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“Science is the most real guide for civilisation, 
for life, for success in the world. 

To search for a guide other than science 
is absurdity, ignorance and heresy.”

•

Mustafa Kemal Atatürk
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183Summary and General Discussion

Evasion of DNA mismatch repair and insight into the process of ssODN-directed 
gene modification

The observation that DNA mismatch repair (MMR) suppresses single-stranded 
oligodeoxyribonucleotide (ssODN)-directed gene modification up to three orders 
of magnitude (1, 2) has been a major finding. The development of a wide variety 
of approaches that circumvent MMR activity enabled efficient gene modification in 
pro- and eukaryotes. While the most simple solution to avoid MMR was to disrupt 
the MMR pathway altogether by making use of MMR gene knock-outs, transient 
suppression of MMR was pursued to overcome the gradual accumulation of undesired 
mutations. In Chapter 2 we describe a novel ssODN design which includes locked 
nucleic acids (LNA) at or around the mutation-instructing position. This design 
strategy resulted in complete evasion of DNA MMR for single substitutions and thus 
enabled highly precise subtle gene editing in genomically stable mESCs and E. coli 
(3). Biophysical experiments demonstrated that bacterial MutS protein cannot not 
bind LNA-modified mismatches and is therefore incapable of activating the MMR 
pathway.

In Chapter 3 we describe that ssODNs are degraded during the targeting process 
in mESCs. Systematic assessment of targeting efficiencies and integration patterns 
of ssODNs with additional mismatches (AMMs) demonstrated that the 5’-arm 
is mostly degraded after target hybridization. While 5’-terminus LNA or acridine 
modifications are known to prevent degradation by exonucleases and increase 
the targeting efficiency, our results demonstrate that genomic integration of an 
AMM in the 5’-arm remained strongly suppressed. As internal, nuclease-resistant 
phosphorothioate modifications, positioned upstream or downstream of a AMM 
located in the 5’-arm, differentially affected its integration, we conclude that an 
endonuclease is responsible for degradation of the 5’-arm. By contrast, the 3’-arm is 
probably degraded before annealing to the target site. This is deduced from the fact 
that ssODNs with multiple base changes within the 3’-arm show similar efficiencies 
as those that are perfectly homologous to the target site. Although we have been able 
to suppress 3’-arm degradation by additional internal chemical modifications, this 
did not result in elevated targeting efficiencies. In addition, if we knock-out TREX1, 
a 3’-5’ ssDNA exonuclease, targeting efficiencies were counter-intuitively decreased 
in mESCs. Together these results suggest that ssODN degradation of the 3’-arm is 
required for effective ssODN-directed gene modification.

The most striking manifestation of 3’-arm degradation is the observation that 
replacement of the nine 3’ nucleotides in an ssODN for a non-complementary 
stretch of nine adenine, thymine or cytosine nucleotides did not affect the targeting 
efficiency. However, a ssODN with nine non-complementary guanine nucleotides 
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was not effective at all. We hypothesize that the nine guanine bases prevented 3’-arm 
degradation through the formation of a secondary structure which precluded efficient 
gene editing. Certain ssODNs with fully complementary 3’-arm sequences might 
also be prone to higher order structure formation, which may preclude degradation 
and limit their targeting efficiencies. Replacement of these 3’-ends for A, T or C 
stretches, may improve the performance of such ssODNs. While correlations have 
been made between targeting efficiency and predicted folding energies or two-state 
hybridization energies for longer ssODNs commonly used in E. coli and S. cerevisiae 
(4, 5), another study summarized the scarce data acquired in mammalian cells with 
sense and antisense ssODNs but couldn’t identify a clear correlation between GC- 
content and optimal ssODN orientation (6). Especially since optimal efficiencies are 
obtained with relatively short ssODNs, more understanding of the influence of base 
composition on ssODN targeting efficiencies could be highly relevant for optimal 
ssODN design strategies.

From targeting experiments in E. coli (2, 7) and S. cerevisiae (5, 8) it has become 
evident that ssODNs which anneal to the lagging strand template are superior 
to those that anneal to the leading strand template during replication. Also in 
mammalian cells one ssODN orientation is often superior to the other. Although it 
has been demonstrated that the timing of fluorescent reporter read-out can have a 
major influence on this bias (9), the underlying cause for the observed variations in 
targeting efficiencies from sense and antisense ssODNs hasn’t been elucidated yet. In 
Chapter 6 we describe that the optimal polarity in human HAP1 cells is reversed by 
5’-acridine (acr) modification, but the reason for this effect from 5’-acr modification 
remains unclear.

There are also indications that ssODNs trigger cellular responses that limit their 
targeting effectiveness. For example, it has been demonstrated that transfection of 
phosphorothioate (PTO)-modified ssODNs can result in DNA damage and growth 
arrest (9–13). Others have shown that cells targeted by PTO-modified ssODNs 
upregulate genes involved in antiviral and cellular immune responses (14). Although 
inhibition of NEMO, an immune signaling component, initially resulted in a two-fold 
efficiency increase, this benefit did not result in higher survival of modified cells 8 
days post transfection (14). As the detection of cytosolic DNA is of major importance 
to initiate immune responses against various pathogens, there is a complex network 
of sensor and signaling molecules that may become activated by transfected ssODNs 
(15–19). A meticulous understanding of the intracellular responses to ssODNs 
in general or to specific designs, may help to improve targeting rates and clonal 
outgrowth of modified mammalian cells.
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Over time we have noticed that optimizing the delivery of ssODNs is essential to 
obtain efficient ssODN-mediated targeting. While electroporation is the method of 
choice for E. coli and S. cerevisiae, liposomal transfection is most often used for ssODN 
delivery in mammalian cell lines. These agents promote uptake of nucleic acids via 
endocytosis at the plasma membrane after which the ssODNs should be released into 
the cytoplasm. However, we observed that after transfection of fluorescently labeled 
ssODNs a substantial quantity remains entrapped in endosomal vesicles (data not 
shown). As ssODN availability appears to be a limiting factor, it would be interesting 
to release entrapped ssODNs and monitor targeting efficiencies afterwards. As non-
viral delivery of nucleic acids is clinically relevant for the delivery of therapeutics, 
many different approaches have been developed to disrupt endosomal membranes, 
including the use of various cell penetrating peptides (CCPs) and the co-delivery of 
photosensitizers or lysosomotropic agents that permeabilize membranes (20). The 
use of such methods may well improve the delivery of ssODNs to the nucleus and 
could thereby increase the targeting rate.

Applicability of ssODN-directed gene modification

Although ssODN-directed gene modification in mammalian cells has a lower 
efficiency than template-directed repair of CRISRP/Cas9 induced breaks (21–25) 
or Cas9-inspired base editors (26–29), an important advantage is the near-complete 
absence of undesired or unpredictable genome alterations. Hence, this technique is 
particularly useful for the generation of subtle gene alterations for which a selectable 
phenotype arises. This has been demonstrated by oligonucleotide-directed mutation 
screening (ODMS) in which LNA-modified ssODNs were used to generate and 
classify MSH2 and MSH6 variants of uncertain significance (VUS) relevant to Lynch 
Syndrome (30, 31). Since MMR-deficiency results in resistance to methylating 
agents, 6-thioguanine (6TG) was used to select for clones that lost MMR activity 
upon introduction of a deleterious VUS. While pathogenic variants survived 6TG 
selection and could be detected by Sanger sequencing, variants that did not perturb 
the MMR pathway were not identified among 6TGR clones.

In Chapter 4 we show that ssODN-directed gene modification enabled biallelic 
gene modification of MMR genes in wild-type mESCs (i.e., cells carrying two 
copies of each gene) by selecting for MMR-deficiency with 6TG. Additionally, we 
were able to discriminate loss-of-function MMR variants from dominant-negative 
MMR variants. Whereas transfection of ssODNs instructing loss-of-function MMR 
variants gave rise to 6TGR

 clones in which the wild-type allele was lost, transfection 
of ssODNs that instructed dominant-negative MMR variants resulted in 6TGR

 
clones that maintained one wild-type allele in addition to a modified allele. Since the 
efficiency of biallelic gene modification was higher than expected, we hypothesized 
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that a single targeting event would increase the likelihood of the occurrence of a 
second targeting event. Accordingly, we were able to show that when two ssODNs 
were simultaneously delivered, mammalian cells selected for one modification were 
predisposed to acquisition of the second modification, similarly as observed before 
in E. coli (32, 33) and S. cerevisiae (5, 34). This work reveals that such an enrichment 
strategy is feasible in mammalian cells and hence forms the basis to continue the 
development of approaches that enhance the recovery rate of successfully modified 
cells using a mix of ssODNs.

In Chapter 5 we made use of ODMS to classify MMR VUS that were detected in 
MMR-deficient second primary colorectal cancers (CRC). These malignancies were 
identified in patients that were previously treated with radio- and/or chemotherapy 
for Hodgkin’s lymphoma. Through functional assessment of subtle MMR variants 
we could explain the microsatellite instability (MSI) phenotype for the majority 
of treatment related (t-)CRCs. The relative high frequency of t-CRCs with double 
somatic mutations is an interesting finding, especially since this is a relative rare 
cause of MMR-deficiency among sporadic CRC patients who are not genetically 
predisposed or haven’t received radio- and/or chemotherapy treatment earlier in 
life (35). As the MSI phenotype couldn’t be explained for three out of thirteen MSI 
t-CRCs, in-depth molecular characterization of these patients may provide novel 
insight into the mechanism by which MMR-deficiency can arise. Such findings might 
also be relevant to families who show clinical features of Lynch syndrome, but lack a 
verified germline mutation and hence Lynch syndrome diagnosis. 

To enable classification of non-conserved residues and extra-exonic sequence 
variants, we sought to establish a ssODN gene modification protocol in cells of human 
origin in Chapter 6. As a haploid genotype enables direct phenotypic assessment of 
a single modified allele, we choose to implement ssODN-directed gene modification 
in near-haploid human HAP1 cells (36–38). Through use of a Gfp-reporter we could 
optimize ssODN mediated gene modification and gained insight into several factors, 
including ssODN orientation and modification, and replication fork progression, of 
which some influenced the targeting efficiency in unanticipated ways. Unfortunately 
haploid HAP1 cells yielded a relatively high number of background clones when 6TG 
was used to select for MMR-deficient cells. The presence of a single allele for each 
of the key MMR genes most likely increased the chance that random 6TG-induced 
mutations disrupted MMR activity. Nevertheless, by targeting MSH6 in diploid cells 
that were derived from HAP1 cells we successfully isolated multiple clones that 
contained a pathogenic premature stop codon. Although the recovery rate was very 
low, we hereby demonstrated the feasibility of using human HAP1-derived cells for 
the isolation of pathogenic MMR variants by ssODN-directed gene modification in 
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combination with a methylating compound. To obtain a robust ODMS procedure we 
will follow-up on these results by generating diploid human cell lines hemizygous for 
the MMR gene of interest.

Outlook provided by ssODN-directed gene modification in lower organisms

One of the most significant findings that propelled ssODN-directed gene modification 
in E. coli, was the efficiency benefit achieved by the ectopic expression of the Beta 
protein (7). This λ phage-derived protein binds and promotes the annealing of 
ssODNs to their target sites, enabling highly efficient gene editing in MMR-deficient 
cells (2, 39–43). In combination with molecular insight into the determinants of 
efficient gene editing, this allowed the development of automated protocols by which 
multiplex targeted modifications were generated (4, 44, 45). These efforts led to 
unprecedented applications. Multiplex targeting enabled for example diversification 
and optimization of biosynthesis pathways through directed evolution (4, 32, 46), 
recoding of the genetic code (47–49), and the incorporation of non-natural amino 
acids into commercially and therapeutically relevant proteins (50–52).

Similar to the Beta protein in E. coli, the combined overexpression of Rad51 variant 
K342E and wild-type Rad54 provided a significant benefit to targeting with ssODNs 
in the eukaryote S. cerevisiae (53). Interestingly, Barbieri et al. suggested that Rad51-
dependent ssODN-directed gene modification in S. cerevisiae represented a different 
mechanism than replication-coupled gene editing, the latter was found to depend on 
ssDNA annealing proteins like Rad59 or Beta (5). Guided by the progress made in 
E. coli, this work also demonstrated the feasibility of multiplex genome engineering 
and the diversification of biosynthesis pathways using ssODNs in eukaryotic cells 
(5). While there are indications that proteins involved in homologous recombination 
promote gene targeting using short ssODNs in mammalian cells (54–56), and 
remarkable results have been reported for mouse embryos (57, 58), this research was 
mostly followed up by protocols that focused on the templated repair of a guided DSB 
using longer (70-120 nt) ssODNs (59–62). 

Although Beta has been expressed in mammalian cells as well, only modest benefits to 
ssODN-directed gene modification have been reported (63, 64). Ectopic expression of 
Beta appears to be toxic for mammalian cells and the stimulation of ssODN-directed 
targeting at the replication fork may depend on host-specific factors. Therefore 
attention has shifted towards the stimulation of viral proteins that originate from 
viruses that display high rates of recombination and are infectious to human cells (65). 
Similar to the properties of λ-phage derived Beta, Human Herpes virus 1 (HHV1) 
-derived ICP8 has been shown to mediate single-strand annealing in conjunction 
with UL12 exonuclease (66–69). Recently, Valledor et al. showed that doxycycline-
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induced expression of ICP8 increased the targeting efficiency of a 65 nt ssODN 2.3-4.7 
fold up to 2.5 x 10-3 in HEK239-T cells, whereas expression of a humanized version of 
Beta reduced targeting efficiencies (70). Albeit the relative modest efficiency benefit 
from ICP8, this work provided a proof-of-concept for the potential of host-specific 
recombination factors to enhance ssODN-mediated targeting in mammalian cells.

After ssODN-directed gene modification was initiated three decades ago in S. 
cerevisiae by Sherman and co-workers (71), insight into the molecular processes that 
repress or stimulate the generation of genetic alterations by short ssODNs enabled 
step-by-step optimization of targeting protocols and the development of present-
day applications in pro- and eukaryotic cells. Even though targeting efficiencies are 
lagging behind in mammalian cells, the straightforward protocol and absence of 
additional components makes this method especially useful for the generation of 
many subtle gene variants in parallel. Protocols that enable highly efficient multiplex 
gene editing in E. coli and S. cerevisiae may well provide a glimpse of the potential 
of this technology for mammalian cells and therefore strongly motivate both 
fundamental and application-driven research.
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