds to a
codon for lysine (Lys53) and the second to a
codon for aspartate (Asp217); the encoded resi-
dues are located in connecting loop domains of
EGFP (Figures 2A and S1). After preparing plas-
mids containing the six mutated EGFP genes,
each plasmid was inserted into the genome in
an endogenous safe-harbor region, the AAVS1
site,19 using CRISPR-Cas9 via a nonhomolo-
gous end-joining (NHEJ) pathway20 (Figure 2B).
The cell lines were named c-TAA, c-TAG, c-TGA, nc-TAA, nc-TAG,
and nc-TGA, respectively.

CRISPR-Pass Rescues the Function of the EGFP Gene in Six KI

HeLa Cell Lines

To test whether ABE treatment would allow bypass of these nonsense
mutations, we transfected plasmids expressing sgRNAs designed to
target both locations harboring PTCs, together with ABE-encoding
plasmids, into the prepared HeLa cell lines. After ABE treatment by
lipofection, we found that functional EGFP was expressed, as seen
by green fluorescence, in all cell lines. For example, in the case of
c-TAA cells, the function of EGFP would be rescued when two ade-
nines are changed to guanines simultaneously for bypassing the
PTC. As shown in Figure 2C, the functional EGFPs were observed
after various ABEs (ABE7.10, xABE, and ABEmax) were treated.
We quantified the ratios of rescued to mutated EGFPs by flow cytom-
etry (Figure 2D). We also confirmed the A-to-G conversion at target
DNA regions by targeted deep sequencing in bulk cell populations;
the conversion rate of two adenines (A7A8) to two guanines (G7G8)
at once was 11.2% here (Figure 2E).

Similar to the c-TAA cells, we repeatedly carried out CRISPR-pass for
all other types of KI cell lines (Figure S2). The quantitative ratios of
the functional EGFP expression were also measured by flow cytome-
try and targeted deep sequencing. As a result, the flow cytometry
analysis demonstrated that nonsense mutations were bypassed in
0.7%–17.8% of cells (Figures 2F and S3; Table S1). And targeted
deep sequencing analysis confirmed that 0.2%–15.2% of the cells
cular Therapy Vol. 27 No 8 August 2019 1365
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Figure 2. Restoring the Function of EGFP Gene Expression in Six KI HeLa Cell Lines Carrying Various Types of PTCs

(A) Scheme for restoration of EGFP expression by CRISPR-pass. The first set of PTCs, which can be converted by targeting the coding strand, affect a residue that is located

on a loop between the third and fourth beta strands; the second set of PTCs, which can be converted by targeting the noncoding strand, affect a residue that is located on a

loop between the 10th and 11th beta strands. c-PTC, coding strand PTC; nc-PTC, noncoding strand PTC. GFP structures were originated from Wikimedia Commons

created by Zephyris. (B) Schematic of NHEJ-mediated KI of the EGFP-PTC constructs into the AAVS1 site. Mutated EGFP KI cell lines were established for the three types of

PTCs (TAA, TAG, and TGA). EGFP-PTC constructs were inserted into the AAVS1 site by NHEJ-mediated KI methods. The hygromysin B-resistant gene was also inserted for

cell selection. (C) Fluorescence image of rescued EGFP expression in the c-TAA cell line after CRISPR-pass treatment. Three different versions of ABEs (ABE7.10, xABE, and

ABEmax) were used for bypassing the PTCs in the EGFP gene. All scale bars are 100 mm. (D) Flow cytometry data after the different versions of ABEs (ABE7.10, xABE, and

ABEmax) were treated in the c-TAA cell line. (E) Targeted deep-sequencing data showing the percentages of each of the four nucleotides at each position in the target DNA

sequences as a substitution table, which was obtained from the c-TAA cell line after the ABEmax treatment. Bar graphs showing recovered EGFP expression levels as

determined by flow cytometry (F) and showing A-to-G substitution rates at PTC sites as determined by targeted deep sequencing (G) for each EGFP-PTC KI cell line, after

treatment with ABEs (ABE7.10, xABE, or ABEmax). Each dot represents the three independent experiments. Error bars represent SEM.
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Figure 3. Restoring Abbreviated XPC Gene Expression in Patient-Derived Fibroblasts

(A) Scheme for ABE-induced read through of an XPC-associated PTC. (B) Targeted deep-sequencing data showing the A-to-G substitution rate induced by ABEmax

treatment at the PTC site in the XPC gene. (C) Expression level of the XPC protein in XPCmutant cells rescued by treatment with ABEs (ABEmax or xABE), compared with the

expression level in untreated cells and cells treated with ataluren or gentamicin for 48 h. (D) Cell viability ofWT skin fibroblasts (BJ-5ta), XPCmutant cells (GM14867), and XPC

mutant cells treated with ABEs (ABEmax or xABE), ataluren, or gentamicin at 3 days after exposure to 254 nm ultraviolet radiation at a dose of 25 J/m2. p values were

calculated by one-way ANOVA with post-hoc Bonferroni’s multiple comparison tests (n = 6). p value indicators from a comparison with GM14867 cell viability are shown

above each treatment group.NS, not significant (p > 0.05); *p < 0.05; ***p < 0.001. (E) Prolonged expression of the XPC protein after CRISPR-pass treatment. Significant and

stable XPC protein expression was observed until at least 4 weeks after ABEmax treatment. However, XPC protein expression declined after removal of ataluren and

gentamycin. Proteins were also prepared from ABEmax-treated XPC mutant cells at 2 and 4 weeks (subculturing twice per week) for comparison. Blue and red arrowheads

indicate the positions of XPC protein.
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showed A-to-G conversions at target regions with a comparable ten-
dency (Figure 2G; Table S2). It is noteworthy to mention that
ABEmax was the most effective one in all cases, resulting in up to
59.6% rescue of the mutant EGFP gene, compared to the ABE7.10
and xABE. And there seems to be some mismatches between EGFP
expression levels and substitution rates especially in the case of
c-TAG cells, whichmight be caused by the different expression capac-
ity of each KI cell line due to cell-to-cell variations.

CRISPR-Pass Rescues the Function of the XPCGene in Patient-

Derived Fibroblasts

We next applied CRISPR-pass to the rescue of a nonsense mutation in
fibroblasts (GM14867) derived from a patient with xeroderma pig-
mentosum, complementation group C (XPC). XPC, which affects
the skin, is a genetic disorder caused by nonsense mutations in the
XPC gene. The XPC protein is an initiator of global nucleotide exci-
sion repair.21 Thus, XPC-deficient cells accumulate DNA damage
when they are exposed to chemical or physical stimuli including
ultraviolet irradiation.22 GM14867 cells have a homozygous C > T
nonsense mutation at nucleotide 1840 in the XPC gene, which creates
a 50-TGA-30 stop codon that replaces a codon for Arg (Arg579)
(1840C > T, Arg-579-UGA stop codon) (Figure 3A). After treating
GM14867 cells with ABE7.10-encoding plasmid and sgRNA-encod-
ing plasmid by electroporation, the adenine base in the 50-TGA-30

stop codon was converted to guanine to create 50-TGG-30 at a rate
of 3.4%, as measured by targeted deep sequencing (Figure S4), indi-
cating partial rescue of the XPC gene. Similar to the previous exper-
iments, xABE and ABEmax resulted in higher base-editing rates
more than 10% (Figures 3B and S4), respectively. Western blot ana-
lyses demonstrated that both xABE and ABEmax treatment led to
recovery of expression of the full-length XPC protein, with a molec-
ular weight similar to that in wild-type (WT) cells (ARPE-19), at
considerably higher levels than induced by ataluren or gentamicin
(Figure 3C).

Next, to determine the functional activity of the recovered XPC
protein, we evaluated the viability of GM14867 cells at 72 h after
exposure to 254 nm ultraviolet light. To our surprise, both
xABE- and ABEmax-treated GM14867 cells had significantly re-
gained resistance to ultraviolet irradiation-induced DNA damage,
causing an increase in cellular viability (Student’s t test, p <
0.001; Figure 3D). More importantly, ABEmax-treated GM14867
cells sustained such XPC protein expression for at least 4 weeks,
whereas the cells treated with ataluren or gentamicin gradually
lost XPC protein expression (Figures 3E and S5), implying that
CRISPR-pass induces persistent expression for the nonsense-medi-
ated disease therapies.

Finally, to examine the off-target effects of CRISPR-pass in GM14867
fibroblasts, we searched for potential off-target sites using Cas-
OFFinder23 and carried out targeted deep sequencing for 12 candi-
date target sites (Figure S6; Table S3). As a result, we found no
noticeable off-target sites likewise to the previous ABE-based gene-
editing studies,24–26 suggesting potential clinical utility.
Molecular Therapy Vol. 27 No 8 August 2019 1367
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DISCUSSION
Previously, Kuscu et al.27 and Billon et al.28 demonstrated gene-
silencing methods, named CRISPR-STOP and iSTOP, respectively,
through CBE-induced nonsense mutations. In this study, we analo-
gously demonstrated that CRISPR-pass is a straightforward method
for inducing read through of PTCs by ABEs, covering most (95%)
nonsense mutations in the ClinVar database that cause pathological
phenotypes. We first demonstrated the CRISPR-pass activities in
six types of EGPF-PTCs-KI human cells, as a proof of concept. In
these experiments, CRISPR-pass efficiently rescued functional
EGFP expression by bypassing all PTCs. Then we successfully
confirmed the activity of CRISPR-pass in a patient-derived fibroblast,
GM14867, which contains a nonsense mutation at the XPC gene.

Until now, researchers have tried to correct the PTC in the XPC cod-
ing gene by various approaches. One suggested a viral delivery
method of intact XPC-coding plasmids,29 but it has potential prob-
lems such as a random integration of the transgene in viral delivery30

and overexpression effects of the exogenous XPC gene. Alternatively,
another approach to correct the endogenous XPC gene was demon-
strated by using meganucleases and TALENs.22 In this study, the
authors tried to correct the XPC gene via a HDR pathway after pro-
ducing double-strand breaks (DSBs) of DNA, which might induce
DSB-mediated cell apoptosis,31 whereas the CRISPR-pass does not
generate DSBs of DNA. Furthermore, we showed that the A-to-G
conversions at a rate of about 10% can rescue the expression of func-
tional XPC protein (Figures 3B–3D) without detectable off-target
effects, strongly indicating that the CRISPR-pass is a relevant
approach for rescuing the nonsense-associated diseases with higher
editing efficiencies than using HDR32 and without the loss of large
portion of protein via the exon removal33 or skipping strategies.34

More importantly, CRISPR-pass induced prolonged XPC protein
expression, unlike ataluren and gentamycin that are known as current
nonsense mutation disease therapies.3,5

Recently, it is reported that DNA cleavages at on-target sites
frequently cause undesired large deletions or complex genomic rear-
rangements.35 In this aspect, CRISPR-pass has important safety
advantages relative to approaches that do rely on DNA cleavage.
Furthermore, recent off-target profiling experiments on ABEs sup-
ported the high specificity of ABEs,24–26 increasing the potential clin-
ical utility of it. These characteristics suggest that CRISPR-pass might
be useful for gene rescue in a clinical setting, as an alternative to
existing drugs.
MATERIALS AND METHODS
General Methods and Cloning

All ABEs were purchased from Addgene (pCMV-ABE7.10, #102919;
xCas9(3.7)-ABE(7.10), #108382; pCMV-ABEmax, #112095). The
pXY-ECFP-AAVS1-NHEJ-KI donor vector (plasmid36,37 provided
by professor J.S. Woo at Korea University, South Korea, and modified
by J.Y.) was digested with SacI and BsrGI, and Gibson assembly was
then used to generate plasmids containing mutated versions of EGFP.
1368 Molecular Therapy Vol. 27 No 8 August 2019
The linearized vector was incubated with amplified EGFP DNA
sequences, respectively containing each PTC at the appropriate
location, with 20 nucleotides of overhanging homologous sequence
at either end (50-GGTCTATATAAGCAGAGCTC-30 and 50-TGTGC
GGCTCACTTGTACAG-30), in a solution containing 2� Gibson
master mixture at 50�C for 1 h.38 After then, pXY-EGFP-AAVS1-
NHEJ-KI vector was digested again with SacI. The linearized vector
was incubated with additional amplified DNA sequences (50-ggtctatat
aagcagagctctcgtcgacgagctcgtttagtgaaccgtcagatcgtttaaacaagttggtcgtgag
gcactgggcaggtaagtatcaaggttacaagacaggtttaaggagaccaatagaaactgggcttgt
cgagacagagaagactcttgcgtttctgataggcacctattggtcttactgacatccactttgcctttc
tctccacaggtgtccagggtaccgagctcgccgccatggtgag-30) and 2� Gibson
master mixture in 50�C. Each sequence of oligos encoding sgRNA
was purchased from Macrogen (South Korea). Oligos were heated
and cooled down by a thermocycler for complementary annealing.
Double-strand oligos were ligated into linearized pRG2 plasmid line-
arized by BsaI restriction enzyme (Addgene, #104274). List of oligo-
mers for sgRNAs and primer sequences for cloning are in Tables S4
and S5.

ClinVar Database Analysis

Bioinformatic analysis of the ClinVar database of human disease-
associated mutations was conducted using Python. The ClinVar data-
base (Common_and_clinical_20170905) was used for this analysis.
The Python script used to analyze mutation patterns in human dis-
eases and to identify mutations that could be CRISPR-pass targets
can be accessed at https://github.com/Gue-ho/CRISPR-pass. In brief,
the steps of the analysis were as follows.

1. Among entries in the ClinVar database, we identifiedmutation pat-
terns in the following categories: indels (insertions or deletions),
silent mutations, nonsense mutations, and missense mutations.

a. For precise analysis, entries in each mutation pattern category
were subdivided depending on their nucleotide sequence using
information about the surrounding genomic sequence and coding
sequence (CDS). CDSs were extracted from the SNP database at
NCBI. If no CDS was found in NCBI, than data were taken
from GRCh38 and hg19.

2. Among the sorted entries from the ClinVar database, the number
of nonsense mutations that were potential CRISPR-pass targets
were counted. The targetable Cas9 sites were grouped by their
associated PAM sequences, such as GG, AG, GA, GC, GT,
GAN, and AA.

a. Each Cas9-targetable site was filtered depending on the ABE target
range (positions 4 to 8 in the protospacer from the end distal to the
PAM) it contained.

b. To prevent counting sequences more than once, in the case of
SpCas9, a sequence was counted when at least either GG or AG
was possible; the number was counted as a targetable PAM for
xABE when at least one of the PAM was possible.

Cell Culture and Transfection

HeLa (ATCC, CCL-2) cells were grown in DMEM with 10% fetal
bovine serum (FBS) and a penicillin/streptomycin mix (100 units/mL
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and 100 mg/mL, respectively). 2.5 � 105 HeLa cells were transfected
with each ABE (ABE, xABE, or ABEmax)-encoding plasmid (0.7 mg)
and each sgRNA expression plasmid (0.3 mg) using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. Cells
were collected 5 days after transfection, and the cell’s genomic DNA
was prepared using NucleoSpin Tissue (MACHEREY-NAGEL & Co.).

GM14867 (XPC mutant fibroblasts) were purchased from Coriell
Institute and maintained in Eagle’s minimum essential medium
(EMEM) with 15% FBS and a penicillin/streptomycin mix. BJ-5ta
cells (cat. no. CRL-4001, ATCC) were maintained in a 4:1 mixture
of DMEM and medium 199 with 10 mg/mL hygromycin B and 10%
FBS. ARPE-19 cells (cat. no. CRL-2302, ATCC) were maintained in
DMEM:F12 with 10% FBS and a penicillin/streptomycin mix. For
plasmid-mediated expression of ABEs and sgRNAs, 6 � 105 fibro-
blasts were co-transfected with 14 mg of ABE-encoding plasmid and
6 mg of sgRNA-expressing plasmid. Fibroblasts were transfected
with the Amaxa P3 primary cell 4D-nucleofector kit using program
DS-137, according to the manufacturer’s protocol. A-to-G substitu-
tions were analyzed 5 days after transfection.

EGFP-PTC-KI Cell Lines

2.5 � 105 HeLa cells were transfected with Cas9-encoding plasmid
(0.35 mg), AAVS1-sgRNA-encoding plasmid (0.15 mg), and EGFP-
PTC encoding plasmid (0.5 mg) using the Neon transfection system
(Invitrogen) with the following parameters: pulse voltage, 1,005; pulse
width, 35 ms; pulse number, 2. Seven days after transfection, the cul-
ture medium was changed to 150 mg/mL hygromycin B (Thermo
Fisher Scientific, cat. no. 10687010)-containing HeLa cell culture
medium. Seven days after hygromycin B treatment, single cells
were selected and cultured. Single cell-derived clones were analyzed
and used for further experiments.

Flow Cytometry

Five days after transfection, ABE-treated cells were trypsinized and
resuspended in PBS. Single-cell suspensions were analyzed using a
FACSCanto II (BD Biosciences) installed at Hanyang LINC+ Equip-
ment Center (Seoul, South Korea).

Targeted Deep Sequencing

Genomic DNA segments that encompass the nuclease target sites were
amplified using Phusion polymerase (New England Biolabs). Equal
amounts of the PCR amplicons were subjected to paired-end read
sequencing using Illumina MiSeq at Bio-Medical Science (South
Korea). Rare sequence reads that constituted less than 0.005% of
the total reads were excluded. Off-targets were selected by Cas-
OFFinder (http://www.rgenome.net/cas-offinder/),23 and base substi-
tutions were analyzed by BE-Analyzer (http://www.rgenome.net/
be-analyzer/).39 Primer sequences and list of off-targets are in
Tables S5 and S6.

Treatment with Ataluren and Gentamicin

GM-14867 cells and the cells treated with xABE and ABEmax were
maintained in EMEM with 15% FBS. When the confluency was
60%–70%, the cells were treated with ataluren (10 mM; cat. no.
S6003, Selleck) or gentamicin (1 mg/mL; cat. no. G1397, Sigma)
for 48 h.

Western Blotting

Cell lysates were homogenized in 1� cell lysis buffer (cat. no. #9803,
Cell Signaling Technology), and the supernatants were collected after
centrifugation for 10 min at 14,000 � g. An equal amount (35 mg) of
the protein was separated by SDS-PAGE in 4%–15% mini-
PROTEAN TGX precast protein gels (cat. no. 4561084, Bio-Rad)
and transferred to nitrocellulose membranes. The membranes were
incubated with primary antibodies overnight at 4�C. The primary an-
tibodies utilized in this study were as follows: anti-XPC antibody
(cat. no. MA1-23328, Thermo) and anti-b-actin antibody (catalog
no. A2668, Sigma). Then, the membranes were treated with the
appropriate species-specific secondary antibodies (cat. no. sc-2357
and sc-516102, Santa Cruz) for 1 h at room temperature. After treat-
ment of the membranes with reagents from the EZ-Western Lumi
pico kit (cat. no. DG-WP100, DoGEN), the protein bands were visu-
alized using the ImageQuant LAS4000 system with the accompanying
software program (GE).

Functional Assessment

To assess the functional recovery of GM14867 cells, which carry a ho-
mozygous mutation in the XPC gene, after treatment with xABE,
ABEmax, ataluren, or gentamicin, these cells, together with BJ-5ta
WT cells, were exposed to ultraviolet irradiation at 254 nm at
1 J/m2/s (cat. no. CL-1000, Analytik Jena) and left to grow for 72 h.
Cells treated with ataluren or gentamicin underwent treatment for
48 h before ultraviolet exposure. Cell survival was evaluated with a
water-soluble tetrazolium salt assay using an EZ-Cytox kit (cat. no.
EZ-1000, DoGEN).

Statistics

All statistical analyses were performed using the GraphPad Prism 5
program (GraphPad), and results are indicated in the figure legends.
The values of each mean and SEM were visualized as horizontal lines
and error bars, respectively, in graphs.

Data Availability

Sequencing data has been uploaded to the Sequence Read Archive un-
der Bioproject: PRJNA518883. All data are available from the authors
upon reasonable request.
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Supplementary Figure 1. Coding or noncoding targeting depends on the EGFP sequence and the 

PTC position. The sequence of the EGFP gene is shown. ABE target sequences are underlined. 

Depending on the target strand, codons for Lys53 or Asn213 were mutated such that they became STOP 

codons. The codons that are mutated are shown in blue and the PAM sequences are shown in red. 

 

 

 

 

 

  



Supplementary Figure 2. Rescued EGFP expression after treatment with ABEs. Rescued 

EGFP expression in EGFP-PTC-KI cell lines in which the coding strand (a) or noncoding strand (b) is 

targeted for PTC bypass. All scale bars are 100 µm.  

 

 

  



 

 

  



Supplementary Figure 3. Flow cytometry results. 

 



  



 

  



 Supplementary Figure 4. CRISPR-pass for XPC patient-derived fibroblasts. Next generation 

sequencing (NGS) results from (a) untreated GM14867 fibroblasts, (b) ABE7.10-treated GM143867 

fibroblasts, and (c) xABE-treated GM143867 fibroblasts. (d) Image of complete SDS-PAGE gel that is 

shown in part in Figure 3c.  

 

  



Supplementary Figure 5. Prolonged expression of the XPC protein after ABE treatment. Image of 

complete SDS-PAGE gel that is shown in part in Figure 3e. 

     

  

 

  



Supplementary Figure 6. Off-target analysis for CRISPR-pass targeting XPC. A to G substitution 

rates at off-target sites are displayed. The percentages of substitutions at each site are summarized in 

Supplementary Table 3. The red bars depict A to G substitution rates in untreated samples, whereas the 

blue bars depict A to G substitution rates in ABE-treated samples. Blue arrowhead indicates a target “A” 

which shows the A to G substitution rates (%). 

 

  



Supplementary Table 1. Flow cytometry results. The percentages of EGFP (+) cells in populations 

of ABE-treated EGFP-PTC-KI cells. Each experiment was repeated 3 times.  

 
(-) ABE7.10 xABE ABEmax 

1
st
 trial 2

nd 
trial 3

rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 

c-TAA 0.3% 0.2% 0.2% 1.3% 1.2% 1.7% 1.5% 1.3% 1.4% 12.5% 10.9% 25.1% 

c-TAG 0.5% 1.1% 0.9% 0.7% 1.1% 1.1% 0.9% 1.7% 1.4% 11.1% 7.7% 7.2% 

c-TGA 0.4% 0.8% 0.8% 17.8% 16.2% 14.2% 13.1% 20.3% 18.2% 59.6% 57.7% 55.0% 

nc-TAA 0.2% 0.1% 0.2% 2.7% 3.2% 2.3% 4.2% 5.3% 4.2% 52.2% 59.0% 50.6% 

nc-TAG 0.2% 0.9% 1.3% 17.1% 13.7% 2.8% 30.4% 19.8% 22.9% 44.6% 41.6% 31.4% 

nc-TGA 0.4% 2.1% 1.6% 11.0% 6.9% 1.8% 12.0% 9.5% 10.2% 15.7% 17.3% 11.3% 

 

  



Supplementary Table 2. NGS results. The percentages of A to G substitutions in populations of ABE-

treated EGFP-PTC-KI cells. Each experiment was repeated 3 times. 

 
(-) ABE7.10 xABE ABEmax 

1
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 trial 2

nd 
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rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 1

st
 trial 2

nd 
trial 3

rd
 trial 

c-TAA 0.0% 0.1% 0.0% 0.2% 0.2% 0.0% 0.0% 0.0% 0.9% 11.2% 9.7% 43.5% 

c-TAG 0.5% 0.6% 0.4% 5.3% 6.5% 2.7% 9.1% 9.5% 4.0% 51.2% 52.2% 54.1% 

c-TGA 0.3% 0.3% 0.0% 6.2% 5.9% 5.4% 5.1% 4.4% 2.4% 37.5% 34.0% 41.3% 

nc-TAA 0.0% 0.0% 0.0% 6.7% 8.6% 7.2% 11.2% 14.0% 11.8% 80.9% 84.2% 81.6% 

nc-TAG 0.3% 0.1% 0.2% 12.7% 1.8% 14.3% 16.3% 22.2% 28.7% 41.9% 33.1% 44.8% 

nc-TGA 0.2% 0.3% 0.4% 9.1% 2.3% 15.2% 15.0% 12.1% 16.0% 37.4% 19.2% 26.9% 

 

 

 

  



Supplementary Table 3. A-to-G substitution rates (%) in potential ABE off-target sites. 

N.A., not available; these sites are a Cas9 or xCas9 off-target site but do not contain an A 

targetable by ABEs. Blue colored letter means a target “A” which shows the A to G substitution 

rates (%)  

Name Target sequences ABE treated wt 

XPC_ABEmax_on GGGTCTGAGATGTCACACAGNGG 10.40% 0.20% 

XPC__ABEmax off_1 GGGcCTtAaATGTCACACAGAGG 0.20% 0.20% 

XPC__ABEmax off_2 GGccCTGtGATGTCACACAGGGG 0.10% 0.20% 

XPC_ xABE_on GGGTCTGAGATGTCACACAGNG 13.70% 0.20% 

XPC_ xABE_off_1 aGGTCTcAGATGTCACACAGCG 0.20% 0.20% 

XPC_ xABE_off_2 GGGTCaGAGcTGTCACACAGAG 0.90% 0.60% 

XPC_ xABE_off_3_1 GGGcCTtAaATGTCACACAGAG 0.10% 0.10% 

XPC_ xABE_off_3_2 GGGcCTtAaATGTCACACAGAG 0.10% 0.10% 

XPC_ xABE_off_3_3 GGGcCTtAaATGTCACACAGAG 0.10% 0.20% 

XPC_ xABE_off_4 GGGTtgGAGcTGTCACACAGAG 0.40% 0.40% 

XPC_ xABE_off_5 GaGTgTGAcATGTCACACAGAG 0.40% 0.40% 

XPC_ xABE_off_6 GGGTtgGAaATGTCACACAGAG 0.30% 0.30% 

XPC_ xABE_off_7 tGGTCTGgGcTGTCACACAGTG N.A N.A 

XPC_ xABE_off_8 GGccCTGtGATGTCACACAGGG N.A N.A 

XPC_ xABE_off_9 GGGTCTtgGtTGTCACACAGTG N.A N.A 

XPC_ xABE_off_10 GGcTCTGgcATGTCACACAGGG N.A N.A 

  



Supplementary Table 4. List of oligomers encoding sgRNAs. 

Name sequences 

psg-nc-TAA-up CACCGTCTCTTAGGGGTCTTTGCTC 

psg-nc-TAG-up CACCGTCTCCTAGGGGTCTTTGCTC 

psg-nc-TGA-up CACCGTCTCTCAGGGGTCTTTGCTC 

psg-nc-TAA-bo AAACGAGCAAAGACCCCTAAGAGAC 

psg-nc-TAG-bo AAACGAGCAAAGACCCCTAGGAGAC 

psg-nc-TGA-bo AAACGAGCAAAGACCCCTGAGAGAC 

psg-c-TAG_1up CACCGCCGGCTAGCTGCCCGTGCCC 

psg-c-TAA_2up CACCGCCGGCTAACTGCCCGTGCCC 

psg-c-TGA_3up CACCGCCGGCTGACTGCCCGTGCCC 

psg-c-TAG_1bo AAACGGGCACGGGCAGCTAGCCGGC 

psg-c-TAA_2bo AAACGGGCACGGGCAGTTAGCCGGC 

psg-c-TGA_3bo AAACGGGCACGGGCAGTCAGCCGGC 

psg-XPC-up CACCGGGGTCTGAGATGTCACACAG 

psg-XPC-bo AAACGACACACTGTAGAGACTGGGC 

psg-AAVS1-up CACCGTAAGCAAACCTTAGAGGTTC 

psg-AAVS1-bo AAACCTTGGAGATTCCAAACGAATC 

 

  



Supplementary Table 5. PCR primers used in this study. 

Name Sequences 

EGFP-1stF gacatatccacgccctccta 

EGFP-1stR ctgacaattccgtggtgttg 

EGFP_c_PTC_Deep_F ACACTCTTTCCCTACACGAC GCTCTTCCGATCT acgtaaacggccacaagttc 

EGFP_c_PTC_Deep_R GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT tcgtccttgaagaagatggtg 

EGFP_nc_PTC_Deep_F ACACTCTTTCCCTACACGAC GCTCTTCCGATCT gaacggcatcaaggtgaact 

EGFP_nc_PTC_Deep_R GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT cttgtacagctcgtccatgc 

inf_sacI_Cgo_add_F GGTCTATATAAGCAGAGCTC TCGTCGACGAGCTCGTTTAGTG 

inf_sacI_Cgo_add_R CTCACCATGGCGGCGAGCTC GGTACCCTGGACACCTGTGG 

inf_ccn_n2_TAA_2F CTGAGCAAAGACCCCtgagagaagcgcgatcacatgg 

inf_ccn_n2_TAA_1R tcaGGGGTCTTTGCTCAGGGCG 

inf_ccn_n2_TAG_2F CTGAGCAAAGACCCCcaagagaagcgcgatcacatgg 

inf_ccn_n2_TAG_1R ttgGGGGTCTTTGCTCAGGGCG 

inf_ccn_n2_TGA_2F CTGAGCAAAGACCCCcgagagaagcgcgatcacatgg 

inf_ccn_n2_TGA_1R tcgGGGGTCTTTGCTCAGGGCG 

inf_go_F1-1 TGGGAGGTCTATATAAGCAGAGCTCATGGTGAGCAAGGGCGAGG 

inf_go_R1-TAG CCATGTGCTAGCGCTTCTCGTTGGGGTC 

inf_go_R1-TAA CCATGTGTTAGCGCTTCTCGTTGGGGTC 

inf_go_R1-TGA CCATGTGTCAGCGCTTCTCGTTGGGGTC 

inf_go_F1-2TAG CGAGAAGCGCTAGcacatggtcctgctggagtt 

inf_go_F1-2TAA CGAGAAGCGCTAAcacatggtcctgctggagtt 

inf_go_F1-2TGA CGAGAAGCGCTGAcacatggtcctgctggagtt 

inf_go_R1-2 TGAGATGTCTCTGTGCGGCTCACTTGTACAGCTCGTCCATGC 

inf_go_R2-1TAG CGGGCAGCTAGCCGGTGGTGCAGATGAAC 

inf_go_R2-1TAA CGGGCAGTTAGCCGGTGGTGCAGATGAAC 

inf_go_R2-1TGA CGGGCAGTCAGCCGGTGGTGCAGATGAAC 

inf_go_F2-2TAG CACCACCGGCTAGCTGCCCGTGCCCTGGCCC 

inf_go_F2-2TAA CACCACCGGCTAACTGCCCGTGCCCTGGCCC 

inf_go_F2-2TGA CACCACCGGCTGACTGCCCGTGCCCTGGCCC 

 

  



Name Sequences 

XPC_1stF ccaggagacaagcaggagaa 

XPC_1stR cgcggcagttcatctttcaa 

XPC_deepF ACACTCTTTCCCTACACGAC GCTCTTCCGATCT gtgagcaggaggaaaagtgg 

XPC_deepR GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT gtatggtctcaaggtctcggc 

XPC_off_2nd_F1 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT CACATGCTCCTGGAAGGGAA 

XPC_off_2nd_R1 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT AGGAGTGCCTACAGATGGGT 

XPC_off_2nd_F2 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT TTCACAGGCTGGCATTGAGT 

XPC_off_2nd_R2 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TGCCCAGACAGAAGTTTGCT 

XPC_off_2nd_F3_NGG_F1 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT TGGAAGTGTAAAGGGGTTGTCT 

XPC_off_2nd_R3_NGG_R1 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TCCATCTTTCACAGAGCTTCCA 

XPC_off_2nd_F4 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT GCATTTCCAGGCACACAGTG 

XPC_off_2nd_R4 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT CAGAGGATGCAAGGAAACACC 

XPC_off_2nd_F5 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT TCCATTTAGCTCGGGATGGC 

XPC_off_2nd_R5 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TGCCTCATTGTTCATTAGTGTCT 

XPC_off_2nd_F6 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT AGTCATAATATTTCAAGGCAGAAAAGA 

XPC_off_2nd_R6 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT ACGCTCTTTTCAGACATTCTTGT 

XPC_off_2nd_F7 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT TGGCAGCAAGAGAAAGGAGG 

XPC_off_2nd_R7 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT GTGACCTTCCTCCTTCCGTG 

XPC_off_2nd_F8_NGG_F1 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT GACCTGTACTATGGGCTGCC 

XPC_off_2nd_R8_NGG R1 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TCATCATCCCCTCCCTGTGT 

XPC_off_2nd_F9 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT ACCTCCCTCCTGAAGAAGTGA 

XPC_off_2nd_R9 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TGGGCAGGACTGATATCCCT 

XPC_off_2nd_F10 ACACTCTTTCCCTACACGAC GCTCTTCCGATCT CCTCCTAAGGAACAACATGGTGT 

XPC_off_2nd_R10 GTGACTGGAGTTCAGACGTGT GCTCTTCCGATCT TGCAATTTCTTCTTTGTCCTGAGT 

XPC_off_1st_F1 TGCAAACCCCTTCTGTCTGT 

XPC_off_1st_R1 TGCAGTGAGCTGAGATTGGG 

XPC_off_1st_F2 AATGGGGGTACAGGCATTGG 

XPC_off_1st_R2 AGCTGGCTGCAGAAATTTGC 

XPC_off_1st_F3_NGG_F1 GAGGTTGCAGTGAGCCAAGA 

XPC_off_1st_R3_NGG_R1 GGAGGGAGAGAGGAGTGGAG 

XPC_off_1st_F4 GCCTTCTCAACAATCCCCCA 

XPC_off_1st_R4 CCACTGTTTTGTGCAGCCTC 

XPC_off_1st_F5 TGAGGCGTGGAAGTGTGTAC 

XPC_off_1st_R5 TCAGCTCACTGCAACCTCTG 

XPC_off_1st_F6 CTTACCAGCGGCTCTTGGAA 

XPC_off_1st_R6 CATCTGCTAAAGGGCTGGCT 

XPC_off_1st_F7 CCTCACAGCCAATCCCATGT 

XPC_off_1st_R7 AGGAGTGGCTCATCAAAGGC 

XPC_off_1st_F8_NGG_F1 ATGTGGACCCAGGCATTCTG 



XPC_off_1st_R8_NGG_R1 CAGAGGGAGCACCAAGGAAG 

XPC_off_1st_F9 GCAAGGGAGAAAGGAGGGTC 

XPC_off_1st_R9 CTCCTTCTTGTCGTGGGGAC 

XPC_off_1st_F10 TTCCAAACCCCCAGGAACTT 

XPC_off_1st_R10 TCAGCCATACCACACCAAGA 

  



Supplementary Table 6. List of off-target sites. 

 

Name On-target sequences Off-target sequences chr no. position direction 
no. of 

mismatches 
sequence ID features 

XPC_ABEmax_off_1 GGGTCTGAGATGTCACACAGNGG GGccCTGtGATGTCACACAGGGG chr1 55008670 - 3 NC_000001.11 intergenic region 

XPC_ABEmax_off_2 GGGTCTGAGATGTCACACAGNGG GGGcCTtAaATGTCACACAGAGG chr1 199005822 + 3 NC_000001.11 intergenic region 

XPC_xABE_off_1 GGGTCTGAGATGTCACACAGNG aGGTCTcAGATGTCACACAGCG chr7 24217661 - 2 NC_000007.14 intragenic region; intron 

XPC_xABE_off_2 GGGTCTGAGATGTCACACAGNG GGGTCaGAGcTGTCACACAGAG chr13 47873206 - 2 NC_000013.11 intergenic region 

XPC_xABE_off_3 GGGTCTGAGATGTCACACAGNG GGGcCTtAaATGTCACACAGAG chr1 199005822 + 3 NC_000001.11 intergenic region 

XPC_xABE_off_4 GGGTCTGAGATGTCACACAGNG GGGTtgGAGcTGTCACACAGAG chr2 102917030 - 3 NC_000002.12 intergenic region 

XPC_xABE_off_5 GGGTCTGAGATGTCACACAGNG GaGTgTGAcATGTCACACAGAG chr17 48043863 + 3 NC_000017.11 intergenic region 

XPC_xABE_off_6 GGGTCTGAGATGTCACACAGNG GGGTtgGAaATGTCACACAGAG chr6 148983560 + 3 NC_000006.12 intragenic region; intron 

XPC_xABE_off_7 GGGTCTGAGATGTCACACAGNG tGGTCTGgGcTGTCACACAGTG chr16 66513305 - 3 NC_000016.10 intragenic region; intron 

XPC_xABE_off_8 GGGTCTGAGATGTCACACAGNG GGccCTGtGATGTCACACAGGG chr1 55008671 - 3 NC_000001.11 intergenic region 

XPC_xABE_off_9 GGGTCTGAGATGTCACACAGNG GGGTCTtgGtTGTCACACAGTG chr21 35580798 + 3 NC_000021.9 intergenic region 

XPC_xABE_off_10 GGGTCTGAGATGTCACACAGNG GGcTCTGgcATGTCACACAGGG chr10 9927098 + 3 NC_000010.11 intergenic region 


	CRISPR-Pass: Gene Rescue of Nonsense Mutations Using Adenine Base Editors
	Introduction
	Results
	In Silico Investigation of Applicable Targets for CRISPR-Pass in the ClinVar Database
	Construction of Six KI HeLa Cell Lines Carrying Various Types of PTCs in EGFP Gene
	CRISPR-Pass Rescues the Function of the EGFP Gene in Six KI HeLa Cell Lines
	CRISPR-Pass Rescues the Function of the XPC Gene in Patient-Derived Fibroblasts

	Discussion
	Materials and Methods
	General Methods and Cloning
	ClinVar Database Analysis
	Cell Culture and Transfection
	EGFP-PTC-KI Cell Lines
	Flow Cytometry
	Targeted Deep Sequencing
	Treatment with Ataluren and Gentamicin
	Western Blotting
	Functional Assessment
	Statistics
	Data Availability

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


