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Genome editing by Clustered Regularly Inter Spaced Palindromic Repeat (CRISPR)
associated (Cas) systems has revolutionized medical research and holds enormous
promise for correcting genetic diseases. Understanding how these Cas nucleases work
and induce mutations, as well as identifying factors that affect their efficiency and fidelity
is key to developing this technology for therapeutic uses. Here, we discuss recent
studies that reveal how DNA sequence and chromatin structure influences the different
steps of genome editing. These studies also demonstrate that a deep understanding
of the balance between error prone and error free DNA repair pathways is crucial for
making genome editing a safe clinical tool, which does not induce further mutations to
the genome.
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INTRODUCTION

Genome editing is very valuable for both medical and research purposes. Future medical
applications include the correction of disease-related mutations, disruption of disease-promoting
genes or even introducing novel genes (e.g., for sensitising immune system to tumour cells).
Research applications range from creating knock-out/knock in cell line or organisms, and/or
introducing mutations, to study the role of a particular protein, pathway or processes to creating
humanized disease models. Given the tempting scope of practical use, it is of no surprise
that there has been considerable effort in developing genome editing methods. The traditional
way for introducing changes to the genome was by the use of spontaneous recombination,
either to introduce DNA mutations or to insert sequences that would allow further use of
recombinases (such as Cre) to excise genes [reviewed in Sauer (2002)]. Subsequent discoveries of
zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) allowed
a considerable advance in the field by allowing the introduction of DNA breaks at desired, rather
than random, genomic locations [reviewed in Gaj et al. (2013)]. Nevertheless, the biggest advance in
genome editing has been the more recent discovery of clustered regularly interspaced palindromic
repeat (CRISPR) associated (Cas) systems (Ishino et al., 1987; Jansen et al., 2002; Jinek et al., 2012;
Cong et al., 2013; Mali et al., 2013).
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Shortly after its discovery, the CRISPR-Cas9 system, a
bacterial defense mechanism, was repurposed as a powerful tool
for genome editing in plant, animal and human cells due to
its specificity and its easier implementation. Current and future
potential uses cover a wide range of application in research and
clinical areas, by allowing substitution, insertion or deletion to
the DNA sequence in a targeted genomic location [reviewed
in Hsu et al. (2014) and Wang and Qi (2016)]. The CRISPR-
Cas9 system operates through the recruitment of the RNA-guided
Cas9 nuclease at a specific genomic position. The targeting
relies on the complementarity between the guide RNA and
the targeted sequences and the presence of an adjacent DNA
protospacer motif (PAM). The Cas9 nuclease generates a DNA
double strand break (DSB) at the targeted sequence adjacent to
the PAM sequence (Jiang and Doudna, 2017), which then leads
to recruitment of DNA repair machinery to fix the break.

Typically, DNA DSBs are repaired by (i) the error free
homologous recombination (HR) pathway, which occurs in S/G2
phases of the cell cycle as it uses the homologous sequences of the
sister chromatids as a repair template, and (ii) the error prone
non-homologous end joining (NHEJ) pathway, which occurs
throughout the cell cycle and religates DNA ends without the
presence of an undamaged template (Ciccia and Elledge, 2010).
In addition, other alternative end joining pathways, which rely
on the presence of microhomologies (MH mediated end joining,
MMEJ), have been described, these DSB repair pathways are error
prone and are often associated with long deletions (Decottignies,
2013; Chang et al., 2017).

DNA end resection is a major determinant influencing DNA
repair pathway choice. Unresected DNA ends, processed by
the NHEJ pathway, are bound to the Ku complex (Ku70-
Ku80 heterodimer) which recruits NHEJ factors including
DNA-PKcs (DNA dependent protein kinase catalytic subunit),
XRCC4 (X ray repair cross complementing 4) and LIG IV
(DNA ligase IV) to catalyze DNA ends ligation. In contrast,
the MMEJ pathway requires minimal DNA ends resection
(through the CtIP-MRN complex) that reveals homologies on
opposite strands that will be further involved in annealing.
DNA portion between homologies is removed, leading to
deletion scars. Other MMEJ factors are further recruited
to resolve the break, including DNA polymerase θ (POL
Q), and the DNA ligases I and III (Decottignies, 2013;
Chang et al., 2017).

DNA repair pathway choice is regulated at different
levels: cell cycle stage, availability and post translational
modifications of DNA repair factors, chromatin status and
the position within the nucleus of the break [reviewed
in Kalousi and Soutoglou (2016)]. The choice of pathway
can have critical consequences for the cell, since the use
of error prone pathways can lead to unwanted deleterious
mutations. Despite the many efforts put into characterizing
repair pathways, Cas9-induced DSB repair outcomes have
not been yet extensively investigated. It is crucial, for both
research and clinical purposes, to precisely understand how
mutation profiles observed following Cas9-induced DSB are
generated, to be able to predict repair outcomes. In this review,
we will focus on recent work highlighting the outcome of

CRISPR-Cas9-induced DSBs in mammalian cells. Interestingly,
the CRISPR-Cas9 mutational pattern appears to be non-
random, highly reproducible and mainly dependent on the
targeted DNA sequence.

CAS 9-MUTATIONAL PROFILES ARE
LARGELY DEPENDENT ON THE TARGET
DNA SEQUENCE

Several studies have revealed the prominent role of the target
DNA sequence in Cas9-dependent DNA repair outcomes. In
these studies, repair outcomes were profiled by classifying
the mutations generated at Cas9 target sites by the type of
insertion or deletion (indel) that occurred (e.g., size, position,
microhomology), and monitoring the frequency of each class
of indel. van Overbeek et al. (2016) were the first to conduct a
systematic study of DNA repair profiles following Cas9 cleavage
in human cell lines. They followed the repair outcomes after
guide RNAs delivery targeting 69 different genomic sites and
demonstrated that indel patterns differed from one targeted site
to another and were very reproducible among replicates and
between cell types. Nevertheless, the mutation frequencies of
a given indel class varied with cell type. Taken together, this
suggests that the characteristic DNA repair profile associated
with a genomic location is influenced by the DNA sequence
around the targeted area (van Overbeek et al., 2016). To
further confirm this conclusion, guide RNAs matching multiple
locations in human genome (“multiple target single spacers,”
MTSS) were designed and the associated indel profiles were
assessed. In line with their previous observations, similarities
between repair profiles for each site targeted by the same
guide RNA are observed across replicates and cell type
(van Overbeek et al., 2016).

Allen et al. (2018) confirmed such observations by specifically
interrogating the influence of the DSB-flanking DNA sequence
on repair outcomes. The authors designed and delivered
synthetic constructs containing both a guide RNA and its
target sequence flanked by variable DNA sequences, in human
K562 cells. Indel profile analysis revealed that indels were
highly reproducible and sequence-specific. Moreover, shorter
deletions were more prominent compared to longer deletions,
with nucleotide insertions (+1) and deletions (-1) being the most
common. 58% of all Cas9-generated deletions, however, were
at least 3 bp long and about a half of them occurred between
at least two nucleotide repeats, referred to as microhomology
(MH). The deletion frequency resulting from MH presence was
inversely correlated with the distance between MH sequences.
Introducing point mutation(s) in MH regions led to a
remarkable drop in the associated repair outcome frequency
(Allen et al., 2018). Intriguingly, although the indel patterns
were similar across most cell types, stem cells had more
large deletions and MH mediated products, whereas single
nucleotide insertions (+1 insertions) were more frequent in
differentiated cells. It was proposed that such observations
correlate with different activities for the DNA repair pathways in
different cell types.
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Furthermore, indel profiling revealed that for almost half
(49%) of the guide RNAs with a T (thymidine) before the cut
site, a + 1 insertion involving another T dominates the repair
outcome. A bias was also observed regarding small deletions:
77% of -1 deletions are associated with the removal of a repeated
nucleotide at the break site. For half of the dinucleotide deletions,
the removal of a two- base repeat was also quite common
(Allen et al., 2018). These results are in agreement with Lemos
et al. (2018), who demonstrated that single base insertions
were shown to preferably repeat a PAM-distal nucleotide at the
break site in yeast.

A recent large-scale study shed further light on the
influence of genetic and epigenetic factors in CRISPR-Cas9
repair outcomes (Chakrabarti et al., 2019). Analysis of indel
patterns at approximately 1,500 targeted locations in human
cells (HepG2), revealed again that DNA editing precision differs
across sites in a non-random and reproducible manner. The
majority of examined targeted sites showed a preference for
small indels (44% for 1 bp insertion and 26% for 1 bp
deletion). However, a preference for large deletions (up to
41 nucleotides) was also observed for some sites. As a
consequence of single nucleotide modifications, a considerable
bias toward frameshifting mutations was observed (average of
80.1% compared to 66% of a random outcome).

Editing precision (recurrence of a specific indels) varied
considerably between different targets with some targets
associated with a large number (up to 79) of distinct, infrequent,
deletions. In contrast, other targets showed one dominant
mutation (representing up to 94% of all repair events). Overall,
one fifth of all analyzed targets had at least a 50% chance
of leading to a specific indel. Based on the distribution of
commonest indel frequencies, the targeted sites were categorized
into three groups: imprecise (commonest indel frequency below
25%), middle (commonest indel frequency below 50%), and
precise (commonest indel frequency above 50%) sites. The
vast majority of recurrent indels in precise targets (68.4%)
are associated with a strong preference for insertions with a
bias toward single nucleotide indels. In agreement with Allen
et al. insertion, of a single nucleotide homologous to a PAM
distal nucleotide (at position -4) at the break site was very
common, especially when this nucleotide is T. These observations
are consistent with Taheri-Ghahfarokhi et al. (2018), who also
highlighted the importance of the 4th nucleotide before the PAM
in the single nucleotide indel frequencies.

Strikingly, not only the indel pattern but also the editing
precision could be predicted from the target site DNA sequence.
Using a neural network Chakrabarti et al. found a significant
correlation between the computational (estimated) and the
observed indel frequencies. Despite a moderate predictive power
of the model, it allowed the identification of key sequencing
features. This computational quest also led to the conclusion
that the nucleotide at position -4 from the PAM strongly
influences the repair outcome in accordance with all previous
experimental observations.

All in all, both by experimental studies and computer
simulations, the Cas9-associated indel pattern and a presence
of a dominant pattern appear to be mostly dependent on

the DNA sequence around a break site, with the presence
of MH in the target DNA sequence one of the main cues
for predictability.

CAS 9-MUTATIONAL PROFILES RELY
ON MMEJ

The types of indel observed upon CRISPR-Cas9 cleavage suggest
that Cas9-induced breaks are mainly repaired by NHEJ and
MMEJ. It is generally assumed that small indels (<3 bp) occur
via NHEJ and longer deletions occur via MMEJ. When analyzing
the indel distribution following CRISPR-Cas9 activity over for
a 48 h period, van Overbeek et al. showed that larger deletions
are more prevalent at later points. They also observed that upon
inhibition of NHEJ, +1 insertions and small indel (<3 bp)
frequencies were decreased and, in contrast, large deletions
(>3 bp) frequencies were increased (van Overbeek et al., 2016).
The fact that alteration of NHEJ leads to increased MMEJ usage
points to a tight balance between NHEJ and MMEJ pathways
in repairing these breaks. Similar studies were performed later
by Brinkman et al. for a single locus in human K562 cells.
Targeting the LBR locus, the indel pattern analysis revealed a +1
insertion in balance with a -7 bp deletion. Addition of the NHEJ
inhibitor NU7441 led to an increase of -7 deletions concomitant
to a decrease in +1 insertions. Addressing the kinetics of the
two processes revealed that MMEJ is delayed and initiated after
NHEJ, and the delay is not observed when NHEJ is inhibited
arguing for MMEJ predominantly being used as a back-up to
repair breaks that, for unknown reason, failed to engage NHEJ
(Brinkman et al., 2018).

Aiming to characterize in detail the contribution of the
MMEJ pathway in the repair outcomes following Cas9 activity,
Taheri et al. developed a computational platform called RIMA
(Rational Indel Meta Analysis). Two datasets from the literature
were reanalyzed using RIMA to validate their approach. They
confirmed MMEJ pathway involvement in DNA repair after Cas9
cleavage and MMEJ-associated indels enrichment upon NU7441
(Bae et al., 2014; van Overbeek et al., 2016; Taheri-Ghahfarokhi
et al., 2018). They also confirmed that larger indels and other
MMEJ events relied on the activity of the known MMEJ factor
POLQ (Taheri-Ghahfarokhi et al., 2018).

Experiments to determine the contribution of MH to the
CRISPR-cas9 dependent DNA repair outcome by Chakrabarti
et al. revealed that microhomologies of different sizes were
responsible for a majority of deletions (73.3%). Strikingly,
deletions associated with short microhomologies (1–4 bp),
typically not considered as a substrate for MMEJ, were also
enriched indicating a role for homology regions of any length
MH, not restricted only to long regions of MH as had previously
been believed (Chakrabarti et al., 2019). In line with these
observations, Bae et al. found that a large subset of all observed
deletions upon Cas9 activity were associated with 2–8 bp MH
sequences. Based on this observation, the authors developed
a computer program to predict MH-dependent deletions at a
given site in order to increase the frequency of gene disruption
(Bae et al., 2014).
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Despite how incomplete our understanding of the exact role
of MH involvement in the repair process is, it has already been
flagged for its potential practical applications. In their recent
work, Kim et al. demonstrated the possibility of using this
genomic feature for obtaining a desired genome editing effect.
They suggested an elegant two-step scheme for introducing point
mutations in human iPS cells, associated with scar-less selection
marker excision. Initially the desired mutation is introduced into
the locus of interest as engineered MH sequences flanking a
selection marker used as a donor. Although positive selection
based on the presence of the selective marker represents an
easy way to obtain clonal population, some applications require
the removal of the selective marker. Therefore after positive
selection, the selection marker can be excised using CRISPR-Cas9
induced DSBs targeting the region adjacent to the MH sequences,
promoting the use of MMEJ for the selection marker excision
while preserving the point mutation (Kim et al., 2018).

Overall, based on both computational and experimental
studies, MH arises as a major factor influencing the DNA
repair outcome at CRISP-Cas9 lesions. However, whether it
is indeed an underestimated role of the MMEJ pathway or a
lack of a deep understanding of NHEJ pathway functioning
remains to be seen.

CAS 9-MEDIATED LARGE DELETIONS
AND COMPLEX REPAIR OUTCOMES

Most of the studies addressing repair of Cas9-induced breaks
were focused on deletions of a relatively small size, based
on the belief that NHEJ and MMEJ are the main pathways
involved. However, large-scale indel pattern analysis highlights
the complexity of Cas9-dependent repair outcomes. Such
complexity is well depicted in the Shin et al. study where they
analyzed the consequence of CRISPR-Cas9-mediated genome
editing in founder mice (Shin et al., 2017). They showed that
the majority of detected deletions were asymmetric (1.5-fold or
more difference between deletion up-and downstream of the
cutting site). Prevalence of asymmetric indels was observed for
almost all targeted sites. Symmetric deletions were infrequent and
tended to be small (less than 10 bp). Moreover, the deletions
mostly occurred at repetitive regions, which is consistent with the
conclusions of the above-mentioned studies relating to the role of
MH in DSB repair.

Induction of DSBs with single guide RNAs in murine zygotes
also revealed a 9 bp median deletion size, but larger deletions (up
to 600 bp) were also present (Kim et al., 2018).

Testing whether sequential or simultaneous guide RNAs
delivery would have any effect on an indel pattern and
on a balance between small and large deletions, revealed
that sequential guide RNAs delivery is more reliable than
simultaneous in precisely deleting juxtaposed sites. Moreover,
while no difference was observed for smaller deletions (less than
400 bp) between the two delivery strategies, deletions larger
than 400 bp (up to 24 kb) were only present after simultaneous
delivery. These large deletions didn’t appear to rely on the
presence of MH (Kim et al., 2018).

In light of the potential therapeutic use of Cas9, the findings of
Kosicki et al., 2018 are especially striking. The authors explored
large genetic alterations observed after CRISPR-Cas9 activity,
focusing primarily on large deletions, which often are missing
from repair outcome analysis due to a strong focus on a region
proximal to the break (Kosicki et al., 2018). They performed
knock-out experiments in mESC with single guide RNAs and
observed that more than 20% of resulting alleles carried large
(>250 bp and up to 6 kb) deletion. Even more surprisingly, in
more than 15% of cases they observed additional DNA alterations
(point mutations, large or small indels), distal to the cut site.
Large inversions and duplications were also observed. Using
mESCs obtained from a cross between two murine strains,
Kosicki et al. also observed cases of loss of heterozygosity,
presumably caused by using a homologous chromosome as
a template. Despite differences in indel profile frequencies
observed between stem cells and differentiated cells (Allen et al.,
2018), larger deletions are not a unique feature associated with
stem cells since they were observed in mouse hematopoietic
progenitors cells and human RPE-1 cells (Kosicki et al., 2018).

Together, these data suggest, Cas9-mediated genome editing
appears to be more complex and involves larger genome regions
than was thought before. Thus, it is extremely important to
understand the reasons for such an effect, and to take this into
account while assessing using Cas9 for any medical purpose.

CHROMATIN STRUCTURE INFLUENCES
CAS 9 BINDING

The chromatin structure around DNA breaks influences DNA
repair pathway choice (Kalousi and Soutoglou, 2016). However,
regarding the repair of Cas9-mediated breaks, the question
arises; which step of Cas9 editing (binding, cutting and/or
repair) is most influenced by chromatin state? To dissect this,
some in vitro and in vivo studies have been performed. First,
Isaac et al. developed a biochemical assay to determine how
nucleosomes and chromatin remodellers influence Cas9 activity.
Using nucleosome assembly associated with poor breathing (a
term that defines the dynamic binding of histones to DNA), they
observed that Cas9 binding activity and cutting is inhibited. In
contrast, Cas9-induced cleavage is achieved near to the entry/exit
of a nucleosome assembly associated with higher breathing.
Furthermore, the authors demonstrated that different classes of
chromatin remodellers enhanced Cas9 activity, with an increase
of Cas9-mediated cleavage in the presence of remodellers from
the ISWI family promoting nucleosome sliding (SNF2h) or
histone octamer eviction (RSC) (Isaac et al., 2016).

At the same time, a study conducted by Horlbeck et al.
led to the same observations in vivo and in vitro. The
authors first overlaid data obtained from a CRISPR screen
(Gilbert et al., 2015) with MNase-seq experiments publicly
available at ENCODE (performed in K562 human cells) and
observed that high nucleosome occupancy is associated with
low CRISPR interference activity (for CRISPR interference,
catalytically inactive Cas9 is fused to a transcriptional repressor
and guided to the targeted site in order to interfere with

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 May 2020 | Volume 8 | Article 319

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00319 May 6, 2020 Time: 19:35 # 5

Chechik et al. Genome Editing in the Context of DNA and Chromatin

gene transcription) (Horlbeck et al., 2016). Along similar lines,
in vitro experiments argued for a block of Cas9 activity in the
presence of DNA assembled into nucleosomes (Hinz et al., 2015;
Horlbeck et al., 2016). Using an inducible system to control
chromatin state (open or close) in human cells at a specific
locus, Daer et al. observed reduced editing efficiency associated
with heterochromatin (closed state) due to a reduction in Cas9
binding, for six over a total of nine guide RNAs used. This
observation suggests that the effect of closed chromatin on
Cas9 editing is guide RNA dependent or that in such inducible
system the closed chromatin spreading is not covering equally
all targeted sequences. Nevertheless, the mutation signature
was not affected by the chromatin state. Interestingly, editing
efficiency could be restored by artificial transcription activation
(Daer et al., 2017).

Cas9 binding has also been studied in ChIP experiments in
mouse ESC in which catalytically inactive Cas9 (dead Cas9)
has been expressed. These studies also revealed that chromatin
accessibility (assessed by DNAse I hypersensitivity experiments)
is an important determinant of Cas9 binding in vivo and the
vast majority of Cas9 off target sites are associated with active
genes (Wu et al., 2014). Such findings were later confirmed by
Kuscu et al. (2014) and O’Geen et al. (2015) that demonstrated a
correlation between open chromatin and Cas9 off target binding
in human and mouse cell lines, respectively.

Thus there is a general agreement that Cas9 activity is
influenced by chromatin structure both in vivo and in vitro, with
closed chromatin associated with less Cas9 binding and editing.

THE ROLE OF CHROMATIN IN CAS
9-MEDIATED GENOME EDITING

The degree of influence of chromatin state over Cas9-induced
mutagenesis has been the subject of studies by several research
teams over the last few years. Chen et al. interrogated how
chromatin status influences TALEN and CRISPR-Cas9 genome
editing activity. For this purpose, a cellular system carrying
a reporter in which chromatin status can be switched from
compacted (H3K9me3 marked) to relaxed was used. Lower
editing efficiency was observed when targeted sites were
associated with heterochromatin for both TALENs and Cas9
nucleases, but the impact of chromatin state on editing was higher
for TALENs. Interestingly, the efficiency of DSB formation was
quite comparable (Chen et al., 2016). Subsequently, Chen et al.
assessed the influence of chromatin structure on Cas9 editing in
whole organisms. Zebrafish embryos were co-injected with guide
RNAs and Cas9 mRNA. Editing efficiency positively correlated
with chromatin accessibility (determined by ATAC-seq), and
mutation rates were higher in an open chromatin. However, there
was no correlation between nucleosome-occupancy and editing
efficiency (Chen et al., 2017). The latter can be explained by
high nucleosome dynamics in early zebrafish embryos, which
is in line with the observations of Isaac et al., 2016 that
pointed out that Cas9 activity is influenced by nucleosome
breathing (Isaac et al., 2016). A study conducted by Kallimasioti-
Pazi et al. induced Cas9 breaks at three different imprinted

genes in mESC and demonstrated a delayed accumulation
of mutations in heterochromatin compared to euchromatin.
The allele-specific editing bias toward the active allele was
particularly apparent in the case of low Cas9 expression or
short Cas9 expression periods. In cells in which imprinting
at the targeted locus had been lost, due to prolonged culture,
there was a restoration of Cas9 editing efficiency, which
again implies an heterochromatic environment impairs editing
(Kallimasioti-Pazi et al., 2018). It does not appear to be the
DNA methylation status of heterochromatin that is responsible
for affecting cas9-mediated break editing, since Hsu et al.
demonstrated that Cas9 mediated cleavage is not affected by
CpG DNA methylation as supported by indel detection (around
8%) at the silent highly methylated SERPINB5 targeted locus
(Hsu et al., 2013).

Kallimasioti-Pazi et al. (2018) could detect by allele-specific
ChIP, that Cas9 binding was lower in heterochromatin, which
correlated with the slowed rate of mutagenesis, thus confirming
conclusions of Isaac et al. (2016) and Daer et al. (2017).
Interestingly, despite distinct epigenetic statuses, the same
mutation pattern was observed on maternal or paternal alleles
arguing for an influence of heterochromatin on the kinetics but
not on the outcome of Cas9 editing (Kallimasioti-Pazi et al.,
2018). In line with such observations, using live cell single-
molecule tracking in mouse cells, Knight et al. (2015) have
demonstrated that even if Cas9 search efficiency is reduced in
heterochromatic regions, Cas9 is still able to access successfully
such regions (Knight et al., 2015).

Chakrabarti et al. have also come to similar conclusions.
They observed that upon treatment with the histone deacetylase
inhibitor TSA, indel formation is increased suggesting that
chromatin decompaction augments Cas9 binding and editing
efficiency (Chakrabarti et al., 2019). These results are in line
with previous observations arguing for a lower editing efficiency
associated with heterochromatin status (Chen et al., 2016;
Daer et al., 2017; Kallimasioti-Pazi et al., 2018). In contrast,
inhibition of the H3K27me3 methyltransferase EZH2, reduced
indel formation, but with a less pronounced impact than
TSA treatment. The fact that HDAC inhibition leads to the
loss of constitutive heterochromatin and EZH2 inhibition, of
facultative heterochromatin, suggests that different types of
heterochromatin affect Cas9 editing in distinct ways (Chakrabarti
et al., 2019). Nevertheless, these differences might not reflect
only direct chromatin changes but indirect alterations on gene
expression of DNA repair or other relevant genes. In agreement
with this notion, even though both TSA and Ezh2i had an
effect on indel formation, the authors were able to observe
changes only in chromatin acetylation and not in H3K27me3
methylation. The same study demonstrated differences in
ratios of different indels depending on a chromatin context.
However, this did not affect dominant indels, suggesting that
these changes are minor (Chakrabarti et al., 2019). Such
results support the notion that in addition to the sequence
around the break, certain chromatin context can modulate
editing effectiveness.

Therefore, based on multiple studies with different
experimental approaches and systems, we can conclude
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that chromatin state influences Cas9-mediated genome editing
efficiency with heterochromatin being an obstacle for this
process. However, indel patterns are mostly unaffected.

CAS 9 FOR KNOCK INS (KIS)

Utilization of the CRISPR-cas9 system for genetic replacement
is particularly exciting as it can be implemented in the clinical
setting for the cure of genetic diseases. Genetic replacement or KI
is mediated by homology-directed repair (HDR).

Several recent studies have investigated the best ways
to increase KI potential using Cas9. The most efficient
way described so far is incorporation of a single stranded
oligonucleotide DNA (ssODN), via single-strand template repair
(SSTR). Farboud et al. performed a study in C. elegans to
determine an efficient strategy to increase knock in efficiency.
Their initial goal was to introduce point mutations as it is
often required for therapeutic reasons. They used short single-
stranded oligonucleotides as a template for recombination
matching with the protospacer or with the spacer strand.
Interestingly, they found that single nucleotide polymorphism
(SNP) insertion was strongly biased toward 5′ or 3′ of the
PAM according to the use of the protospacer or the spacer
strand (respectively) as a repair template (Farboud et al., 2019).
Such polarity can be mainly explained by synthesis-dependent
strand annealing (SDSA) mechanism, an HDR pathway in which
resected end is annealed to the repair template and extended.
After template dissociation the extended end anneals to the
other DSB end followed by DNA synthesis to fill the gap
(Farboud et al., 2019).

Richardson et al. (2016) also discovered that the binding
kinetics of Cas9 with the target DNA is asymmetric. Although
Cas9 has a slow release from the template, it releases first the
3’ end of the cleaved DNA strand that is not complementary
to the sgRNA (or non-target strand). They observed that
the use of an asymmetric donor DNA, complementary to
the non-target strand, with 90 nt and 30 nt overlapping
the PAM proximal and distal sites respectively, is associated
with a higher HDR rate (Richardson et al., 2016). Such
findings highlighted the importance for an optimal donor
DNA design to ensure high HDR. The same strategy was
used to increase HDR efficiency when using ssODN as
a donor to correct the β-globin gene (HBB) carrying a
mutation responsible for the sickle cell disease (SCD) in
human hematopoietic stem/progenitor cells (DeWitt et al.,
2016). Another recent study by Okamoto et al. demonstrated
the influence of the Cas9 re-cutting capacity of the template
DNA on the knock in efficiency using ssODNs. The authors
found that either by introducing mutations at the donor
sequences that resulted in blocking the re-cutting or either by
expressing Cas9/sgRNA transiently using Cas9 protein/sgRNA
ribonucleoprotein complexes had a substantial increase on the
knock in efficiency (Okamoto et al., 2019).

The use of short single-strand templates was more efficient
than a double-strand templates for knock in Farboud et al.
(2019). It has recently been demonstrated that in human cells,

repair based on a short single-stranded template is Rad51-
independent and managed by the Fanconi anemia pathway
(Richardson et al., 2018). Thus, differences in efficiencies could
be explained by the use of different pathways, and potentially
by differential requirements for the length of a template. In
the case of a large DNA fragment insertion, the use of a
double-stranded template becomes a requirement. For large
fragments insertions, Farboud et al. were able to introduce a
9.3 kb fragment by adding a second DSB 340 bp from the
initial DSB site. Interestingly, HR efficiency is influenced by
the orientation of PAMs. Efficiency was much higher when
recognition sites were selected on different strands rather than
a single strand. These results suggest that the sequence around
the break is important for Cas9-mediated knock in efficiency
using larger DNA sequences as donors (Farboud et al., 2019).
Insertion efficiency mediated by HR, for DNA fragment as
long as 800 bp is also increased after NHEJ inhibition (using
Scr7 ligase IV inhibitor treatment) in a bone marrow derived
dendritic cell line (DC2.4) (Maruyama et al., 2015). Similarly,
SSTR was increased in several genes and cell types when cells
were baring a mutation into the human PRKDC gene (encoding
for the DNA-PKcs protein) that suppress DNA-PKCs kinase
activity (Riesenberg et al., 2019). Promoting homology directed
repair (HDR) was also achieved through 53BP1 (a pro-NHEJ
factor) inhibition in both human and mouse cells (Canny
et al., 2018). This observation might be useful for knock in
experimental design.

Since HR takes place during replicative and post replicative
stages of the cell cycle, Gutschner et al. developed a system to
restrict Cas9 expression to S/G2/M cell cycle phases. By fusing
the Cas9 nuclease to geminin they were able to convert Cas9 into
a substrate for the APC/Cdh1 complex, which promotes proteins
ubiquitination and therefore degradation during late M and G1
phases. In a reporter assay, they monitored HDR-mediated EGFP
expression restoration and showed an increase in HDR rate (up to
1.87-fold compare to wt Cas9). They also observed an increase of
HDR at a target endogenous locus in HEK293T cells (Gutschner
et al., 2016). Along the same lines, delivery of the Cas9/sgRNA
ribonucleoprotein complex in cells arrested with nocodazole and
aphidicolin and then released, increased SSTR (Lin et al., 2014).

Other groups developed strategies to increase HDR efficiency,
allowing spatial proximity between the DSB site and the repair
template. By fusing Cas9 to the PCV protein (porcine circovirus
2 rep), forming robust covalent link to a donor DNA, Aird
et al. were able to increase HDR efficiency in human cell lines.
Using different assays, they showed that covalent tethering of
donor DNA template enhances (i) HDR mediated peptide-
tag insertion (up to 30-fold) and (ii) HDR mediated mCherry
fluorescence restoration (in reporter cells expressing a mutant
mCherry) (Aird et al., 2018). Savic et al. came to the same
conclusion using snap-tag technology to link donor DNA
template to Cas9 and showed that repair template linkage
enhances HDR efficiency in a fluorescent reporter cell line and,
importantly, also at targeted endogenous loci in K562 and mES
cells (Savic et al., 2018).

Another approach to increase HDR efficiency using the Cas9
nuclease fused to CtIP protein (an essential factor promoting

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 May 2020 | Volume 8 | Article 319

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00319 May 6, 2020 Time: 19:35 # 7

Chechik et al. Genome Editing in the Context of DNA and Chromatin

DNA end resection) has been described by Charpentier et al. They
revealed that tethering CtIP next to the DSB site enhances GFP
transgene integration in human fibroblasts. HDR stimulation was
also observed in human iPS cells and rat oocytes but depends on
the guide RNA (Charpentier et al., 2018).

Chromatin structure has a big influence on homologous
recombination (Clouaire et al., 2018; Mitrentsi et al.,
2020) but weather it has any influence on Cas9-mediated
KI still remains elusive. The expectation is that it will
be largely affected by the pre-existing structure of the
chromatin surrounding the break. Kallimasioti-Pazi et al.
however, found no consistent influence of pre-existing
chromatin state on HDR efficiency across several imprinted
genes. Systematic analysis on different genomic sites
corresponding to different chromatin states will shed more
light into the issue.

CONCLUSION

In conclusion, genome editing using targeted nucleases,
including Cas9, is a complex process, and its success depends on
our understanding of specific mechanisms of DSB repair. It has

become clear that repair outcome is predominantly sequence-
specific and can minimally be altered by other factors. On
the other hand, editing efficiency can be influenced by local
chromatin structure and therefore can be improved by a change
in the chromatin environment.
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