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CRISPR/Cas9 has revolutionized our ability to engineer 
genomes and conduct genome-wide screens in human cells1–3. 
Whereas some cell types are amenable to genome engineer-
ing, genomes of human pluripotent stem cells (hPSCs) have 
been difficult to engineer, with reduced efficiencies relative 
to tumour cell lines or mouse embryonic stem cells3–13. Here, 
using hPSC lines with stable integration of Cas9 or transient 
delivery of Cas9-ribonucleoproteins (RNPs), we achieved an 
average insertion or deletion (indel) efficiency greater than 
80%. This high efficiency of indel generation revealed that 
double-strand breaks (DSBs) induced by Cas9 are toxic and kill 
most hPSCs. In previous studies, the toxicity of Cas9 in hPSCs 
was less apparent because of low transfection efficiency and 
subsequently low DSB induction3. The toxic response to DSBs 
was P53/TP53-dependent, such that the efficiency of precise 
genome engineering in hPSCs with a wild-type P53 gene was 
severely reduced. Our results indicate that Cas9 toxicity cre-
ates an obstacle to the high-throughput use of CRISPR/Cas9 
for genome engineering and screening in hPSCs. Moreover, as 
hPSCs can acquire P53 mutations14, cell replacement thera-
pies using CRISPR/Cas9-enginereed hPSCs should proceed 
with caution, and such engineered hPSCs should be monitored 
for P53 function.

Human pluripotent stem cells (hPSCs) derived from preimplan-
tation embryos or cellular reprogramming hold great promise for 
screening and therapeutic applications. hPSCs are genetically intact, 
expandable and can be differentiated into a wide variety of cell types 
that are difficult to obtain from human subjects15. Developing a 
practical system for high-throughput genetic engineering of hPSCs 
has been challenging because hPSCs are recalcitrant to genome 
modification8–13. Several studies have shown that gene targeting in 
hPSCs is five- to twentyfold lower in efficiency relative to other cell 
types3–7. The cause of this reduced efficiency is unclear, but it has 
limited both genetic screening and therapeutic editing of hPSCs. 
A potential solution is the bacterial-derived CRISPR–Cas9 RNA-
guided nuclease, which has been repurposed to induce user-defined 
double-strand breaks (DSBs) in DNA1–3. In transformed cells, Cas9 
is extremely efficient, with minimal side effects; however, the acute 
effects of Cas9 have not been extensively studied in non-trans-
formed cells such as hPSCs.

Enhancing the genetic toolkit in hPSCs is necessary to utilize 
their full potential in genetic screening, disease modelling and cell 

therapy. To increase indel efficiencies, we improved upon a two-
component Cas9 system by consolidating it into a single all-in-one 
adeno-associated virus integration site 1 (AAVS1) targeting vector 
with the third-generation doxycycline (dox) inducible system and 
an insulator to further prevent leaky expression (henceforth iCas9; 
Fig. 1a, Supplementary Fig. 1a and Supplementary Data 1)16. The 
stable iCas9 lines are properly targeted, have a normal karyotype, 
and induce Cas9 only with dox (Supplementary Fig. 1b–e)17.

To determine the average gene disruption (indels), iCas9 cells 
were infected with lentiviruses to deliver constitutively expressed 
synthetic-guide RNAs (sgRNAs). H1-iCas9 hPSCs were infected 
with 47 sgRNAs targeting 16 genes and treated with dox for 8 days 
in a 96-well plate. Next generation sequencing (NGS) was used to 
quantify control and mutant allele indel frequencies. NGS analysis 
of infected cells revealed high percentages of indels (Fig. 1b). The 
average gene disruption for the 47 sgRNAs was over 90% (Fig. 1c). 
Despite efficient indel generation, only a small fraction of the hPSCs 
survived. CRISPR/Cas9 activity caused a sharp decrease in cell 
number and increased cellular debris. This toxicity created variabil-
ity across the wells and presents a challenge for density-dependent 
differentiation protocols (Supplementary Table 1).

To study toxicity in detail, we used the H1-iCas9 line and a len-
tiviral sgRNA targeting MAPT, a neuronal gene not expressed or 
required for survival in hPSCs. Ten days of dox treatment com-
pletely edited the MAPT locus and reduced colony size relative to 
non-targeting controls without a DSB (Fig. 1d,e). To quantify this, 
confluency was measured over time in cells treated with dox and 
expressing either a non-targeting or a MAPT sgRNA (Fig. 1f). Cells 
expressing a non-targeting control increased confluency at a steady 
rate, whereas those expressing a MAPT sgRNA decreased conflu-
ency. Despite the toxic response, MAPT edited cells retained expres-
sion of pluripotency proteins TRA-1-60/PODXL, OCT4/POU5F1 
and SOX2 (Supplementary Fig. 1f). Initially, to determine if toxicity 
was related to off-target DSBs, we assayed the top six off-target sites 
by NGS identified by the CRISPR design tool4 and detected no muta-
tions at predicted sites (Supplementary Fig. 2a and Supplementary 
Table 2). We further reduced off-targets by decreasing the exposure 
to Cas9 and increasing the specificity of Cas9. Transient exposure 
to Cas9 and CALM2 targeting sgRNAs by electroporating ribonu-
cleoprotein (RNP) complexes also triggered a toxic response (> 80% 
indels, Fig. 1g–i). The transient nature of RNP delivery minimizes 
off-target cutting18 and further supports the hypothesis that DSBs 
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Here, we report that genome editing by CRISPR–Cas9 induces 
a p53-mediated DNA damage response and cell cycle arrest 
in immortalized human retinal pigment epithelial cells, lead-
ing to a selection against cells with a functional p53 pathway. 
Inhibition of p53 prevents the damage response and increases 
the rate of homologous recombination from a donor template. 
These results suggest that p53 inhibition may improve the 
efficiency of genome editing of untransformed cells and that 
p53 function should be monitored when developing cell-based 
therapies utilizing CRISPR–Cas9.

Clustered regularly interspaced short palindromic repeats 
(CRISPR)–CRISPR-associated protein 9 (Cas9) has become a 
popular precision genome editing tool. DNA double-strand breaks 
(DSBs) induced by Cas9 are repaired either by the error-prone pro-
cess of non-homologous end joining (NHEJ) or precisely by path-
ways using homology-directed repair (HDR). The choice of repair 
mechanism is dependent on the stage of the cell cycle, with NHEJ 
predominating in G1 and HDR becoming efficient during DNA rep-
lication1. The classical HDR mechanism, the DSB repair pathway, is 
regulated by the cell cycle machinery1, whereas the cell cycle depen-
dence of other HDR mechanisms, such as synthesis-dependent 
strand annealing2, is less well defined. In precision genome editing, 
a repair template that is homologous to the cut locus is introduced 
into cells, where it is used by the endogenous HDR machinery to 
repair the DSB. In an optimal case, these processes lead to a defined 
and precise editing of the genome.

Precision genome editing by HDR is fairly efficient in some 
tumor cell lines3. By contrast, the genomes of normal cells have been 
more difficult to edit, because the cells can undergo apoptosis and/
or preferentially use NHEJ for damage repair4,5. Recently, several 
promising methods to improve the efficiency of template-depen-
dent genome editing of primary cells have been developed based on 
increasing the concentration of the repair DNA template, delivering 
NHEJ inhibitors and optimizing transfection3,4,6–8. However, there is 
no mechanistic explanation for the relative inefficiency of recombi-
nation-based editing of normal, untransformed human cells.

During the course of identifying essential genes in a large panel 
of cell lines using standard CRISPR–Cas9 ‘dropout’ screens9 (Fig. 1a 
and Methods), we observed that guide sequences targeting essential 
genes were not efficiently depleted in retinal pigment epithelium 
(RPE1) cells. RPE1 cells are non-transformed cells that are immor-
talized solely by stable human telomerase reverse transcriptase 
(hTERT) expression. They are derived from human RPE and repre-
sent a cell type with substantial medical interest, as malfunctioning 
RPE is seen in both monogenic and acquired retinal degenerative 
diseases and is currently a target for retinal regenerative therapies10.

In RPE1 cells, we noted a dramatic increase in the levels of guides 
targeting the tumor suppressor TP53 (encoding p53), its transcrip-
tional target cyclin-dependent kinase inhibitor 1A (CDKN1A; 
encoding p21) and the retinoblastoma gene RB1 (enconding pRB), 
which mediates cell cycle arrest downstream of p21 (ref. 11) (Fig. 1b).

These observations suggest that, in cells with a wild-type p53 
response, DSBs induced by Cas9 activate p53, leading to a growth 
arrest. This explains the selective growth advantage of cells in which 
the p53–p21–pRB axis is disrupted. The effect also explains the fail-
ure to detect essential genes in the CRISPR screen, as all other cut-
ting guide RNAs (gRNA) will cause a transient cell cycle arrest and 
are thus selected against.

To test this hypothesis, we carried out new genome-wide 
CRISPR–Cas9 screens in RPE1 cells and in RPE1 cells deficient 
in p53 (ref. 12) using a genome-wide library13. Consistent with the 
hypothesis, gene set enrichment analyses on the ranked list of 
genes14 identified known essential pathways in p53–/–, but not in 
p53+/+ cells (Supplementary Table 1). An example of this phenom-
enon is shown in Fig. 1c. Guides against ribosomal genes should 
deplete quickly from the cell pool, as most of their targets are essen-
tial for cell viability. In a list ranked by the degree of guide depletion, 
the gene rank of ribosomal genes is therefore expected to be low. 
This is indeed the case for RPE1 p53–/– cells (Fig. 1c, left panel), 
where ribosomal genes concentrate in the lowest decile. By con-
trast, in RPE1 p53+/+ cells, no depletion of guides against ribosomal 
genes is observed. Non-targeting control guides, which do not have 
genomic binding sites, behave similarly in p53+/+ and p53–/– RPE1 
cells, suggesting that the effect is due to on-target DNA cutting and 
does not result from off-target DSBs.

Conversely, guides targeting p21 were enriched in p53+/+ but 
not in p53–/– cells (4.7-fold versus 0.8-fold, respectively), indicating 
that loss of p21 only confers a growth advantage in the presence, 
but not the absence, of p53. We conclude that DSBs introduced by 
CRISPR–Cas9 trigger a transient, p53-dependent cell cycle arrest 
mediated through p21 and pRB, irrespective of the locus targeted. 
This generic penalty of DNA cutting masks guide-specific effects, 
hampering guide dropout screens that are aimed at identifying 
genes whose loss leads to cell death or decreased cell proliferation.

In lentiviral screens, Cas9 and the guide sequence are integrated 
into the genome and are constitutively active. To assess whether the 
transient Cas9 activity used in precision genome editing approaches 
would trigger a similar response, we transfected RPE1 p53+/+ and 
p53–/– cells with ribonucleoprotein (RNP) complexes containing 
Cas9 and a guide. We found that even such a short exposure to Cas9 
RNP activity resulted in a partial G1 arrest (Fig. 2a) in p53+/+, but 
not in p53–/–, cells. In accordance with the screening results, which 
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Inter-homologue repair in fertilized human 
eggs?
ARISING FROM H. Ma et al. Nature 548, 413–419 (2017); https://doi.org/10.1038/nature23305

The development and application of methods to prevent the transmis-
sion of damaging mutations through the human germ line would have 
considerable health benefits. In an attempt to correct a paternal path-
ogenic mutation using CRISPR–Cas9 technology in human embryos, 
Ma et al.1 assert that the maternal allele is an efficient repair template 
for gene correction, including when Cas9 is applied in metaphase II 
(MII) oocytes. As the maternal and paternal genomes undergo distinct  
developmental programs and are in separate nuclei before the first 
mitotic division, which would seem to preclude inter-homologue 
interactions, we believe that it is crucial to provide a comprehensive 
analysis of the molecular outcomes of double-strand break (DSB) repair 
in human embryos. In the absence of direct molecular evidence for the 
inferred events, the consideration of using such methods for correction 
of the human germ line should proceed with extreme caution. There 
is a Reply to this Comment by Ma, H. et al. Nature 560, https://doi.
org/10.1038/s41586-018-0381-y (2018).

Ma et al.1 use two approaches to attempt gene correction in human 
embryos. In one approach, which is deemed to be more promising 
because it is thought to give rise to non-mosaic embryos, MII oocytes 
were injected with donor sperm from a heterozygous mutation carrier  
together with Cas9 complexes to direct the cleavage of the mutant 
paternal allele. About 72% of embryos arising from Cas9 injection were 
thought to be wild type compared with 50% of control embryos. The 
authors argue that this excess of apparently wild-type embryos (22%) 
arose by correction of the paternal allele, by using the maternal allele 
as a repair template, a process termed inter-homologue homologous 
recombination (abbreviated here as IH-HR).

In the other approach, Ma et al.1 again used sperm from the muta-
tion carrier to fertilize wild-type oocytes; when the pronuclear-stage 
zygotes were completing S phase, they were injected with Cas9 com-
plexes, again directed to the mutant paternal allele. In contrast to the 
previous approach, embryos derived from fertilization with mutant 
sperm could be conclusively identified because mosaic embryos were 
obtained. Some cells of these mosaic embryos contained a mutant 
paternal locus, either unmodified or with small indels, together with 
the wild-type maternal allele. Other cells in these mosaic embryos con-
tained only a detectable wild-type allele. The authors inferred that these 
cells arose by IH-HR of the mutant paternal allele using the wild-type 
maternal allele as a template, leading to gene correction.

Considering the data presented in Ma et al.1, alternatives to IH-HR 
are possible. Genotyping involved the amplification of an approximately 
534-base-pair (bp) fragment in which the MYBPC3∆GAGT mutation is 
approximately 200 bp from one of the primer-binding sites. Deletions 
larger than 200 bp would be sufficient to remove this primer-binding 
site and lead to amplification of only the maternal allele (Fig. 1a, b), 
giving the misleading appearance of gene correction of the paternal 
allele. Although typically not as common as small indels, long dele-
tions and other events have been detected in cultured cells and in both 
mouse and pig zygotes2–4. To detect longer deletions, a matrix of primer 
pairs needs to be tiled at increasing distances from both sides of the 
mutation; linkage analysis performed on the long-range PCR products 
would confirm whether amplification is from both the maternal and 
the paternal chromosomes. In a study designed to score these events 

systematically, Cas9-induced double-strand breaks in mouse embryonic  
stem cells were found to resolve into large deletions (250–9,500 bp) 
in approximately 20% of edited cells5. This approach remains imper-
fect to detect all events, however, because very large deletions or other 
events such as inversions, translocations, chromosome loss and large 
insertions prevent amplification and thus will escape characterization. 
Indeed, in 19% of cells edited at an autosomal locus, only one of two 
alleles could be recovered5. These various outcomes of repair of a DSB 
could result in genotypes incompatible with normal development, and 
therefore need to be reliably identified to exclude affected embryos.

Wild-type genotypes in a PCR assay can also arise by the activation 
of the egg during Cas9 injection, but without successful integration of 
a sperm genome, resulting in haploid or diploid parthenogenetic cells 
containing only the maternal genome6 (Fig. 1c). A paternal contribu-
tion was verified by cytogenetic analysis in some of the stem-cell lines 
generated from embryos by Ma et al.1, but the authors did not deter-
mine whether wild-type stem-cell lines were from wild-type sperm, or 
arose by gene correction.

To directly demonstrate gene correction by IH-HR, evidence for 
a new linkage of maternal and paternal alleles—that is, through the 
incorporation of the wild-type sequence from one of the maternal 
homologues into the mutant paternal chromosome at the site of the 
DSB—is required (Fig. 1a). New DNA linkages can be determined by 
phased DNA sequencing, or by long-range PCR using allele-specific 
primers7,8. Such haplotype analysis is particularly crucial in the case of 
the embryos derived from MII-phase oocyte injections, because which 
embryos were derived from sperm carrying the mutant allele was not 
determined.

Although IH-HR in fertilized oocytes and zygotes cannot be 
excluded, there are several obstacles to this mechanism. IH-HR after the 
induction of a DSB in mitotic mammalian cells has been described11, 
and was also seen in a recent study using CRISPR–Cas9 in embryonic 
stem cells5, though it was less frequent than inter-sister HR or NHEJ. 
In mammals, IH-HR is essential for the reductional division to form 
gametes, and is promoted by the large number of DSBs that are pro-
grammed to form on each chromosome9. It is important to note, how-
ever, that meiotic IH-HR occurs during fetal development in females10 
and so it is temporally removed from the events described in Ma et al1.

The physical separation of maternal and paternal genomes in ferti-
lized eggs would be expected to be a substantial impediment to IH-HR  
during the first cell cycle. After fertilization, distinct maternal  
and paternal nuclei form (pronuclei), such that the two genomes  
are separate in a cell that is more than 100 µm in diameter (Fig. 1d–g). 
This separation may prevent the incorporation of paternal chromo-
somes into the oocyte MII spindle (Fig. 1e). During the first interphase, 
maternal and paternal pronuclei migrate from the site of their formation 
towards the centre of the zygote, but their integrity persists throughout  
interphase (Fig.  1f, g), during which individual nuclei can be  
manipulated12. In both human and mouse zygotes, maternal and  
paternal genomes undergo DNA replication in separate nuclei, and 
enter the first mitosis as separate entities, at which time they can still 
be individually manipulated (Fig. 1f, g). Microtubule action assembles 
maternal and paternal genomes on a common metaphase plate at the 
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CRISPR–Cas9 is poised to become the gene editing tool of 
choice in clinical contexts. Thus far, exploration of Cas9-
induced genetic alterations has been limited to the immediate 
vicinity of the target site and distal off-target sequences, 
leading to the conclusion that CRISPR–Cas9 was reasonably 
specific. Here we report significant on-target mutagenesis, 
such as large deletions and more complex genomic 
rearrangements at the targeted sites in mouse embryonic 
stem cells, mouse hematopoietic progenitors and a human 
differentiated cell line. Using long-read sequencing and long-
range PCR genotyping, we show that DNA breaks introduced 
by single-guide RNA/Cas9 frequently resolved into deletions 
extending over many kilobases. Furthermore, lesions distal to 
the cut site and crossover events were identified. The observed 
genomic damage in mitotically active cells caused by CRISPR–
Cas9 editing may have pathogenic consequences.

The utility of the CRISPR–Cas9 system for gene therapy in humans 
has been recognized and extensively investigated1. Initial concerns 
about the off-target activity have been addressed by the development 
of sensitive detection methods, as well as modified Cas9 enzymes and 
improved delivery protocols that limit this type of damage2–12. The 
vast majority of on-target DNA repair outcomes after Cas9 cutting 
in a variety of cell types are thought to be insertions and deletions 
(indels) of less than 20 bp13–15. Although indels a few hundred nucle-
otides in size were also observed in experiments using Cas9 or other 
nucleases, they were reported to be rare16–18. Consequently, Cas9 
has been assumed to be reasonably specific and the first approved 
clinical trials using Cas9 edited cells are underway (clinicaltrials.gov:  
NCT03081715, NCT03398967, NCT03166878, NCT02793856, 
NCT03044743, NCT03164135).

Studies using paired gRNAs to induce localized deletions also 
reported generation of more complex genotypes, such as inver-
sions, endogenous and exogenous DNA insertions, and larger-
than-expected deletions19–23. Single gRNAs were shown to induce 
deletions of up to 600 bp in mouse zygotes24. Deletions of up to 
1.5 kb in a haploid cancer cell line potentially induced by single 
gRNAs have been described, but since the guides were directed to a 
small part of the genome and provided as a pool, the possibility of 

rare double-cutting events cannot be excluded25. Furthermore, the 
analysis of the alleles generated using both single and paired gRNAs 
has in most studies relied on amplification of short regions (<1 kb) 
around the target and potential off-target sites, limiting the scope 
of assessment. Lesions non-contiguous with the cleavage site, such 
as those reported in yeast upon I-SceI nuclease cutting, would also 
be missed by such short-range assessments26–28. Finally, cancer cell 
lines, whose genome and DNA repair mechanisms are abnormal, 
were often used in the context of studying Cas9-induced lesions, 
making extrapolations to normal tissues and cells problematic.

We speculate that current assessments may have missed a substan-
tial proportion of potential genotypes generated by on-target Cas9 
cutting and repair, some of which may have potential pathogenic con-
sequences following somatic editing of large populations of mitoti-
cally active cells.

We first comprehensively explored allelic diversity induced by Cas9 
at the X-linked PigA locus, which is hemizygous in male embryonic 
stem (ES) cells. In contrast to cancer-derived cell lines, ES cells have a 
normal karyotype and intact DNA repair mechanisms, which makes 
them more representative of a normal somatic cell. Although mouse 
ES cells and embryonic fibroblasts differ in their use of DNA repair 
pathways, it is not known how they compare to other somatic cells29. 
We introduced Cas9 and gRNA constructs targeting intronic and 
exonic sites of PigA into JM8 mouse ES cells using PiggyBac trans-
position. Cells with both constructs were selected and subsequently 
stained with FLAER reagent to quantify the proportion of PigA-defi-
cient cells (Fig. 1a,b). Single gRNAs targeting exons 2 to 4 yielded very 
high rates of PigA loss (59–97%). Notably, single gRNAs targeting 
intronic sites also yielded PigA-deficient cells at significant frequen-
cies. Ten different guides located 263–520 bp from the nearest exon 
caused 8–20% PigA loss, whereas two guides greater than 2 kb away 
induced 5–7% loss (Fig. 1c and Supplementary Table 1). We obtained 
similar results with transient expression using electroporation or lipo-
fection of ribonucleoprotein complexes (RNP), proving that these 
observations were not a consequence of PiggyBac transposition, deliv-
ery method, antibiotic selection or cellular response to transfected 
plasmid DNA (Supplementary Fig. 1). Lower knockout efficiency 
using exonic guides correlated with slower editing dynamics when 
delivered by PiggyBac transposition (data not shown).
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CRISPR–Cas9 leads to large deletions and complex 
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observations were not a consequence of PiggyBac transposition, deliv-
ery method, antibiotic selection or cellular response to transfected 
plasmid DNA (Supplementary Fig. 1). Lower knockout efficiency 
using exonic guides correlated with slower editing dynamics when 
delivered by PiggyBac transposition (data not shown).

Repair of double-strand breaks induced by 
CRISPR–Cas9 leads to large deletions and complex 
rearrangements
Michael Kosicki, Kärt Tomberg & Allan Bradley

Wellcome Sanger Institute, Hinxton, UK. Correspondence should be addressed to A.B. (abradley@sanger.ac.uk).
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Base editors can install/correct transition mutations 
without inducing DNA double-strand breaks

Cytidine Base Editor

APOBEC Cas9
C

C•G to T•A conversion

sgRNA

Adenine Base Editor

TadA Cas9
A

A•T to G•C conversion

sgRNA

T

A

G

C

G T

Komor et al. (2016), Nature;  533, pages420–424. Gaudelli et al. (2017), Nature; 551(7681):464-471.

Limitations:
• Transition mutations
• PAM availability
• Bystander edits
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Predicting base editing efficiencies
ABE-max trinucleotide motifs

www.be-dict.org

Marquart et al. (2021), Nat Commun. Aug 25;12(1):5114. 
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The Pahenu mouse model for Phenylketonuria 

• PAH deficiency leads to excess amounts of Phe in the blood, 
causing damage of the central nervous system

• The pathogenic mutation is a T>C mutation that can be 
targeted by cytidine base editors
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AAV-mediated base editor delivery restores physiological 
blood phenylalanine levels

Blood phenylalanine levels

Villiger et al. (2018) Nat Med. Oct;24(10):1519-1525.

PAHenu2  

treated
PAHenu2 C567Bl/6

Targeting the Pahenu mouse model with SaKKH-CBE3
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In vivo cytidine base editing using RNA encapsulated in 
lipid nanoparticles 

Villiger and Rothgangl et al. (2021) Nat Biomed Eng. Feb;5(2):179-189.
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In vivo cytidine base editing using RNA encapsulated in 
lipid nanoparticles 

Villiger and Rothgangl et al. (2021) Nat Biomed Eng. Feb;5(2):179-189.
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Base editors can generate sgRNA-independent off-
target mutations on RNA and DNA

BIOTECHNOLOGY

Cytosine, but not adenine, base
editors induce genome-wide
off-target mutations in rice
Shuai Jin1,2*, Yuan Zong1,2*, Qiang Gao3*, Zixu Zhu1,2, Yanpeng Wang1, Peng Qin4,
Chengzhi Liang2,3, Daowen Wang1,2, Jin-Long Qiu5, Feng Zhang6, Caixia Gao1,2†

Cytosine and adenine base editors (CBEs and ABEs) are promising new tools for achieving
the precise genetic changes required for disease treatment and trait improvement. However,
genome-wide and unbiased analyses of their off-target effects in vivo are still lacking.
Our whole-genome sequencing analysis of rice plants treated with the third-generation base
editor (BE3), high-fidelity BE3 (HF1-BE3), or ABE revealed that BE3 and HF1-BE3, but not
ABE, induce substantial genome-wide off-target mutations, which are mostly the C→T type
of single-nucleotide variants (SNVs) and appear to be enriched in genic regions. Notably,
treatment of rice with BE3 or HF1-BE3 in the absence of single-guide RNA also results in the
rise of genome-wide SNVs.Thus, the base-editing unit of BE3 or HF1-BE3 needs to be
optimized in order to attain high fidelity.

M
any genetic diseases and undesirable
traits are due to base-pair alterations in
genomicDNA (1,2). Cytosine and adenine
base editors (CBEs and ABEs), which are
fusions of a nickase-type Cas9 (nCas9)

protein with a deaminase domain, can catalyze
the conversion of C to T (C>T) and A>G, re-
spectively, in the target site of a single-guide
RNA (sgRNA) (3–6). To investigate base-editing
specificity, previous attempts focused on either
the limited number of off-target sites predicted by
in silico or in vitro approaches, such asDigenome-
seq (7) and EndoV-seq (8), or the proximal and
predictable regions of sgRNA binding sites (9–11).
Because of the challenges posed by the analysis
of large genomes from heterogeneous cells, it is
still unclear whether these base editors introduce
unwanted genome-wide off-target mutations
(6). Analyzing the samples from clonally derived

systems by whole-genome sequencing (WGS)
may overcome these limitations, thus yielding an
objective assessment of the specificities of base
editors at the whole-genome level. In this study,
we performed a comprehensive investigation
of genome-wide off-target mutations from three
widely used base editors, the third-generationbase
editor (BE3), high-fidelity BE3 (HF1-BE3), and
ABE (Fig. 1A), in rice (Oryza sativa L.), an impor-
tant crop species.
A total of 14 base editor constructs targeting

11 genomic sites were transformed into rice via
Agrobacterium transformation (Fig. 1A, table
S1, and methods). Regenerated T0 (primary-
transformant) plants edited by BE3, HF1-BE3, or
ABE and those transformedwith the base editors
but without sgRNAs (BE3−sgRNA, HF1-BE3−sgRNA,
and ABE−sgRNA plants) were analyzed by WGS
(Fig. 1 and fig. S1). In addition, 12 wild-type (WT)

plants were used to filter out background muta-
tions in the rice population (methods), and nine
plants that went through the transformation
process but with no transfer DNA integration
(designated as control plants) were used to
evaluate the mutations occurring during tissue
culture and transformation (Fig. 1B). To ensure
high confidence in base calling, all plants were
sequenced at an average depth of 60× (table S2).
Genetic changes consisting of single-nucleotide
variants (SNVs) and small insertions or deletions
(indels) were identified in each plant by using
three and two independent variant-calling pro-
grams, respectively (fig. S2). The identifiedmuta-
tions were confirmed by Sanger sequencing at
randomly selected sites with a 98% success rate
(figs. S3 and S4 and table S3). Furthermore, we
confirmed efficient on-target base editing through
WGS (table S4).
The SNVs identified byWGS in the base editor

plantswere comparedwith the off-targetmutations
predicted by using the software Cas-OFFinder
(12). Only six SNVs in BE3-edited plants were
found to come from three predicted off-target
sites; none of the SNVs in HF1-BE3– or ABE-
edited plants concurred with the predicted off-
target sites (figs. S5 and S6 and methods).
Additional examinations also showed that low
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Fig. 1. BE3-, HF1-BE3–, and ABE-mediated base editing in rice.
(A) Schematic representation of the three base editors. (B) Experimental
design and workflow. The values in parentheses represent numbers
of independent plants used for WGS. Ubi-1, ubiquitin-1 promoter;

rAPOBEC1, rat APOBEC1; D10A, Asp10→Ala; Term, terminator; U3,
rice small nuclear RNA U3 promoter; ecTadA, E. colitRNA-specific adenine
deaminase; ecTadA*, an evolved ecTadA variant; e-Scaffold, enhanced
sgRNA scaffold; GATK, Genome Analysis Toolkit.

1State Key Laboratory of Plant Cell and Chromosome
Engineering, Center for Genome Editing, Institute of Genetics
and Developmental Biology, Innovative Academy of Seed
Design, Chinese Academy of Sciences, Beijing 100101, China.
2University of Chinese Academy of Sciences, Beijing 100864,
China. 3State Key Laboratory of Plant Genomics, Institute
of Genetics and Developmental Biology, Innovative Academy
of Seed Design, Chinese Academy of Sciences, Beijing
100101, China. 4Rice Research Institute, Sichuan Agricultural
University, Chengdu 611130, China. 5State Key Laboratory of
Plant Genomics, Institute of Microbiology, Chinese Academy of
Sciences, Beijing 100101, China. 6Department of Plant and
Microbial Biology, Center for Plant Precision Genomics,
The Microbial and Plant Genomics Institute, University of
Minnesota, Minneapolis, MN 55108, USA.
*These authors contributed equally to this work.
†Corresponding author. E-mail: cxgao@genetics.ac.cn
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Cytosine base editor generates
substantial off-target single-nucleotide
variants in mouse embryos
Erwei Zuo1,2*, Yidi Sun3*, Wu Wei3,4,5*, Tanglong Yuan2*, Wenqin Ying1, Hao Sun6,
Liyun Yuan3, Lars M. Steinmetz4,7,8†, Yixue Li3,9,10†, Hui Yang1†

Genome editing holds promise for correcting pathogenic mutations. However, it is
difficult to determine off-target effects of editing due to single-nucleotide polymorphism
in individuals. Here we developed a method named GOTI (genome-wide off-target
analysis by two-cell embryo injection) to detect off-target mutations by editing one
blastomere of two-cell mouse embryos using either CRISPR-Cas9 or base editors.
Comparison of the whole-genome sequences of progeny cells of edited and nonedited
blastomeres at embryonic day 14.5 showed that off-target single-nucleotide variants
(SNVs) were rare in embryos edited by CRISPR-Cas9 or adenine base editor, with a
frequency close to the spontaneous mutation rate. By contrast, cytosine base editing
induced SNVs at more than 20-fold higher frequencies, requiring a solution to address
its fidelity.

G
enome editing holds great potential for
treating genetic diseases induced by path-
ogenic mutations (1). A comprehensive
analysis of off-target effects by genome
editing is required for their utility (2). Mul-

tiple methods have been developed to detect
genome-wide gene editing of off-target sites
(2–5). However, these approaches are not ap-
plicable to detecting single-nucleotide variants
(SNVs) in vivo. In this study, we developed a
method named GOTI (genome-wide off-target
analysis by two-cell embryo injection) to evaluate
the off-target effects induced by CRISPR-Cas9,
cytosine base editor 3 [BE3, rAPOBEC1-nCas9-
UGI; a single protein consisting of the ratAPOBEC1
(rAPOBEC1) cytosine deaminase tethered to Cas9

nickase (nCas9), which is covalently linked to
uracil DNA glycosylase inhibitor (UGI)], and ade-
ninebase editor 7.10 [ABE7.10, TadA-TadA*-nCas9;
a wild-type tRNA adenosine deaminase (TadA)
and an evolved TadA* heterodimer fused to
nCas9], three commonly used gene-editing tools
(6–8). Briefly, we injected CRISPR-Cas9, BE3, or
ABE7.10, together with Cre mRNA, into one blas-
tomere of two-cell embryos derived from Ai9
(CAG-LoxP-Stop-LoxP-tdTomato) mice (9, 10)
(Fig. 1A). The progeny cells of the edited and
nonedited blastomeres were then sorted by
fluorescence-activated cell sorting (FACS) on
the basis of tdTomato expression in gene-edited
cells at embryonic day 14.5 (E14.5) (Fig. 1B), when
the whole embryo could be readily digested to
obtain enough single cells. Whole-genome se-
quencing (WGS) was then performed separately
on the tdTomato+ and tdTomato− cells. SNVs
and indels were called by three algorithms in
the tdTomato+ sample,with the tdTomato− sample
from the same embryo as the reference (Fig. 1A).
We included 12 groups in our study: one Cre

group (Cre only), six Cas9 groups with or without
single-guide RNA (sgRNA) (Cas9, Cas9-LacZ, Cas9-
Pde6b, Cas9-Tyr-A, Cas9-Tyr-B, and Cas9-Tyr-C),
three BE3 groups with or without sgRNA (BE3,
BE3-Tyr-C, and BE3-Tyr-D) (11), and two ABE7.10
groups with or without sgRNA (ABE7.10 and
ABE7.10-Tyr-E). First, we validated the on-target
efficiency of our approach in embryos at the
eight-cell and E14.5 stages by Sanger sequencing
(figs. S1 to S3). To further explore the on-target
efficiency and potential genome-wide off-target
effects, we performed WGS at an average depth
of 47× on 46 samples from 23 E14.5 embryos
(table S1). The activities of Cas9, BE3, and ABE7.10
in tdTomato+ cells were confirmed by high on-
target efficiencies to induce indels and nucle-
otide substitutions (Fig. 1C, fig. S4, and tables S2
and S3).

For the off-target editing effects, we found only
zero to four indels in embryos from all 12 groups
(figs. S5 and S6 and tables S2 and S4), and none
of them overlapped with the predicted off-target
sites (fig. S5 and table S5). For all Cas9-treated
embryos, there was no significant difference
among different Cas9 groups (12 SNVs per em-
bryo on average) or in comparison with the
“Cre-only” group (14 SNVs per embryo on av-
erage) (figs. S7 and S8 and tables S2 and S6).
The SNVs detected in the Cre- or Cas9-treated
samples were likely caused by spontaneous mu-
tations during genome replication during de-
velopment, because the number of variants
was within the range of simulated spontaneous
mutations and no sequence similarity was ob-
served between the adjacent sequences of the
identified SNVs and the target sites (fig. S8 and
methods) (12).
Surprisingly, we found, on average, 283 SNVs

per embryo in BE3-treated embryos, a level at
least 20 times higher than that observed in Cre-
or Cas9-treated embryos (Fig. 2A, fig. S7, and
tables S2 and S7). By contrast, ABE7.10 generated,
on average, 10 SNVs per embryo, with a fre-
quency close to the spontaneous mutation rate
(Fig. 2A and table S2). We further compared the
off-target sites identified in the “BE3-only” group
with those of the BE3-Tyr-C or BE3-Tyr-D groups
and found that the presence of sgRNAs did not
induce significantly higher SNVs (P = 0.21,
Kruskal-Wallis test). In addition, these variants
were specifically identified in tdTomato+ cells
rather than in tdTomato− cells (see methods,
fig. S9, and table S8). Notably, more than 90% of
the SNVs identified in the BE3-edited cells were
mutated from G to A or C to T, a mutation bias
not observed in Cre-, Cas9-, or ABE7.10-treated
cells (Fig. 2, B and C, and fig. S10). This bias was
the same as that of cytosine deaminase APOBEC1
itself (13), indicating that these mutations were
not spontaneous but induced by BE3 editing.
Previous studies have shown that the action of
several members of the APOBEC family (includ-
ing APOBEC1) require single-strandedDNA (14–16).
Consistently, our analysis showed that SNVs
induced by BE3 were significantly enriched in
transcribed regions (Fig. 3A), especially in genes
with high expression (Fig. 3B and fig. S11). Inter-
estingly, none of the off-target sites were shared
by any of the BE3-treated embryos or overlapped
with predicted off-target mutations (Fig. 3, C
and D). In addition, no similarity was observed
between the off- and on-target sequences, whereas
the top predicted off-target sites showed high
sequence similarity with BE3 on-target loci (fig.
S12). Thus, the BE3 off-target SNVs were sgRNA-
independent and likely caused by overexpression
of APOBEC1.
Among 1698 SNVs in BE3-treated embryos,

26 were located on exons, 14 of which led to non-
synonymous changes (fig. S13). We successfully
amplified 20 of them by polymerase chain re-
action (PCR) and confirmed their presence by
Sanger sequencing (fig. S14 and table S9). We
also found that one SNV was located in a proto-
oncogene and 13 SNVs were located in tumor
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Cytosine, but not adenine, base editors induce genome-wide off-target mutations in rice

Zhang and Caixia Gao
Shuai Jin, Yuan Zong, Qiang Gao, Zixu Zhu, Yanpeng Wang, Peng Qin, Chengzhi Liang, Daowen Wang, Jin-Long Qiu, Feng
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both mouse and rice.
identify unintended mutations. Cytosine, but not adenine, base editors induced numerous single-nucleotide variants in 
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recruitment of a DNA repair protein to DNA breaks induced by CRISPR-Cas9, enabling unbiased detection of off-target 

 followed theet al.methods for monitoring gene-editing tools in vivo (see the Perspective by Kempton and Qi). Wienert 
find off-targets generally do not work in vivo or detect single-nucleotide changes. Three papers in this issue report new 

Unintended genomic modifications limit the potential therapeutic use of gene-editing tools. Available methods to
Spotting off-targets from gene editing

ARTICLE TOOLS http://science.sciencemag.org/content/364/6437/292

MATERIALS
SUPPLEMENTARY http://science.sciencemag.org/content/suppl/2019/02/27/science.aaw7166.DC1

CONTENT
RELATED 

http://science.sciencemag.org/content/sci/364/6437/234.full
http://science.sciencemag.org/content/sci/364/6437/289.full

REFERENCES
http://science.sciencemag.org/content/364/6437/292#BIBL
This article cites 33 articles, 5 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title 
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive 

(print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement ofScience 

on April 26, 2019
 

http://science.sciencem
ag.org/

Downloaded from
 



||

In vivo cytidine base editing did not induced RNA off-
target deamination

Villiger and Rothgangl et al. (2021) Nat Biomed Eng. Feb;5(2):179-189.

HEK293T AAV LNP
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In vivo cytidine base editing did not induced DNA off-
target deamination

Villiger and Rothgangl et al. (2021) Nat Biomed Eng. Feb;5(2):179-189.
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SNPs are well tolerated in humans

Blokzijl et al. (2016) Nature. Oct 13;538(7624):260-264. 
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Targeting PCSK9 via adenine base editing
Bl

oo
d 

str
ea

m
He

pa
to

cy
te

Healthy individuals Autosomal dominant hypercholesterolemia (ADH)

Newborn piglets 6 month old pigs

G
C

Pcsk9 wt

A
T

Pcsk9 KO

STOP codon introduction 
Splice site mutation

PCSK9 protein LDL-Cholesterol
Pig kidney cell line
Human liver cells

Study on the effectiveness of CRISPR / Cas9 DNA base editors as therapy for autosomal dominant hypercholesterolemia in the newborn pig
Martina Hruzova, Tanja Rothgangl, Sabina Egli, Gerald Schwank, Inst. f. Molecular Health Sciences, ETH Zürich
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Inactivating PCSK9 in vivo reduces LDL cholesterol

LNP-treated mice

AAV-treated mice

Rothgangl et al. (2021) Nature Biotechnology, volume 39, pages (949–957)



||

In vivo adenine base editing did not induced RNA and DNA off-
target deamination

HEK293T in vivo
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LNP-mediated adenine base editing of PCSK9 in primates

Rothgangl et al. (2021) Nature Biotechnology, volume 39, pages (949–957)
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Prime editors: A highly versatile DNA double strand 
break-independent genome editor

Prime Editor

RT

Cas9

Desired edit (transition, transversion, deletion, insertion)

pegRNA

Anzalone et al. (2019), Nature; 576, pages149–157
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PRIDICT: Predicting prime editing efficiencies

Mathis and Allam et al., unpublished
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PRIDICT: Predicting prime editing efficiencies

Kim et al. Nat Biot.

Mathis and Allam et al., unpublished
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Generation of size-optimized prime editors

PE2    RnH

split PE2

Boeck, Rothgangl, Villiger et al. (2021) bioRxiv, https://doi.org/10.1101/2021.08.17.456632
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Installing a G-to-C edit in Dnmt1 via AAV-mediated prime 
editing

Boeck, Rothgangl, Villiger et al. (2021) bioRxiv, https://doi.org/10.1101/2021.08.17.456632



||

Installing a G-to-C edit in Dnmt1 via AdV5-mediated 
prime editing

Boeck, Rothgangl, Villiger et al. (2021) bioRxiv, https://doi.org/10.1101/2021.08.17.456632
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Correction of the Pahenu mutation via AdV5-mediated 
prime editing

Boeck, Rothgangl, Villiger et al. (2021) bioRxiv, https://doi.org/10.1101/2021.08.17.456632
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In vivo prime editing is highly precise

Cytidine base editing bystandersPrime editing bystandersPrime editing off targets
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