
1 

 

 
 

 

 

GENOME EDITING VIA CRISPR/CAS9 TARGETED  

INTEGRATION IN CHO CELLS 

Catarina Andreia Martins Freire • Catarina.freire@tecnico.ulisboa.pt • November 2017 

BOKU, Vienna, Austria • Instituto Superior Técnico, Lisbon, Portugal 

Targeted knock-in (KI) of a gene of interest via the 

CRISPR/Cas9 system in CHO cells is typically achieved 

through a homology dependent repair (HDR) based 

integration. The insertion is limited by the relative low 

occurrence of HDR when compared with non-homologous 

end-joining (NHEJ) repair, which is the dominant repair 

mechanism in mammalian cells. The successful 

implementation of a NHEJ-based KI approach in CHO cells 

was obtained yielding increased integration rates when 

compared with the homology based approach. Antibiotic 

selection was performed to improve KI and 5 different 

genomic loci were tested allowing to establish a parallel 

between integration efficiency and chromatin structure. It 

was determined that tackling actively transcribed genes, 

like COSMC or Fut8, resulted in higher integration rates 

when compared with intergenic regions. Despite its 

promising potential as a simpler and more efficient KI 

method, NHEJ-based approach had an average BFP (gene 

of interest) copy number of 8.9 per cell against only 2.6 

using the homology strategy. To improve KI rates while 

avoiding the use of antibiotic selection markers, chemical 

treatment enhancing HDR and fluorescent enrichment 

were tested. FACS enrichment resulted in a 5- or 12-fold 

increase in the number of cells expressing fluorescence 

with, respectively, NHEJ- or HDR-mediated genome 

editing. Chemical treatment did not improve targeted 

integration. The results presented are preliminary, 

requiring further tests.  
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Chinese hamster ovary (CHO) cells are the preferred 

production host of biopharmaceuticals given their capacity to 

produce complex therapeutics compatible with humans. 

Genome editing is a crucial step to allow higher cellular 

production capabilities and improve product quality1. Until 

recently, cell engineering was based on random integration 

and large-scale screening. The development of the bacterial 

clustered regularly interspaced short palindromic repeat 

(CRISPR) /CRISPR-associated protein 9 (Cas9) gene editing 

system provided the ability to induce targeted modifications in 

CHO’s genome2. The CRISPR/Cas9 system enables rapid, 

easy and efficient engineering of mammalian genomes and it 

has a wide range of applications from modification of individual 

genes to genome-wide screening or regulation of genes3. In 

this system, a single guide RNA (sgRNA) complexes with Cas9 

nuclease, which recognizes a variable 20-nucleotide target 

sequence located next to a 5’-NGG-3’ protospacer adjacent 

motif (PAM) and introduces a double strand break (DSB) in the 

targeted DNA3,4. Gene modifications are achieved using the 

cells endogenous repair mechanisms, mainly through non-

homologous end-joining (NHEJ) and homology-directed repair 

(HDR)5. NHEJ repairs DNA DSB by simply joining the broken 

ends often originating small insertions/deletions (indels). For 

this, it is used to generate knock-outs (KO) in specific genes4,6. 

By contrast, the HDR pathway mediates a strand-exchange 

process based on homology regions, repairing the DNA strand 

accurately. Site-specific transgene integration can be achieved 

if the cell is co-transfected with a donor vector (DV) containing 

the gene of interest (GOI) flanked by homology arms (HA) 4,6,7. 

In mammalian cells, DSBs are mostly repaired through NHEJ 

pathway since it is active throughout all cell cycle. Contrary to 

HDR which is inactive in non-dividing cells8 – occurring during 

and shortly after DNA replication, when chromatin is more 

easily acessible9. As mentioned, CRISPR can be used to 

inactivate –KO – endogenous genes or integrate – knock-in 

(KI) – GOI. The KI of functional gene cassettes has provided 

multiple opportunities for in vivo functional analysis of genes 

and other genetic components and in terms of production of 

biopharmaceuticals mainly in CHO cells10. Currently, most 

studies have focused on HDR-based strategies for KI, 

however, non-homologous dependent strategies for  

CRISPR-mediated KI have been reported by multiple 

groups recently 7,10–12. 

The main goal of this study was to establish a CRISPR/Cas9-

mediated KI protocol for CHO while testing the premise that 

NHEJ leads to higher integration rates than HDR. Antibiotic 

selection was used to induce KI and additional strategies, as 

cell sorting and chemical additives, were also tried.  

 

RESULTS AND DISCUSSION  

 

Evaluation of gRNA efficiency in CRISPR/Cas9 system 

4 different genomic loci in CHO cells, with a total of 5 gRNAs, 

were tested (Fig 1A). Three gRNAs are located in actively 

transcribed regions: one in C1GALT1C1 (COSMC) encoding 

the C1GALT1-specific chaperone 1 and two in Fut8 encoding 

the Alpha-(1,6)-fucosyltransferase – both encode proteins 

involved in O-  and N- glycosylation, respectively13,14. The 

remaining two gRNAs are located in intergenic regions 

previously determined to be inserted in highly active gene 

clusters in CHO-K1 cells15. These regions were named NuFa 

and SuC. COSMC and Fut8 were chosen based on multiple 

articles covering the Cas9 cutting efficiency and different 

methods to improve targeted KI at those loci 2,16,17. Fut8 

contains 11 exons and the gRNA constructs target exon 2 

(Fut8_E2) and intron 4 (Fut8_I4). The gRNA from COSMC is 

in the exon.. To compare the activity of the designed sgRNAs, 

CHO-K1 cells were transfected with the Cas9 expression 

vector and each of the 5 sgRNAs to introduce DSBs at desired 

loci. The efficiency was measured based on the mutation 

frequency using the SurveyorTM nuclease assay. The assay 

was performed 4 days after transfection and indel events were 

observed for all 5 sgRNAs (Fig 1B). Using ImageJ software 

analysis, the percentages of indels varied between 16% 

(NuFa) – 24 % (Fut8_I4) while the GC control resulted in a 

mutation incidence of 20% (Fig 1B). 

KI rate comparison between NHEJ and HDR 

CHO cells were transfected with the Cas9+sgRNA expression 

vector together with corresponding DV. For the HDR-based KI, 

DV were constructed using ~1kb HA flanking the GOI – 



puromycin (Puro) resistance gene fused to a blue fluorescent 

protein (BFP) by a T2A linker. In the NHEJ approach the GOI 

was surrounded by the gRNA+PAM motif inverted to avoid the 

re-establishment of the Cas9 cutting pattern after integration 

(Fig 1C). In the latter, the Cas9 recognizes three cutting sites 

while in HDR KI the nuclease only cuts once. 4 controls were 

performed: Mock, consisting of cells that went through the 

transfection process but without any actual plasmid DNA; 

CHO-K1 cells transfected only with either Cas9 expressing 

vector – without any gRNA cloned –, BFP/Puro DV vector – 

without flanking regions –, or a combination of both. Mock 

shows how cells are affected by electroporation while using 

only the pX458(Cas9) allows to discard any effects caused by 

this plasmid. The remaining two controls show the random 

integration rate. Cultivation was performed with and without the 

addition of 8 µg mL-1 Puro to culture medium to assess if the 

use of antibiotic can increase integration. When the DSB is 

successfully repaired via NHEJ or HDR the Puro-BFP fragment 

is inserted at targeted locus resulting in both Puro resistant and 

BFP expressing cells. This allows direct assessment of KI 

efficiency by flow cytometry (Fig 1D) as well as determination 

of the effects of antibiotic selection in KI since the expression 

of the resistance is mandatory for survival.  

Consistent with previous studies 4,7,11,12, a higher KI rate it was 

observed while using a NHEJ-based approach in cells 

untreated with Puro (Fig 1D 1st row). For all samples, 

transfection efficiency had a minimum of 68% and by day 12 

viability was above 90% (Supplementary Info III) In the 

absence of Cas9 and/or DV, no BFP+ cells were detected. The 

steep decrease in BFP+ cells between 5d and 8d is explained 

by the lack of a selective pressure to stimulate the integration 

of the BFP-Puro insert and therefore, only transient expression 

occurred 21. After 12d the remaining BFP signal is a result of 

stable integration consisting of a mixture of targeted as well as 

random GOI insertion. When the BFP/Puro DV empty vector 

was transfected alone or together with empty Cas9 vector, 

BFP+ cells were observed at frequencies of 0,26% and 0.14%, 

respectively, 16d after transfection. At the same time point, 

BFP+ cells varied between 2.2% – 1.4% for NHEJ and 0.42% 

– 0.25% for HDR in the targeted loci. That represents an 

average 5-fold increase between both repair methods. For 

both, homology dependent and independent strategies, 

Fut8_I4 was the site with the highest KI rate followed by 

Fut8_E2 (1.8% in NHEJ; 0.4% in HDR). For NHEJ, COSMC 

had 1.8%, NuFa 1.4% and SuC 1.2%. The difference is 

somewhat lost in the HDR assay given the small BFP+ 

percentages obtained – COSMC, NuFa and SuC have 

between 0.25%-0.28%. Chromatin conformation constitutes an 

important factor in the use of CRISPR systems since chromatin 

modifications and DNA packaging can block eukaryotic 

genome editing endonucleases like Cas9 and hence, prevent 

the insert from approaching the cutting site for targeted 

integration 22–24. DNA encoding actively transcribed genes, as 

FUT8 and COSMC, is more loosely packed allowing Cas9 and 

the insertion template to gain access to the DNA and do a 

successful targeted KI. This explains why the three sites tested 

on the genes resulted in a higher KI rate compared to NuFa or 

SuC, which were both targeting in intergenic regions and 

therefore, located in tighter packed regions of the genome with 

less accessibility for genome modification tools and DNA repair 

components 25.When treated with Puro (Fig 1D 2nd row), cells 

are under pressure to intake the antibiotic resistance gene 

since the expression of the resistance is mandatory for survival. 

BFP expression was elevated thought out the entire cultivation 

time of 19 d, however, cell viability dropped to values varying 

from 0.2% to 15% for the controls, 16%-20% and 6%-10% for 

either NHEJ or HDR subjected cells (Supplementary Info VII). 

Viabilities recovered from day 12 forward. The cells that 

underwent NHEJ-mediated KI resulted in higher BFP 

expression during an earlier stage of cultivation compared to 

the HDR-based KI samples. NHEJ-KI samples also recovered 

faster from the antibiotic selection pressure. Given the 

selective character of antibiotic pressure, it was expected that 

all tested loci originated cells that stably integrated the GOI in 

a targeted manner but as comparable BFP expression rates 

were achieved using the nonspecific controls. Thus, it can be 

concluded that random integration occurred partially. Both 

controls containing the Puro-BFP empty vector showed 

approximately minus 20% BFP expression than specific 

samples in both, NHEJ and HDR, mainly between days 8 and 

12. Therefore, it can be assumed that the difference between 

those two sample types is stable integration. As observed for 

Puro-free cultivation, higher BFP rates were obtained for the 

regions targeting active genes in detriment to intergenic 

regions.  

Using CRISPR/Cas9 as a homology-independent integration 

method based on the NHEJ mechanism and double cutting of 

the DV proved to be a more efficient alternative to the classical 

HDR-mediated approach resulting in higher insertion rates. 

However, for NHEJ and HDR KI the DVs were transfected with 

equal mass amounts and not at equimolar quantities. Given 

that, the HDR DV is 2 kb larger than NHEJ DV cells had a lower 

number of plasmids/cell in the HDR strategy, which can explain 

the differences in KI % observed all throughout the study. Since 

the amount of DNA transfected is an important factor to assure 

a successful integration 16, a smaller DV allows to provide more 

plasmid copies in less DNA mass – another advantage of using 

a NHEJ approach instead of HDR. 

 

Detection of targeted integration  

Successful targeted integration of GOI was verified by 5’- and 

3’-junction PCR targeting genome-donor boundaries. A GOI 

only PCR (insert PCR) was also performed (Fig 2A). After 16d 

in culture, gDNA was extracted from all integration sample cells 

pools and controls. Extracted gDNA samples were used in 

equal amounts of 50 ng as template for the PCRs. The NuFa 

locus junction PCRs (Fig 2B) in control samples cultivated 

without Puro did not show any discernible bands. In the specific 

samples without Puro, the NHEJ-KI approach resulted in more 

intense bands when compared with HDR-based integration. 

Amplicons are visible in both junction PCRs. For Puro treated 

samples both strategies yielded more intense signals than 

samples not grown under antibiotic pressure, with HDR 

showing a higher off-target primer activity. Similar results were 

obtained for SuC, COSMC and both Fut8 targeted regions 

(Supplementary Info V) with a higher PCR amplification of 

targeted region for NHEJ strategy samples as well as after 

Puro selection. Cells co-transfected with both empty vectors 

(EVs) and treated with Puro also displayed a band at the 

expected amplicon size (Fig 2B red arrows) that might be a 

contamination that occurred during sample handling or an 

unspecific product due to poor primer design or optimization. 

For the remaining tested loci unspecific bands were also 

visualized but not at the same size as the expected amplicon. 

All primer pairs used in this study require further optimization 

or even replacement for better, more specific, primers. 

Intergenic regions, as is the NuFa locus, are known to have 

many repetitive parts26 making it more complicated to design 

primers with zero off -targets. Another situation affecting primer 
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pair match is the high AT-content in NuFa versus high GC-

content in the GOI27,28. The GOI PCR results in a 900 bp long 

amplicon (Fig 2C). Again, mock and Cas9 EV cultivated 

without antibiotic selection did not show any bands. The 

remaining controls had faint signals with comparable intensities 

as HDR-KI samples. Non-homologous repair cell pools 

resulted in signals with stronger intensities. Regarding Puro 

treated cell pools, intensities throughout all samples, including 

both empty DV containing controls, were consistently stronger 

when compared with the Puro-less pools. Thereby, the 

increase in signal intensity between the pTagBFP-Puro-

2xMCS control with and without Puro was not as significant as 

for the remaining samples. As before, also for the pools treated 

with antibiotic, stronger GOI amplification was detected for 

NHEJ-mediated KI samples compared to the corresponding 

HDR version. 

For the junction PCRs certain outcomes were not taken into 

consideration when designing the analysis strategy such as the 

non-directional aspect, especially in terms of the non-

homologous KI. Since the homology-independent repair 

mechanism depends on blunt ends, the inserted portion can 

just as easily be integrated in the opposite direction rendering 

both junction PCRs irrelevant. So, the obtained NHEJ band 
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Figure 1 | Genome editing in CHO cells by CRISPR/Cas9. A. Illustration of the gRNAs genomic target sites in Fut8, COSMC, and intergenic 

regions. Red lines show the gRNA position, exons are depicted as arrowed boxes and introns as continuous lines. B. Gel electrophoresis analysis 

of samples treated with SurveyorTM nuclease. Yellow arrows mark the digested fragments. EV = empty control. Δ = mutated sample. In the control, 

+ indicates the sample treated with the nuclease. L, 100bp GeneRuler. Calculated indel frequency of gRNA (main axis, blue) and transfection 

efficiencies based on GFP positive cells (secondary axis, green). C. BFP expression as a function of days after transfection. Cells were either co-

transfected with NHEJ- (1st column) or HDR-DV (2nd column) together with Cas9 expressing vector, both loci specific. Cells were kept in Puro free 

media (1st row) or in medium supplemented with 8 µg mL-1 Puro (2nd* row). 
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intensities are most likely a result of one part of the integration 

events that occurred. This situation can be broader if genomic 

rearrangements of CHO cells29–31 and partial integration are 

considered. Insertions, deletions translocations, and flip-overs 

will affect NHEJ- as well HDR-based approaches equally. 

Furthermore, if those rearrangements occur in the primer 

binding regions amplification will not be possible anymore. 

Hence, no absolute results can be withdrawn from the 5’- and 

3’-junction PCRs. However, since the NHEJ strategy appears 

to be more affected by the error-prone primer designs / PCRs 

than HDR and still resulted in amplicons with stronger 

intensities (Fig 2B), it can be concluded that using a non-

homology KI originates more targeted integration events when 

compared to the classical HDR method. A possible solution is 

to do a complementary out-out PCR using primers that only 

bind at the NuFa locus outside the homology regions. With this 

method it would also be possible to investigate integration at 

both alleles: i) homozygote: a thick band at one size only (either 

wt without GOI or modified with GOI) and ii) heterozygote: a wt 

band and a modified band. Nevertheless, the elongation per 

cycle during the out-out PCR would be very long since a 

template of a minimum of 3 kb (GOI and the two up- and 

downstream homologous regions) would need to be amplified 

resulting in an overall long PCR time, which makes the PCR 

inefficient. Additionally, the amplification of longer DNA 

fragments out of a mixed cell pool can be more complicated 

than having a consistent template. Insert PCR primers did not 

result in any unspecific bands but could potentially also been 

affected by genomic changes. However, those are not 

integration method dependent and therefore, it can be 

assumed that if rearrangements occurred during the cultivation 

they appeared, most likely, at the same level throughout all 

samples. This allows to give some significance to Fig 2C 

results. To better compare samples, less amount of template 

DNA should be used since, as it is, most bands are over-

exposed preventing a direct comparison between band 

intensities.  

Single cell analysis - Fluorescence 

To explore if both strategies could produce stable KI clones at 

high efficiency, NuFa locus was chosen out of the 5 CHO target 

sites to undergo a more extensive analysis obtaining statistics 
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Figure 2 | Targeted GOI integration and fluorescence expression. A. Schematic illustration of GOI and 5’- and 3’-junction PCRs. B&C. Evaluation 

of targeted integration using CRISPR/Cas9 into selected CHO loci. Agarose gels of the (B) 5’- and 3’- junction PCRs on stable NuFa cell pools and 

of the (C) insert PCR on stable cell pools from all tested sites. Arrows indicate expected band size. L, 1kb Gene ruler DNA ladder. D-G. Flow 

cytometer data. First column (forward vs. side scatter) has viability in Gate A (yellow), second BFP expression (FL9 intensity vs. count) in Gate I 

(blue), and third eGFP expression (FL1 intensity vs. count) in Gate B (red). Regarding BFP expression, (D) represents a defined peak, (E) a broad 

peak, (F) no BFP expression, and (G) multiple populations plus eGFP expression. H. Graphic representation of single cells sorted in the BFP 

patterns D-G and eGFP expression (%) in expanded cells comparing both methods. I. Agarose gel of eGFP specific PCR. L, 1kb GeneRuler DNA 
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on targeted integration, inserted gene expression and copy 

number. From both NHEJ and HDR-based KI pools cultivated 

under Puro selection cells were diluted with a final goal of 1.5 

cells/well. The resulting 192 monoclonal cells lines were 

screened for targeted integration through colony PCR using 

cell lysates (result not showed). Since all tested cell lines were 

previously selected using Puro, the GOI PCRs were all positive 

as accepted and hence, all cell lines had integrated the insert 

containing BFP and the Puro resistance gene. As mentioned in 

the previous sections, there are an array of situation not 

accounted for the junction PCRs as well as a possibility of 

unspecific amplification using NuFas primer pairs for both, 5’- 

and 3’-junction, PCRs. Therefore, no distinct conclusion 

comparing the two employed strategies can be made from the 

screening. Additionally, the use of cell lysates as templates 

conferring a high variability in DNA content per reaction 

exacerbated variations in signal intensities for the performed 

PCRs and thus, inducing a screening specific bias. 

A total of 47 clonal cell lines, 25 (samples 1-25) originated from 

the NuFa NHEJ-based KI strategy and 22 (samples 26-47) 

from HDR, were selected for proper characterization. For 

phenotypic characterization of the clonal NuFa NHEJ- or HDR-

KI cell lines the BFP expression was investigated trough flow 

cytometry. BFP expression was also measured on a second 

time point to exclude cell culture dependent expression results 

(results not shown). Comparable results were achieved for 

both measurements. Flow cytometry raw data from the first run 

can be found in the Supplementary Info VII. In terms of 

viability all 47 analysed single cells achieved comparable 

values ranging from 90% up to 98% as well as equal population 

formation (Fig 2D-G). Inconsistent BFP expression patterns 

were observed for all cell lines. Therefore, BFP expression 

groups were defined and the clonal cell lines were sorted into 

those groups according to their obtained expression pattern 

(Fig 2D-G). The BFP histogram can have multiple different 

profiles: i) either a defined (Fig 2D) or ii) a broad peak (Fig 2E) 

or iii) multiple peaks/populations (Fig 2G). The latter indicates 

a possible existence of more than one population, which can 

be a result of having not monoclonal cell lines or the 

appearance of subpopulations during cell cultivation as an 

effect of genetic CHO instability. From 43 cells only 7 had a 

single defined peak. 4 cell cultures (10, 17, 41 and 42), showed 

a very low percentage of cells expressing BFP (Fig 2F). As 

mentioned before, expressing BFP is a burden on cells 

metabolism, so a cell that silences it, through mutation, 

translocation or epigenetic regulation, would be more 

competitive than the remaining, creating a subpopulation. 

Depending on GOI copy number different populations could 

arise. For example, if one cell line had 2 initial copies in its 

genome 3 subpopulations could appear: none active and just 

one active (location might cause different fluorescent 

intensities).  

During BFP expression analysis of all 47 generated clones, 

unexpected eGFP expression for most of the cell lines was 

detected (Supplementary Info VII) – thereby, only a small 

subpopulation was measured as eGFP positive. Also here, 

comparable to the BFP pattern, defined eGFP expression 

profiles were observed and classified. Fig 2G shows an 

example with high eGFP expression and the existence of two 

distinct populations. The HDR-KI strategy yielded higher 

percentages of expressing eGFP cells compared with the 

NHEJ method (Fig 2H). The majority of HDR samples had 

above 15% of eGFP expression. Another correlation can be 

made between BFP peak pattern and GFP expression, as all 

samples categorized as having a defined peak have under 5% 

of eGFP expression. The inverse cannot be stated, as many 

low expressing eGFP cells have a broad BFP peak. 

Dying/death cells tend to have autofluorescence, which can be 

detected by the FL1 channel, the same channel as used for the 

GFP measurement. A PCR using eGFP specific primer was 

performed to investigate whether the detected fluorescence 

signal resulted from random eGFP integration or the 

autofluorescence of dying cells. 4 samples of each KI method 

were chosen for investigation (Fig 2I). Out of the 8 analyzed 

cell lines 7 had a visible amplicon at the same sizes as the 

positive control. Only single cell 17 does not resulted in eGFP 

amplification. Comparison of the flow cytometer data of sample 

17 with the eGFP PCR result also indicated no eGFP 

expression, however, no correlation between the PCR signal 

intensities and eGFP expression patterns could have been 

made for the remaining cell lines. The eGFP gene is encoded 

on the pX458(Cas9) vector. With this PCR partially or complete 

integration of the nuclease plasmid was confirmed. When 

transfecting plasmid DNA, sometimes random integration of 

DNA can occur. This is likely due to the plasmid having been 

inadvertently linearized through sheering during preparation or 

possible DNAse activity31. Moreover, these findings gave an 

indication that the generated single cell lines are not 

monoclonal cultures. If the single cell picked from the 96-well 

plate was expressing eGFP the resulting cell suspension 

should be evenly expressing the fluorescent protein. Setting 

the target for limiting dilution to 1.5 cells per well may have 

increased the frequency of multiple cells per well, which 

clustered together appearing to be only one during selection. 

Also, CHO genome instability, rearrangements during or after 

clonal cell line production, or a subsection of a monoclonal 

population silencing the eGFP gene could be an explanation 

for this result.  

 

Single cell analysis - GOI copy number and expression 

assessment  

Through qPCR the cellular GOI copy number was determined. 

Copy number values were obtained using BFP specific primers 

and gDNA from each generated single cell line as template (Fig 

3A). To investigate the GOI integrations per cell, a calibration 

curve using the pTagBFP-Puro-2xMCS plasmid with defined 

copies was generated. Each qPCR run included a no template 

control, a mock control and two spiked mock controls with 

either 1 or 5 pTagBFP copies per cell. Samples were analysed 

in duplicates. Mock had a copy number of 0.02 ± 3.03 x 10-3, 

spiked Mock controls with either 1 or 5 BFP copies per cell had 

1.03 ± 4.62 x 10-2 and 5.10 ± 7.51 x 10-1 copies, respectively. 

Those correctly assessed copy numbers give a high 

confidence level in the remaining results. Most cells had 

integrated less than 7 copies per genome, while 4 cell lines (Fig 

3A in red) integrated more than 20 copies per cell. In average, 

NHEJ treated cells (1-25) had 8.9 copies per cell while HDR-

based methods (26-47) yielded only 2.6 copies per cell. The 

single cells harbouring > 20 copies per cell were all derived 

from the NHEJ method, where the DV is double cut by the Cas9 

nuclease since the GOI cassette is flanked by the specific 

gRNA-PAM sequences. Thus, a linearized DNA fragment is 

generated in the nucleus and most likely lead in increased 

random integration events32. This explains the higher average 

copy number for NuFa NHEJ-KI single cells compared to the 

once established by the HDR-mediated strategy. For cell lines 

41 and 42 a copy number of 0.24 and 0.28 was detected per 

cell explaining the low levels of BFP expression mentioned 

before. Nevertheless, those two clones were both positive for 

the 5’-junction PCR indicating targeted integration at the 

specific CHO locus. Partially gene silencing regulated by 

epigenetic events, integration into tightly packed 

heterochromatic regions of the genome, downregulation by 
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regulatory elements surrounding the integration site, or 

mutations in the GOI cassette can be discussed as potential 

reasons for the observations made here.  

However, BFP and Puro encoding genes are linked together 

by T2A until translation step. And, unlike the BFP gene, cells 

require the Puro resistance gene to survive so it should not be 

possible to silenced BFP without affecting Puro. Since the GOI 

integration was verified by junction PCRs and copy number 

determination, and cells were grown under Puro pressure, a 

complementary RT-qPCR analysis was performed (Fig 3B). 6 

colonies were selected to quantify both, BFP and Puro, gene 

expression. The qualification method used is based on an 

internal reference gene for normalization – here GADPH – to 

determine fold-differences in expression of the targeted genes 

related to the mock control. For single cells 12, 17, 21, 30 and 

37 an increase in BFP as well as Puro fold change expression 

ranging from 16 up to 256 was achieved. Thereby, comparable 

fold changes in BFP and Puro transcription were obtained 

within the same cell line. Only single colony 41 resulted in no 

detectable BFP transcription. Combining all information 

gathered and the fact that BFP and Puro are transcribed from 

the same promoter, either cells have integrated a single copy 

of GOI cassette with a partially silenced or mutated BFP gene, 

or the Puro resistance gene was randomly integrated 

downstream of an endogenous promoter29,30. For the 

remaining samples, BFP fold change does not correlate with 

gene copy number per cell – for instance colony 21 has 6 

copies and the rest have between 1-2 copies per cell. 

Regarding cell line 17, the BFP gene is actively transcribed but 

no fluorescence was detected during flow cytometry analysis 

meaning that the mRNA is uncomplete / unstable and 

therefore, degraded fast or the transcript is irregular. 

 

Complementary KI optimization strategies 

Antibiotic selection is not desired in an industrial setting given 

its high costs and possible production decrease due to higher 

metabolic burden in cells2. To avoid the use of antibiotic 

selection, two other approaches were tested: FACS 

enrichment and chemical treatment.  

Cells co-transfected with Cas9+NuFa’s sgRNA and either 

NHEJ- or HDR-DV were sorted for double fluorescence 

positive cells, with the highest combined expression of BFP 

and eGFP belonging to the top 25% fluorescence expressing 
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Figure 3 | GOI copy number and expression assessment and complementary KI optimization strategies. A. BFP copy number determination 

of expanded single cells. Analyses through qPCR and using a standard curve to determine copy numbers. Samples 1- 25 were submitted to NHEJ-

KI-based approach while 26- 47 were treated with HDR KI (mean ± standard deviation, each in two technical replicates). B. BFP and Puro resistance 

gene levels in CHO-K1 single cells. Analysed by qPCR, normalized against GADPH and related to the mock control (mean ± standard deviation, 

each in 4 technical replicates). C. BFP expression at NuFa locus. Comparison between untreated and fluorescence sorted cells 8 days after 

transfection. D. BFP expression as a function of days after transfection of cells treated with RS-1 (1st) or SCR7 (2nd). Cells were submitted to HDR-

KI based approach and kept in culture for 12 days.  
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cells. Double EV control was also sorted. An increase in BFP 

expressing cells in the sorted cell pools was observed for all 

tested transfections (Fig 3C). The HDR strategy had the 

highest growth with a 12-fold increase of BFP expressing cells, 

however, the NHEJ-based method with a 5-fold increase in 

percentage of BFP positive cells by enrichment showed an 

overall higher percentage of expressing cells. Cells with 

random integration are equally enriched as demonstrated by 

the 3-fold increase in the control pool. FACS enrichment is 

effective for cell sorting, but further analysis is required to 

assess the percentage of randomly integrated cells as the 

preliminary results shown here seem to indicate an increase of 

this event. Also, depending on the application of the KI 

strategy, using FACS is not an efficient method especially in 

the case of high throughput studies. 

It has been shown that small molecules can activate or block 

certain DNA repair pathways as NHEJ or HDR33,34, being used 

to improve KI rates while using the CRISPR/Cas9 or other 

genome altering systems by previous studies23,35–39. Here, 

small molecules were tested to improve the HDR-mediated 

integration strategy by tackling the NuFa locus. Two molecules 

were selected: i) SCR7 a NHEJ inhibitor and ii) RS-1 a HDR 

enhancer. In human cells SCR7 is an inhibitor of the early 

NHEJ pathway protein DNA Ligase IV2,40 and RS-1 stimulates 

the homology repair protein RAD51, a key player in HDR 

complex38,41. The repair pathways across mammalian species 

are comparable so it can be expected an effect in CHO cells.  

The use of RS-1 had a negative impact on integration rates in 

CHO-K1 cells for both, targeted as well as random, insertions 

as can be seen while comparing the empty vectors control with 

the NuFa specific sample (Fig 3D). All concentrations tested 

resulted in a lower percentage of BFP expressing cells than the 

chemically untreated control. With SCR7 comparable results 

were obtained for most tested concentrations except for 20µM 

SCR7 yielding in a 2-fold BFP% increase compared with 

untreated cells (Fig 3D). However, the EV control treated with 

the same amount of SCR7 also showed the same increase in 

the percentage of BFP+ cells meaning that random integration 

is amplified as well using the inhibitor. For both molecules, only 

the use of 20 µM SCR7 had a negative impact on cell growth 

as indicated by the viability data (Supplementary Info 

VIII&IX). Most articles analysed the effects of small molecules 

on CRISPR/Cas9-based integration in model organisms 

different than CHO. For example NHEJ suppressors, including 

SCR7, had an 4-8 fold increase in human and mouse cells40. 

RS-1 improved targeted KI by 3-6 fold in HEK cells35, and 2-5 

fold in rabbits38.Although endogenous repair mechanisms are 

comparable between different cell lines, the way the small 

molecules are affecting those cell lines can vary in different 

organisms. In CHO-K1, Lee et al. (2016) tested SCR7 and LiCl, 

another HDR enhancer. Both had no significant on the HDR-

mediated KI underlining the obtained findings in this study. 

 

CONCLUSIONS 

 

The main goal of establishing an improved KI protocol was not 

fully accomplished, however, the findings reported here will 

allow further development of CRISPR/Cas9-mediated KI in 

CHO cells. The successful implementation of a NHEJ-based 

integration system in CHO cells was achieved and, as 

hypothesised, it yields increased integration rates than the 

common homology-based approach. It was determined that 

actively transcribed genes had higher integration rates when 

compared with intergenic regions. Despite its promising 

potential as a simpler and more efficient KI method, NHEJ-

based approach had an average BFP copy number integration 

far superior to HDR method. For some high throughput 

applications, it may not be feasible to screen all single cells to 

exclude those multi-copy integrates. The effective nature of 

antibiotic selection in pressuring cells to intake the GOI was 

demonstrated here, however, it may lead to an increase in 

random integration rates42. FACS was used to select or enrich 

transfected / integrated cells proving effective in cell sorting but 

it might also implicate an increase in random integration - 

further testing is required. Chemical treatment did not add any 

improvement in CRISPR/Cas9-mediated KI in CHO-K1 cells.  

The CRISPR/Cas9 targeted gene editing system revolution 

combined with improved genomic sequences transformed 

CHO research6. Multiplexed genome engineering including 

gene KOs, gene KIs and controlled expression of target genes 

will accelerate the understanding of the molecular basis that 

make CHO cells a predominant mammalian cell factory43. 

Improvements in targeted integration rates could lead to 

engineering the next generation of CHO cell factories and thus 

changing the recombinant therapeutically industry.  

 

METHODS 

 

CRISPR/Cas9 Vector. Potential genomic target sites were identified 

by the format: 5’-G(N)20NGG-3’. Possible off-target sites were 

evaluated by blasting the gRNA target sequence together with the 

respective PAM sequence against the CHO genome [chogenome.org] 

(44) and gRNAs with low off-target activities were selected. The 

corresponding gRNAs were designed as 24 nt long single stranded 

DNA oligonucleotides (oligos) of the format 5’-CACC(N)20-3’ for the 

sense strand and 5’-AAAC(N)20-3’ for the antisense strand and ordered 

from Sigma Aldrich. Forward and reverse oligos (100 μM) were 

annealed in T4 ligation buffer and phosphorylated with 5 U T4 

polynucleotide kinase (10 U μL-1) (Thermo Fisher Scientific) at 37 °C 

for 30 min and 95 °C for 5 min in a thermocycler. The solution cooled 

down to 25 °C at a rate of 5°C per minute and was later diluted 1:10 in 

ddH2O. The annealed oligos were cloned into the pSpCas9(BB)-2A-

GFP(pX458) backbone5 (Plasmid #48138, Addgene) by restriction 

digest and ligation in one step according to the protocol of Bauer et al., 

2015. Briefly, 100 ng of the plasmid and 1 pmol annealed oligos were 

digested and re-ligated in a one-tube reaction with 20 U of Bbsl (10 U 

μL-1) (Thermo Fisher Scientific) in Fast Digest (FD) Buffer (Thermo 

Fisher Scientific), 50 μmol ATP, 5 μg BSA (New England Biolabs), and 

750 U of T4 ligase (New England Biolabs). The restriction/ligation 

assay was performed in a thermocycler in 20 cycles of 37 °C for 5 min 

and 20 °C for 5 min followed by a final inactivation of the enzymes at 

80 °C for 20 min. 

The plasmids were transformed into chemically competent E.coli DH5α 

cells via heat shock transformation: between 25 ng to 50 ng of plasmid 

DNA were added to 50 μL of gently thawed competent cells incubated 

on ice for 20 min, heat shocked at 42°C for 45 s in a heat block and 

then incubated on ice again for 2 min. 300 μL of SOC medium was 

added to the cells and cells were incubated at 37 °C at 500 rpm shaking 

on a heating block for 45 min – 1 h. Transformed cells were selected 

on 100 μg.mL-1 Ampicillin (Amp) LB-agar plates. Single colonies were 

picked with a tip, transferred to 7 mL 100 μg mL-1 Amp LB medium in 

a 15 mL falcon tube and incubated at 37 °C and 180 rpm overnight. 

800 μL of the overnight culture suspension were taken to generate a 

glycerol stock (20% (v/v) glycerol) of each culture, which were stored 

at -70 °C. The remaining suspension was used for plasmid DNA 

extraction via QIAprep Spin Miniprep Kit (Qiagen) according to the 

manufacturer’s instructions. Subsequently, purified plasmids were sent 

for sequencing at Eurofins Genomics as premixed samples according 

to Eurofins’ sample submission guide lines including the following 

forward primer: 5’-CTCTGACTTGAGCGTCGATT. Plasmids with 

confirmed integration of the annealed oligos were then amplified by 

cultivating the respective E.coli culture from the glycerol stocks in 200 

mL 100 μg mL-1 Amp LB medium at 37 °C and 180 rpm overnight. On 

the next day, plasmid DNA was extracted using EndoFree® Plasmid 

Maxi Kit (Qiagen) according to the manufacturer’s instructions. 

7 



 

Construction of donor vector.  The starting plasmid was pTagBFP-c 

(Plasmid #FP171, Evrogen) containing the BFP gene and one MCS. 

The MCS was removed and the BFP coding portion was flanked by two 

distinct MCS. Next, the Puro resistance gene and T2A linker were 

cloned into pTagBFP-w2xMCS using the NEBuilder Assembly Tool 

The Puro gene and T2A linker (661bp) were amplified using 25 ng of 

pX459(pSpCas9(BB)-2A_Puro) as template. The PCR was perfor-med 

with the Phusion High-Fidelity DNA Polymerase (Thermo Fisher 

Scientific) and a 2-step thermocycler protocol with the primers T2A-

Puro-fw (5’-actggggcacaagcttaattTCGGCAGTGGAGAGGGCAG) and 

T2A-Puro-rev (5’-agatccggtggatctgagtTCAGGCACCGGGCTTGCG). 

The PCR product was purified using the Hi Yield® Gel/PCR DNA 

fragment extraction kit (Süd-Laborbedarf GmbH) following 

manufacturer’s protocol. pTagBFP_w2xMCS was digested (2 µg) 

using 2 µL of FD Kpn2I (Thermo Fisher Scientific), in FD Green Buffer. 

The reaction was incubated at 37 °C for 1 h followed by thermal 

inactivation at 80 ⁰C for 5 min. The linearized plasmid was 

dephosphorylated by adding 0,5 µL of CIP per 1 µg of plasmid and 

incubated at 37 °C for another hour. The sample was loaded onto a 1% 

agarose gel, the 4713 bp amplicon was cut out of the gel and purified 

using the Hi Yield® Gel/PCR DNA fragment extraction kit. The 

assembly was done with the NEBuilder High-Fidelity DNA Assembly 

Cloning Kit using 100 ng of linearized, dephosphorylated vector and 

25.5 ng of insert (vector:insert ratio of 1:2; determined using the 

Ligation Calculator from Düsseldorf University). 10 µL of 2X Assembly 

Master Mix and deionized water were added to the DNA to a final 

volume of 20 µL and incubated in a thermocycler at 50 °C for 1 h. Like 

described above, chemically competent E.coli cells were transformed 

with the plasmid to extract plasmid DNA (using 100 μg mL-1 Kana LB 

agar plates) via QIAprep Spin Miniprep Kit, which was later sequenced 

using the primers Universal_donor_BFP_fw (5’-CTGCCTCATCTAC 

AACGTCA) and Universal_donor_Puro_fw (5’-ACACCTTGCCG 

ATGTCGA). 

For the NHEJ strategy, both MCSs of the universal donor vector were 

cloned with the same motif – the corresponding gRNA+PAM sequence 

inverted. The two cloning steps for each MCS were done separately. 

The oligos for each cutting site were designed to allow ligation using 

the Golden Gate cloning protocol. Cloning of the gRNA+PAM oligos 

was performed as described before except for the enzymes used. 

When cloning the desired sequence into the upstream MCS 2 µL of 

XhoI and 2 µL of EcoRI and the enzymes BamHI and MluI were used 

for the downstream MCS, respectively. All enzymes are FD obtained 

from Thermo Fisher Scientific. Digestions were done at 37 °C as the 

incubation temperature.  

For the HDR strategy, the homology arms for each cutting site were 

cloned into the corresponding (up- or downstream) MCS of the 

universal DV. To clone the HA in the upstream MCS all sites used XhoI 

and EcoRI except Fut_E2 – XhoI and SalI. For the downstream Fut8_I4 

required Bsp120I and MluI while the remaining used BamHI and MluI. 

Each arm was approximately 1 kb in length and was designed to be as 

close to the gRNA/Cas9 cutting site as possible. The cloning strategy 

was similar to the assembly of the universal DV. The backbone plasmid 

was linearized and purified from the gel with the Hi Yield® Gel/PCR 

DNA fragment extraction kit. The homology regions were amplified 

using the Phusion High-Fidelity DNA Polymerase from Thermo Fisher 

Scientific and purified using the DNA Clean & ConcentratorTM-5 Kit 

(Zymo, Irvine). For the ligation 100 ng of linearized vector was mixed 

in a 1:2 ration with insert DNA, 2 µL of 10X T4 DNA Ligase Buffer (New 

England Biolabs) and 1 µL of T4 DNA ligase. The samples were 

incubated at room temperature (RT) for at least 2 h and then 

inactivated at 65 °C for 10 min.  

All plasmids were transformed into competent E. coli DH5α strand, 

plated on 100 μg mL-1 Kana LB-agar plates. Single colonies were 

picked with a tip and grown overnight to generate a glycerol stock (20% 

(v/v) glycerol) of each culture. The remaining suspension was used for 

plasmid DNA extraction via QIAprep Spin Miniprep Kit (Qiagen) 

according to the manufacturer’s instructions. Subsequently, purified 

plasmids were sent for sequencing at Eurofins Genomics as premixed 

samples. Plasmids with confirmed integration were linearized and 

cloned with the missing homology arm, otherwise, the plasmid was 

amplified by cultivating the respective E.coli culture from the glycerol 

stocks in 200 mL 100 μg mL-1 Kana LB medium at 37 °C and 180 rpm 

overnight. On the next day, plasmid DNA was extracted using 

EndoFree® Plasmid Maxi Kit (Qiagen) according to the manufacturer’s 

instructions.  

 

Cell culture and Transformation. CHO-K1 cells were grown in 

suspension in serum-free CD-CHO medium (Gibco) supplemented 

with 8 mM L-Gln (Sigma Aldrich) and 0.2% (v/v) of ACA (Gibco), and 

cultivated in 50 mL TubeSpin® bioreactors (TPP) at 37 ºC, 7% CO2, 

90% humidity and 140 rpm shaking. Passaging was done every 3-4 

days seeding the cells to a cell density of 2.0 x 105 cells mL-1. The cells 

were transfected with the Neon® TM Transfection System 100 µL 

(Thermo Fisher Scientific) using 1700 mV of voltage and one pulse with 

a width of 20 ms. Per sample, 5.0 x 106 cells were transfected with 20 

µg of plasmid DNA (for the initial testing of gRNAs) or with a total 

amount of 24 µg – 16 µg of CRISPR/Cas9 vector and 8 µg of donor 

vector – in case of CRISPR/Cas9-mediated KI. For each treatment 

round cells were additionally transfected with TE Buffer only (mock) or 

with different empty vectors in same amounts as mentioned before as 

controls. The empty vectors consisted of pX458(Cas9) without any 

gRNA cloned, pTagBFP-Puro-2xMCS or a mixture of both plasmids. 

The transfected cells were immediately transferred into a 50 mL 

TubeSpin® bioreactor containing 12 mL of pre-warmed CD-CHO 

medium supplemented with 8 mM L-Gln and 0.2% ACA, and placed in 

a non-shaking humidified incubator at 37 ºC, 7% CO2 for 2 h. 

Afterwards, the cells were placed into the shaking incubator and 

incubated as mentioned in section 2.3. Transfection efficiency was 

determined on day 2 by measuring green fluorescence protein (GFP) 

and/or BFP expression via a GalliosTM flow cytometer (Beckamn 

Coulter). GFP was measured using a 488 nm argon laser with a 525/40 

filter and BFP using a 405 nm diode laser with a 550/40 filter.  

 

Evaluation of KI efficiency. Antibiotic was used as selection pressure 

to increase the occurrence of integration events. One day after 

transfection the treated cells were split into two 50 mL TubeSpin® 

bioreactors, each with 6 mL. One part of the cells was cultivated in 

common CHO medium and for the other half of the cells the medium 

was supplemented with 8 µg mL-1 of Puro (InvivoGen) – for all the 

following cell passages cells were either cultivated with or without 8 µg 

mL-1 Puro selection pressure. To determine transfection and 

integration rates, cells were analysed with a GalliosTM flow cytometer 

(Beckamn Coulter) using settings described in Cell culture and 

Transfection. Fluorescence was measured every 3-4 days over a total 

of 19 days. The percentage of fluorescence positive cells was 

determined using the Kaluza flow cytometer analysis 1.3 software 

(Beckamn Coulter) – the cells were first gated in a forward scatter 

versus side scatter plot according to their viability as well as monomeric 

appearance and then analysed based on the counts versus GFP/BFP 

intensity histogram. The mock transfection control was used to set up 

the gates for all samples.  

 

Genomic DNA extraction and genomic PCR. Genomic DNA (gDNA) 

was extracted from cell pellets using the DNeasy®Blood & Tissue Kit 

(Quiagen) according to the manufacturer’s instructions. Additionally, 4 

µL RNase A (100 mg mL-1, Qiagen) were added during the initial cell 

resuspension step and cultivated for 2 min at RT to remove RNA 

contaminations. The concentration and quality of the samples were 

measured on the 1000-NanoDrop (Thermo Fisher Scientific). The 

values of pure DNA are accepted to be between 1.8 – 2.0 for the 

A260/A280 and 2.0 – 2.2 for the A260/230 ratios, respectively. If the 

obtained values were below the indicated, further purification was done 

using the DNA Clean & ConcentratorTM-5 (Zymo). Genomic samples 

were stored at -20 ºC. Genomic PCRs were performed using Phusion 

High-Fidelity DNA Polymerase (Thermo Fisher Scientific) or GoTaq® 

DNA Polymerase (Promega) and the products were visualized by 

agarose gel electrophoresis.  

 

Surveyor Assay. To assess the indel formation frequencies the 

Surveyor® Mutation Detection Kit (Integrated DNA technologies) was 

used. gDNA was extracted 96 h after transfection as described 

previously. The genomic regions flanking the different CRISPR target 

sites were amplified via PCR using the Phusion High-Fidelity DNA 

Polymerase (Thermo Fisher Scientific) using the following parameters: 

pre-heated lid at 98 °C, 98 °C for 2 min, followed by 35 cycles of 98 °C 

for 30 s, 60 °C for 30 s and 72 °C for 75 s ending in final extension of 
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72 °C for 5 min and paused at 16 °C. The quality of the products was 

verified in a 2% agarose tris acetat EDTA (TAE) gel. No extra 

purification step was performed. For the hybridization step, 15 µL of 

each PCR product were mixed with 1.5 µL of a 500 mM KCl solution to 

generate a final concentration of 50 mM KCl. The samples were placed 

in a thermocycler with a pre-heated lid at 98 °C, kept at 95 °C for 10 

min, followed by a temperature degree of -0.3 °C s-1 with a 1 min 

incubation step every 5 °C until a temperature of 25 °C was reached. 

The hybridized DNA was mixed with 1/10th of a 0.15 M MgCl2 solution, 

1 µL of SurveyorTM enhancer S and 2 µL of SurveyorTM nuclease S. The 

samples were incubated at 42 °C for 60 min and then 1/10th volume of 

stop solution was added to the reaction assay. The controls supplied 

with the kit were amplified following the protocol and hybridized as the 

remaining samples. Products were analysed on a 2% agarose gel 

(TAE) – first 30 min at 80 V, remaining time at 120 V – using a 

GeneRuler 100bp DNA ladder (Thermo Fisher Scientific). 

Quantification was done based on relative band intensities using 

ImageLab software. Indel percentages were determined by the formula 

1, where 𝑎 is the integrated intensity of the undigested PCR product 

and 𝑏 and 𝑐 are the integrated intensities of each cleavage product – 5.  

𝐼𝑛𝑑𝑒𝑙 (%) = 100 × (1 − √(1 − (𝑏 + 𝑐)/(𝑎 + 𝑏 + 𝑐))) 

 

Single cell cloning. For the NuFa locus KI, single cell clones were 

obtained through the serial dilution method. CHO-K1 cells transfected 

with the pX458(Cas9)_NuFa and the corresponding DV for NHEJ or 

HDR were used after 4 weeks of Puro selection Freshly opened CD-

CHO medium supplemented with 8 mM L-Gln, 0.2% ACA and 8 µg mL-

1 Puro was used to obtain 1.5 cells per well. Single cells were incubated 

in 200 µL in a 96-well F-bottom (Greiner Bio-One). For each KI method 

(HDR and NHEJ) 10 96-well plates were generated and incubated at 

37 °C, 7% CO2, in static conditions, for 12 days. Single cell colonies 

were identified under the microscope and, for each strategy, 144 

colonies were transferred into 48-well F-bottom plates (Greiner Bio-

One) – placed under the same conditions. Each well contained 600 µL 

of supplemented medium and 200 µL of cell suspension. After a week, 

the colonies were passaged to 48-well suspension plates (Greiner Bio-

One) and incubated at 37°C, 7% CO2, humidified air at a shaking speed 

of 300 rpm. For this and all remaining plate subcultivations, 100 µL of 

cell suspension was added to 600 µL of supplemented medium.  

 

Single cell lysates as colony PCR. To obtain cell lysates from the 

clonal cell lines, 100 µL of each well were transferred to a 

1.5 mL Sarstedt tube and centrifuged at 3000 rpm for 10 min. 

The supernatant was removed, 20 µL of 0.2 M NaOH was 

added and the reaction incubated at 75 °C for 10 min. 

Afterwards, 180 µL of 0.04 M TRIS-HCl (pH=7,8) was added 

per sample. The lysates were stored at -20 °C. 5’- and 3’-

junction PCRs, covering both ends of the insert, were 

performed as well as a PCR amplifying the insert only. For 

each KI method 96 clones were screened: 2.5 µL of each 

lysate was mixed with 5X Green GoTaq® Buffer (Promega), 

0.2 mM dNTPs, 0.5 µM forward primer, 0.5µM reverse 

primer and 0.625 U GoTaq® DNA Polymerase from 

Promega. The following thermocycling conditions were 

used: preheated lid at 98 °C, 95 °C for 2 min, followed by 30 

(insert) or 35 (junctions) cycles of 95 °C for 30 s, Ta(°C) for 

30 s and 72 °C for t(s), with a final extension step of 5 min at 

72 °C and paused at 16 °C. The samples were developed in 

a 1% agarose gel (TAE) ran for 40 min at 130 V. Based on 

the screening results, 47 clonal cell lines were picked and 

expanded. The selected single cells were expanded into 5 

mL of fresh medium supplemented with Puro in a 50 mL 

TubeSpin® bioreactor and incubated for 4 days prior gDNA 

extraction.  

 

RNA extraction. For RNA isolation, selected clonal cell lines were 

expanded and 1 x 107 cells per sample were centrifuged at 3000 rpm 

for 5 min followed by removing the supernatant and resuspending the 

cell pellet in 500 μL TRI reagent® (Sigma Aldrich) by vortexing. Total 

RNA extraction was performed according to the manufacturer’s 

instructions following the chloroform protocol. The quality and 

concentration of the extracted RNA was determined with the 1000-

Nanodrop. The ratio of absorbance at 260 nm and 280 nm (purify of 

RNA) and between 260 nm and 230 nm (nucleic acid purity) should be, 

respectively, ~ 2.0 and 2.0-2.2. 

Quatitative PCR. For all expanded clonal cells, a copy number 

analysis was performed using the SensiFASTTM SYBR® Hi-ROX Kit 

from Bioline GmbH with 20 ng gDNA as template and a reaction 

volume of 20 µL. Primers used were qPCR_BFP_fw (AAACCCGCTA 

AGAACCTCAA) and qPCR_BFP_rev (CGTGCTGCTCGACGTAGG 

TC). The standard curves were generated with a 5-fold serial dilution 

of pNHEJ_NuFa in a range of 108 – 102 resulting in a good linearity (r2 

> 0.98). For each quantitative PCR (qPCR) run the mock as well as 

two spiked mocks – one and five copies plasmid per cell – and a no 

template control were included, each sample being run in duplicates. 

qPCRs were run on a Rotor-Gene qPCR cycler (Qiagen) under the 

following cycling conditions: initial heating to 95 °C for 10 min followed 

by 40 cycles of 95 °C for 15 s, 60 °C for 20 s and 72 °C for 20 s. 

Fluorescence was detected after 72 °C and 80 °C after each cycle. 

Copy numbers were calculated based on the obtained standard curves 

and the measured Ct sample values. In addition to the copy number 

analysis, the transcription of BFP and Puro was determined in 6 

selected clonal cells via Reverse Transcription qPCR (RT-qPCR). 

Copy DNA (cDNA) was generated using the High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher Scientific) with RNase 

inhibitor (Thermo Fisher Scientific) following the protocol. 800 ng of 

total RNA was transcribed into cDNA. Additionally, a reverse 

transcription control was performed missing the reaction enzyme. 

Obtained cDNA was diluted 1:4 in nuclease-free water prior 

quantification with RT-qPCR. For the RT-qPCRs the same kit from 

Bioline as mentioned above was used. 1 µL of cDNA dilution was used 

as template with 5 µL of 2xSensiFASTTM SYBR® Hi-ROX mix, 0.25 µL 

of each primer (10 mM) and 3.5 µL nuclease-free water were added. 

The samples were analysed in quadruplicates and a no template as 

well as the reverse transcription control were measured in duplicates. 

Therefore, Puro specific primer (qPCR_Puro_fw: CGGGTCACCGAG 

CTGCAAGA and qPCR_Puro_rev: CGATCTCGGCGAACACCGC) 

and the same BFP pair as for the copy number determination were 

used. GAPDH was used as internal control – forward (qP_GAPDH_fw: 

5’-AACTTTGGCATTGTGGAAGG) and reverse primer 

(qP_GAPDH_rev: 5’-ACACGTTGGGGGTAGGAACA). The RT-qPCR 

was run under the same cycling conditions as mentioned before. The 

ΔΔCt method was used to evaluate the relative expression changes of 

BFP as well as Puro in the samples. The ΔΔCt value was calculated 

based on the equations below, where Ct represents the number of 

cycles required to reach a certain threshold value of fluorescence, 

which was set to 0.05. The value of ΔCtsample represents the value of a 

specific sample and is compared always to the same value of the 

reference sample (ΔCtMock). The fold change (FC) was then calculated 

as indicated in the equation below. 

(2)    ∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐶𝑡𝐵𝐹𝑃/𝑃𝑢𝑟𝑜 − 𝐶𝑡𝐺𝐴𝑃𝐷𝐻† 

(3)    ∆𝐶𝑡𝑀𝑜𝑐𝑘 = 𝐶𝑡𝐵𝐹𝑃/𝑃𝑢𝑟𝑜 − 𝐶𝑡𝐺𝐴𝑃𝐷𝐻‡ 

(4)    ∆∆𝐶𝑡 = ∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒 − ∆𝐶𝑡𝑀𝑜𝑐𝑘 

(5)    𝐹𝐶 = 2−∆∆𝐶𝑡 

Chemical treatment. Two small molecules to increase KI rates were 

tested separately in this study: RS-1 (Sigma Aldrich) and Scr7 

(ApexBio). After transfection of CHO-K1 cells with pX458(Cas9)_NuFa 

and pHDR_NuFa cells were incubated in CD CHO supplemented with 

8 mM L-Gln, 0.2% ACA and either with RS-1 (1, 5, 10, 50 µM) or Scr7 

(0.1, 1, 5, 10 and 20 µM). 5 days after transfection cells were again 

subcultivated into complete medium containing the appropriate small 

molecule concentration. The cells were kept in culture for 12 days using 

medium supplemented with 8 mM L-Gln and 0.2% ACA for further 

passaging. For this assay two control transfections were done – mock 

and empty vectors (pX458(Cas9) along with pTagBFP-Puro-w2xMCS). 

Integration rates were investigated by BFP fluorescence detection over 

time using flow cytometry analysis  

 

Fluorescent Enrichment. 48 h after transfection of CHO-K1 cells with 

16 µg pX458(Cas9)_NuFa and 8 µg of either pHDR_NuFa or 

pNHEJ_NuFa, 1 x107 cells were bulk sorted for BFP and GFP double 

positive cells using a MoFlo Astrios cell sorter (Beckamn Coulter). 

Before sorting, cells were prepared by centrifugation at 1000 rpm for 

10 min and resuspension in 500 µL complete medium. The cells were 

filtered through a 35 μm Cell Strainer Snap Cap from a Corning™ 
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Falcon™ Test Tube (Fisher Scientific). 150,000 fluorescence-positive 

cells were placed per well into a 6-well plate containing 2 mL fresh CD 

CHO medium supplemented with 8 mM L-Gln, 0.2% ACA as well as 2 

mL of conditioned medium and 1% penicillin-streptomycin. 6 wells 

were sorted per transfection. The plate was incubated in static 

conditions for one day. Afterwards all the wells from one plate were 

joined in a 125 mL shaking flask (Corning®, Sigma Aldrich) and 

incubated at 37 °C, 7% CO2, 90% humidity and 140 rpm. Cells were 

maintained in culture for 12 days. For this assay two transfection 

controls were done – mock and empty vectors (pX458(Cas9) and 

pTagBFP-Puro-w2xMCS). Integration rates were investigated by BFP 

fluorescence detection over time using flow cytometry analysis. 
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