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“We choose to go to the Moon in this decade and do 
the other things, not because they are easy, 

but because they are hard.”
•

John F. Kennedy
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General Introduction 

Over the years many different techniques have been developed to manipulate 
the genomes of highly diverse organisms. While some methods have become 
common practice, others have gradually lost attention due to the emergence of 
highly efficient technologies that enable targeting of multiple sites simultaneously 
and thereby facilitate future efforts to rewrite complex genomes (1). Many of the 
targeted gene editing approaches have been steered by the observation that an 
endonuclease-induced DNA double strand break (DSB) promoted templated repair 
via the homologous recombination (HR) pathway in Saccharomyces cerevisiae and 
in mammalian cells (2–4). Recent advances in the field of programmable homing 
endonucleases, including zinc finger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs) and RNA-guided DNA endonucleases (CRISPR/Cas9), 
provided the means to generate a DSB at virtually any position in the genome and 
enabled efficient gene modification in a broad range of higher organisms (5–8).

However, methods that take advantage of a DSB to facilitate gene modification via 
HR also regularly activate alternative repair pathways, e.g. non-homologous end-
joining (NHEJ), and thereby give rise to undesired mutations at the target site (9). 
To circumvent this drawback, prokaryotic and eukaryotic cells can be modified with 
synthetic single-stranded oligodeoxyribonucleotides (ssODNs) in the absence of a 
DSB. This approach enables subtle gene modification at specific loci and was pioneered 
in Saccharomyces cerevisiae (10–12). Although ssODNs of 40-50 nucleotides (nt) 
were found most effective, subtle modifications could already be generated by very 
short sequences of only 20 nt (10). An efficiency increase was observed when cells 
were first selected for a marker variant after the simultaneous introduction of two 
ssODNs (11). Moreover, it was soon realized that the orientation of the ssODN, 
which can be defined as complementary to either the template or non-template DNA 
strand, affected the efficiency by which transformation takes place (11). Exploratory 
experiments in S. cerevisiae promoted subsequent research towards the underlying 
principles that govern efficient gene modification in both pro- and eukaryote cells.

The use of ssODNs for genetic engineering in mammalian cells was initiated by 
demonstrating that ssODNs can modify an episomal vector in human cells (13). 
Although attention was temporarily shifted towards an approach that made use of 
chimeric RNA-DNA oligonucleotides (RDO) with double-hairpin capped ends (14–
17), the reports that described successful modification in up to 50% of targeted cells 
became highly controversial (18, 19). Subsequent experiments in cell-free extracts 
actually demonstrated that only the DNA strand of a RDO was involved in the gene 
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modification reaction and efficiencies were even higher if only the DNA strand was 
used (20, 21). After these results were published, research focused back towards the 
use of ssODNs as targeting agents.

Here we describe the main findings that provided insights to develop present-
day applications of ssODN-directed gene modification in E. coli, S. cerevisiae and 
mammalian cells. After a brief introduction of the mechanistic models by which 
ssODNs have been thought to introduce subtle modifications at genomic loci, we 
focus on studies that have been pursued to increase ssODN targeting efficiencies. 
Finally, we provide perspectives for further research and comment on the position 
of this simple approach in the nowadays immense and diverse field of gene editing 
techniques.

Mechanistic models for ssODN-directed gene modification

Early models for ssODN-directed gene modification postulated that the molecular 
pathways underlying nucleotide excision repair (NER) or DNA mismatch repair 
(MMR) provided the activity to transfer the ssODN-encoded mutation towards 
the genomic DNA (Fig. 1A) (22–24). In these models the ssODN would form a 
displacement loop (D-loop) to allow ‘repair’ of the chromosomal strand templated 
by the ssODN. Another model suggested that optimal ssODN-directed gene 
modification depends on active transcription of the target locus (Fig. 1B) (25). While 
sense ssODNs would be displaced from the template strand by active transcription, 
the non-template strand remains exposed to the intracellular environment allowing 
antisense ssODNs to hybridize without being continuously obstructed. This model 
would explain the observation that antisense ssODNs were regularly more effective 
than their sense counterparts (25–30).

However, it has become increasingly clear that the replication-coupled model fits 
most experimental data obtained in both prokaryotes and eukaryotes (reviewed by 
Aarts and te Riele (31)). In this model ssODNs hybridize to their target sequence and 
become physically integrated during DNA replication, the process by which DNA 
is duplicated in a semi-conservative manner (Fig. 1C). During this process helicase 
activity leads to unwinding of the DNA double helix where after replicative DNA 
polymerases use the separated parental strands as templates for DNA synthesis. As 
DNA is exclusively extended from 5’ to 3’, one strand of DNA - the leading strand 
- is synthesized continuously, while the other - the lagging strand - is generated 
discontinuously. Therefore single-stranded DNA (ssDNA) at the lagging strand 
template is longer exposed to introduced ssODNs than ssDNA at the leading strand 
template. In line with this model, ssODNs that hybridize to the lagging strand 
template were found to be more efficient than ssODNs designed to bind the leading 
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strand template in E. coli (32, 33) and S. cerevisiae (34, 35). Similarly, a ssODN that 
presumably hybridized to the lagging strand template was more efficient than its 
reverse complement in HEK293-T cells (36). Here, T antigen-dependent replication 
from a co-integrated SV40 origin of replication was found to enhance targeting of the 
neighboring reporter.

In addition to ssODN designs that are based on classical Watson-Crick base pairing, 
there are also ongoing efforts to develop gene editing methods that are based on 
Hoogsteen hydrogen bonding along the major groove of double stranded DNA 
(reviewed by Ricciardi et al. (37)). The combined use of triplex-forming peptide 
nucleic acids and a DNA donor template enables site specific gene editing mediated 
by nucleotide excision repair and homology dependent repair pathways (38, 39). But, 
as targeting with triplex-forming oligonucleotides (TFOs) requires a homopurine/

NER / TCRResection

Transcription-coupledB

Replication-coupledC

MMR / NER

DNA-repairA

Figure 1. Models proposed for ssODN-directed gene modification. (A) ssODN hybridizing 
to its complementary target sequence forming a D-loop. Subsequent DNA repair mechanisms 
like MMR or NER transfer the mutation from the ssODN to the genomic DNA. (B) Active 
transcription exposes the non-template DNA strand which allows an antisense ssODN to 
anneal to its target site. Subsequent NER or transcription-coupled repair ensures integration 
of the ssODN into the genomic DNA. (C) The ssODN anneals to its target sequence during 
DNA replication and becomes physically integrated into the genome in one of the daughter 
cells.
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pyrimidine stretch at the target site, this approach is less suitable to direct subtle base 
changes at more diverse genomic locations. Therefore TFO-related approaches are 
not discussed in detail here.

Strategies to evade the suppressive effect of DNA MMR on ssODN-directed targeting

Notwithstanding their proof-reading activity, the replicative DNA polymerases δ and 
ε have a natural error rate of about one in every 106 replicated bases. The DNA MMR 
pathway recognizes these replication errors and repairs base-pair (bp) mismatches 
and insertion/deletion loops (IDLs) with up to 5 unpaired nucleotides (40–42). In 
E. coli the MMR pathway is initiated by binding of the MutS homodimer to single 
bp mismatches and 1-2 nt IDLs. In eukaryotic cells base-base mismatches and 
1-2 nt IDLs are detected by a heterodimer formed by MutS homologs MSH2 and 
MSH6 (MutSα), while larger IDLs are preferentially recognized by the MSH2/MSH3 
heterodimer (MutSβ). Interaction with a mismatch and the exchange of ADP for 
ATP stimulates a conformational change that results in a stable MutS sliding clamp 
and enables recruitment of MutL (43–46). Similar to MutS, MutL functions as a 
homodimer in prokaryotes and as a heterodimer in eukaryotes. Although four MutL 
homologs exist in eukaryotes (MLH1, MLH3, PMS1 and PMS2), MutLα (MLH1/
MSH2) seems to be the dominant heterodimer for MMR (47, 48). Upon activation 
MutL nicks the DNA 5’ from the mismatch and thereby provides an entry point for 
the 5’-3’ exonuclease EXO1 which degrades the nascent DNA that contains the falsely 
incorporated base(s). Even though EXO1-dependent MMR appears to be the most 
important route for excision of mismatches in mammalian cells, genetic evidence 
suggests that EXO1-independent pathways exist as well (49–52). After removal of the 
falsely incorporated DNA the lesion is repaired through re-synthesis of the DNA by 
polymerase δ and ligation of the remaining nick by DNA ligase. The high accuracy 
of the MMR pathway improves the fidelity of DNA replication by 2-3 orders of 
magnitude and hence strongly suppresses the accumulation of undesired mutations.

In agreement with the replication-dependent model (Fig. 1C), MMR was found to 
strongly suppress ssODN-mediated gene modification in mouse embryonic stem 
cells (mESCs) (53) and in E. coli (33) (Fig. 2). In contrast to early reports (54, 55) 
a suppressive role for MMR was also repeatedly described in S. cerevisiae (34, 35, 
56). Genetic ablation of key DNA MMR genes was shown to increase the frequency 
of ssODN-mediated targeting by 2-3 orders of magnitude (Fig. 3A). While loss of 
Msh2 resulted in a strong mutator phenotype in mESCs, loss of Msh6 showed a more 
moderate phenotype and allowed efficient targeting of 1-4 nt substitutions, but not 
insertions (57). Alternatively, by generating mESCs lacking Msh3, only one branch 
of MMR was disrupted which enabled the insertion of 4 nt while cells remained 
genomically stable (58).
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To enable subtle gene modification in stable cell lines, various strategies have been 
developed that transiently suppress or evade MMR during targeting. A temporary 
reduction of MMR activity was achieved in E. coli by supplementing growth media 
with 2-Aminopurine, an adenine analog that mispairs with cytosine and saturates the 
MMR pathway (59). This approach increased ssODN targeting efficiencies 10-fold in 
a MMR-proficient E. coli strain (Fig. 3B) (33). In mammalian cells, efforts focused 
on silencing the expression of MMR genes through RNA interference. The reduced 
expression of either Msh2 or Mlh1 generated a window of opportunity that enabled 
the introduction of mutations in MMR-proficient mESCs (Fig. 3C) (57, 60). Later, 
Nyerges et al. made use of two temperature-sensitive MutS and MutL variants that 
enabled transient MMR suppression in E. coli by increasing the temperature during 
recovery from electroporation of ssODNs (Fig. 3D) (61). Along these lines another 
elegant approach encompassed the use of a temperature-controlled expression vector 
that encoded a dominant-negative variant of MutL which allowed transient abrogation 
of MMR and was also easily transferable to other MMR-proficient bacterial strains 
or species (Fig. 3E) (62). Alternatively, integration of ssODNs was enabled through 
temporary suppression of MMR by overexpression of E. coli Dam methylase which 
rapidly methylates nascent DNA during replication (Fig. 3F) (63, 64). By insertion 
of a suicide plasmid that integrated into the mutS gene but could be removed after 
targeting, a semi-transient approach has been explored in E. coli as well (65).

MutS(α)

Binding of MutS to 
mismatch, recruitment of MutL

MutL induced nick and 
recruitment of ExoI

Removal of nascent DNA 
by ExoI

MutL(α) Nuclease (ExoI)ssODN

A B C

Figure 2. Suppression of ssODN-directed gene modification by MMR. (A) The upper part of 
the replication fork shows activation of canonical MMR triggered by erroneous replication at 
the leading strand template. At the lagging strand template, a ssODN has annealed whereafter 
the mismatching nucleotide is recognized and bound by MutS, which forms a sliding clamp 
that recruits MutL. (B) Then MutL induces a nick into the nascent DNA that serves as an 
entry point for (C) exonuclease-mediated removal of the strand containing the mismatching 
nucleotide or ssODN.
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Alternative to methods that genetically interfere with MMR activity, evasion of 
MMR has also been achieved through ssODN design. By taking advantage of the fact 
that bacterial MMR doesn’t process C:C mismatches, Sawitzke et al. demonstrated 
that incorporation of an additional C:C mismatch 6 nt from the intended mutation 
increased the targeting efficiency 30-fold in MMR-proficient E. coli, while at larger 
distances this had no effect (Fig. 4A) (66). Similarly, it was shown that ssODNs 
with four to eight consecutive mismatches or with extra mismatches at the wobble 
base pairs from consecutive codons bypassed MMR activity (66, 67). A comparable 
strategy was also useful in mESCs with reduced levels of MSH2. While targeting 
remained strongly suppressed for 1 or 2 nt substitutions, MSH2 knockdown enabled 

MMR gene knock-out MMR gene silencing

Temperature-sensitive 
MMR variant

Saturation of MMR with 
2-Aminopurine

2AP:C

Expression of dominant-
negative MutL variant 

Overexpression of 
Dam-methylase

Me

Me Me

shRNA

Co

Temperature-sensitive
MMR variant

Dominant-negative
MutL variant Dam-methylase

A B C

D E F

Figure 3. Approaches to suppress MMR during ssODN-directed gene modification.  
(A) The mismatch formed after annealing of a ssODN is no longer processed by MMR if 
cells are made permanently MMR-deficient through knock-out of key MMR genes. Since 
these cells acquire a mutator-phenotype this results in the gradual accumulation of undesired 
random mutations. (B) Supplementing E. coli growth media with 2-Aminopurine induces the 
formation of additional mismatches during DNA replication that saturate the MMR pathway 
and partially prevent removal of ssODN-introduced mismatches. (C) Temporary silencing of 
key MMR genes creates a window of opportunity to escape MMR during ssODN integration. 
(D) Replacement of key MMR proteins for temperature-sensitive variants enables temporary 
deactivation of MMR in E. coli by raising the temperature during recovery after ssODN 
electroporation. (E) Controlled expression of a dominant-negative MutL variant precludes 
MMR pathway progression after ssODN integration in E. coli. (F) Overexpression of Dam-
methylase induces rapid methylation of nascent DNA that represses MMR activation during 
ssODN-mediated targeting in E. coli.
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targeting for 3 or 4 nt substitutions (57). Instead of using the standard nucleotide 
chemistry, use of the chemically modified bases 2’-fluorouridine (FU), 5-methyl-
deoxycytidine (MeC), 2,6-diaminopurine (DiP) or isodeoxyguanosine (IsoG) at 
the position of the mutation in the ssODN led to partial avoidance of MMR in E. 
coli (Fig. 4B) (67). Especially the use of FU instead of thymine and MeC instead of 
cytosine reduced the potency of MMR to process these mismatches by ~75%. Use 
of DiP instead of adenine or IsoG instead of guanine reduced MMR activity by only 
~40 and 20%, respectively (67). The applicability of these modified bases to partially 
avoid MMR was also demonstrated in human Hela cells (68). Akin to the addition of 
C:C mismatches to a ssODN (66), it was observed that an additional FU modification 

LNA
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Figure 4. MMR-evading ssODN designs. (A) Inclusion of additional mismatches, such as 
an additional C:C mismatch 6 nt from the intended mutation or changing multiple wobble 
bases, has been shown to evade MMR in E. coli. Alternatively, ssODNs can be designed with a 
consecutive stretch of ≥6 mismatches which are not processed by MMR. (B) Modification of 
the intended thymine, adenine, cytosine or guanine mutation by respectively 2’-fluorouridine 
(FU), 5-methyl-deoxycytidine (MeC), 2,6-diaminopurine (DiP) or isodeoxyguanosine (IsoG) 
enables (partial) evasion of MMR in E. coli and human cells. (C) Modification the central 
mismatch with a LNA results in complete evasion of MMR for single substitutions and partial 
evasion for introduction of small insertions.
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within 5 nt from the intended mutation increased the incorporation rate of thymine 
in the context of a C:T mismatch in E. coli (67). However, this approach appeared to 
be sequence context dependent as the improvement was not observed for three other 
single bp substitutions that were combined in a ssODN with a nearby FU or MeC 
modification. Recently we demonstrated that incorporation of synthetic locked-
nucleic-acids (LNA) at the mismatch enabled complete evasion of MMR for subtle 
substitutions in mESCs, while flanking LNAs led to a partial evasion of MMR in 
the case of 1 or 4 nt insertions (Fig. 4C) (Chapter 2) (69). LNA modification of a 
mismatch was found to preclude binding of bacterial MutS in vitro and prevented 
MMR activation in E. coli (69). In summary, over the years a wide variety of methods 
has been developed to overcome the suppressive effect of DNA MMR on ssODN-
mediated gene targeting. Many of these protocols transiently induce a state of MMR 
deficiency and thereby allow for ssODN integration during DNA replication. To 
prevent the accumulation of undesired mutations altogether, it has been shown that 
chemically modified ssODNs can escape from MMR surveillance and become equally 
effective in MMR-proficient and MMR-deficient cells. Hence, these approaches enable 
ssODN-directed gene modification in pro- and eukaryotes with a stable genotype.

Use of ssODN-directed gene modification to study various mechanisms of DNA 
repair

Soon after the initial finding that ssODNs could transfer subtle genetic alterations 
to live cells, it was realized that ssODN-mediated targeting also enabled the study 
of various DNA repair mechanisms in a chromosomal context in vivo. ssODNs 
with either TT-photoproducts, a-basic sites, oxidized a-basic sites or 8-oxoG lesions 
have been delivered to wild-type and mutant S. cerevisiae strains to determine their 
targeting efficiency and mutational spectrum to gain insight in the different repair 
processes (70–74).

Similarly this provided the possibility to study MMR in detail. The known directionality 
of replication of the LYS2 locus in S. cerevisiae (75) provided the possibility to design 
ssODNs complementary to either the leading- or lagging-strand template and to 
evaluate the repair of mismatches and IDLs by MMR in detail (34). In addition to 
targeting LYS2 in its original chromosomal context with 30-40 nt ssODNs containing 
1 or 7 nt insertions, the target gene was also inverted to compare ssODN efficiencies 
under both leading- and lagging strand circumstances. From targeting LYS2 in 
different genetic backgrounds it could be deduced that MutSα, but not MutSβ, is 
3-fold more efficient on the lagging-strand than on the leading-strand. While the 
introduction of 1 nt insertions was equally efficient at the transcribed- and non-
transcribed strand in absence of MutSα, targeting efficiencies were on average 10-
fold higher if ssODNs annealed to the transcribed strand in presence of MutSα. This 
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observation suggested that MutSα is more active on the non-transcribed strand than 
on the transcribed strand (34). Similarly, it has been described that in the presence 
of MutSα 2 nt insertion loops were 1.6-fold more efficiently repaired on the lagging 
strand, while the reverse was found for repair of 2 nt deletion loops by MutSβ (76). 
Interestingly, evidence also suggested that MMR-driven repair of IDLs is not equally 
efficient for insertions and deletions. While MutSα was found to have a strong repair 
bias for insertion loops, MutSβ favored repair of deletion loops (76).

In E. coli the directionality of MMR has recently been assessed by a novel semi-
protected oligonucleotide recombination (SPORE) assay (77). Authors made use of 
70 nt ssODNs that contained two mutations: a central MMR-resistant C:C control 
mismatch and at a distance of ~20 nt an additional MMR-prone mismatch. While 
internal phosphorothioate (PTO) modifications protected the selectable control 
mismatch from degradation, the co-integration rate of the MMR-prone mismatch 
was used as a readout for MMR efficiency. While these ssODNs provided indications 
that a directional repair bias exists for weakly recognized T:T mismatches, such a 
bias was not found for a well-recognized G:T mismatch (77). In addition to previous 
work, the SPORE assay also provided evidence for endonuclease-independent repair 
of mismatches at the lagging strand (78).

Apart from studying canonical MMR using ssODNs, halting the cell cycle 
using tryptophan-depleted medium enabled the study of MMR activity in non-
proliferative cells. By scoring for restoration of TRP5 function in S. cerevisiae it was 
found that non-dividing cells proficient for MMR could transfer a mutation from 
ssODNs corresponding to the non-transcribed strand to the transcribed strand (79). 
Apart from showing that ssODNs can transfer genetic alterations in the absence of 
DNA replication, these observations also showed that MMR promotes replication-
independent mutagenesis in non-dividing cells. Together the above examples illustrate 
that ssODN-based assays can be used to evaluate the consequences of various types 
of DNA lesions in a chromosomal context and to distinguish differences in repair 
mechanisms at the leading- and lagging strand.

The involvement and exploitation of DNA recombination pathways

The molecular mechanisms by which various viruses integrate their genetic material 
into the genome of the host have attracted considerable interest as they may promote 
genetic transactions relevant for targeted gene editing. Genetic recombination 
systems derived from the λ or Rac prophages were described to provide efficient 
gene replacement using linear duplex DNA substrates with homology arms of less 
than 100 bp in E.coli (80–82). By disrupting every gene in the inactivated λ prophage 
pL operon individually, it was found that exo, beta and gam provided the functions 
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to recombine duplex DNA with the bacterial chromosome (82). Thereafter it was 
realized that efficient targeting (6%) could also be achieved through use of short 
ssODNs (32, 83). Under these circumstances efficient targeting required only beta 
expression, a protein that was known to stably bind ssDNA over 35 nt in length, 
to protect ssDNA from degradation and to promote annealing with complementary 
ssDNA (Fig. 5A) (84–88). As an alternative to Beta, it has been demonstrated that 
RacT from the Rac prophage and Erf from the P22 prophage enhance ssODN-
mediated targeting efficiency similarly in E. coli (83). Overexpression of Beta in S. 
cerevisiae was described to enhance targeting efficiencies 9-fold (54). In mESCs it 
was reported that ssODN-mediated repair of a defective neomycin reporter gave 
only G418R colonies if beta was integrated as well (83) In human cells overexpression 
of Beta provided only a 1.6-fold benefit in a more recent publication (89). While 
Beta enabled efficient ssODN-mediated gene editing in E. coli and is tolerated in S. 
cerevisiae, Beta expression appeared to be much less potent in mammalian cells.

As prophage-derived proteins involved in genetic recombination were found to 
enhance ssODN-directed targeting, it was assessed if endogenous proteins involved 
in HR would play a role in mediating the targeting process in S. cerevisiae. Efficient 
targeting was found to depend on Rad51 and Rad54 and overexpression of these 
factors enhanced chromosomal targeting 2- to 15-fold (Fig. 5B), however, Rad52 
overexpression suppressed targeting (54, 90). Overexpression of Rad55, a protein 
involved in promoting gene conversion and repressing gene crossover (91), was 
found to increase targeting efficiencies even 22-fold (54). This work was further 
extended by the use of Rad54 and Rad51 mutants that were identified in a yeast-
two-hybrid screen to have enhanced affinity for ssDNA (92). Overexpression of the 
Rad51 mutants I345T or K342E enhanced chromosomal targeting 12- and 97-fold, 
respectively (93). Although it was later demonstrated that Rad51 K342E has a normal 
interaction with Rad54 in solution and on DNA, the binding of Rad51 K342E to 
dsDNA was found to be abrogated (94). As a consequence of this dsDNA binding 
defect, Rad51 K342E preferentially binds ssDNA, which may explain the increased 
targeting efficiency with ssODNs. The combined overexpression of Rad51 K342E 
and wild-type Rad54 yielded efficiencies between 0.2% and 2% in different MLH1-
deficient backgrounds (56).

Through targeting a pair of chromosomally separated or linked loci it was recently 
argued that Rad51-dependent ssODN-directed gene modification and replication-
coupled gene modification are two different pathways in S. cerevisiae (35). While 
Rad51 overexpression increased the co-selection targeting efficiency from 0.4% to 
0.8% when a marker-target pair was located on two separate chromosomes, Rad51 
overexpression decreased the co-selection targeting efficiency almost 5-fold if the 
marker-target pair was placed on the same chromosome. With a nearby marker 
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on the same chromosome as the target gene, co-selection efficiencies up to 30% 
were found to depend on the expression of a ssDNA annealing protein like Rad59 
or Beta. While increasing the target distance from the marker from 1.5 kb to 5 kb 
reduced efficiencies about 3-fold, the co-correction frequency remained above 1% at 
a distance of 20 kb (35).

In mammalian cells the involvement of HR-related factors in ssODN-mediated 
targeting was initially provided by experiments in which human DLD1 cells were 
treated with topoisomerase inhibitors that cause DSB formation. Here, both etoposide 
and camptothecin led to a 4- to 6-fold enhancement of targeting an integrated GFP 
reporter using 72 nt ssODNs (95, 96). In line with these data it was shown that in the 
presence of caffeine, an ATM inhibitor that blocks HR activity, targeting efficiencies 
were reduced and counteracted the benefit obtained from camptothecin (96, 97). 
Correction frequencies weren’t reduced if vanillin was used to block NHEJ (96). 
Adding caffeine to cells specifically after ssODN electroporation was found to benefit 
targeting, but this effect was thought to be related to a reduced DNA synthesis rate 
(discussed below) (98).

In agreement with data obtained in S. cerevisiae, the addition of HR-related 
proteins could also promote ssODN-mediated targeting in mouse embryos. While 
microinjection of solely ssODNs was not effective, coating of ssODNs with hRad51 
enabled gene modification in mouse embryos (99). Combing hRad51 and hRad54 
increased the efficiency further leading to a remarkable modification rate of 7.8% 
(99). A similar efficiency of 6.3% was observed if ssODNs were coated with bacterial 

Ectopic expression of λ-phage derived 
Beta-protein 

Beta-protein DNA exonucleases

Modulate endogenous DNA repair 
mechanisms

NHEJHR

A B

Figure 5. Exploitation of genomic recombination factors to promote targeting efficiency. 
(A) Ectopic expression of λ-phage derived Beta protein, which binds ssODNs and thereby 
provides protection to degradation and promotes annealing to ssDNA, increases targeting 
especially in E. coli and S. cerevisiae. (B) Promoting factors that enhance homologous 
recombination (HR) or inhibition of factors related to non-homologous end-joining (NHEJ) 
results in higher targeting efficiencies in eukaryotic cells.
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protein RecA (100). An efficiency of 9.9% was obtained when ssODNs were co-
injected with antibodies against Ku70 and Ku86 to inhibit DSB repair via the NHEJ 
pathway (99).

Taken together, it has clearly been demonstrated that factors involved in pairing 
ssDNA with homologous DNA, e.g., Beta, Rad51 and Rad54, improve targeting in 
model organisms like E. coli and S. cerevisiae (Fig. 5A, B). While remarkable results 
have been obtained in mouse embryos by coating ssODNs with hRad51 and RecA, 
this work has received little follow-up. Although indirect evidence suggest a role for 
HR in gene targeting using short ssODNs in mammalian cell lines as well, this hasn’t 
led to targeting strategies that provide similar efficiencies as those obtained in E. coli 
or S. cerevisiae.

Enhancement of targeting efficiencies by chemical modification of ssODNs 

When Gamper et al. described that the DNA strand of a RDO was capable of directing 
a site specific mutation in human HUH7 cell-free extracts, these authors also reported 
that modification of the 5’ and 3’ termini with three 2’-O-methyl RNA nucleotides 
(Fig. 6A) or with three to eight PTO linkages (Fig. 6B) increased the gene editing 
activity up to 3.7-fold in comparison to an unmodified ssODN (21). ssODNs with 
six nuclease-resistant PTO linkages were found to yield the highest repair activity. A 
further increase of the number of PTO linkages or 2’-O-methyl RNA residues reduced 
ssODN activity. Many reports published shortly thereafter made use of ssODNs that 
were modified at their termini by three to four PTO linkages (27, 101–104) or 2’-
O-me RNA modifications (25, 26, 105). In CHO cells PTO-modified ssODNs were 
found to be 2-fold more efficient than 2’-O-me RNA modified ssODNs (106).

Not much later it was noted that the transfection of PTO-modified ssODNs resulted 
in pronounced cell rounding and growth retardation in HEK-293 cells while less 
problems in outgrowth were observed for unmodified ssODNs (107). Correspondingly, 
Olsen et al. showed that the majority of the corrected cells arrested in the G2/M 
phase of the cell cycle and only 1-2% of the corrected cells yielded viable clones (108). 
These observations indicated that PTO modifications impede successful isolation of 
corrected cells (28). Subsequent studies found that PTO-modified ssODNs activate 
checkpoint proteins Chk1 and Chk2 and stall DNA replication in corrected cells, 
but proliferation was shown to resume after 6 weeks of culture (109, 110). Moreover, 
especially PTO-modified ssODNs were shown to induce DNA damage and repress 
entry into mitosis after targeting (111).
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Although the efficiency was reduced by 70%, the placement of PTO linkages close to 
the center of a 27 nt ssODN did not induce G2 arrest in targeted CHO cells (112). 
Rios et al. followed up on these results and demonstrated that ssODNs with three to 
five internal PTO linkages 3’ from the mismatch led to the highest efficiency (2.5x10-

4) 14 days post transfection, which enabled the generation of stably corrected Hela 
clones (68). Interestingly, these authors also observed that treating targeted cells with 
anti-microtubule drugs could increase the number of corrected cells up to 6-fold, 
supposedly by inhibiting the expansion of the more proliferative uncorrected cells. 
Interestingly, transfection of PTO-modified ssODNs has been found to result in the 
upregulation of genes related to anti-viral immune responses. In addition, inhibition 
of immune signaling protein NEMO provided a 2-fold efficiency increase (68).
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Alternative to PTO-modified ssODNs, it was shown that gene editing could also 
be achieved in S. cerevisiae with 24 nt ssODNs that were modified by a single LNA 
modification at both termini (113). Similar to PTO and 2’-O-me modifications, 
increasing the number of LNA modifications was found to reduce targeting 
efficiencies. Later, Andrieu-Soler et al. demonstrated that a 25 nt ssODN with LNA at 
both termini increased the chromosomal targeting efficiency even 40-fold, reaching 
an efficiency of ~2x10-3 in human 293T cells (114). By transfecting cells three times at 
consecutive days, efficiencies up to 5x10-3 were obtained. Remarkably, a single LNA 
at the 5’ terminus was sufficient to reach the 40-fold targeting benefit, suggesting that 
degradation at the 5’ terminus was most detrimental to targeting efficiencies. While 
short ssODNs profited, the targeting efficiency of 45 or 60 nt ssODNs could not be 
enhanced by LNA modifications (114). Similar results were obtained in mESCs: 
again short 25 nt ssODNs benefitted most strongly from 5’ and 3’ LNA modification 
(115). Although Papaionnou et al. described that ssODNs with a single LNA at each 
termini also induced a G2 arrest (112), LNA modifications haven’t been reported to 
impede clonal outgrowth of modified cells.

In line with 5’ LNA modification, it was found that targeting can also be enhanced 
by modification of the 5’ terminus with the DNA intercalator acridine or psoralen 
(Fig. 6C) (116). ssODNs modified with acridine yielded the highest efficiency  
(1x10-3) and were found to be 29- and 65-fold more efficient than unmodified sense 
and antisense ssODNs, respectively. A modest benefit was found if ssODNs were 
extended by additional nucleotides that form a hairpin–like structure. A thymine-
adenine repeat (TA) clamp at the 5’ terminus of a ssODN resulted in higher efficiencies 
in V79 hamster cells than ssODN modification with LNA or PTO (117). In E. coli, 
modification of only the 5’ end with four PTO linkages was found to yield the highest 
targeting efficiency (118). Other modifications that have been tested for ssODN-
mediated targeting were often less successful and include the use of RNA instead of 
DNA nucleotides, terminal amine linkers, phosphorylation of the 5’ terminus and 
end-blocking modifications such as octyl or hexaethylene glycol (Fig. 6C) (26, 28, 
119, 120). Interestingly, Radecke et al. described that a 3’ end dideoxynucleotide (3’-
H instead of 3’-OH) reduced the targeting efficiency ~10-fold, but only if the ssODN 
backbone was protected from degradation by PTO modifications (121). This result 
suggested that effective targeting requires ssODNs that can be extended by polymerase 
activity. Inhibition of DNA polymerases by aphidicolin as well as blocking replication 
by 1-β-ᴅ-arabinofuranosylcytosine (AraC)-induced lesions led to reduced targeting 
efficiencies (28, 115, 122). Both observations are in agreement with the model that 
ssODNs anneal to their target site and are extended during DNA replication.
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The various ssODN designs that have been assessed demonstrate that especially 5’ end 
modifications enhance the targeting potential of ssODNs. While PTO modifications 
are highly resistant to nuclease activity, they induce DNA damage and have been 
shown to suppress clonal outgrowth of modified cells. Nevertheless, by careful 
design PTO modifications have been employed with success in both prokaryote and 
eukaryote cells.

Transient suppression of DNA replication and the chromosomal context of 
target sites

As DNA replication is the main process by which ssODNs integrate into the genome, 
different approaches have been pursued to modulate this process in order to obtain 
higher targeting efficiencies. While a strong inhibition of DNA replication reduced the 
frequency of correction, it has been shown firstly by Parekh-Olmedo et al. that treating 
cells with hydroxyurea (HU), a compound that suppresses nucleotide synthesis and 
thereby transiently reduces the rate of replication, led to a 2.8-fold efficiency increase 
for a chromosomal target in S. cerevisiae and a 5-fold increase for an episomal target 
in mammalian cells (Fig. 7A) (103). Although the achieved benefit varied among 
different cell lines, the stimulatory effect of HU on ssODN-mediated targeting was 
confirmed repeatedly (95, 115, 123). The finding that lengthening S-phase promotes 
targeting was also confirmed by treating cells with thymidine, a compound that leads 
to an imbalanced nucleotide pool and hence replication slowdown (30, 95, 97, 123, 
124). Similarly, exposing cells to 2’,3’-dideoxycytidine (ddC), a deoxycytidine analog 
that cannot be extended during DNA replication, enhanced the targeting frequency 
by reducing the speed of DNA replication (122, 123).

While various compounds have been used to slow down DNA replication, others 
have focused on synchronizing mammalian cells before administering ssODNs (Fig. 
7B). For example, Hu et al. described that blocking cells in early S-phase using a 
protocol that included 48 h serum deprivation and 20 h incubation with mimosine, 
a compound that blocks entry into S-phase and inhibits elongation of DNA during 
replication (125), could increase targeting efficiency 2.5-fold (29). Irrespective 
of the synchronization method used, it was described that DLD1 cells with 
multiple integrated GFP target genes were more amenable to targeting if ssODNs 
were electroporated 4 to 6 h after release from 24 h incubation with aphidicolin, 
thymidine or HU (123). However, through use of the same protocol for targeting a 
single integrated GFP target gene in HCT116 cells, it was found that synchronization 
resulted in a gradual efficiency increase after release from the cell cycle block. The 
observed benefit was thus less specific to a particular moment in S-phase. These 
authors suggested that the chromosomal context surrounding the target gene may 
well determine the precise moment of replication, and therefore the accessibility 
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of the target site (123). Interestingly, it has already been shown that treatment with 
trichostatin A, a compound that prevents histone deacetylation and thereby creates 
more accessible chromatin, could promote targeting about 2-fold in S. cerevisiae and 
4.6 to 12.7-fold in mammalian cells (103). Apart from this work, the influence of 
epigenetic histone modifications has been largely neglected in the field of ssODN-
directed gene modification. Whereas gene editing in E. coli was optimized to target the 
lagging strand template, improvements of ssODN-mediated targeting in mammalian 
cells have been largely limited to replication fork slowdown. But, the development of 
techniques that map origins of replication in eukaryotic cells (126, 127), provides the 
opportunity to design ssODNs that anneal to the lagging strand template beforehand.

Multiplex gene editing in E. coli and S. cerevisiae

As ssODN-directed gene modification in MMR-deficient E. coli expressing Beta 
was found to reach efficiencies up to 30% (33), research focused towards targeting 
multiple sites simultaneously. In 2009 Wang et al. described multiplex automated 
genome engineering (MAGE) using 90 nt ssODNs with four PTO modifications at 
the 5’ terminus (Fig. 7C) (118, 128, 129). A pool of targeting ssODNs was repeatedly 
introduced by electroporation and was shown to target many locations in concert 
and thereby generated genomic diversity. To assist in the design of ssODNs, reduce 
their potential off-target effects and optimize targeting frequencies, different web-
tools have been developed (130, 131). Instead of using relatively costly ssODNs that 
are synthesized individually by phosphoramidite chemistry, it has been demonstrated 
that ssODNs amplified by PCR from a micro-array chip can be integrated in a MAGE 
protocol as well (132). This strategy enabled the fast generation of a large pool of 
unmodified ssODNs at lowered costs from a source that can be reused.

The simultaneous targeting rate was enhanced by selecting for highly recombinogenic 
clones after a few MAGE cycles (133, 134). This strategy, named ‘coselection’ MAGE 
(CoS-MAGE) (Fig. 7D), enhanced the integration rate of a 20 bp T7 promoter 
using 90 nt ssODNs with four PTO modifications at the 5’ terminus from 2-3% up 
to 25% after only 2 MAGE cycles. Moreover, this enabled the generation of a clone 
with 12 T7 promoter integrations 35 bp upstream of the start codon of the protein 
coding sequence of genes or operons associated with the biosynthesis of aromatic 
amino acids (133). Thereafter, it was shown that the frequency of multiplex targeting 
using CoS-MAGE can be enhanced by removal of five exonucleases that suppress 
targeting efficiencies when the concentration of individual ssODNs becomes a 
limiting factor (135). As iterative targeting using a co-selection strategy requires a 
robust dual selection marker, Gregg et al. developed an improved protocol to reduce 
the frequency of tolC counter-selection escape by use of vancomycin as a second 
counter-selection agent in addition to commonly used colicin E1 (Fig. 7E) (136). 
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the nucleotide pool (e.g., hydroxyurea, thymidine) or inhibit replicative polymerases (e.g., 
aphidicolin), extends the regions of single-stranded genomic DNA and thereby promotes 
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DnaG primase and DnaB helicase leads to enhanced ssODN targeting rates in E. coli. (G) 
CRISPR/Cas9 creates lethal DSBs at unmodified loci in E. coli, providing enrichment for 
successful ssODN-directed gene modification events.
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Next, Lajoie et al. demonstrated that the availability of ssDNA at the target site during 
DNA replication is a limiting factor via another approach: simultaneous targeting 
was increased by mutating the DnaG primase with K850A or Q576A, these variants 
preclude the interaction with the DnaB helicase and thereby increased Okazaki 
fragment length (Fig. 7F) (137). Recently, single bp substitution efficiencies of 96.5-
99.7% were obtained after a single MAGE cycle by selecting against the wild-type 
sequence through the generation of lethal DSBs with CRISPR/Cas9 (CRMAGE) (Fig. 
7G) (64). This approach was extended to MMR-proficient cells through use of a small 
library of ssODNs that exclusively introduced 6 bp changes which aren’t recognized 
or processed by the MMR pathway (138).

The high simultaneous targeting rate provided the opportunity to start recoding the 
E. coli genome by Beta-mediated recombineering in vivo. First, MAGE was used to 
replace all 314 UAG stop codons with synonymous UAA codons in parallel across 
different E. coli strains (139). These replacements were pairwise combined in a 
single strain by use of a protocol termed hierarchical conjugative assembly genome 
engineering (CAGE), an approach that makes use of conjugation to drive large-
scale transfer of specified genomic regions from one strain to another (139–141). 
Reintroduction of UAG codons along with episomal expression of the pEVOL 
translation system, which expresses a nonstandard amino acid (nsAA)-specific 
aminoacyl-tRNA synthetase (aaRS)/tRNA pair that enables incorporation of nsAAs 
at UAG codons (142, 143), permitted the reassignment of the UAG translational 
stop function to site-specific incorporation of nsAAs into proteins (140). Although 
replacement of all UAG stop codons led to a reduced growth speed and 355 undesired 
mutations of which the majority probably arose due to MMR-deficiency, reversion 
of only 6 undesired mutations partially restored the growth defect (144). Directed 
evolution of chromosomal aaRS by MAGE expanded the possibilities to introduce 
non-standard amino acid chemistries even further (145).

Instead of recoding a stop codon into a sense codon, CoS-MAGE was also used in 
an attempt to recode all 123 rare arginine codons (AGA and AGG) present in 42 
essential genes in E. coli (146, 147). While 110 of these codons were successfully 
changed to CGU, further diversification of the remaining 13 recalcitrant rare 
arginine codons was required to obtain viable alternatives. Based on the observation 
that tolerated codon substitutions tended to maintain secondary mRNA structures 
and ribosomal binding site-like motifs, metrics were defined for a multidimensional 
“safe replacement zone” that provided important understanding of codon choice in 
recoded genomes (147). Similarly, by diversification of a single essential gene and 
genotyping of resulting mutants by deep sequencing (MAGE-Seq), it was found that 
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during evolution codons were optimized to prevent the disruption of correct RNA 
folding at the 5’ UTR (148). Together, these experiments provided novel insights that 
aid in future recoding efforts and the design of synthetic genes and genomes.

Multiplex targeting in S. cerevisiae was firstly demonstrated with two ssODNs in 
a MLH1 deficient background by DiCarlo et al. and was shown to be transferable 
to two other divergent yeast strains (56). Moreover, it was observed that cycling of 
the protocol, by iterative transformation and recovery, can enrich for the desired 
genotypes. Recently, multiplex targeting in S. cerevisiae was shown to achieve 
simultaneous integration of up to 12 ssODNs in a single transformation, genomic 
combinatorial diversity was generated through additional transformation-recovery 
cycles (35). Efficiencies up to 40% were obtained for single nt substitutions if cells 
were co-selected for modification of a marker at ~1.5 kb distance and were treated 
with HU. Extensive comparison of the targeting efficiencies which were obtained 
with ssODNs that hybridize to either the leading or lagging strand template, clearly 
demonstrated the replication-coupled model for integration of ssODNs (35). 
Optimization of Beta-stimulated ssODN-directed gene editing in E.coli enabled 
spectacular multiplex targeting achievements and brought unforeseen applications 
(see below). These results inspire ongoing efforts to optimize replication-coupled 
gene editing in S. cerevisiae and mammalian cells.

ssODN-directed gene modification put in practice, from prokaryotes to eukaryotes

Optimization of single locus targeting using either single- or double-stranded 
DNA fragments with short homologies has provided protocols to manipulate both 
episomal and genomic loci in E. coli with relative ease (149, 150). Novel applications 
arose with the development of multiplex targeting. The applicability of automated 
directed evolution in E. coli was initially demonstrated by concurrent targeting of 
24 endogenous genes involved in deoxyxylulose-5-phosphate synthesis to optimize 
lycopene biosynthesis (118). Thereafter optimized protocols were used to increase 
indigo production by T7 promoter integration (133) and riboflavin (vitamin B2) 
production by ribosome binding site optimization (138). A similar strategy was 
recently adopted in S. cerevisiae to modulate carotenoid production (35). The 
introduction of nsAAs into proteins synthesized by E. coli enabled the production 
of a plethora of novel proteins that are often difficult to produce in non-recoded 
organisms (140, 145, 151). These reports demonstrated the use of ssODN-directed 
gene modification to optimize the production of industrially and pharmaceutically 
relevant molecules.
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In addition to the improved production of biological compounds, an alternative 
genetic code in E. coli was also shown to provide enhanced resistance to viruses and 
horizontal gene transfer by conjugative plasmids (140, 152). Furthermore, dependence 
on synthetic amino acids prevented the spreading of genetically modified organisms 
into the environment (153). The clinical utility of ssODN-directed gene modification 
was demonstrated in several bacterial species by studying antibiotic resistance 
mechanisms (62, 154). These gene editing and directed evolution approaches revealed 
clinically relevant mutational hot-spots and identified novel gene variants of which 
some provided species-specific antibiotic resistance.

The relative low targeting efficiency obtained in mammalian cells enforced the 
development of enrichment strategies to isolate and study cells that were successfully 
edited by ssODN-directed gene modification. Aarts et al. used a nested PCR strategy 
to detect and enrich for mESCs that were successfully targeted for a codon substitution 
in the retinoblastoma gene Rb (57, 155). A single clone could be isolated from a pool 
of cells after successive screening rounds. This approach was later optimized to enable 
detection of mutant cells by real-time qPCR (60). mESCs that were targeted for a 
specific Rb mutation could be isolated and were subsequently used for the generation 
of chimeric mice that were shown to transmit the mutation to the germline (57). 
Similarly, ssODN-directed gene modification in mESCs has been used to study 
therapy resistance mechanisms in mice with patient-derived Brca1 mutations (156).

ssODN-directed gene modification was also used to functionally characterize MMR 
variants of uncertain clinical significance (VUS) in mESCs (157–159). The finding 
that LNA-modified ssODNs (LMOs) allowed highly precise gene editing in MMR-
proficient cells (Chapter 2) (69) enabled the development of a protocol by which 
neutral and loss-of-function codon substitutions in MMR genes could be easily 
distinguished (160, 161). VUS were introduced in a subset of mESCs hemizygous for 
the gene of interest, where after 6-thioguanine (6TG) selection was used to enrich 
for cells that had lost MMR activity. The presence of the mutation of interest among 
6TGR clones indicated its pathogenicity while cells that were mutated with benign 
variants remained undetected (160, 161). This example illustrates the strength of 
ssODN-directed gene modification in mammalian cells to generate multiple subtle 
gene variants in parallel.
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Final remarks

Several mechanistic insights enabled the progress of ssODN-directed gene 
modification from a relatively narrow field in genome engineering to a multiplex 
gene editing tool with wide-spread applications in especially bacterial species. 
Through use of strategies that enrich for modified cells, it has been demonstrated 
that ssODNs are effective targeting agents to generate a wide variety of subtle gene 
variants in mammalian cells. Even though the rapid development of CRISPR/Cas9-
based approaches has attracted much attention for gene editing in eukaryote cells 
and organisms, we foresee that ssODN-directed gene modification will remain a 
valuable technique due to its high accuracy, relative simplicity and lack of additional 
components. These features make this method particularly interesting for applications 
in which modified cells can be positively selected. With an increasing number of useful 
gene editing protocols, each with its own advantages and disadvantages, researchers 
have gained the opportunity to choose a method which makes an appropriate match 
with their wishes and experimental requirements.
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