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Abstract

Accurate subtle gene editing is relatively easily achieved by transfection 
of single-stranded oligodeoxyribonucleotides (ssODNs) that contain one 
or a few mutations and integrate during DNA replication. Previously we 
have shown the applicability of this method in mouse embryonic stem cells 
(mESCs) in a screen to classify variants of uncertain significance (VUS) 
related to the hereditary nonpolyposis colorectal cancer predisposition 
Lynch syndrome. In this study we extend the applicability of oligonucleotide-
directed mutation screening to human HAP1 cells. First we confirmed that 
LNA modification of ssODNs (LMOs) at the mutation of interest increased 
the targeting efficiency 100-fold in DNA mismatch repair (MMR) proficient 
HAP1 cells. Second, modification of the 5’-terminus with acridine (acr) 
substantially increased targeting efficiencies, especially for antisense LMOs. 
Surprisingly, 5’-acr modification led to a reversal of the optimal LMO 
orientation. Third, we found that reduced replication fork progression 
increased the efficiency for sense LMOs, but reduced antisense targeting. 
These observations demonstrate that different factors influence the optimal 
LMO polarity in unexpected ways, providing novel opportunities to 
optimize LMO-induced targeting in human cells. Finally we present a proof 
of concept for oligonucleotide-directed screening of MMR-related VUS in 
human cells by generating a premature stop codon in MSH6.

Introduction

DNA sequencing technology has progressed from a research tool in molecular 
biology to a valuable diagnostic tool in the clinic (1–3). Diagnostic sequencing reveals 
an ever increasing number of subtle genetic variants, identified both in patients and 
non-patients, of which it is often unclear if and how they affect human health and 
disease. These variants of uncertain clinical significance (VUS) pose an ongoing need 
for strategies that enable assessment of their functional relevance (4–6).

DNA mismatch repair (MMR) is one of the molecular pathways for which several 
in silico, biochemical and cellular assays have been developed to classify VUS (7–
13). Correct classification of VUS in MSH2, MSH6, MLH1 and PMS2 is of utmost 
importance as presence of a single deleterious mutation results in Lynch syndrome 
(LS). LS is a hereditary cancer predisposition condition that is characterized by the 
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early onset of colon cancer, as well as several other cancers including endometrial-, 
ovarian- and stomach cancer (14). Based on genetic testing, counseling and screening 
for (pre-)cancerous lesions can be personalized. This is a recommended strategy to 
detect cancer at an early stage and thereby to improve clinical outcome for LS patients 
(15, 16).

Previously, we have developed a cellular assay to study MMR VUS termed 
“oligonucleotide-directed mutation screening” (ODMS). Briefly, we used LNA-
modified single-stranded oligodeoxyribonucleotides (ssODNs) to recreate subtle 
genetic variants at endogenous loci of Msh2 and Msh6 in mouse embryonic stem 
cells (mESCs) (13, 17). Through selection for MMR-deficient clones by exposure to 
6-thioguanine (6TG), we were able to discriminate deleterious and benign variants. 
However, ODMS was developed and performed in mESCs, which precluded analysis 
of VUS that involve residues that are not conserved between man and mouse. Although 
we have been able to characterize some VUS related to splicing (18), deep intronic 
human variants cannot be studied in mESCs. Therefore we aimed to setup an efficient 
ssODN targeting protocol in a human cell line that enables the characterization of 
both human-specific exonic and extra-exonic MMR variants. A significant number 
of human cell lines have been targeted with ssODNs before, but many of these are 
deficient in MMR and are therefore not useful (19). Moreover, cells should ideally be 
haploid for the gene under study to enable straightforward assessment of a modified 
locus after a single gene modification event. Therefore, we decided to use the human 
cell line HAP1, which has a nearly haploid karyotype (20). HAP1 cells are adherent 
cells that were originally derived from the KBM7 chronic myeloid leukemia cell line 
(21, 22). Previously it has been demonstrated in a CRISPR/Cas9 mutagenesis screen 
that KBM7 cells are MMR proficient and that 6TG can be used to select for MMR- 
deficient clones (23).

In the present study we used a stably integrated GFP reporter gene to quantify and 
optimize ssODN-mediated gene targeting in HAP1 cells. We report for the first time 
that modification of ssODNs with LNA at the mutation of interest (LNA-modified 
ssODN (LMO)) increased the targeting efficiency in human cells 100-fold, similar to 
results obtained in MMR-proficient mESCs and Escherichia coli (24). Modification of 
the 5’-end of LMOs with acridine (acr) enhanced targeting efficiencies considerably, 
but was highly variable between sense and antisense LMOs. Interestingly, replication 
fork slowdown by hydroxyurea (HU) or thymidine treatment did not increase 
targeting efficiency universally but was also dependent on LMO orientation. These 
unanticipated results reveal novel parameters that dictate the efficiency of an LMO to 
create a predesigned base-pair substitution. Finally, we provide a proof of concept for 
the study of MMR VUS by ODMS in a human cell line.



159Replication-coupled gene editing in human cells

Methods and Materials

Cell culture

HAP1 cells were cultured as previously described (22). In brief, cells were cultured 
on regular cell culture plastics in Iscove’s Modified Dulbecco’s Medium (IMDM) 
supplemented with 10% fetal calf serum (FCS) and penicillin/streptomycin. For 
routine culture, cells were typically passaged 1:10 or 1:20 using 2.5% trypsin-
EDTA. For experiments we used cells that were in culture for no longer than two 
weeks, started from the same batch of cryopreserved vials. The GFP reporter gene 
was previously integrated into the ROSA26 locus through classical gene targeting 
but with the aid of a CRISRP/Cas9-induced DNA double stranded break (25). To 
determine the level of spontaneous formation of 6TGR

 clones, haploid or diploid cells 
were seeded at a density of 1.5 x 106 cells per 8.5 cm plate and exposed to 2.5-3.5 μM 
6TG for 7 days. Thereafter, cell medium was refreshed for medium without 6TG and 
the number of 6TGR clones was determined 7 days later.

ssODN-directed gene modification in HAP1 cells

One day prior to transfection cells were seeded to 6- or 12-well format at a density of 
7 x 105 or 2.8 x 105 cells/well, respectively. For transfection in 12-well format 1.2 μg 
ssODN and 3 μL Lipofectamine RNAiMAX (ThermoFisher) were separately diluted 
in 50 μL optimem. Directly thereafter both dilutions were combined and incubated 
for 5 min at room temperature. Directly thereafter the transfection mix was added 
dropwise to cells growing in antibiotic-free medium. For transfection in 6-well format 
quantities were scaled up by a factor of 2.5. After one day cell medium was refreshed 
with normal medium, unless otherwise indicated. For treatment with HU (Sigma-
Aldrich) and thymidine (Sigma-Aldrich), we freshly dissolved these compounds by 
vortex and short (5-10 min) incubation at 37 oC in PBS or MQ at a concentration 
of 10 mM and 200 mM, respectively. Solutions were sterile filtered (0.22 μm) before 
being administered to cells. HU was added 6 h before until 22 h post transfection. 
Thymidine was added 2 h before until 24 h or 48 h post transfection, unless otherwise 
indicated. LMOs were obtained from Eurogentec and were diluted in TE buffer (1 μg/
μL). A complete list of LMOs used in this study can be found in supplemental table 
S1.

For GFP targeting experiments cells were analyzed for GFP expression 5 days post 
transfection on a Calibur (Becton Dickinson) or Cyan ADP (Beckman Coulter) 
flow cytometer. Dead cells were excluded from analysis by use of live-dead marker 
propidium iodide (PI). Targeting of MSH6 was done in 6-well format. We determined 
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total cell number 2 days post transfection using a CASY counter (Schärfe System) 
and seeded cells to 8.5 cm plates at a density of 1.5 x 106 cells/plate. One day thereafter 
6TG was added at a final concentration of 2.5 µM. After one week 6TG containing 
medium was refreshed with regular medium and colonies were picked after one 
additional week. Picked colonies were expanded for 2-3 days in 96-well format; then 
genomic DNA was extracted by cell lysis and ethanol precipitation. We used regular 
PCR and Sanger sequencing to determine the genomic sequence of MSH6 exon 1.

Analysis of the genomic content of HAP1 clones

Cells were trypsinized and counted, and 1 x 106 cells were suspended into 5 mL cold 
PBS. Then cells were pelleted by centrifugation for 5 min and PBS was removed. To 
isolate nuclei the cell pellet was resuspended in 1 mL Nicoletti buffer (0.1% Sodium 
citrate and 0.1% Triton X-100) containing 50 µg PI/mL (26). After homogenization 
samples were kept on ice until analysis on a Calibur or Cyan ADP flow cytometer.

Sorting of haploid cells by flow cytometry

Fluorescence-activated cell sorting (FACS) was used to sort haploid HAP1 cells from 
a mixed population of HAP1 cells with haploid and diploid genotypes. Cells were 
trypsinized and suspended in FACS buffer containing 2.5% FCS in PBS at a density of 
20 x 106 cells/mL. Sorting was performed with a FACSAria Fusion (BD Biosciences) 
flow cytometer and haploid cells were selected based on the ~5% morphologically 
smallest cells in the population. For re-sorting of haploid clone H5, cells were stained 
with the DNA binding fluorescent probe Hoechst 33342 (Life Technologies Inc.) at 
a concentration of 0.1 mg/mL for 30 min at 37oC with 5% CO2. After removal of 
Hoechst containing medium and two wash steps with PBS, cells were suspended into 
FACS buffer as described above. In addition to cell morphology, haploid cells were 
selected based on their haploid genomic content. After sorting cells were expanded 
on 10 cm plates and cryopreserved.

Data analysis

Flow cytometry data obtained for GFP targeting experiments and staining of genomic 
content of isolated nuclei was analyzed using Summit v4.3 (Dako Colorado, Inc) 
software. Figures with flow cytometry data were prepared using FlowJo v10 (FlowJo, 
LCC). Statistical significance of targeting efficiencies was determined using Graphpad 
Prism 7 (Graphpad Software, Inc) as indicated in figure legends: two-sided Students 
t-test; one-way or two-way ANOVA, corrected for multiple testing by Holm-Sidak 
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method. Level of statistical significance was indicated as follows: not significant, 
ns; P<0.05, *; P<0.01, **; P<0.001, ***, P<0.0001, ****. For results close to statistical 
significance precise P-values are given. Sample size is given in supplemental table S1.

Results

Gene modification through ssODNs was pioneered in Saccharomyces cerevisiae and 
subsequently introduced in E. coli and mammalian cells (27–30). The predominant 
model describes that ssODNs integrate into the genome through a mechanism that 
is dependent on active DNA replication (reviewed by Aarts and te Riele (19)). In 
this model, replicative helicase activity leads to the unwinding of double-stranded 
DNA which allows ssODNs to hybridize to their target site. After binding, ssODNs 
are thought to be extended by replicative polymerases and hence become physically 
integrated into the genome (31, 32).

To study and optimize ssODN-directed gene targeting in HAP1 cells we made use 
of a stably integrated GFP reporter which was rendered inactive due to a mutated 
AAG start codon (Fig. 1A) (25, 32). Previously, we have shown that the GFP reporter 
can be activated in mESCs through restoration of the start codon by transfection 
of ssODNs that instruct the AAG>ATG single base substitution (32). Whereas 
transfection of a negative control ssODN to HAP1 cells with the GFP reporter had no 
effect, ssODNs instructing the GFP-activating substitution resulted in a population 
of green-fluorescent cells (Fig. 1B).

DNA MMR was reported before to suppress ssODN-mediated gene modification in 
E. coli, S. cerevisiae, mouse and human cells (33–38). Recently, we reported that LNA 
modification of the nucleotide that instructs the mutation of interest enabled evasion 
of DNA MMR in mESCs and E. coli (Chapter 2) (24). Similarly, we observed that LNA 
modification of ssODNs increased the targeting efficiency in HAP1 cells by ~100 fold 
and resulted in an efficiency of ~10-4 (Fig. 1C). Next, we assessed the optimal LMO 
length in HAP1 cells and found that LMOs of 21 nucleotides (nt) yielded the highest 
efficiency (Fig. S1A). Since it has been described that the observed targeting efficiency 
reflected by the appearance of green-fluorescent cells is highly dependent on the 
timing of analysis (32), we assessed the time-of-onset and stability of GFP expression 
after targeting with a sense LMO for a period up to 12 days (Fig. S1B). While one 
day after transfection, green cells were hardly detectable, after 2 days the number of 
green-fluorescent cells sharply raised; thereafter the number of GFP-expressing cells 
somewhat decreased, but remained stable from 5 days post transfection onwards. 
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This result is consistent with our previous observations in mESCs (32) and confirms 
the prevailing model that the sense LMO integrates into the non-transcribed strand, 
requiring a second round of replication to obtain expression of the mutation.
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Figure 1. GFP reporter to study and optimize LMO-directed gene modification in HAP1 
cells. (A) Schematic representation of the GFP reporter with a defective start codon (AAG), 
integrated into the ROSA26 locus of HAP1 cells. Below the target sequence, a 25 nt negative 
control ssODNs is shown and two targeting ssODNs with and without central LNA aimed to 
correct AAG>ATG. (B) Identification of GFP expressing cells by flow cytometry as readout 
for targeting efficiency. (C) Efficiency of unmodified and LNA-modified AAG correcting 25 
nt ssODNs with 5’-acr. (D) Efficiency of sense and antisense 21 nt LMOs with or without 5’-
acr modification. (E) Fold increase by 5’-acr modification of sense and antisense 21 nt LMOs, 
based on data from (D). Graphs indicate mean efficiency with SD (C, D) or with SEM (E). 
Data was obtained from four (C) and six to eight (D) independent experiments. Statistical 
significance was determined using Student’s t-test with Welch’s correction (C, E) or corrected 
two-way ANOVA (D).
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Already since the first reports on ssODN-directed gene modification there have 
been many contradicting findings concerning the optimal ssODN orientation in 
mammalian cells. The superiority of sense or antisense ssODNs has been attributed 
to the cell type, reporter gene, level of transcription, sequence context and timing of 
reporter readout (32, 39–42). In simple model organisms as E. coli and S. cerevisiae it 
has been established that the optimal orientation was determined by the ability of an 
ssODN to hybridize to the lagging strand template during DNA replication (28, 35, 
43–45). Because origins of replication are less well defined in higher eukaryotes, it is 
unclear whether hybridization to the lagging strand template also dictates the optimal 
orientation of ssODNs in mammalian cells. To shed light on this issue, we studied 
the effects of chemical LMO modification and interference with replication speed 
on the performance of sense and antisense LMOs. As described before in mESCs, 
also in HAP1 cells we found a strand bias, 21 nt sense LMOs yielding a 2-fold higher 
efficiency than antisense LMOs (Fig. 1D). Remarkably though, when we modified the 
21 nt LMOs with a 5’-acr moiety we observed that the antisense LMO outcompeted 
the sense LMO by a factor 2 (Fig. 1D). Whereas 21 nt sense LMOs gained a ~2-3 fold 
increase by the 5’-acr modification, antisense efficiencies increased ~10-fold (Fig. 
1E). The same effect was observed with 25 nt LMOs: 5’-acr modifications led to a 
much stronger efficiency increase for antisense than sense LMOs (Fig. S1C, D).

Previous work demonstrating that active DNA replication is required for effective 
gene editing by ssODNs (40, 46–49), elicited experiments to study the effect of 
modulating replication. For example, supplementing cells with compounds that 
relatively mildly affect replication speed led to increased targeting efficiencies in 
multiple cell lines (46, 47, 50–52). Here, we assessed if addition of HU, a compound 
that depletes the cell of dNTPs by inhibition of ribonucleotide reductase (53), could 
increase the LMO targeting efficiency in HAP1 cells. Whereas a high concentration 
(1 mM) of HU impeded targeting with a sense LMO, a ~2-fold efficiency increase 
was observed when cells were treated with 50 µM HU (Fig. 2A). Similarly we tested 
whether or not thymidine, a compound that leads to an imbalanced nucleotide pool 
(54), is beneficial for targeting. Thymidine was found to increase targeting efficiencies 
of the sense LMO 2-3 fold at 2 mM (Fig. 2B), similarly as in Hela cells (47). The 
optimal treatment conditions for HU and thymidine with sense LMOs, were also 
tested on antisense LMO integration. Remarkably, we observed a positive effect from 
HU and thymidine treatment on unmodified sense, but not on unmodified antisense 
LMOs (Fig. S2). In line with these results, also sense 5’-acr-LMOs clearly benefitted 
from slowing down replication fork progression, whereas the efficiency deteriorated 
for antisense 5’-acr-LMOs after HU or thymidine treatment (Fig. 2C-E). Thus, while 
the sense LMO moderately benefited from both 5’-acr modification and interference 
with DNA replication, the antisense LMO strongly benefited from 5’-acr modification 
but suffered from slow replication.
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Figure 2. Effect of hydroxyurea and thymidine treatment on GFP oligotargeting 
efficiency. (A) Oligotargeting efficiency for GFP-activating 21 nt sense LMO in HAP1 cells 
after treatment with increasing concentrations of hydroxyurea which was added 6 h pre- until 
22 h post transfection. (B) Oligotargeting efficiency for 21 nt 5’-acr sense LMO in HAP1 
cells after treatment with increasing concentrations of thymidine added 2 h pre- until 24 h or 
48 h post transfection. (C, D) Effect of 50 μM hydroxyurea (C) or 2 mM thymidine (D) on 
sense and antisense 5’-acr modified 21 nt LMOs. HU treatment was done similarly as in A; 
thymidine was given 2 or 8 h pre- until 48 h post transfection. (E) Ratio (Log2 transformed) 
of HU or thymidine treated over untreated targeting efficiencies for sense and antisense 5’-acr 
21 nt LMOs, based on data from C and D. Graphs indicate mean efficiency with SD, data was 
obtained from at least two independent experiments. Statistical significance was determined 
using one-way ANOVA (A) and two-way ANOVA (B-E), all corrected for multiple testing.

After having established LMO-directed gene modification in HAP1 cells (Fig. 1-2, 
S1-2), we realized that the batch of cells used thus far contained a relatively large 
proportion of diploid cells (Fig. 3A, left panel). Although cultured mammalian 
haploid cells tend to become diploid over time, cell populations can be enriched 
for haploid cells based on cell morphology and DNA content by FACS (21, 55–58). 
We therefore sorted the morphologically smaller haploid cells from the original 
batch and successfully obtained and cryopreserved a new batch containing 
clearly less diploid cells (Fig. 3A, right panel). Again we evaluated the targeting 
efficiency using sense LMOs with and without 5’-acr modification and with and 
without 2 mM thymidine treatment. In agreement with our previous results, a 
sense LMO gave the highest efficiency (2 x 10-4) when provided with a 5’-acr
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indicated above plots. (B) Targeting efficiency of 21 nt sense unmodified and 5’-acr modified 
LMOs in the absence and presence of 2 mM thymidine treatment added 2 h pre- until 48 h 
post transfection. Graphs indicate mean efficiency with SD, data was obtained from eight 
independent experiments. Statistical significance was determined using a two-way ANOVA 
corrected for multiple testing.

modification and in presence of thymidine (Fig. 3B). In order to achieve an enhanced 
targeting efficiency by thymidine treatment, it is essential that thymidine is present 
during the targeting procedure (Fig. S3A). Adding thymidine only before transfection 
did not enhance targeting. Although LMOs are degraded intracellularly during 
targeting (Chapter 3), we did not observe more green-fluorescent cells if we targeted 
cells repeatedly with a 1 h or 24 h interval (Fig. S3B).

Next, we investigated whether there exists cellular variation within the population of 
sorted HAP1 cells with respect to their oligotargeting efficiency. We manually picked 
and expanded 84 clones and analyzed their genomic content by flow cytometry to 
distinguish haploid and diploid clones. In parallel we targeted all clones with 21 nt 
5’-acr sense LMOs and determined the efficiency of GFP activation. Remarkably, 
we found that 61 out of 84 analyzed clones did not yield any green-fluorescent cell. 
By PCR we determined the presence of the GFP-reporter in nine randomly chosen 
clones which did not yield green cells after LMO targeting. But, in all of these clones 
we were able to confirm presence of the GFP-reporter (data not shown), suggesting 
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that the reporter was silenced. The remaining 23 clones which were amenable to 
GFP activation through LMO transfection, yielded a targeting efficiency that was in 
general higher than the parental cell line, but unexpectedly, 17 of these clones had 
already become diploid (Fig. 4A). The highest efficiencies were reached within the 
group of 17 diploid clones and were on average ~1.5 fold higher than the highest 
efficiencies obtained among the six haploid clones. This difference might be explained 
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Graph indicates mean efficiency with SD, data from at least two experiments (B) Schematic 
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after selection for MMR deficiency by 6TG. Targeted codon is highlighted in bold, encircled 
characters indicate targeted base.
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by the presence of two GFP-reporters in diploid cells, but could as well be related to 
morphological and growth differences between diploid and haploid clones. Several 
of these high efficiency clones were expanded and re-assessed for targeting efficiency 
and ploidy. Whereas the diploid clones seemed to have a stable karyotype (Fig. S4A), 
the haploid clones already contained a significant proportion of diploid cells (Fig. 
S4B). The majority of diploid and haploid clones yielded similar efficiencies before 
and after expansion, only one case showing a significant decline after expansion (Fig. 
S4C, D). 

Since clone H5 had retained the highest proportion of haploid cells and we were 
able to successfully sort haploid cells from this population based on Hoechst33342 
staining and cell morphology by FACS, we used this clone for setting up a protocol 
for phenotypic assessment of VUS within MMR genes. We designed sense and 
antisense 21 nt LMOs with a 5’-acr modification to exchange serine codon 24 (TCG) 
in the first exon of MSH6 for a premature stop codon (TAG) (Fig. 4B). Cells were 
transfected in 6-well format and 2 days post transfection we reseeded cells on 8.5 cm 
plates and started selection for MMR deficiency using 2.5 µM 6TG one day thereafter. 
After one week of 6TG selection and 1 additional week in regular medium, we 
picked colonies and isolated their genomic DNA. By PCR and Sanger sequencing we 
determined the sequence of MSH6 exon 1. Unexpectedly, all analyzed 6TGR clones 
appeared unmodified for the target locus (data not shown). The high number of 
6TGR background colonies that arose from the haploid cell population may originate 
from the fact that haploid cells have only one copy of each MMR gene. Hence, the 
random induction of a single deleterious mutation in one of these genes by 6TG 
would make haploid cells resistant to methylating agents and thus readily give rise to 
6TGR background colonies. Indeed, we found that the number of 6TGR background 
colonies was much higher in haploid cells than in diploid cells (Fig. S5).

As we have previously been able to achieve biallelic targeting in mESCs (Chapter 4), 
we tested targeting of MSH6 in two diploid HAP1 clones, B7 and A12. After exposure 
to 6TG, surviving colonies were picked and analyzed for the presence of the planned 
mutation. Somewhat surprisingly, we found multiple colonies in which the LMO-
encoded mutation was accurately incorporated (table 1, Fig. 4C). We did not observe 
a signal from the wild-type allele in most (8 out of 11) of the modified colonies, 
however, three clones revealed the presence of both mutant and wild-type alleles. 
These colonies were presumably the result of monoallelic targeting in combination 
with a 6TG induced mutation in the remaining allele. Alternatively, the sequencing 
data could represent an impure colony containing both biallelic modified cells and 
wild-type cells. Even though we were able to generate MSH6 S24X in two independent 
experiments, we did not succeed in isolating the pathogenic MSH2 VUS P622L using 
sense nor antisense 5’-acr LMOs (data not shown).
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table 1. Generation and isolation of diploid HAP1 clones with a premature stop codon in 
MSH6 through targeting with 5’-acr modified LMOs.

diploid 
Hap1 clone

replicate
experiment

5’-acr LMO 
orientation

MSH6 S24X modification

WT-allele 
lost

WT-allele 
present

unmodified 
clones

total 6TGR 
clones analyzed

A12 1 sense 0 0 6 6
antisense 3 1 2 6

2 antisense 1 1 3 5
B7 1 sense 0 0 10 10

antisense 1 0 14 15
2 antisense 3 1 15 19

 
Two diploid HAP1 clones (A12 and B7) were targeted with sense or antisense 5’-acr LMOs. 
Selection with 6TG enabled the isolation of multiple biallelic and monoallelic modified clones 
in two independent experiments using antisense LMOs.

Discussion

We demonstrate that LNA modification of ssODNs alleviated the suppressive effect 
of mismatch-repair in human HAP1 cells by ~100-fold, similar as previously shown 
in mouse and E. coli cells (24). Our HAP1 GFP targeting experiments furthermore 
revealed that sense and antisense LMOs responded differently to several parameters 
that were previously found to affect the efficiency of oligotargeting. Results from E. 
coli and S. cerevisiae demonstrated that ssODNs that can anneal to the lagging strand 
template during DNA replication provided the highest efficiencies (28, 35, 43–45). 
A plausible explanation is that the lagging strand template is longer exposed and 
therefore more readily accessible to annealing with ssODNs. A similar reasoning 
may apply to mammalian cells, however, definite proof is lacking because the precise 
locations of origin firing are ill-defined. As under normal growth conditions both 21 
and 25 nt sense LMOs were more efficient in generating a single base-pair substitution 
than their antisense counterparts, this would argue that the sense LMO hybridizes 
to the lagging strand template and the antisense LMO binds to the leading strand 
template. However, we made two observations that challenge this interpretation.

First, we observed a different outcome for sense and antisense LMOs when cells were 
treated with HU or thymidine. It has been demonstrated that aphidicolin or HU 
treatment leads to a reduced fork speed and increased exposure of single stranded 
DNA by uncoupling of helicase from polymerase activity: the MCM2-5 replicative 
helicase proceeds, whereas replicative polymerases pol δ and pol ε stall or lag 
behind (59–61). We propose that in this situation particularly the leading strand 
template becomes increasingly exposed giving access to a complementary ssODN. 
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As in our experiments exclusively the sense LMO benefitted from replication fork 
deceleration, this suggests that despite its initial superior performance, the sense 
ssODN preferentially hybridized to the leading strand template. However, alternative 
scenarios are also possible to explain the opposed effect from replication slow down 
on sense and antisense LMOs. E.g., the uncoupling of DNA polymerases from helicase 
activity may be asymmetric. Although recent single molecule imaging of eukaryotic 
replication in vitro demonstrated that leading and lagging polymerases have similar 
mean DNA synthesis rates (62), pol δ and pol ε might be differentially affected by an 
imbalanced dNTP pool. The discrepancy between sense and antisense LMOs could 
also be related to the asymmetric recruitment of proteins to the leading- and lagging-
strand upon HU-induced replication stress (63).

Second, to our surprise the addition of a 5’-acr modification to LMOs reversed 
the initial optimal orientation making antisense LMOs more efficient. Related 
observations were made previously in MMR deficient mESCs and human 293-T 
cells. Modification of 35 nt ssODNs with terminal LNAs increased the efficiency in 
mESCs only for antisense LMOs and thereby made in some cases sense and antisense 
ssODNs equally efficient (52). In 293-T cells 5’-acr modification of 25 nt sense 
ssODNs increased the efficiency 29-fold, whereas antisense efficiency improved 65-
fold (64). We previously showed that physical integration of the LMO into the genome 
is preceded by extensive endonucleolytic removal of 5’ nucleotides from the LMO 
(Chapter 3). A possible candidate for this activity is FEN1, an endonuclease involved 
in Okazaki-fragment maturation at the lagging strand. Thus, LMOs becoming part 
of the lagging strand may be more vulnerable to 5’-end degradation and, despite 
the higher chance of finding its chromosomal complement, ultimately produce lower 
levels of gene modification events than LMOs integrating into the leading strand. 
Furthermore, this deleterious effect of 5’-end degradation may be suppressed by 
5’-end modification causing end-protection or improved hybridization. Hence, 
the effect of 5’-acr modification is expected to be most beneficial to the ssODN 
hybridizing to the lagging strand template, which in our experiments would be the 
antisense ssODN.

Collectively, the benefit from replication slow-down for the sense ssODN and 5’-
acr modification for the antisense ssODN, would indicate that in our GFP targeting 
experiments the antisense, rather than the sense LMO, annealed to the lagging strand 
template. An experimental setup that allows control over the direction of replication 
at one or more target sites is needed to support this interpretation and to provide 
more insight into the conditions that determine optimal LMO polarity in relation to 
leading and lagging strand synthesis in mammalian cells.
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After optimization of LMO-mediated targeting, we subcloned the HAP1 cell line 
and observed that the resulting clones have highly variable targeting efficiencies, 
with 5-fold difference between the most efficient and the least efficient clones. This 
implies that among a pool of cells, some are more prone to successful targeting than 
others. In line with these results, we demonstrated that we can enrich for modified 
cells through selection for a second marker mutation (Chapter 4). Subtle clonogenic 
differences in e.g. proliferation speed, cell morphology, transfectability and ssODN 
degradation might explain such targeting variations. To optimize targeting efficiencies 
we therefore suggest to verify efficiencies in multiple clones and monitor obtained 
efficiencies over time.

To improve our previously developed mESC-based oligonucleotide-directed mutation 
screening protocol, we aimed to set up an efficient oligotargeting protocol that allows 
us to reliably classify MMR VUS in a human cell line. HAP1 seemed an attractive 
candidate because haploidy would only require a single targeting event to express 
a phenotype. However, we encountered two problems. First, HAP1 cells turned out 
to be highly unstable, rapidly producing diploid derivatives; secondly, the level of 
6TGR background colonies was high, possibly due to 6TG-induced mutagenesis in 
any of the four haploid MMR genes. Because of this high background, we did not 
succeed in isolating a pathogenic MMR variant in haploid HAP1 cells. However, we 
were able to generate a premature stop codon in MSH6 in two diploid clones through 
biallelic targeting with 5’-acr modified antisense LMOs. Here, 6TG selection led to 
the successful isolation of multiple clones that had incorporated MSH6 S24X. This 
finding demonstrates that HAP1 derivatives are in principle useful to generate MMR-
related VUS by LMO-mediated targeting and 6TG selection.

We do note that we were able to detect the intended MSH6 mutation by use of 
the antisense LMO with 5’-acr, but failed to isolate the proven pathogenic MSH2 
P622L variant. To setup a robust screening protocol an alternative approach might 
be required, which could involve the generation of hemizygous cell lines from the 
diploid HAP1 cells. Monoallelic introduction of VUS through LMO-mediated gene 
modification is then sufficient to functionally study VUS, similar to the approach for 
classification of MSH2 and MSH6 VUS in mESCs (13, 17).

To conclude, we have successfully developed a LMO-mediated gene modification 
protocol in human HAP1 cells for the generation of subtle mutations. LNA 
modification of ssODNs increased the targeting efficiency by 2 orders of magnitude, 
similar to results obtained previously in mESCs and E. coli (24). We also showed 
that efficiencies can be further enhanced by inclusion of an acridine moiety at 
the 5’-terminus. Notably, we found that the extent of efficiency increase for 5’-acr 
modification is strongly dependent on LMO orientation. Especially antisense LMOs 
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benefitted from this modification and thereby became more efficient than sense 
LMOs. Conversely, we found that reducing replication speed by HU or thymidine 
solely increased the targeting efficiency of sense LMOs. Antisense LMOs with 5’-
acr became even less efficient if combined with HU or thymidine treatment. After 
subcloning and selection of clones with increased targeting efficiency for GFP, we 
successfully generated and isolated MSH6 S24X by 6TG selection in two diploid 
clones that were derived from the HAP1 cells. Thereby we demonstrate that HAP1 is 
potentially a suitable cell line to functionally assess and classify MMR related VUS in 
a human context.
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Figure S1. LMO length optimization and GFP targeting efficiency of 25 nt sense and 
antisense LMOs. (A) Targeting efficiency of LMOs of 17-45 nt in length. 120 pmol of LMO 
was used to transfect HAP1 cells seeded one day before to 12-well format. (B) Observed 
targeting efficiency, calculated from the number of green-fluorescent cells, after transfection 
of 21 nt sense LMO over a period of 12 days. (C) Efficiency of sense and antisense 25 nt LMOs 
in the presence and absence of 5’-acr modification. (D) Fold increase by 5’-acr modification 
on sense and antisense 25 nt LMOs, based on data from (C) and plotted as mean with SEM. 
Statistical significance was determined using corrected one-way ANOVA (A, B, D), corrected 
two-way ANOVA (C) or Student’s t-test with Welch’s correction (D). Graphs indicate mean 
efficiency with SD (C) or SEM (D). Data was obtained from four or five (A, B) and eight (C) 
independent experiments.
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Figure S2. Effect of hydroxyurea and thymidine treatment on GFP targeting efficiency of 
unmodified 21 nt LMOs. (A) Oligotargeting efficiency for 21 nt sense and antisense LMOs 
in HAP1 cells after treatment with 50 μM hydroxyurea which was added 6 h pre- until 22 h 
post transfection. (B) Oligotargeting efficiency for 21 nt sense and antisense LMOs in HAP1 
cells after treatment with 2 mM thymidine added 2 or 8 h pre- until 48 h post transfection. (C) 
Ratio (Log2 transformed) of HU or thymidine treated over untreated targeting efficiencies 
for sense and antisense 21 nt LMOs, based on data from (A) and (B). Graphs indicate mean 
efficiency with SD, data was obtained from at least two independent experiments. Statistical 
significance was determined using a two-way ANOVA, corrected for multiple testing.
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Figure S3. Parameters for optimal targeting using thymidine treatment. (A) Relative 
targeting efficiency of 21 nt sense 5’-acr-LMO in re-sorted HAP1 cells in the presence of 2 
mM thymidine. Treatment started 24 h (24-0) or directly (0-24, 0-48) before transfection of 
LMOs and was ended directly before (24-0) or 24 h or 48 h (0-24, 0-48) after transfection, 
respectively. (B) Relative targeting efficiency of 21 nt sense 5’-acr-LMO transfected once or 
twice with a 1 h or 24 h interval in the absence and presence of 2 mM thymidine added 2 h 
pre- until 48 h post transfection. Graphs indicate mean efficiency with SD, data was obtained 
from at least two independent experiments. Statistical significance was determined using a 
one-way ANOVA (A) or two-way ANOVA (B), both corrected for multiple testing.
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Figure S4. Nuclear content and oligotargeting efficiency of different diploid and haploid 
subclones after cell expansion. (A, B) Histograms of PI-stained nuclear content from diploid 
(A) and haploid (C) clones after expansion for cryopreservation. (C, D) Mean oligotargeting 
efficiency with 21 nt sense 5’-acr-LMO before and after expansion of diploid (C) and haploid 
(D) subclones. Targeting efficiencies were obtained from two biological replicates; error bars 
represent SD. Statistical significance was determined with a Student’s t-test corrected for 
multiple testing.

Figure S5. Spontaneous formation of 6TGR clones upon 6TG exposure for haploid and 
diploid HAP1 clones. Frequency of 6TGR colony formation is given for one haploid and six 
diploid HAP1 clones from 2 to 6 independent experiments. A corrected two-way ANOVA was 
used to compute the statistical significance (asterisks) of the overal difference in spontaneous 
6TGR  clone formation from diploid clones versus the single haploid clone.
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Supplemental table 1. Sequences of ssODNs used in this study

ssODN Sequence 5’-3’ Sample size
 

Fig. 1C  
- LNA Acr-GAGCCGCCACCATGGCCTATGCATC 4
+ LNA Acr-GAGCCGCCACCA{T}GGCCTATGCATC 4

Fig. 1D  
21nt sense GCCGCCACCA{T}GGCCTATGCA 8
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 6
21nt antisense TGCATAGGCC{A}TGGTGGCGGC 8
21nt antisense + 5’-acr Acr-TGCATAGGCC{A}TGGTGGCGGC 7

Fig. 2A, B  HU Thy
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 4 2

Fig. 2C, D -HU +HU -Thy
+Thy 
(2h)

+Thy 
(8h)

21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 6 2 4 4 4
21nt antisense + 5’-acr Acr-TGCATAGGCC{A}TGGTGGCGGC 7 2 4 4 4

 
Fig. 3B -Thy +Thy
21nt sense GCCGCCACCA{T}GGCCTATGCA 8 8
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 8 8

 
Fig. 4A  
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 2

Fig. 4B  
MSH6 S24X sense Acr-AACAAGGCCT{A}GGCCAGGGCC 2
MSH6 S24X antisense Acr-GGCCCTGGCC{T}AGGCCTTGTT 2

Fig. S1A  
17nt CGCCACCA{T}GGCCTATG 5
19nt CCGCCACCA{T}GGCCTATGC 5
21nt AGCCGCCACCA{T}GGCCTATGCAT 5
25nt GAGCCGCCACCA{T}GGCCTATGCATC 5
29nt TAGAGCCGCCACCA{T}GGCCTATGCATCGA 5
35nt TTCTAGAGCCGCCACCA{T}GGCCTATGCATCGAGCT 4
45nt CCCAATTCTAGAGCCGCCACCA{T}GGCCTATGCATCGAGCTTGGAT 5

Fig. S1B  
21nt GCCGCCACCA{T}GGCCTATGCA 4

Fig. S1C  
25nt sense GAGCCGCCACCA{T}GGCCTATGCATC 8
25nt sense + 5’-acr Acr-GAGCCGCCACCA{T}GGCCTATGCATC 8
25nt antisense GATGCATAGGCC{A}TGGTGGCGGCTC 8
25nt antisense + 5’-acr Acr-GATGCATAGGCC{A}TGGTGGCGGCTC 8

Fig. S2A, B -HU +HU -Thy
+Thy 
(2h)

+Thy 
(8h)

21nt sense GCCGCCACCA{T}GGCCTATGCA 10 4 4 4 4
21nt antisense TGCATAGGCC{A}TGGTGGCGGC 8 2 4 4 4

Fig. S3A 0-0 24-0 0-24 0-48
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 4 4 2 2

Fig. S3B 1x 2x (1h) 2x (24h)
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 6 4 2

Fig. S4B, D  
21nt sense + 5’-acr Acr-GCCGCCACCA{T}GGCCTATGCA 2

Acr indicates modification with 6-chloro-2-methoxyacridine, { } indicates locked nucleic acid 
(LNA).
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