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ABSTRACT

Model systems with defined genetic modifications
are powerful tools for basic research and trans-
lational disease modelling. Fortunately, generating
state-of-the-art genetic model systems is becoming
more accessible to non-geneticists due to advances
in genome editing technologies. As a consequence,
solely relying on (transient) overexpression of (mu-
tant) effector proteins is no longer recommended
since scientific standards increasingly demand ge-
netic modification of endogenous loci. In this re-
view, we provide up-to-date guidelines with respect
to homology-directed repair (HDR)-mediated editing
of mammalian model systems, aimed at assisting re-
searchers in designing an efficient genome editing
strategy.

INTRODUCTION

Mammalian model systems with defined genetic modifica-
tions are powerful tools for basic research and disease mod-
elling. Unfortunately, precise manipulation of the mam-
malian genome has remained resource extensive and labo-
rious for years, forcing many researchers to prioritize user-
friendly techniques such as transgenic overexpression. The
recent development of a novel generation of designer nucle-
ases, e.g. Cas9, in combination with a better understanding
of DNA repair mechanisms, is greatly improving the gen-
eration of new model systems with defined genetic modi-
fications. Indeed, these more accurate model systems will

increasingly represent a new standard that researchers have
to incorporate into their studies.

Optimal design of precise genome editing strategies is
subject to many considerations that depend to a large extent
on the nature of the desired modification and the cellular
context in which it is pursued. While double-strand breaks
(DSBs) generated by designer nucleases are sufficient to in-
troduce deletions and rearrangements at defined genomic
loci (1–3), accurate replacement or insertion of genetic ma-
terial generally requires the co-introduction of a donor tem-
plate that carries the modification. Moreover, the composi-
tion of the donor template can be altered to favor a partic-
ular DSB repair pathway by which the modification will be
introduced into the host genome.

DSBs naturally occur during DNA replication or as a
consequence of environmental factors. Fortunately, homol-
ogy directed repair (HDR) pathways, e.g. homologous re-
combination, accurately repair DSBs by using homologous
DNA as a template (4,5). Indeed, the requirement for a ho-
mologous template during HDR can be exploited to fa-
cilitate the replacement or insertion of genetic material.
This mode of genome editing can be stimulated by a de-
signer nuclease-generated DSB at the genomic locus of in-
terest and the on-site presence of an artificial DNA tem-
plate that contains (i) the new or modified genetic code
and (ii) flanking regions that contain sufficient homology
to the cleaved genomic strands (Figure 1). In a natural set-
ting however, a homologous sister chromatid is only read-
ily available to serve as a template during and shortly after
DNA replication. Outside the late-S, G2 and M-phase of
the cell cycle, most cells actively suppress HDR to favour
non-homologous end joining (NHEJ)-mediated DSB repair
(6–8). As a result, classical HDR-mediated genome edit-
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Figure 1. Exploiting HDR for insertion or replacement of DNA. Left panel: DNA Insertion strategy. A nuclease induced DSB near the stop codon triggers
HDR mediated insertion of sequence in-between the homology regions of the donor template. Right panel: DNA replacement strategy. In this example,
replacing an exon for a mutant variant will be accommodated via its excision by dual targeting of the nuclease to both ends of the exon (using two gRNA),
followed by HDR between the DNA break extremities and the homology regions of the donor template. HDR via the 5’ and 3’ homology regions is
indicated in blue and red respectively.

ing is largely restricted to proliferative cells (9). In con-
trast to HDR, NHEJ directly ligates break ends without
the need of homology and is active in both proliferating
and post-mitotic cells (10). NHEJ-mediated DSB repair
has recently been exploited to introduce exogenous DNA
into genomes of post-mitotic cells such as mature neu-
rons and cardiac muscle cells (11,12). Along similar lines,
the microhomology-mediated end joining (MMEJ) path-
way can also be stimulated to facilitate precise genome edit-
ing in both proliferative and post-mitotic cells (13–15).

Although NHEJ- and MMEJ-based genome editing pro-
tocols are important innovations that enable editing in post-
mitotic cells, both strategies are subject to their own set of
limitations. NHEJ in particular has a tendency to gener-
ate errors during DSB repair, which may lead to inaccurate
junctions during integration of the donor template (12,15).
More importantly, since NHEJ ligates the cleaved genomic
strands, introducing exogenous DNA (e.g. cDNA encoding
fluorescent proteins) is only possible at the exact genomic
location where the DSB was generated. In similar fashion,
the microhomology involved in MMEJ-mediated donor in-
tegration does not tolerate significant positional divergence
between the nuclease cleavage site and the desired integra-
tion site.

While mammalian genome editing via HDR remains the
least error prone and most flexible strategy, traditional pro-
tocols often suffer from low editing efficiency. Fortunately,
novel generations of designer nucleases and new insights
into the molecular mechanisms of HDR have led to the de-
velopment of more efficient HDR-mediated genome editing
protocols. In this review we discuss the latest research and
condense it into ‘best practise guidelines’ for researchers who
would like to generate mammalian model systems with pre-
cisely defined genetic modifications.

DESIGNER NUCLEASES

Mouse genomes can be edited with bp-resolution using HR-
mediated repair of naturally occurring DSBs in cultured ES
cells (16). For decades, this procedure has been successfully
used to generate new mouse models with specific integra-
tions of exogenous DNA, so-called knock-in mouse models.
Since the timing and location of DSBs could not be con-
trolled, efficiency of HR-mediated knock-ins varied signif-
icantly between different integration-sites, e.g. genes of in-
terest. In addition to the desired genomic modification, the
donor template often included a positive selection cassette
to allow selection for donor integration. Furthermore, the
homology arms were extended up to 5 kb in length to in-
crease the likelihood that the DNA template would span a
naturally occurring DSB (17).

The development of designer nucleases that can target
virtually all DNA loci of interest significantly enhanced the
efficiency of precise genome editing, since integration of the
donor template is no longer dependent on the spontaneous
occurrence of a DSB near the site of interest (18). The first
use-cases of designer nucleases for precise genome editing
in mammalian cells involve Zinc-finger nucleases (ZFN),
which were succeeded by transcription-activator like effec-
tor nucleases (TALENs) (19,20). Specificity of both ZFN
and TALENs depends on a sequence-specific DNA bind-
ing domain to guide a non-specific DNA cleavage module,
frequently the FokI nuclease domain. Generation of a DSB
requires dual targeting in a specific spatial bi-orientation
since FokI requires dimerization for nuclease activity. While
ZFN and TALENs have proven effective, their usability has
been limited by the requirement to pre-engineer sequence-
specific DNA binding domains for each genomic target site,
followed by experimental testing of nuclease activity for
each ZFN or TALEN pair.
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More recently, class II nucleases of the bacterial clustered
regularly inter-spaced short palindromic repeats (CRISPR)
adaptive immune system have been engineered to facilitate
mammalian genome editing (21,22). Class II CRISPR nu-
cleases consist of a single large monomeric nuclease with
DNA target-site specificity mediated by an RNA molecule
(guide RNA). Double-strand DNA cleavage occurs after
sequence alignment (heteroduplex formation) between the
variable region within the RNA (guide sequence) and the
genomic target site. In contrast to engineering new proteins
(e.g. ZFN and TALENs), these nucleases only require mod-
ification of the guide sequence to direct nuclease activity to-
ward a specific genomic locus. In addition, the monomeric
nature of class II CRISPR nucleases does not impose any
orientational restraints on target sites. Potential target sites
of class II CRISPR nucleases are only limited by the re-
quirement of a protospacer adjacent motif (PAM), located
either up- or downstream of the genomic target site on the
strand that is not engaged in heteroduplex formation with
the guide sequence (protospacer). However, most class II
CRISPR nucleases have relatively permissive PAM require-
ments and many variants with alternate PAMs have since
been validated in mammalian systems. Due to their supe-
rior properties, we will focus our discussion on two distinct
types of class II CRISPR nucleases that have been adapted
for mammalian genome editing to date.

CRISPR associated nuclease 9 (Cas9) is a monomeric nu-
clease first derived from Streptococcus pyogenes (SpCas9)
and human codon optimized (23). Cas9 is guided by a syn-
thetic single-guide RNA (sgRNA) of approximately 100-
nucleotides (nt) in length (24), containing a 17–20 nt guide
sequence that recognizes the target locus. The RuvC-like
and HNH nuclease domains independently initiate cleav-
age on both strands 3 bp upstream of the PAM to generate
a blunt-ended DSB (Figure 2A). SpCas9, the most widely
used class II CRISPR nuclease, primarily recognizes the rel-
atively permissive NGG PAM with limited activity toward
NAG PAMs. Orthologs and variants of SpCas9 with alter-
native PAM specificities have since been published and pro-
vide an opportunity to bypass restrictions imposed by the
PAM preference of conventional SpCas9 (25–34).

An interesting alternative to Cas9 is the more recently de-
scribed CRISPR from Prevotella and Francisella 1 (Cpf1)
(35). In addition to Cpf1 from F. Novicida (FnCpf1) (35,36),
orthologs have been adapted from Acidaminococcus sp. (As-
Cpf1) and Lachnospiraceae bacterium (LbCpf1) (37–39).
There are major differences between Cas9 and Cpf1 at the
molecular level (Figure 2). Cpf1 is guided by a shorter
CRISPR RNA (∼40 nt) and contains a guide sequence
of up to 24 nt of which the 18 nt proximal to the PAM
contribute most to binding and cleavage activity (40). In
addition, the Cpf1 PAM is located immediately upstream
of the protospacer and is T-rich. Although the exact nick
positions have not been defined for all Cpf1 orthologues,
DNA cleavage by Cpf1 results in a 5’ staggered cut that
is located away from the PAM (Figure 2B). As a conse-
quence, small insertions or deletions (indels) generated by
NHEJ-mediated repair are more likely to maintain critical
target site residues, in contrast to Cas9 where indels fre-
quently prevent re-cleavage. The additional cleavage cycles
of Cpf1 were speculated to increase the probability for HDR

(35). However, a direct experimental comparison between
LbCpf1 and SpCas9 in mice did not reveal a significant in-
crease in HDR mediated donor integration when initiated
by LbCpf1 (41). Whereas a more recent study in zebrafish
attributed enhanced HDR by LbCpf1, among other things,
to its PAM distal cleavage (42).

Specificity and cleavage efficiency of CRISPR derived nucle-
ase variants

The specificity of designer nuclease-mediated cleavage is an
important consideration since off-target cleavage can result
in unintended disruption of genomic elements. Genomic
cleavage by ZFN or TALEN pairs is inherently specific
since it is exceedingly unlikely that two off-target sites are
in the required proximity and orientation to support FokI
dimerization. By contrast, the monomeric nature of type
II CRISPR nucleases has raised concerns regarding off-
target cleavage activity. Indeed, initial reports demonstrated
substantial off-target indel generation by wild-type SpCas9
(43–46). Algorithms have since been developed that predict
cleavage activity at off-target sites for type II CRISPR nu-
cleases (43), which allows the researcher to select highly spe-
cific target sites. For particularly sensitive applications an
in vitro analysis of off-target cleavage can be obtained via
GUIDE-Seq (47).

In addition, there have been efforts to improve the intrin-
sic specificity of wild-type Cas9 by directed engineering of
SpCas9 (26,27,48). These engineered variants display sin-
gle base sensitivity at many target sites, but often sacrifice
on-target cleavage efficiency when compared to wild-type
SpCas9 using standard expression protocols (49). The most
recent engineered SpCas9 variant, xCas9, has the most per-
missive PAM to date and is reported to be superior to Sp-
Cas9 in terms of specificity and on-target cleavage activity
(32). However, before this variant is set to replace conven-
tional SpCas9 it needs broader characterization.

Alternatively, the inherent specificity of FokI-based nu-
cleases has been emulated by mutagenic inactivation of the
RuvC like nuclease domain of SpCas9, thereby creating a
nicking variant (25). While generating DNA nick’s in close
proximity on opposite genomic strands can initiate DSB re-
pair machinery, the efficiency is generally lower compared
to a DSB generated by a monomeric nuclease (21,25). In-
stead, Cas9 nickase variants are now increasingly used to
stimulate donor integration using a single genomic DNA
nick (50–53), which significantly reduces off and on-target
indel generation since single DNA nicks are far less muta-
genic compared to DSBs (50–52).

In addition to engineering of class II CRISPR nucleases,
significant improvements in both specificity and on-target
cleavage activity can be achieved by modification of the
guide RNA. A truncated sgRNA of 17nt significantly en-
hances cleavage specificity of Cas9 (43,46,54), often without
reducing on-target activity (54,55). Chemical modifications
or even DNA substitutions of select sgRNA residues en-
hances specificity (56–59), while terminal modifications that
prevent RNA degradation lead to enhanced cleavage activ-
ity (60). A combination of extensive chemical modifications
throughout the sgRNA sequence further enhances Cas9
cleavage dynamics (61). Similar modifications of the Cpf1
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Figure 2. Key features of SpCas9 and LbCpf1. Schematic representation of SpCas9 (A) and LbCpf1 (B). Ribonucleoprotein heteroduplexed with target
DNA. DNA is indicated with grey lines, unless specified otherwise (PAM and protospacer). Red lines are RNAs. Light grey shape at the back represents
protein structure. DNA strand cleavage is indicated using red arrow heads.

guide RNA have also been shown to be effective (62,63).
Chemically modified guide RNAs are widely available from
commercial suppliers and are especially effective in combi-
nation with mRNA or ribonucleoprotein delivery of Cas9
or Cpf1, which we will discuss in a later section.

In general, most nuclease targeting approaches deal with
a trade-off between on-target editing efficiency versus on-
target specificity. In the interest of maximizing the efficiency
of generating a new model system, we recommend a prefer-
ence for established monomeric type II CRISPR nucleases
(Table 1), which display the highest on-target cleavage activ-
ity. The increased off-target proclivity of monomeric nucle-
ases is mainly a concern in the context of therapeutic in vivo
gene correction. For research applications, careful selection
of target sites will often provide sufficient specificity.

Selecting a genomic target site

While HDR mediated donor integration is maximally stim-
ulated by a DSB at the intended integration site, additional
considerations should be taken into account when select-
ing a genomic target site. As for target site specificity, algo-
rithms have been developed that predict site specific cleav-
age activity of SpCas9 based on the nucleotide composi-
tion of the protospacer and PAM (40,64,65). Many tools
are now available that implement these algorithms to score
potential nuclease target sites in a selected stretch of DNA.
For conventional monomeric cleavage we recommend the
free CRISPR design tool offered by the Benching platform.
Among others, it predicts site specific activity of SpCas9
based on algorithms by Doench et al. (2016); allows selec-
tion of various genomes to predict specificity scores; sup-
ports a variety of PAMs including Cpf1 and allows the ex-
port of DNA oligo’s suitable for ligation into commonly
used expression plasmids. For a more complete overview of
CRISPR design tools we suggest a review by Cui et al. (66).

In practice, the researcher will want to use a CRISPR de-
sign tool to select a nuclease target site based on the follow-

ing criteria; (1) cleavage proximity to the intended integra-
tion site; (ii) predicted on-target activity; (iii) absence of ex-
onic off-targets with high cleavage probability and (iv) over-
lap with the intended integration site. The latter is preferable
since a target site that overlaps with the intended integration
site will be disrupted during template integration, which
prevents re-cleavage without having to introduce additional
point modifications in the template. In addition, although
cleavage near the intended integration site is preferable, a
distal target with a high on-target score may be preferred
over a proximal target site with a poor on-target score.
Furthermore, while a general off-target score is helpful as
an overall indicator of target site specificity, predicted off-
targets should be examined on an individual basis to iden-
tify off-targets that are particularly detrimental in the con-
text of the research application. These critical sites should
be screened in selected clones to confirm the absence of in-
dels. In Figure 3, we summarize how the above criteria can
be used to interpret the quality of nuclease target sites in
proximity to the genomic site of integration.

In general, once CRISPR machinery becomes active
within a cell, both alleles will be cleaved. Since NHEJ is
dominant over HDR this often leads to the generation of
indels within alleles that are not modified by HDR. Gener-
ated DSBs within an exonic region therefore often result in a
heterozygous null allele in addition to the correctly modified
allele. If a heterozygous null allele is detrimental to the ap-
plication of the modified lineage, the modification can be in-
troduced using a DNA nick instead of a DSB (50,52), which
we will discuss in a later section. Alternatively, a DSB can be
induced within the nearest intron or 3’ UTR, where indels
are less likely to interfere with expression or protein func-
tion. However, positional divergence between the cleavage
site and the intended integration site creates an internal re-
gion of homology between the genome and donor. This pro-
motes undesired recombination outcomes and reduces the
effective probability of generating a correctly modified allele
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Table 1. List of widely available monomeric type II CRISPR nucleases
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High target site specificity
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High target site specificity
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Off-target score: Predicted specificity, higher is better

Figure 3. Nuclease target site choice. Schematic representation of a dsDNA with 5 candidate gRNA (coloured arrows). To ensure optimal HDR of a donor
template at the hypothetical integration site, the possible gRNA are ranked with respect to their cleavage dynamics (on and off-target scores), as well as in
relation to their location and orientation towards the intended integration site.

(Figure 4A) (67). Internal homology also occurs when two
modifications are simultaneously introduced that have in-
tervening sequences that are unmodified, for instance when
generating floxed alleles with two LoxP sites. The probabil-
ity that the modification located distal to the DSB is not in-
corporated increases with the extent of internal homology
(68). There are two ways in which internal homology can
be prevented from participating in HDR. One strategy dis-
rupts internal homology between the donor and genome by

recoding in the corresponding region of the donor (Figure
4B) (69). Alternatively, the internal homology region can
be excised from the genome by introducing two DSBs (Fig-
ure 4C) (70), which is a proven strategy when replacing a
genomic sequence (71,72). However, this does increase the
incidence of heterozygous null modifications by promoting
the excision and inversion of alleles (67). In summary, we
advocate a preference for recoding as a strategy to minimize
small regions of internal homology, whereas excision might
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DSB

Two DSBs

DSB DSB

Undesired recombination
(Participation of internal homology)

Desired recombination via outside arms

A

Disrupt intrinsic homology: Silent mutations

DSB

Remove intrinsic homology: Excision

B

Diverging position DSB

C

Original genome

DNA donor template

Engineered genome Original genome

DNA donor template

Engineered genome Engineered genome

DNA donor template DNA donor template

Integration site

Diverging position DSB

Insert

Insert

Insert

Insert

Insert

Insert

Insert

Figure 4. Internal homology increases the risk of undesired recombination events. (A) Positional divergence between DNA cleavage (DSB, indicated with
red arrow heads) and the intended integration site (green arrow heads) creates the possibility for an alternative mode of recombination wherein an internal
homology region participates. In the green panel, the internal homology region is indicated (dashed grey lines), but HDR is mediated via the intended
homology arms at the extremities of the donor template (indicated in blue and red). Alternatively, the internal homology region (red) participates with the
upstream homology arm (blue) in HDR, thereby failing to integrate the insert from the donor template (red panel). Since the size of internal homology
is proportional to the probability of undesired recombination events, there are two widely used preventive strategies that minimize the extent of internal
homology. (B) Internal recombination can be prevented by introducing (silent) mutations (red stars) in the internal homology region of the donor template
(recoding). (C) Alternatively, in case of extensive internal homology, the region can be excised from the genome using dual targeting of the nuclease to
introduce two DSBs that flank the internal homology sequence.

be best when dealing with extensive internal homology dur-
ing genomic sequence replacement.

The positional divergence between the genomic integra-
tion site and the nuclease target site has to be compatible
with the type of donor template that is used, since the donor
needs to be capable of bridging the gap between those sites.
In addition, short homology arms demand cleavage in close
proximity to the intended integration site (53,73), while
larger homology arms are more tolerant to distal cleavage
(67). As a rule of thumb, we suggest to limit nuclease posi-
tional divergence to less than 10% of homology arm length
before taking steps to counteract internal homology.

AT A GLANCE

• Monomeric type II CRISPR nucleases display the high-
est on-target activity and provide sufficient specificity for
research applications.

• Exploring target sites for multiple monomeric Cas9 as
well as Cpf1 variants increases the probability of iden-
tifying a high-quality target site.

• Cleavage proximity to the integration site and pre-
dicted on-target activity are the main parameters that re-
searchers should use when selecting a nuclease target site
to initiate HDR.

• We recommend DNA cleavage to be initiated within a
distance corresponding to 10% of homology arm length
with respect to the integration site.
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• Internal homology between the genome and donor
should be minimized, and if extensive, excised from the
genome.

SELECTION STRATEGIES

Due to the relatively low success rate of accurate HDR-
mediated donor integration, the end result is often a mono-
allelic modification, particularly when the locus is inac-
tive and at closed chromatin conformation (74,75). There-
fore, it is important to decide in advance whether a ho-
mozygous modification is necessary. Furthermore, if a het-
erozygous modification is sufficient, the researcher has
to consider whether perturbation of the ‘secondary’ non-
recombined allele is detrimental and thus if ‘functional loss-
of-heterozygosity’ needs to be prevented at all costs. Ulti-
mately, the selection method used to identify desired clones
will largely dictate the genome editing strategy as a whole.
In the following paragraphs, we will discuss a variety of se-
lection approaches and the context in which they are useful.

Direct selection for precise genetic modifications

In some cases, the desired modification conveys a pheno-
type that can be directly selected for. A clear example is
the genomic integration of a fluorescent protein sequence
that allows enrichment of correctly targeted cells via fluo-
rescence activated cell sorting (FACS) (76). Providing that
the fluorescent protein, e.g. fused to a protein of interest,
will be expressed at detectable levels in the cell type of
choice and that these cells are compatible with FACS. Alter-
natively, modifications that allow immunogenic detection,
such as small epitope tags, could offer similar opportuni-
ties for FACS-based enrichment. Another class of modi-
fications that allow direct selection are those that convey
a selective advantage over the parental lineage by means
of modifying culture conditions. This strategy is frequently
used in the generation of oncogenic model systems since
many oncogenic driver mutations activate signalling path-
ways that promote growth factor independency. As a result,
omitting growth factors from the culture conditions enables
enrichment of correctly modified cells (22,77). However, this
mode of phenotypic selection risks co-selection for orthog-
onal oncogenic mutations that arise instead or in addition
to the desired modification.

Although direct selection for the desired modification al-
lows donor integration without additional modification of
the genome, experimental settings are not always compat-
ible with this mode of selection and may therefore require
the co-integration of a genetic selection element.

Genetic selection elements

Genetic selection elements commonly drive the expression
of a protein that conveys drug resistance or allows fluores-
cent detection to support subsequent enrichment strategies.
The protein that is expressed by the selection element should
be non-invasive and able to provide a selectable phenotype
in the targeted cells. Expression of the selection element can
either be controlled by its own independent transcriptional
regulatory elements or alternatively by endogenous regula-
tory elements.

Independent genetic selection elements are under tran-
scriptional control of a dedicated promoter with ubiquitous
activity so that it is expressed in virtually all cell types. In ad-
dition, the cDNA that encodes the selection marker is fol-
lowed by a strong PolyA transcription terminator. As a re-
sult, the cassette will function as an independent transcrip-
tional entity. In cases where the intended genomic modi-
fication is located within an exon, the selection cassette is
frequently integrated within the nearest intron (78). How-
ever, in case the last exon is targeted, e.g. to generate C-
terminal fusion proteins, the element is commonly inte-
grated within the endogenous 3’UTR of the gene of inter-
est (79). The independent selection cassette should be inte-
grated in close proximity to the intended genetic modifica-
tion in order to minimize internal homology between the
genome and donor. However, caution should be taken with
respect to disruption or relocation of regulatory elements.
An RNA motif prediction tool such as RegRNA 2.0 (80)
can be used to determine the least invasive integration site.
In addition, DNA sequences of candidate integration sites
can be compared between mammalian species in order to
avoid conserved regions.

The integration of an exogenous polyA transcriptional
terminator upstream of the last coding exon can prema-
turely terminate transcription of the targeted allele (81). To
prevent truncated transcription, the independent selection
cassette can be integrated in the opposite transcriptional
orientation with respect to the gene of interest, thereby
escaping polyadenylation signal recognition by the poly-
merase that transcribes the targeted allele. However, in-
tegration of a strong exogenous promoter in the vicinity
of endogenous regulatory elements may influence the ex-
pression level and pattern of the modified allele (16,82,83).
In addition, some selection cassettes contain cryptic splice
sites which may interfere with splicing of the targeted allele.
(83,84). In order to minimize potential interference with en-
dogenous expression it is good practice to remove the cas-
sette once clones have been selected. Often this is achieved
by flanking the selection cassette with either LoxP or FRT
recombinase sites, allowing removal of the intervening se-
quence upon transient expression of the appropriate recom-
binase (85). This process leaves only a single recombinase
site of about 30 bp in length behind, in contrast to the av-
erage size of selection cassettes of ∼2 kb. Unwanted DNA
sequences that are practical leftovers from the editing pro-
cedure are often referred to as a scar sequence. However, al-
though minimal in size and widely considered intrinsically
inert, the localization of the scar sequence might still inter-
fere with expression of the modified allele (86). Scarless re-
moval of a selection cassette can be achieved via nuclease
mediated excision followed by MMEJ-based repair of ap-
propriately designed microhomology (87) or by using the
piggyBac transposase (88).

For genomic modification strategies that include a selec-
tion cassette, we recommend insertion of the cassette within
a non-conserved region in-between the 5’ splice donor site
and the downstream branch point (Figure 5). Insertion in-
between the branch point and the 3’ splice acceptor site is
not advisable since it will extend the branch sequence be-
yond the consensus length. When a selection cassette will
be included within the endogenous 3’UTR of the locus of
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genes).
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Figure 5. Intronic integration and removal of a selection cassette. Schematic representation of HDR via a large DNA donor template that includes an
autonomous selection cassette (in the opposite transcriptional orientation) to provide neomycin resistance. The selection cassette is integrated in the intron
downstream of the integration site. Ideally the positioning of the cassette is in close proximity to the intended modification (mutant exon) to minimize
internal homology. However, it is essential that sequences and relative locations of important regulatory elements for correct splicing remain intact (such
as the 5’ splice donor site and the 3’ branch point). After clonal selection, the cassette is ideally removed from the genome in order to exclude undesired
influence of the selection cassette on the expression levels of the endogenous gene. Multiple strategies exist for removal, for instance via Cre/Flp mediated
recombination of LoxP or Frt sites that flank the cassette (red triangles). The minimal left-over sequence, in this case a single recombination site of ∼30nt,
is often referred to as a scar sequence. Scar-free removal strategies are available (see text).

interest, a less invasive location can usually be found ∼50–
100nt downstream of the endogenous stop codon.

As an alternative to independent expression of a selection
cassette, a genetic selection element may be positioned un-
der the transcriptional control of the endogenous allele of
interest. This type of selection element does not include a
promoter and polyA transcription terminator, and instead
expression reflects the level and pattern of the gene of in-
terest. The selection element is either co-integrated with
an internal ribosome entry site (IRES) into the endoge-
nous 3’UTR to become expressed as a bicistronic message
(79,89), or as a C-terminal fusion protein interspaced by a
ribosome skipping 2A peptide (90). It is important to re-
alize that the stringency for selection depends in both sce-
narios on the activity of the endogenous promoter. Both
methodologies have been successfully used in multiple stud-
ies. However, insertion of an IRES sequence into the en-
dogenous 3’UTR may influence expression levels (91), pre-
sumably by altering mRNA stability, while C-terminal 2A
peptide fusion leaves the endogenous 3’UTR intact. On the

other hand, the relative positioning of an IRES within the
3’UTR is flexible while C-terminal 2A peptide fusion re-
quires integration immediately upstream of the endogenous
stop codon. Furthermore, while the translational efficiency
of an IRES might substantially deviate from the expression
levels of the upstream gene, the newest generation of 2A fu-
sion peptides generate near equimolar protein ratios. There-
fore, 2A peptide reporters are more suitable as a readout of
expression levels (90). On the other hand, a downside of the
2A peptides is the addition of a 19–22 amino acid peptide at
the C-terminus of the upstream protein, which can poten-
tially interfere with normal protein function.

Sampling-based selection

Direct selection for correct template integration is conve-
nient via the simultaneous integration of a genomic se-
lection element. However, this is not always necessary or
even preferable. Foremost, using a genomic selection ele-
ment requires construction of a larger donor even if the de-
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sired modification is only a single base substitution. More-
over, scarless removal of a selection cassette remains labo-
rious to engineer, often requiring negative selection strate-
gies. Sampling-based selection is an alternative strategy to
identify desired clones. Although broadly applicable, this
approach is especially helpful when generating delicate dis-
ease models that require solitary integration of their respec-
tive mutation. Sampling-based selection generally involves
enrichment for cells that obtained transient expression of
the designer nuclease. A common strategy relies on FACS-
based enrichment of transfected cells via co-expression of
2A-GFP (92) or the use of fluorescently labelled tracrRNA
(93). Alternatively, if the cell line is not compatible with
FACS, transient puromycin selection can be used instead
(94). When integrating epitope tags and other small mod-
ifications, the frequency of correctly modified clones can
be estimated within the bulk population using TIDER, an
adaptation of the popular TIDE algorithm which decom-
poses Sanger sequencing data generated from multiple alle-
les (95,96). This will provide the researcher with an impres-
sion of the number of clones that need to be screened in or-
der to obtain a correctly modified clone. In the next section
we will discuss the use of TIDER or PCR-based strategies
to determine the zygosity state of the modified alleles within
individual clones.

We recommend sampling-based selection for modifica-
tions that are compatible with ssDNA donor design since
these can often be integrated with relatively high efficiency.
We advise against sampling-based selection when: (i) inte-
grating large DNA donor templates that often suffer from
low integration efficiencies; (ii) when working with model
systems that are relatively laborious to maintain and scale
and (iii) when the projected editing efficiency is low.

Screening clones using PCR-based strategies.

Once clones are obtained they have to be screened to con-
firm correct editing and determine the zygosity of the mod-
ified alleles. A straightforward strategy involves the design
of primer pairs that are able to discriminate between non-
integrated (wild-type) and correctly modified alleles. For in-
sertion strategies, this requires a PCR that spans the ge-
nomic integration site with at least one primer annealing
to endogenous DNA sequences outside the homology arm
regions (Figure 6A). This approach prevents false positive
amplicons in cases where the donor template randomly in-
tegrated into the genome. The generated PCR amplicon al-
lows discrimination of wild-type and insertion alleles based
on product size. If a clone generates amplicons correspond-
ing to both wild-type and insertion alleles this indicates het-
erozygosity, whereas the absence of a wild-type amplicon in-
dicates homozygosity. If the integrated sequence is so large
that a corresponding amplicon would preclude efficient ge-
nomic PCR amplification, a secondary primer can be de-
signed which anneals only to the integrated DNA sequence.

If a genomic sequence is to be replaced, a PCR spanning
the corresponding region often allows discrimination be-
tween wild-type and replacement alleles based on product
size. In cases where both amplicons are of similar size (wild-
type and mutant), primer sets should be designed that am-

plify either wild-type or mutant specific amplicons (Figure
6B).

While a single primer set is often able to identify zygos-
ity, we recommend the design of redundant primer sets since
genomic PCR’s can be challenging. In addition, PCR am-
plicons should span the entire modified sequence so that the
integrity of correctly modified alleles can be confirmed via
DNA sequencing of the amplicons. The absence of indels
within the non-recombined wild-type allele can be analysed
by decomposing the Sanger sequencing data using TIDE,
or alternatively by sub-cloning the amplicon into cloning
vectors prior to individual Sanger sequencing of multiple
clones representing single alleles.

AT A GLANCE

• Genomic modifications that do not allow direct selection
may require co-introduction of a genetic selection ele-
ment, expressed either as an independent transcriptional
entity or under control of an endogenous promoter.

• Removal of a genetic selection element is crucial to min-
imize potential artefacts.

• Sampling-based selection is a broadly applicable alterna-
tive to genomic selection cassettes and is recommended
for modifications that are compatible with ssDNA donor
design.

• A single genomic PCR is often able to discriminate be-
tween wild-type and modified alleles based on amplicon
size.

DONOR COMPOSITION

DNA donor templates can consist of synthesized single-
stranded oligodeoxyribonucleotide (ssODN) donors, larger
ssDNA fragments, plasmid- or viral-based donor vehi-
cles, and PCR amplified double-stranded (ds)DNA donors.
Each donor type offers distinct advantages and has a unique
demand for the extent and distribution of homology. In gen-
eral, the donor type that is best suited for the introduction
of a particular modification depends on the size of the mod-
ification, but also on the selection strategy that can be used.

ssDNA donors

Efficient ssDNA donor integration via HDR pathways can
be stimulated by a DSB or DNA nick(s) (53,71). The com-
pact nature of ssDNA donors results in a relatively high
concentration of donor molecules within each cell, which
is thought to enhance the probability of alignment between
the donor and target locus (52). Indeed, precise editing effi-
ciency is generally higher when mediated by ssDNA donors
as compared to plasmid-based donor vectors (21). More-
over, editing efficiency increases proportionally with donor
concentration (97).

Commercially synthesized ssODN donors allow efficient
integration of modifications up to ∼60 nt during synthesis-
dependent strand annealing (SDSA) mediated repair of
Cas9 induced DSBs (53). The proposed mechanism of
SDSA is relevant for this discussion. It involves: (i) 5’ end re-
section of the cleaved genomic strands and subsequent base
pairing with the 3’ arm of the ssODN; (ii) extension of the
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Figure 6. PCR-based identification of correctly modified alleles. PCR-based assays can be employed to expedite screening of clones for correctly modified
alleles (A). For insertion strategies, zygosity can be determined by discrimination between PCR amplicon sizes spanning the integration site. Subsequently,
sequence integrity can be confirmed by sequencing of the amplicons. (B) Discrimination based on size is not always possible when replacing DNA sequences
with modified versions. Sequence specific primers can be used to generate amplicons that are specific for WT or modified alleles.

genomic sequence using the ssODN as a template and (iii)
capture of the opposite genomic strand by the newly syn-
thesised homology (69). Many studies have contributed to
optimal design parameters for ssODN donors in conjunc-
tion with blunt-end DNA cleavage, which we summarized
in Figure 7A. Work by Richardson et al. initially suggested
that ssODN polarity (i.e. ssODN in sense or antisense ori-
entation) should be complementary to the strand that is
not heteroduplexed with Cas9 (52). However, this finding
has not been consistent with subsequent studies (42,98,99).
Paix et al. propose an alternative model where ssODN po-
larity should be adjusted such that base pairing between
the 3’ arm of the ssODN and the genomic strand is not
interrupted by the intended modifications (69). As a con-
sequence, optimal ssODN polarity depends on the relative
position of the generated DSB in relation to the integration
site. If the DSB is generated downstream of the intended
integration site then a sense ssODN should be preferred,
whereas cleavage upstream of the integration site favours
an antisense ssODN. The polarity rule by Paix et al. is in
agreement with the performance of ssODNs in the study by
Richardson et al. and with other published work (52,98,99).
In addition to polarity, the length and distribution of ho-
mology should be considered. Richardson et al. proposed
that the 5’ arm has a greater demand for homology (52).
This asymmetric distribution of homology has been con-
firmed in an independent study by Liang et al. (98). In ad-
dition, while in a study by Guo et al. an asymmetric ssODN
underperformed, we note that the asymmetric ssODN had
an unfavourable polarity according to Paix et al. while the
symmetric ssODN had the correct polarity, which may ex-
plain the underperformance of the asymmetric ssODN (99).
We therefore recommend ssODN polarity according to Paix
et al. with an asymmetric distribution of homology of 30–

36 nt at the 3’ and 67–91 nt at the 5’ of the ssODN ac-
cording to Richardson et al. Finally, the stability of the
ssODN, and thus the editing efficiency, is significantly en-
hanced by phosphorothioate (PS) modifications of the last
two nucleotide bonds at both the 3’ and 5’ end (98), which
can be included during commercial synthesis. Collectively,
these design rules have been established using Cas9 medi-
ated cleavage although they will likely translate to Cpf1 me-
diated cleavage as well.

We recommend the use of ssODNs for the precise gen-
eration of modifications ranging from single nucleotide in-
sertions or deletions to small epitope tags and multi-codon
deletions. When a single ssODN is used to introduce two
or more modifications that are spaced apart, the interven-
ing region should be recoded using silent mutations (69).
As a consequence the entire region between the proximal
and distal modifications is likely treated as a single region
of heterology (53). Although this might negatively impact
overall integration efficiency, it will favour simultaneous in-
corporation of all modifications since internal homology is
prevented (53,69).

If a single point mutation is desired we strongly encour-
age the researcher to explore whether a base-editor is appli-
cable. Base-editors trigger nucleotide-conversion after be-
ing targeted to specific genomic loci based on their fusion to
catalytically-dead or nickase Cas9. As a result, base-editors
can efficiently mediate any single nucleotide substitution
without genomic cleavage (100–102).

Since base-editors do not rely on cleavage, no indel muta-
tions are introduced within the secondary allele, keeping its
coding sequence intact and preventing ‘functional loss-of-
heterozygosity’. As such, base-editors are optimal for intro-
ducing heterozygous point mutations, like oncogenic muta-
tions. Similarly, two or more nucleotide substitutions can
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Figure 7. Parameters for donor template design. (A) Schematic representation of ssODN template integration stimulated by a DSB (red arrow heads). Due
to 5’ DNA end resection by DNA repair pathway associated proteins, an ssODN can be designed to either hybridize in the sense or antisense orientation.
Complete hybridization from the 3’ end of the ssODN towards the DNA strand extremity (DSB site) is advised. In this example, ssODN hybridization with
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Schematic representation of HDR using long ssDNA templates. (C) Schematic representation of HDR using PCR amplified dsDNA donor. Homology
arms up to 80nt can be added to conventional PCR primers as 3’ overhangs. (D) Schematic representation of HDR using a donor vector. Vectors can be
assembled as complex donor templates from multiple sources. Flanking of the template with nuclease target sites identical to the genomic target site allows
excision and linearization of the template concurrent with genomic cleavage.
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be integrated without compromising the secondary allele
by stimulating ssODN mediated editing via a DNA nick
(52,53). Although polarity of the ssODN with respect to the
generated nick determines the preferred HDR pathway, it
has little influence on editing efficiency. Moreover, while op-
timal ssODN composition for this mode of nick editing has
not been determined, an ssODN with 77 nt homology arms
was integrated at roughly half the efficiency when stimu-
lated by a DNA nick as compared to a DSB (53).

Commercial ssDNA is now available up to 2 kb, which
allows highly efficient generation of modifications that pre-
viously required construction of a dedicated donor vec-
tor (72,103,104). Precise genome editing by long ssDNA
donors is likely mediated by the single-strand annealing
pathway instead of SDSA. As such, the optimal design pa-
rameters for long ssDNA donors are likely to be different
from ssODN design and have yet to be fully determined.
Nevertheless, efficient editing is achieved with homology
arms of 50–300 nt with no clear preference for a particu-
lar polarity of the ssDNA (Figure 7B). We highly recom-
mend long ssDNA donors for modifications that are too
large for ssODN synthesis. The only exceptions are current
size restrictions and sequence complexities that are rejected
by commercial suppliers, such as high GC content.

PCR generated dsDNA donors

Commercial synthesis of long ssDNA can be expensive and
when performed ‘in-house’ requires construction of a vector
with an appropriately located T7 promoter (104). A PCR
generated dsDNA donor is a cheap alternative which is es-
pecially useful for medium sized insertions that allow direct
selection, e.g. fluorescent knock-in alleles. Homology arms
up to 80 nt (or even longer via a nested PCR) can be ap-
pended to the desired insertion as overhangs in the PCR
primers (Figure 7C) (105–107). The integration efficiency
observed for PCR-generated donors is similar to that of tra-
ditional donor vectors (108).

Plasmid or viral donor vectors

Modifications that are too large for ssDNA synthesis re-
quire construction of a viral or plasmid-based donor vector
using molecular cloning techniques. Since a substantial part
of these vectors consists of backbone elements such as bac-
terial selection cassettes or viral packaging sequences, the
effective donor template concentration per cell is dispropor-
tionally reduced compared to ssDNA donors. On the other
hand, donor vectors have sufficient capacity to include a ge-
nomic selection cassette, making absolute editing efficiency
less important.

Traditionally, donor vectors required relatively large ho-
mology arms of up to 2 kb in order facilitate efficient
HR mediated donor integration by a designer nuclease-
generated DSB (67,108). Homology arm length of donor
vectors can be reduced to 0.6–0.9 kb by flanking the donor
with nuclease target sites that are identical to the ge-
nomic target site (Figure 7D). As a consequence, a linear
donor supply is liberated concurrent with genomic cleavage
(108,109). The linear nature and relatively long homology
arms of the excised donor fragment is thought to stimu-
late a novel HDR pathway, themed homology-mediated end

joining (109). Currently, no direct negative consequences of
in-vivo donor excision have been reported, and since nu-
clease target sites are easily included as overhangs in the
PCR amplification of the homology arms, the construction
of this type of dual-cut donor vector does not require extra
labor. Moreover, a donor vector that is flanked with nucle-
ase target sites is compatible with a novel strategy called in
trans paired nicking (50), where concurrent nicking of the
genome and donor triggers efficient integration without ge-
nomic cleavage. However, it remains unclear whether this
strategy can trigger replacement of genomic sequence.

We expect donor vectors flanked with nuclease target sites
to develop into the preferred strategy for the integration or
substitution of large transgenic elements. Since the homol-
ogy arms of these vectors are relatively short, vector con-
struction and subsequent genotyping is far more convenient
when compared to the use of traditional donor vectors with
longer homology arms.

AT A GLANCE

• Due to the absence of backbone sequences ssDNA
donors result in a high effective donor concentration
which improves editing efficiency.

• Modifications up to ∼60 nt can be integrated using
ssODN donors. Optimized ssODNs are constructed with
an asymmetric distribution of homology and a polarity
determined by the position of the DSB relative to the in-
tended integration site.

• Modifications up to 1.9 kb can be integrated using com-
mercially available long ssDNA donors.

• PCR generated donors with short homology arms allow
cost efficient generation of fluorescent knock-in alleles.

• Modifications too large for ssDNA donor templates re-
quire vector construction. By flanking the donor with nu-
clease target sites the homology demand can be reduced
to 0.6–0.9 kb.

DELIVERY OF HDR COMPONENTS

Efficient delivery of genome editing components into target
cells is a crucial step in the process towards generation of
genetically modified model systems. The delivery method
should be matched to the model system of choice and to
the manner in which the designer nuclease and donor are
presented to the cell.

In vitro delivery

To date, most publications involving precise CRISPR-
mediated genome editing have used established transfec-
tion methods including liposomal transfection, electropora-
tion and peptide-mediated cell penetration, to deliver nucle-
ase expression constructs and donor templates into target
cells (23,110–113). Although generally robust and broadly
applicable, plasmid delivery has particular drawbacks that
should be considered. Foremost, the introduction of high
concentrations of foreign DNA into cells can trigger an im-
mune response in certain cell types, which can eventually
lead to programmed cell death (114). In addition, prolonged
expression of nucleases from plasmid DNA increases the
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frequency of indel mutations at off-target sites (115,116)
and along similar lines, prolonged stability of plasmid DNA
increases the probability of random plasmid integration
into the genome. To circumvent these issues, nucleases can
be delivered as pre-assembled ribonucleoprotein complexes
(RNPs) or as mRNA molecules along with in vitro tran-
scribed or commercially synthesized gRNA (115,117,118).
Messenger RNA is significantly less stable compared to
plasmid DNA, resulting in a relatively short but robust
spike of nuclease activity. Similarly, RNP delivery circum-
vents translation, resulting in an immediate spike of nucle-
ase activity followed by a rapid decline due to protein degra-
dation. In each case, nuclease activity is short lived, which
reduces the probability of generating off-target indels. Fur-
thermore, the immediate spike in nuclease activity ensures
co-presence with initial high concentrations of DNA donor
templates prior to their degradation. Indeed, RNP delivery
in particular is associated with a significant increase in pre-
cise genome editing efficiency (98,119). In addition, since
assembly of RNPs or delivery of mRNA is compatible with
chemically modified gRNA, these protocols open up new
avenues of maximizing editing efficiency.

Some cell lineages, such as primary cells, remain diffi-
cult to transfect with classical transfection methods. In-
stead, these cells are often virally transduced (120). How-
ever, the cargo restrictions of many viral vectors often pro-
hibit CRISPR mediated genome editing applications. Bac-
Mam technology, which employs baculoviral vectors that
have the capacity to carry large DNA cargo up to 38 kb in
length (121), has recently been used to address viral cargo
issues. All the components required to support CRISPR-
mediated precise integration of large DNA constructs, in-
cluding the donor template itself, can be integrated within
a single baculoviral genome (122,123). In addition, trans-
duction in mammalian cells occurs in a transient manner
by default, thereby minimizing the risk of viral integration
into the host genome. However, since viral transduction is
associated with general safety risks, alternative transfection
methods are under continuous development (124,125).

While common in vitro plasmid delivery methods have
been widely applicable in mono-layer cell cultures, transfec-
tion of 3D organoid cultures is more challenging. Although
both transfection and electroporation can successfully de-
liver plasmids in organoid structures, the resulting transfec-
tion efficiency is generally low (77,110,111). An optimized
electroporation protocol has demonstrated significantly im-
proved transfection efficiency in comparison to liposomal
transfection (111). Nevertheless, cell viability post transfec-
tion generally remains low and consequently large quanti-
ties of organoid-derived cells are required in order to obtain
successfully edited clones. Alternatively, human intestinal
organoids have been virally transduced to deliver CRISPR
machinery, however this method is not compatible with ss-
DNA donor delivery (123).

To conclude, delivery of nuclease expression constructs
following conventional protocols is convenient for less de-
manding applications such as heterozygous modifications
that allow direct selection. RNP delivery, in particular when
assembled with enhanced chemically modified gRNA, sup-
ports highly efficient precise editing in conjunction with ss-
DNA donors (71,98), and more recently in combination

with AAV donor transduction (126). Therefore, we encour-
age the use of RNP delivery protocols whenever applicable,
and especially when generating modifications that depend
on a sampling-based selection approach. In this regard, en-
richment of an RNP transfected population can be achieved
by assembling RNPs with fluorescent tracrRNA (93). Fi-
nally, cell lines that are particularly difficult to transfect can
usually be virally transduced. In this regard, viral-based de-
livery of genome editing components may be useful as a
platform for the precise incorporation of a particular mod-
ification across many different cell lines of the same organ-
ism.

In vivo delivery

Although significant progress has been made in the de-
velopment of in vitro delivery protocols that target a cel-
lular population in its completeness, in vivo delivery is
far more challenging. Initial publications demonstrated
proof-of-principle in vivo HDR-mediated genome editing
in adult mice using non-viral hydrodynamic tail vein in-
jections, co-delivering Cas9-sgRNA expression constructs
and ssODN donor template into the liver (127,128). How-
ever, among other things due to inferior delivery methods,
HDR-mediated gene editing efficiency remained very low.
The sporadic introduction of cancer mutations in vivo for
the rapid development of human cancer models in mice has
mainly been supported by locally injected lentiviral trans-
duction (129,130). Further development of these protocols
may benefit from the latest generation of high-capacity ade-
noviral vectors that are able to carry both the nuclease and
gRNA scaffolds in one viral particle (131).

The ultimate clinically-related goal of highly efficient
genome editing is to correct disease mutations and pheno-
types in living patients in terms of personalized medicine. In
contrast to in vitro culture systems that allow clonal selec-
tion and outgrowth of successfully modified cells, most dis-
ease phenotypes for which in vivo genome editing is consid-
ered a potential clinical break-through require mutational
correction in a large fraction of cells that manifest the dis-
eased phenotype. Delivery methods to accommodate this
level of precise nuclease mediated editing are currently out
of reach. In addition, since many genetic conditions are
caused by single point mutations, base editors are a far more
likely candidate for clinical translation. Since the scope of
our review is to facilitate guidelines for researchers that
would like to genetically engineer their preferred model sys-
tem, we refer to a number of excellent reviews with respect
to in vivo genome editing for clinical applications (132–134).

AT A GLANCE

• Plasmid based nuclease delivery is convenient for less
demanding applications such as heterozygous modifica-
tions that allow direct selection.

• We encourage the use of RNP delivery protocols in
conjunction with chemically modified gRNA, especially
when depending on a sampling-based selection approach.

• BacMam technology is recommended for the generation
of large genomic modifications in difficult to transfect cell
lines, since it allows the delivery of all HDR components
in a single construct.
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• Clinical applications of CRISPR-mediated precise gene
correction are currently out of reach.

COMPLEMENTARY STRATEGIES TO ENHANCE PRE-
CISE EDITING EFFICIENCY

In addition to optimized donor template design, nuclease
choice, genomic target site selection and delivery, there are
additional complementary strategies that may further en-
hance CRISPR-mediated HDR efficiency. A major focus
has been the development of tools to suppress the com-
peting NHEJ repair pathway. Strategies include depletion
or inhibition of the NHEJ pathway proteins KU70, KU80
and DNA ligase IV using either shRNAs (107,135), Ade-
novirus 4 (Ad4) proteins (135), or molecular inhibition
of DNA ligase IV via small molecule inhibitors such as
SCR7 (107,135–138). Similar to observations in DNA lig-
ase IV-deficient flies, depletion or inhibition of DNA ligase
IV reduced NHEJ activity, while increasing HDR in both
mouse and mammalian cell lines (135,136,139). A similar
effect was observed upon the depletion of the KU complex
(137). NHEJ pathway suppression may be of particular in-
terest when generating homozygous mutations, as the Ad4
protein-induced degradation of DNA ligase IV enhanced
the net yield of homozygous clones when used in combina-
tion with selection markers (135). However, significant care
should be taken when using the SCR7 compound, as it can
enhance the number of off-target integrations and induces
cell toxicity when used at high concentrations. Also, the sen-
sitivity to NHEJ inhibition seems to be cell type specific,
as improvements in HDR efficiency varied significantly be-
tween cell lines and often does not result in a notable ben-
eficial effect (107,108,136). The search for compounds that
enhance HDR continues. One study demonstrated resvera-
trol to be an even more potent enhancer of HDR-mediated
genome editing efficiency when compared to SCR7 (138),
albeit the molecular mechanism governing its therapeutic
properties remain elusive (140). In addition, two new com-
pounds that enhance Cpf1-mediated HDR have recently
been identified (141).

Another interesting approach is cell cycle synchroniza-
tion in combination with timed Cas9 RNP delivery to fo-
cus nuclease activity to the G2/M-phase of the cell cy-
cle when HDR is dominant. Indeed, cell cycle synchro-
nization prior to Cas9 RNP delivery resulted in a signifi-
cant increase in HDR efficiency in a variety of cell types
(8,97,108). As expected, this also reduced the frequency of
NHEJ events (108). In addition, the minimal concentration
of Cas9 RNPs and donor DNA for sufficient HDR was
substantially lower (8,97). However, cell cycle inhibitors by
themselves may significantly affect cell viability, thereby de-
creasing the effective number of targetable cells in the pop-
ulation (8). In addition, several reports demonstrated that
combining NHEJ inhibition and cell cycle synchronization
did not further improve HDR efficiency, suggesting that
HDR is already the predominant repair pathway during the
G2/M-phase (8).

Several reports have investigated the effect of temperature
on nuclease mediated HDR. For instance, cold shock treat-
ment at 32◦C for 24–48 h post transfection was shown to
enhance Cas9 mediated HDR in human induced pluripo-

tent stem cells (99). However, a similar protocol turned out
to be detrimental to Cas9 induced HDR in many other hu-
man cell types (142). A relative heat shock to 34◦C in ze-
brafish significantly enhanced Cpf1 mediated HDR but had
no effect on Cas9 mediated HDR (42). Collectively these re-
sults suggest that the effect of temperature on HDR rates
requires further investigation before it should be generally
applied.

Although complementary strategies are useful in the
context of maximizing precise editing efficiency we advise
against using these strategies by default. Rather, they should
be used in parallel or as a back-up plan when initial genome
editing strategies yielded an insufficient number of clones.

AT A GLANCE

• Inhibition of NHEJ, either via co-expression of Aden-
ovirus 4 proteins or via small molecule inhibitors of DNA
ligase IV, can enhance HDR-mediated genome editing.

• Cell cycle synchronization in the G2/M-phase combined
with timed RNP delivery induces nuclease activity in the
HDR dominant phase of the cell cycle.

• Complementary strategies should not be used by default
but rather in parallel or as a backup strategy.

DISCUSSION

In the last couple of years, CRISPR-mediated genome edit-
ing has evolved at a very rapid pace. The expansion of the
CRISPR-associated toolkit and our increased understand-
ing of the molecular mechanisms that govern HDR have im-
proved our ability to accurately edit mammalian genomes.
Whereas many reviews have shed light on the historical
and molecular background of CRISPR technology, up-to-
date guidelines with respect to the design of HDR-mediated
genome editing strategies were lacking. This review aims to
function as a decision-making guide to assist researchers in
using state-of-the-art genetics to generate mutant variants
of their model system. It should be of special interest to
classical cell biologists and biochemists without extensive
genetic backgrounds. Especially in 2D cell cultures, intro-
ducing disease-related point mutations or protein fusions at
endogenous loci is highly efficient. Indeed, solely relying on
transient overexpression of (mutant) effector proteins is no
longer recommended since scientific standards increasingly
demand genetic modifications at endogenous loci. However,
we stress the importance of a well thought out genome edit-
ing strategy in advance, since the entire process from de-
sign to a validated model system may still require a cou-
ple of months work. To summarize the current knowledge,
opportunities and strategic options available to researchers,
we will discuss three different design examples where many
aspects discussed in this review will be placed into a real
context.

Example 1 (Figure 8A): Homozygous loss of phenylala-
nine at position 508 of the Cystic Fibrosis transmembrane
conductance regulator (CFTR) is the most frequent ge-
netic variant that causes Cystic Fibrosis (143). An accurate
human model system will require homozygous deletion of
�F508 without additional genetic scarring. The small size
and homozygous nature of the deletion strongly favours an
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Figure 8. Designing genome editing strategies: 3 real examples. (A) Schematic workflow of the practical steps and the sequence information for the process
of generating �F508 CFTR mutant cell lines. Top: The dsDNA sequence of the CFTR gene is presented around the intended modification site. In between
the corresponding amino acid sequence is depicted. As a donor template, an asymmetric antisense ssODN is advised (see text). (B) Schematic workflow of
the practical steps and the sequence information for the process of generating an mNeongreen knock-in at the C-terminus of hACTB in cell lines. Top: The
dsDNA sequence of the hACTB gene is presented around its endogenous stop codon. The corresponding amino acid sequence is depicted in between the
dsDNA. An ssDNA donor template is depicted below the schematic representation of the hACBT locus. Rationale for strategy design is described in the
text. (C) Schematic workflow of the practical steps and the sequence information for the process of generating a CreERT2 knock-in in the hKRT20 locus
via a P2A fusion at its C-terminus in human colon organoids. Top: A stretch of dsDNA sequence of the 3’UTR of the hKRT20 gene is presented. Below
the locus is a schematic representation of the donor plasmid. Rationale for strategy design is described in the text. Yellow arrow indicates gRNA. Cleavage
sites (DSB) are indicated with red arrow heads. PAM sequences are underscored.
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ssODN donor. A SpCas9 target site is available that cleaves
just one nucleotide upstream of the deletion site, favouring
an antisense ssODN designed with an asymmetric distribu-
tion of homology. Since deletion of �F508 will destroy the
Cas9 target site, no additional silent mutations are required
within the donor. Although the selected target site has a
poor predicted on-target efficiency, better performing target
sites cleave further away from the deletion site, likely leading
to an overall decrease in performance when working with an
ssODN. In addition, no well positioned Cpf1 target sites are
available. RNP transfection will maximize editing efficiency,
which enhances the isolation of homozygous clones. Since
direct selection for �F508 CFTR is not available, RNPs will
be assembled with chemically stabilized fluorescent tracr-
RNA in combination with commercially synthesized and
chemically stabilized CRISPR-RNA containing the guide
sequence. Fluorescent tracrRNA allows FACS-based single
cell sorting of transfected cells. In addition, isolating a bulk
population for TIDER analysis will give an estimate for the
frequency of homozygous clones.

Example 2 (Figure 8B): Overexpression of fluorescent fu-
sion proteins illuminates cell biology at the costs of alter-
ing protein homeostasis and potentially protein function. In
contrast, endogenous tagging of the respective genes is po-
tentially less invasive and probably truer to nature. Fluores-
cent beta-actin (ACTB) fusions are popular in cell biology
(144). In order to insert mNeongreen (a bright monomeric
green fluorophore (145)) at its C-terminus in a human cell
line, we selected a highly active SpCas9 target site that
cleaves within the stop codon of ACTB. The mNeongreen
coding sequence will be fused in frame to the C-terminus
of hACTB via a 3xGSS flexible linker (144), thereby also
disrupting the selected SpCas9 target site. Considering the
size of the modification, integration efficiency is maximized
by using an ssDNA donor. About 100 nt downstream of
the stop codon, the 3’ UTR runs into a stretch of sequence
complexity which commercial suppliers currently reject. We
therefore limited the length of the 3’ homology arm of the
sense ssDNA donor to 100 nt. By contrast, 5’ homology
is more flexible which we extended to 200 nt, providing an
extra buffer against 5’ degradation. The nature of the modi-
fications allows direct selection by FACS and may even per-
mit enrichment for homozygous clones if desired. Correct
integration of the template, as well as its zygosity, can easily
be determined using a single PCR that spans the integration
site. In addition, an additional primer set can be designed
with one primer placed on top of the nuclease cleavage site
to facilitate identification of heterozygous clones where the
secondary allele remained intact.

Example 3 (Figure 8C): Patient-derived organoids reca-
pitulate the stem cell driven differentiation hierarchy of self-
renewing tissues, among others enabling the study of lineage
differentiation (146). Unfortunately, genetic modification of
organoids via sampling-based selection is often prohibited
by poor transfection efficiency and laborious clonal expan-
sion. In addition, when modifying a gene that is exclusively
expressed in a terminally differentiated cell state, many di-
rect selection strategies are problematic. A C-terminal P2A-
CreERT2 fusion to Keratin 20 (KRT20) allows genetic lin-
eage tracing within the enterocyte lineage of human colon
organoids (147). In order to select for this C-terminal fu-

sion, a selection cassette is integrated within the 3’ UTR at
an unconserved position. The orientation of the selection
cassette is not important in this instance since the cassette
will be removed using Flp-mediated recombination in an
undifferentiated population of cells. Due to the size of the
modification (∼4 kb) and sequence complexity of the selec-
tion cassette, donor vector construction is required. During
assembly of the donor vector, both homology arms should
by flanked by a copy of the genomic target sequence. This
approach will enable both in trans paired nicking as well
as linear donor excision concurrent with genomic cleavage.
While the relative position of the selection cassette with
respect to CreERT2 creates a limited stretch of internal
homology between the endogenous 3’UTR and the donor
template, we recommend against introducing point muta-
tions within the start of the 3’ UTR in order to avoid dis-
ruption of potential regulatory motifs. Instead, we minimize
homology by placing the cassette in close proximity to the
last exon.

Innovative genome editing technologies will continue to
be developed, thereby constantly modifying and changing
existing editing procedures and methods. A recent inno-
vation is RNP-donor conjugates that aim to deliver the
DNA donor template directly at the site of nuclease activity
(148,149). In addition, assembly of donor vectors by molec-
ular cloning may soon be unnecessary as better ssDNA
synthesis protocols are being developed (150). Ultimately,
considering the progression toward nick-mediated editing
and base-editors, we anticipate that the future of complex
genome editing might not even involve nuclease activity at
all.
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