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ABS TR ACT  

 

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 efficiency 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 in CHO cells was achieved, yielding increased integration rates when compared with the homology 

based approach. Antibiotic selection was performed to improve KI and five 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 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.  

 

 

KEYWORDS: Chinese hamster ovary cells; CRISPR/Cas9; non-homologous end-joining; 

homology-directed repair; targeted integration 
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RESUMO  

 

A inserção de um gene num locus especifico através do sistema CRISPR / Cas9 em células CHO 

é geralmente conseguida pelo uso de sistemas de reparação de DNA baseados em homologia (HDR). 

A inserção é limitada pela relativa baixa eficiência de HDR quando comparado com o reparo não 

dependente de homologia (NHEJ), que é o mecanismo de reparação dominante em mamíferos. A 

implementação bem-sucedida de um knock-in (KI) baseado em NHEJ em células CHO foi alcançada, 

originando taxas de integração mais altas comparando com a abordagem baseada em homologia. A 

seleção de antibióticos foi realizada para melhorar o KI e cinco loci foram testados, permitindo 

estabelecer um paralelo entre eficiência de integração e a estrutura da cromatina. Determinou-se que 

genes ativamente transcritos, como COSMC ou Fut8, permitem maiores taxas de integração quando 

comparadas com as regiões intergénicas. Apesar de seu potencial promissor como um método mais 

simples e eficiente, a abordagem baseada em NHEJ originou um número médio de 8,8 cópias de BFP 

por célula, contra apenas 2,6 usando HDR. Para melhorar as taxas de KI por HDR, mas evitando o uso 

de antibióticos, foi testado um tratamento químico e enriquecimento celular baseado em fluorescência. 

O enriquecimento com FACS aumentou entre 5 e 12 vezes o número de células que expressam 

fluorescência através de edição genómica mediada por NHEJ ou HDR, respetivamente. O tratamento 

químico não melhorou a integração direcionada. Os resultados apresentados são preliminares, exigindo 

testes adicionais. 

 

 

PALAVRAS-CHAVE: Células de Ovário de Hamster Chinês; CRISPR/Cas9; reparação de ADN 

não dependente de homologia; junção de extremidades homologas; integração direcionada 
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1. INTRODUCTIO N  

 

1.1. CHINESE HAMSTER OVARY CELLS 

Recombinant biopharmaceuticals were introduced over 25 years ago and now have an expected 

market size of 607,000 million US Dollars in 2020 with revenue from three main categories: recombinant 

proteins, recombinant monoclonal antibodies and recombinant vaccines. They changed the face of 

modern medicine in the past 20 years and continue to provide innovative therapies. The recombinant 

therapeutics are generally synthesized by large-scale cultivation of genetically engineered host cells 

containing genes encoding for the protein of interest (POI).  

For this biotechnological application, Chinese Hamster Ovary (CHO) derived cell lines are the 

preferred host systems given their advantages in producing complex therapeutics and manufacturing 

adaptability. CHO cells have been used since 1982 (Walsh, 2014) and their molecular biology is well 

characterized and widely used. Additionally, CHO cells have an established history of regulatory 

approval for recombinant protein expression. Their most important feature is the ability to perform 

human-compatible, post-translational modifications as glycosylation, improving therapeutic efficacy, 

protein longevity and reducing safety concerns and, as a result, playing a dominant role in bioprocessing 

research and the development of therapeutic biopharmaceuticals. (Xu et al., 2011) Another advantage 

is the possibility of suspension cultivation facilitating bioprocessing (Miki and Takagi, 2015; Dumont et 

al., 2016), and the restricted virus susceptibility of CHO cells, thus assuring high safety margins of CHO 

cell-derived biopharmaceuticals (Berting, Farcet and Kreil, 2010).  

Independent of the already achieved success by CHO, developing cells with a higher productivity, 

less batch-to-batch variations, and more quality is still a priority to obtain less expensive processes while 

creating value and safety for the final consumer. This is attained through product yield increase, reducing 

the need for unsafe and cost intensive media components (e.g. fetal bovine serum) or by improving the 

technical properties of the process (e.g. scalability or use of disposables). In this regard, much has 

already been reached in the last decades and many engineering strategies have been established for 

CHO cells (Fischer, Handrick and Otte, 2015a). Superior production strains are the result of years of 

research that led to an increased knowledge on various cellular characteristics like gene expression, 

cell growth, metabolism, apoptosis and many more (Wurm, 2004).  
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The Chinese hamster was first used as a laboratory model animal in 1919 and, in 1956 while 

investigating the usefulness of various cells in somatic cell genetics, Dr. Theodore T. Puck isolated an 

ovary from a female Chinese hamster and recovered a spontaneously immortalized population of 

fibroblast cells from the cultured cells, originating the first CHO cells. (Puck, et al., 1958; Wurm and 

Hacker, 2011). Currently, three major cell lines are used for research, CHO-K1, CHO-DBX11, and CHO-

DG4. CHO-K1 was generated from a single clone of CHO cells (Lewis et al., 2013) and its genomic 

sequence was first published in 2011 by Xu et al., and today is publicly available on 

www.CHOgenome.org (Kremkow et al., 2015), paving the way for genome-scale CHO cell research. A 

mutation was done to CHO-K1 strand to generate a cell line lacking DHFR activity, termed CHO-DBX11 

(Urlaub and Chasin, 1980). This strain has a mono-allelic DHFR gene with a mutation in the remaining 

copy, meaning they could revert to DHFR activity if another mutation overturned the first. CHO-DG44 is 

completely deficient for the respective gene (Urlaub and Chasin, 1980). DHFR catalyses the conversion 

of folic acid, and DHFR-deficient strains require glycine, hypoxanthine and thymine to grow. DHFR-

mutated cell lines are useful for genetic manipulation as cells transfected with a gene of interest (GOI) 

along with a functional copy of the dhfr gene can easily be screened for in thymidine-lacking medium 

(Wurm and Hacker, 2011). 

 

 Classical cell l ine development 

The development of a manufacturing process for a recombinant therapeutic in mammalian cells 

usually has three stages: host cell engineering, selection and cell line screening.  

Initially, the recombinant gene with the necessary transcriptional regulatory elements is 

transferred to the cells. New genes are typically introduced into the CHO genome by transfecting a 

linearized plasmid carrying the GOI and a selection marker (e.g. antibiotic resistances or DHFR). This 

integration is random, affecting productivity due to copy number and integration site variations. 

Generally, the GOI is under the control of a strong viral or mammalian promotor leading to high 

expression while the selection marker is put under the control of a weak promotor (Wurm, 2004), as to 

not metabolically overwhelm the cells (Veraitch and Al-Rubeai, 2005). Exposing the cells to a selection 

pressure promotes the integration of both genes into the genome. When using the DHFR system, 

methotrexate (MTX) is additionally added to the cells, inhibiting DHFR and causing cellular death. Such 

can be easily overcome by expressing the selection marker, DHFR. Concluding, the presence of MTX 

promotes the amplification of the selection marker gene and the GOI. The logic is the same applied to 

antibiotic selection, by adding the specific antibiotic to culture medium (Wurm, 2004). However, selection 

marker expression does not always correlate with GOI – since different promoters may be used, 

partial/mutated gene integration or GOI silencing can occur. 

Following selection, survivors are transferred as single cells to a second cultivation vessel, and 

expanded to produce monoclonal populations. Eventually, individual clones are screened for 

recombinant protein expression with the highest producers being retained for further cultivation and 
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analysis. The identification of high-producer cell lines is a tedious and labour-intensive exercise. One 

cell line, harbouring the appropriate growth and productivity rates, is then picked for production of the 

recombinant protein. Additional stability studies also need to be performed to assure a stable expressing 

monoclonal cell line. A cultivation process is then established determined by the production needs. 

Typically, cell suspension cultures are preferred. This entire process takes at least 12 months and is 

followed by downstream optimization (Wurm, 2004). Moreover, the workflow must be repeated for each 

new POI, implying a large initial financial cost for every new product development.  

 

1.2. THE CRISPR  SYSTEM 

 Discovery 

In 1987, Yoshizumi Ishino published the sequence and characterization of iap, a gene from 

Escherichia coli (E. coli). While analysing the surroundings of the gene, five identical segments of DNA 

were found composed by the same 29 nucleotides. These repeated portions were separated by another 

32 nucleotides, each with a different sequence, denominated spacers (Ishino et al., 1987; Nakata, et 

al., 1989). At this time, scientists could not attribute any biological significance to the findings nor were 

they aware of the same pattern in other organisms. By 2000 advances in genomic sequencing revealed 

the repeated elements in different prokaryotes (Mojica et al., 2000). 15 years after initial discovery, Ruud 

Jansen of Utrecht University in the Netherlands named these sequences Clustered Regularly 

Interspaced Short Palindromic Repeats — CRISPR (Jansen et al., 2002). In the same paper, 

CRISPR loci were found to be preceded by a common sequence, CRISPR-associated (Cas) genes, and 

three years later those spacer sequences were matched to small fragments of bacteriophage’s genome 

(Mojica et al., 2005; Pourcel, et al., 2005) implying a relationship between CRISPR and immunity against 

targeted DNA. Bolotin et al. (2005) predicted the nuclease activity of one of the Cas genes – Cas9 

endonuclease – and noticed the existence of a common sequence in the spacers, protospacer adjacent 

motif (PAM) – required for Cas9 target recognition. In 2007 it was found that the removal or addition of 

spacers altered the phage-resistance phenotype of cells, meaning that CRISPR and the associated Cas 

genes provided resistance against phages determined by spacer-phage sequence similarity (Barrangou 

et al., 2007). Subsequent research (Brouns et al., 2008; Garneau et al., 2010; Deltcheva et al., 2011; 

Gasiunas et al., 2012; Jinek et al., 2012) allowed to uncover the full mechanism behind the 

CRISPR/Cas9 system.  

The CRISPR loci consist of an array of short (approximately 30 – 40 bp), partially palindromic, 

repetitive sequences interspaced by equally short spacer sequences (Figure 1). Specific immunity 

against phages or plasmids is granted by the integration of spacers containing a complementary 

sequence to the viral threat. CRISPR resistance has three main stages (Figure 1): spacer acquisition, 

transcription and targeting phases. 
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The first step is the spacer acquisition (Figure 1A): sequences from the viral genome are 

integrated into the CRISPR array immunizing the host. Immunity is executed in the remaining two stages 

(Figure 1B). In the second stage the CRISPR array is transcribed and processed to generate short 

RNAs containing one spacer sequence. During the last phase, known as the targeting phase, the spacer 

sequences in these RNAs are used as guides to direct the Cas endonucleases to degrading foreign 

nucleic acids (Marraffini, 2015). Phages can induce a mutation of the target region preventing its 

recognition or cleavage by CRISPR/Cas systems. The rapid acquisition of new spacers counterattacks 

this attempt, for which the other defence systems have no quick response (Andersson and Banfield, 

2008). 

CRISPR/Cas systems have two classes: Class 1 systems use a complex of multiple Cas proteins 

to cleave the viral genome while Class 2 systems use a single large Cas protein for the same purpose. 

Class 1 is divided into types I, III, and IV; class 2 is divided into types II, V, and VI. The 6 types can be 

further split into 19 subtypes. (Wright, Nuñez and Doudna, 2016). Many organisms have more than one 

type of CRISPR/Cas system suggesting that they are compatible and may share components. 

(Wiedenheft, et al., 2012). The simplest system among all 6 is type II (Chylinski et al., 2014). 

The type II CRISPR system incorporates sequences from viral DNA between CRISPR repeat 

sequences in the host genome (Figure 2). The CRISPR locus is first transcribed as a long, single 

stranded transcript, named pre-CRISPR RNA (pre-crRNA) (Figure2A). The system is also dependent 

on a transactivating CRISPR RNA (tracrRNA) responsible for binding to the repeat region of the pre-

crRNA causing its maturation - RNA is cut through the action of RNase III into smaller crRNAs, each 

carrying an individual sequence transcribed from the foreigner DNA – protospacer or spacer – as well 

as part of the CRISPR repeat (Figure2 B and C). The final molecule obtained is a crRNA-tracrRNA 

complex, which binds to the Cas forming the crRNA-tracrRNA-Cas complex (also termed CRISPR 

ribonucleoprotein (crRNP) complex). In the final stage, the crRNP complex recognizes foreign DNA by 

its complementarity with the protospacer region (Figure2 D) and induces a double strand break (DSB) 

Figure 1 – Stages of CRISPR/Cas immunity.  

CRISPR loci are a cluster of short DNA repeats (white 

boxes) separated by equally short spacer sequences of 

phage and plasmid origin (coloured, numbered boxes). 

This array is flanked by an operon of Cas genes (blue-

tone arrows) that encode the machinery for the 

immunization and immunity stages of the system. (a) In 

the immunization stage, spacer sequences are captured 

upon entry of the foreign DNA into the cell and integrated 

into the first position of the CRISPR array. (b) In the 

immunity stage the spacer is used to target invading DNA 

that carries the same sequence as the corresponding 

spacer. Spacers are transcribed and processed into small 

crRNAs. These small RNAs act as antisense guides for 

the Cas RNA-guided nucleases that locate and cleave the 

target sequence (black arrowhead) in the invader’s 

genome 

Removed from Marraffini, 2015 
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in the presence of a PAM immediately adjacent to the 3’-end of the target sequence (Figure2 E). At the 

same time, protospacer sequences incorporated into the CRISPR locus are not cleaved because they 

are not present next to a PAM sequence. (Deltcheva et al., 2011; Sander and Joung, 2014; van der 

Oost et al., 2014) 

 

 CRISPR/Cas9 as a genetic tool  

Feng Zhang’s lab at MIT was the first to successfully adapt CRISPR/Cas9 – a type II CRISPR - 

for genome editing in eukaryotic cells (Cong et al., 2013). They engineered two different Cas9 orthologs 

(from Streptococcus. thermophilus and Streptococcus pyogenes – S. pyogenes) and demonstrated 

targeted genome cleavage in human and mouse cells. Researchers from another group at Harvard 

University reported similar findings in the same issue of Science (Mali et al., 2013). Because of its 

simplicity, type II CRISPR system was the one adapted as a biomolecular tool.  

Up to the appearance of this novel gene editing technology, meganucleases, Zing finger 

nucleases (ZFNs) and Transcription-activator like effector nucleases (TALENs) had been extensively 

used for genome editing (Sander and Joung, 2014). The first are engineered versions of restriction 

enzymes with big DNA recognition sequences (14-40 bp) (Silva et al., 2011). ZFNs and TALENs are 

artificial fusion proteins composed of endonuclease catalytic domains and engineered DNA-binding 

Figure 2 – An overview of the endogenous Type II bacterial CRISPR/Cas system. (A) The CRISPR array is 

transcribed to make the pre-crRNA. (B) The pre-crRNA is processed into individual crRNAs by a special tracrRNA 

with homology to the short palindromic repeat. The tracrRNA helps recruit the RNAse III and Cas enzymes, which 

together separate the individual crRNAs. (C) The tracrRNA and Cas nuclease form a complex with each unique 

crRNA. (D) Each crRNA-tracrRNA-Cas9 complex seeks out the DNA sequence complimentary to the crRNA. In the 

Type II CRISPR system a potential target sequence is only valid if it contains a PAM directly after where the crRNA 

would bind. (E) After the complex binds, the Cas enzyme separates the double stranded DNA target and cleaves 

both strands after the PAM. (F) The crRNA-tracrRNA-Cas9 complex unbinds after the double strand break. 

Removed from https://www.addgene.org/crispr/reference/history/ 
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proteins (Ran et al., 2013). These systems made important advances possible but at the same time 

each has disadvantages when compared with CRISPR. The engineering of meganucleases was 

undermined by the need to have the DNA recognition site and cleavage functions intertwined in a single 

domain (Sander and Joung, 2014). Cas9 offers several advantages over ZFNs and TALENs including 

ease of customization, higher targeting efficiency and the facility to have multiplex genome editing (Ran 

et al., 2013). With the former editing systems it’s difficult to achieve a robust construction due to the 

context dependant effects between individual finger domains in the array (Wolfe, Nekludova and Pabo, 

2000). TALENs have less context dependent effects, however, the repetitive nature of TALEN-coding 

sequences prevents the use of certain viral vector as their delivery system (Holkers et al., 2013; Sander 

and Joung, 2014).  

 

1.2.2.1. CRISPR/Cas9 mechanism 

The type II CRISPR/Cas9 system found in S. pyogenes has been well-studied, and is comprised 

of a CRISPR-associated endonuclease (SpCas9) that complexes with two small guide RNAs, crRNA 

and tracrRNA, to make a targeted DSB (Reviewed in Charpentier and Doudna, 2013). 

The crRNA and tracrRNA, which can be combined into a guide RNA (gRNA), direct the SpCas9 

nuclease to the target sequence through base pairing between the gRNA sequence and the genomic 

target sequence. The SpCas9 protein has six domains, REC I, REC II, Bridge Helix, PAM Interacting, 

HNH and RuvC (Figure 3A). The Rec I domain is the largest and is responsible for Cas9 binding to the 

gRNA. The arginine-rich bridge helix initiates cleavage after binding to the target DNA. The PAM-

interacting domain detects PAM and initiates binding to target DNA while HNH and RuvC are nuclease 

domains that cut single-stranded DNA. REC II has no specific function attributed yet. In engineered 

CRISPR systems, the gRNA is comprised of a chimeric single guide RNA (sgRNA) that forms a T-shape 

comprised of one tetra-loop and two or three stem (Figure 3B). The 5′ end is complimentary to the target 

DNA sequence (Jinek et al., 2014; Nishimasu et al., 2014). 

A. B. 

Figure 3 – Illustration of the Cas9 Protein and the engineered Single Guide RNA. (A) The Cas9 protein is 
comprised of six domains: Rec I, Rec II, Bridge Helix, RuvC, HNH, and PAM Interacting. Domains are shown in 
schematic. (B) The engineered guide RNA is a single strand of RNA. It forms one tetraloop and two or three stem 
loops (three shown). Target complimentary region is shown in red.  

Adapted from http://sites.tufts.edu/crispr/crispr-mechanism/  

https://sites.tufts.edu/crispr/files/2014/11/CAS9ComplexUnboundWithPymolAndMap.png
https://sites.tufts.edu/crispr/files/2014/11/rnaGuideWithCrystal.png
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Upon sgRNA biding to Cas9 protein, a conformational change occurs in the latter, activating it. 

The complex then searches throughout the genome for PAM sequences (Sternberg et al., 2014) – PAMs 

specific nucleotides unique to each CRISPR system (Mojica et al., 2009). The PAM in S. pyogenes is 

5′-NGG (Jinek et al., 2012). When the SpCas9 protein finds a potential target sequence with the 

appropriate PAM, the nuclease domains cut the target DNA 3 bp upstream of the PAM sequence 

inducing a DSB.  

By designing and introducing different gRNA sequences into cells, the Cas9 can be programmed 

to introduce site-specific DSB virtually anywhere in the genome where a PAM sequence is located. The 

DSB at the target site induces DNA repair mechanisms, either homology dependent or independent – 

see chapter 1.4. 

The type II CRISPR/Cas9 system was always praised by its simplicity leading to an overwhelming 

use when compared the remaining types. However, with the discovery of the nuclease Cpf1 in the 

CRISPR/Cpf1 system of the bacterium Francisella novicida, a more efficient system may rise. Cpf1’s 

preferred PAM is 5’-TTTN (for SpCas9 is 5’-NGG), which might improve editing in AT-rich genomes or 

genomic regions. Additionally, whereas Cas9 generates blunt ends, Cpf1 cleaves in a staggered fashion 

creating a 5 nucleotide 5’-overhang facilitating directional gene transfer. Moreover, Cpf1 only requires 

crRNA for successful targeting while Cas9 requires both crRNA and tracrRNA, resulting in significantly 

shorter sgRNAs (Brinkrolf et al., 2013; Zetsche et al., 2015; Fonfara et al., 2016). Target editing 

efficiency for Cpf1 was reported as slightly lower than SpCas9 and, as seen with Cas9 orthologs, Cpf1 

efficiency varies widely with the used gRNA sequence (Kim et al., 2016; Kleinstiver et al., 2016). 

However, recent studies in CHO cells showed, for the first time, sufficient Cpf1 genome editing capability 

in this important cell line achieving modification rates comparable to those of SpCas9 (Schmieder et al., 

2017). Another discovery that may affect the use of SpCas9 was the discovery of nickases. A mutated 

nickase version of the Cas9 enzyme generates a single-strand DNA break (nick) instead of the DSB 

produced by the wild type enzyme. Nicks are preferentially repaired in the cell by homology directed 

repair (HDR) mechanism using the intact strand as the template. HDR has high fidelity and rarely results 

in errors. Double nicking greatly reduces unwanted off-target effects as reported by Ran et al., 2013. 

Also in 2013 Qi et al. reported that a catalytically dead Cas9 without endonuclease activity (co-

expressed with a gRNA) generates a DNA recognition complex that can specifically interfere with 

transcriptional elongation, RNA polymerase binding, or transcription factor binding. The system can 

repress transcription by blocking its initialization/elongation or fusing a repressor domain to the dead 

Cas9. Using the same method, gene transcription can be activated through fusion with an activator. 

Since the effects caused are reversible, this new technique might replace the classical CRISPR systems 

in some of its applications (Larson et al., 2013).  
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1.3. REPAIR MECHANISMS 

CHO cells genome is continuously damaged by agents generated both inside and outside the 

cell. By-products of the cell's own metabolism, as reactive oxygen species, environmental exposure to 

irradiation, chemical agents, or ultraviolet light (UV) can damage DNA. These assaults of the genome 

result in the generation of multiple DNA lesions per day in each cell, with the most harmful being the 

DSB. Unrepaired or poorly repaired DSBs can result in senescence, inducted apoptosis, or 

chromosomal aberrations (translocations or deletions). A number of highly efficient DSB repair pathways 

have evolved in eukaryotic cells with non-homologous end-joining (NHEJ), likely playing the largest role 

in DSB repair, followed by homology-directed repair (HDR). (Davis and Chen, 2013) NHEJ is an 

intrinsically error-prone pathway while HDR results in accurate repair (Mao et al., 2008). 

As previously described, the CRISPR/Cas9 system also causes DNA DSB, taking advantage of 

the cells endogenous repair mechanisms. Cas9-induced DSBs have been used to introduce small 

NHEJ-based insertion and/or deletion (indel) mutations or to insert GOI through HDR using a homology-

mediated template for this purpose (Sander and Joung, 2014). 

 

 Non-Homologous End Joining 

The term NHEJ was devised by Moore and Haber in 1996. It is referred to as non-homologous 

since the DNA strands are directly ligated without the need for a homologous template compared to the 

HDR repair mechanism. When the overhangs resulting from DSB are perfectly compatible, NHEJ 

usually repairs the break accurately. In the opposite scenario, where overhangs are not compatible, 

imprecise repair leading to loss/insertion of nucleotides appears (Boulton and Jackson, 1996; Budman 

and Chu, 2005). 

For eukaryotic cells (except yeast) three steps have been identified for NHEJ repair regardless of 

the structure of the DNA ends, and dictate the major events of the pathway. (1) DNA End-binding and 

Bridging, where the Ku protein recognizes and binds to the broken DNA ends. Ku is a heterodimer of 

Ku70 and Ku80 subunits that forms the DNA-binding component of DNA-dependent protein kinase 

(DNA-PK). It is a basket-shaped molecule that slides into the DNA ends and moves inward, forming a 

bridge and structurally supporting and aligning the broken DNA ends. Ku may function as a docking site 

for other NHEJ proteins, like the DNA ligase IV complex. Once Ku is in place, it recruits the catalytic 

subunit of DNA-PK that phosphorylates several nuclear proteins including DNA ligase IV. (2) End 

Processing - involving the removal of damaged or mismatched nucleotides since NHEJ requires two 

DNA blunt ends to join them together. The overhangs can be filled in by a polymerase (Pol λ and Pol μ) 
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of trimmed off via nucleases action (involving Artemis1 protein). This step may not be necessary. (3) 

Ligation of the repair is done by the DNA ligase IV complex, consisting of the catalytic subunit DNA 

ligase IV and its cofactor XRCC4 together with some accessory factors (PAXX, XLF) (Pastwa and 

Błasiak, 2003; Bennardo et al., 2009; Lieber, 2010; Waters et al., 2014). 

 

 Homology-Directed Repair  

HDR uses longer stretches of sequence homology to repair DNA lesions, such as the DSB 

induced by CRISPR system. It is the most accurate mechanism for DSB repair given the required 

sequence homology between the damaged and the donor DNA. The process is error-free if the DNA 

template used for repair is identical to the original DNA sequence at the DSB, or it can introduce very 

specific mutations/insertions into the damaged DNA (Shrivastav, et al., 2008; Jasin and Rothstein, 

2013). HDR has four main pathways: the classical double-strand break repair (DSBR), synthesis-

dependant strand annealing (SDSA) break-induced repair (BIR), and single-strand annealing (SSA) 

(Saleh-Gohari and Helleday, 2004).  

BIR mainly helps to maintain the length of telomeres (McEachern and Haber, 2006), a key feature 

in cell immortalization, while SSA does not require another molecule of DNA and, since it results in 

deletions of genetic material, is suppressed by molecules involved in the remaining DNA repair methods 

(Mansour et al., 2008). So, for genome editing applications such as CRISPR-induced DSB repair, only 

the first two, DSBR and SDSA, are relevant. For both the first steps are shared (Figure 4).  

After the DSB, the MRN complex2 binds to the DNA at both sides of the break followed by a 

resection at the break in the 5’-end to create a 3’-overhang. Additionally, it recruits the Sae2 protein and 

the two proteins trim back the 5’-end on both sides of the break. The 5’ → 3’ resection continues with 

the Sgs1 helicase and both Exo1 and Dna2 nucleases (Mimitou and Symington, 2009). The Replication 

Protein A (RPA) binds the 3'-overhangs (Wold, 1997) and, assisted by other proteins, Rad51 protein 

forms a filament of nucleic acid and protein on the single strand of DNA coated with RPA (Wold, 1997). 

This filament then begins searching for DNA sequences similar to the 3'-overhang. After finding such a 

sequence, the single-stranded nucleoprotein filament moves into (invades) the similar or identical 

recipient DNA duplex in a process called strand invasion. A displacement loop (D-loop) is formed during 

strand invasion between the invading 3'-overhang strand and the homologous chromosome. After strand 

                                                      

1 Artemis is required for opening the hairpins that are formed on DNA ends during V(D)J recombination, a specific 

type of NHEJ, and may also participate in end trimming during general NHEJ. DNA-PKcs phosphorylates and binds 
to the Artemis protein, and the resulting Artemis/DNA-PKcs complex is thought to have nuclease activity that 
cleaves 5’- and 3’-DNA overhangs. 

2  protein complex consisting of Mre11, Rad50 and Nbs1 
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invasion, a DNA polymerase extends the end of the invading 3'-strand by synthesizing new DNA. This 

changes the D-loop to a cross-shaped structure known as a Holliday junction (HJ). Following this, more 

DNA synthesis occurs on the invading strand effectively restoring the strand on the homologous 

chromosome that was displaced during strand invasion (Sung and Klein, 2006).  

In the DSBR pathway (Figure 4, bottom left), the second 3’-end overhang (not involved in strand 

invasion) also forms a Holliday junction originating a double Holliday junction (dHJs). Each HJ is 

resolved by cleaving with a nickase, with two possible outcomes. The cut can be made on the crossing 

strand (horizontally at the purple arrows) or on the non-crossing strand (vertically at the orange arrows). 

If one junction is resolved on the crossing strand and the other one on the non-crossing strand, a 

crossover event will occur. However, if both HJs are resolved in the same manner, this results in a non-

crossover event (Bärtsch, et al., 2000; McMahill, et al., 2007). 

SDSA (Figure 4, bottom right) results exclusively in non-crossover events. This means all newly 

synthesized sequences are present on the same molecule. Following D-loop formation, the newly 

Figure 4 – Homologous recom-
bination pathways. 

The DSBR and SDSA pathways 
follow the same initial steps but 
diverge thereafter: After the DSB a 
resection is done at both 5’-end 
breaks to create a 3’-overhang. After 
finding such a complementary 
sequence, the single-stranded DNA 
moves into the similar or identical 
recipient DNA duplex in a process 
called strand invasion. A cross-
shaped structure known as a 
Holliday junction if formed and new 
DNA is synthesised.  

In the DSBR pathway (left branch) 
the second 3’-end overhang also 
forms a Holliday junction originating 
a double Holliday junction. After DNA 
synthesis the junctions can be 
resolved by a horizontal (purple 
arrows) or vertical (orange arrows) 
cut. If both junctions are resolved in 
the same manner a non-crossover 
event occurs. If not, if originates a 
crossover event.  

SDSA (bottom right) results 
exclusively in noncrossover events. 
The newly synthesized portion of the 
invasive strand is displaced from the 
template and returned to the non-
invading strand. The 3’-end of the 
non-invasive strand is elongated and 
ligated to fill the gap. 

 

Removed from 
https://en.wikipedia.org/wiki/Homolo
gous_recombination 
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synthesized portion of the invasive strand is displaced from the template and returned to the processed 

end of the non-invading strand at the other DSB end (Helleday, et al., 2007). The 3’-end of the non-

invasive strand is elongated and ligated to fill the gap.  

HDR is nearly absent in G1, most active in the S phase, and declines in G2/M. (Mao et al., 2008). 

It occurs during and shortly after DNA replication, when sister chromatids are more easily available 

(Shrivastav, et al., 2008). HDR is used in CRISPR systems to add a desired set of genes at a specific 

location (He et al., 2016).  

 

1.4. KNOCK- IN 

Genome editing and engineering underwent a rapid evolution mainly after the transformation of 

CRISPR systems into a genetic tool that is simpler, faster and cheaper than its predecessors (Sander 

and Joung, 2014; He et al., 2016). CRISPR can be used to inactivate – knock-out (KO) – endogenous 

genes or integrate – knock-in (KI) – GOI. 

KOs are used to assign a function to a specific gene by studying the consequences of the altered 

phenotype. It also allows to study gene interactions and perform drug screenings. One way of achieving 

it is through homologous recombination, by exchanging the wildtype (wt) gene copy with another gene 

or the altered wt gene (Baranwal et al., 2013). A simpler way is to introduce indel mutations into the 

gene disrupting the translational reading frame. Among other methods, using the CRISPR/Cas9 system 

to induce NHEJ repair leads to such frameshift mutations. By cloning a gRNA specific to the desired 

target region into a Cas9 coding vector, the SpCas9 nuclease will be directed to the desired locus. The 

efficiency of creating KOs by NHEJ approaches 90% – depending on organism, target locus, and 

transfection efficiency (Pinder, Salsman and Dellaire, 2015; Sander and Joung, 2014). 

KI of functional gene cassettes have provided multiple opportunities for in vivo functional analysis 

of genes and other genetic components (Aida et al., 2016) and in terms of production of 

biopharmaceuticals mainly in CHO cells (Sakuma et al., 2015). Despite conventional gene-targeting 

technology being replaced by CRISPR/Cas9-mediated genome editing (Doudna and Charpentier, 2014; 

Hsu, Lander and Zhang, 2014; Sternberg and Doudna, 2015), the underlining mechanism used is 

typically always based on HDR, involving the amplification as well as cloning of long homology regions 

into a donor vector, which are flanking the GOI then, and co-transfecting the generated plasmid along 

with a Cas9/gRNA expression plasmid. However, non-homologous dependent strategies for CRISPR-

mediated KI have been reported by multiple groups recently (Auer et al., 2014; Bachu, Bergareche and 

Chasin, 2015; Sakuma et al., 2015; Suzuki et al., 2016). 
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 Homology-dependent vs. – independent Knock-in 

Traditionally, KI is done using homologous recombination (Westphal and Leder, 1997; Ivics et al., 

2009). The first KI experiments to develop recombinant cell lines depended on random integration. The 

lack of control of the insertion site gave rise to unwanted phenotypic heterogeneity and unstable cell 

lines (Lee, Kallehauge, et al., 2015). Today, using customized nucleases as CRISPR/Cas9 or its 

predecessors (TALENs, ZFNs, Meganucleases) a targeted DNA DSB is induced. Cells endogenous 

HDR pathways (see section 1.3.2.) are triggered, especially in the presence of an exogenously 

introduced repair template providing homology towards the tackled genomic region (Bressan et al., 

2017). 

When using a HDR-based strategy to introduce a GOI into a genome, cells are transfected with 

two plasmids: one containing the Cas9 and the gRNA needed to direct the nuclease to the desired locus 

and a donor vector (DV) with the GOI flanked by homology arms (HA) – these two arms should be 

homologous to the target cell genomic sequence to achieve successful genetic modification of the 

chromosomal locus (Ishii et al., 2014). Targeting vectors for HR-mediated gene KI requires the 

amplification of long HA, ranging between 500 – 1000 bp (Ishii et al., 2014; Lee, Kallehauge, et al., 

2015), followed by two separate cloning protocols, a time consuming procedure not fitted for high-

through work (Sakuma et al., 2015). 

NHEJ-based targeted KI has been reported as an alternative insertion strategy by several groups 

(Auer et al., 2014; Bachu, Bergareche and Chasin, 2015; He et al., 2016; Suzuki et al., 2016). The 

labour involved in constructing the DV is reduced and overcomes the low frequencies of DNA repair 

using HDR. As mentioned previously, HDR occurs mainly during cell division when chromatin is not as 

condensed as during the reimaging cell cycle phases, while NHEJ occurs throughout all cell cycle (Mao 

et al., 2008; Shrivastav, De Haro and Nickoloff, 2008). Another characteristic of using a non-homologous 

strategy is that the repair is done with blunt ends, so the KI will not be directional (He et al., 2016). 

Different strategies were implemented for the use of NHEJ for targeted KI, although all of them 

include a DV containing a gRNA+PAM. Auer et al. (2014) cloned once the gRNA used to cut the target 

genome into the DV, so Cas9 simultaneously cuts the genome and linearizes the DV, which is then 

completely integrated into the cell’s genome. Bachu, et al. (2015) repeated the same method but used 

two different gRNA instead, one to cut the DV and the other to target the genome, meaning the cells 

were transfected with three plasmids. In Bo Feng’s lab a DV containing the GOI flanked by up- and 

downstream gRNA+PAM sequences – Cas9 cuts twice the vector and once the genome –, and 

compared it to the single-cut DV strategy. They reported a higher frequency of GOI integration when 

using the single-cut DV NHEJ-based integration strategy (He et al., 2016). After a successful KI using 

either of these NHEJ-driven methods, the gRNA+PAM is re-established in the genome meaning that 

the nuclease can potentially re-cut it if the enzyme is still present in the cell and therefore reverse the 

insertion. When using a double-cut DV the inserted portion can be removed soon after it was integrated 

as well. To solve this drawback whilst using a double-cut DV, Suzuki et al. (2016) reversed the 
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gRNA+PAM sequence in the DV so the motif is not re-established up- or downstream of the GOI after 

integration.  

 

 Optimization of CRISPR/Cas9-mediated integration rates 

The ability to precisely edit mammalian genomes with high efficiency is critical to allow 

CRISPR/Cas9 to achieve its full potential. Many design parameters can affect the CRISPR-mediated KI 

efficiency such as expression level of Cas9/sgRNA, the amount and conformation of DV, and the length 

of the HAs (Pinder, Salsman and Dellaire, 2015). A certain HA length is required to ensure targeted 

integration, however, the use of very long regions also undermines specificity as possible repetitive DNA 

sequences facilitate random integration (Hasty, Rivera-Pérez and Bradley, 1991; Lu et al., 2003; Ishii et 

al., 2014). 

Typically, DVs contain a selectable marker that ensures selection during the stable integration of 

the GOI after transfection into the cells. For this purpose, most DV carry genes that confer resistance to 

antibiotics (Oliveira and Mairhofer, 2013).There are a few disadvantages to antibiotic use during cell 

cultivation such as cost, the limited number of selection genes available, and the metabolic burden 

imposed on cells (Veraitch and Al-Rubeai, 2005; Lee, Kallehauge, et al., 2015). Instead, FACS 

enrichment of cells co-expressing fluorescent proteins along with the Cas9 enzyme or the GOI can be 

used to maximize KO or KI efficiencies (Lonowski et al., 2017). 

CRISPR-mediated KI is mainly performed making use of the endogenous HDR mechanism, 

accepting the major limitation of the repair pathway - the low occurrence when compared with non-

homologous DSB repair. Despite NHEJ-mediated KI as an alternative strategy, small molecules either 

enhancing HDR or repressing NHEJ can be used to further boost CRISPR-mediated integration 

(Maruyama et al., 2015) – as it has been shown in several publications. Those scientists demonstrated 

that small molecules can activate or block certain DNA repair interactions (Srivastava et al., 2012; 

Rahman et al., 2013; Yu et al., 2015). 

Both L755507 (Yu et al., 2015; Li et al., 2017) and RS-1 (Pinder, Salsman and Dellaire, 2015) 

stimulate HDR, the first by activating RAD51, a central molecule in the first steps of HDR, and the second 

characterized as a β3-adrenergic receptor agonist (Vispé et al., 1998; Jayathilaka et al., 2008). On the 

opposite side, SCR7 (Chu et al., 2015; Maruyama et al., 2015; Lee et al., 2016) and LiCl (Ha, et al., 

2014; Lee et al., 2016b) are both repressing the NHEJ mechanism. The first one by inhibiting DNA 

polymerase IV and the latter one by repressing the cell cycle stages M2/G in which HDR is inactive. 

Both of the NHEJ repressing molecules were already tested in CHO cells and did not yielded in an 

increase in HDR-mediated KI (Lee et al., 2016. Nevertheless, HDR enhancing and NHEJ repressing 

molecules can be tried out to improve the CRISPR KI technique. 
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 CRISPR/Cas9 applications in CHO 

The CRISPR/Cas9 system enables rapid, easy and efficient engineering of mammalian genomes. 

It has a wide range of applications from modification of individual genes to genome-wide screening or 

regulation of genes (Lee, Grav, et al., 2015). Since CHO cells are the most widely used production host 

for therapeutically proteins, gene editing of this cell line has become an important aspect with CRISPR 

as the leading technology in CHO cell factories design (Fischer, Handrick and Otte, 2015b).  

For decades, desirable traits in CHO cells have been identified through random mutagenesis, 

drug treatments, or media optimization (Urlaub et al., 1983). The first report of precise genome editing 

using the CRISPR/Cas9 tool in CHO cells described the genomic disruption of two genes involved in 

the O- and N- glycosylation pathways, C1GALT1C1 gene, encoding C1GALT1 specific chaperone 1 

(COSMC) and Fucosyltransferase 8 (FUT8) (Ronda et al., 2014). In 2015 Grav et al. reported that 

CRISPR/Cas9 can be used to rapidly generate triple knock-out phenotypes in a single step. Performing 

KO provides a better way to identify mutations conferring a desirable trait and creating improved cell 

lines. Loss-of-function assays also facilitate characterization of genes and genetic elements such as 

promoters, enhancers and other regulatory elements (Lee, Grav, et al., 2015). Using the CRISPR/Cas9 

to induce targeted integration is also one of the major advantages of the system given that conventional 

gene insertions used to be random or require labour-intensive protocols (ZFN, TALEN, meganucleases) 

(Sander and Joung, 2014; Lee, Kallehauge, et al., 2015). 

The Cas9 enzyme was altered, inactivating both nuclease domains, resulting in a nuclease-null 

Cas9, dCas9. Despite loss-of-nuclease activity, dCas9 retains target specific DNA binding ability when 

guided by gRNAs (Qi et al., 2013). Liu et al., (2016) the fused the disabled Cas9 to enzymes that either 

add or remove methyl groups, allowing to analyse CHOs epigenome. Another use for dCas9 is 

regulating gene transcription. CRISPR systems are also being used to discover new correlations 

between phenotype and genotype (Lu, Campeau and Lee, 2014). The application of genome-wide, 

Cas9-based screens to complex diseases provide exciting opportunities for the selection of therapeutic 

targets and the design of anti-cancer drugs. Traditionally drug screening includes a library delivery 

through viral transduction, originating random integration. Also, due to biosafety concerns, not very lab 

as the possibility to work with virus. Hence, it is more beneficial to use CRISPR-KI for both academia 

and industry (Wright, Nuñez and Doudna, 2016). 

Unfortunately, there is a fierce legal battle over CRISPR patents that may undermine the 

applicability of the research done so far. Since February 2017, the Broad Institute of MIT and Harvard 

detains the US patent. However, the University of California is challenging the decision and appealing 

to US Courts. Given the current patent fight and some licensing restrictions as set by the current parties, 

using other editing technologies, even with all their disadvantages, can be far less uncertain if a product 

is to be commercialized. An alternative is to use CRISPR as a pre-screening tool do identify targets or 

genes and, if necessary, use another gene altering too to create the final cell line.  
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1.5. CENTRAL AIM OF THE THESIS 

The main goal was to establish a CRISPR/Cas9-mediated knock-in protocol for CHO while at the 

same time improving integration rates / efficiency of the method.  

Additionally, a solid method with high integration rates was needed to generate recombinant cell 

lines in a reproducible way since it was planned to use a CRISPR/Cas9 KI as the delivery method for 

high-throughput genome-wide screening instead of viral transduction. 

Hypothesis that were checked in this study: 

i. Integration rates are dependent on the integration site;  

ii. NHEJ leads to higher integration rates when compared to HDR; 

iii. Antibiotic use increases integration rates;  

iv. NHEJ/HDR-KI are precise/targeted integration methods; and  

v. Additional strategies, as cell sorting and small molecules, can be used to improve KI 

rates. 
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2. M ATERI ALS AND METHODS  

2.1. CRISPR/CAS9  VECTOR 

Potential genomic target sites were identified by the format: 5’-(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] (Brinkrolf et al., 2013) 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 (St.Louis, MO, USA). 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, Waltham, MA, USA) 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) backbone (Ran et 

al., 2013) (Plasmid #48138, Addgene, Cambridge, MA, USA) 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, Waltham, MA, USA) in Fast Digest (FD) Buffer (Thermo Fisher Scientific, Waltham, MA, USA), 

50 μmol ATP, 5 μg BSA (New England Biolabs, Ipswich, MA, USA), and 750 U of T4 ligase (New 

England Biolabs, Ipswich, MA, USA). 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, Hilden, Germany) 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-3’. Plasmids with confirmed integration of the annealed oligos 
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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, Hilden, Germany) according to the manufacturer’s 

instructions. 

 

2.2. CONSTRUCTION OF DONOR VECTOR 

For the construction of the DVs the first step was the creation of a universal DV containing the 

inserted portion consisting of the blue fluorescence protein (BFP) and Puromycin (Puro) gene flanked 

by two multiple cloning sites (MCS). 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.The NEBuilder Assembly Tool was used to design the necessary protocol and primers. The 

initial step was the amplification of the Puro gene and T2A linker (661bp) using 25 ng of 

pX459(pSpCas9(BB)-2A_Puro) as template. The PCR was performed with the Phusion High-Fidelity 

DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and a 2-step thermocycler protocol. 

The primers used are presented in Table 1. The PCR product was purified using the Hi Yield® Gel/PCR 

DNA fragment extraction kit (Süd-Laborbedarf GmbH, Gauting, Germany) following manufacturer’s 

protocol.  

Table 1 – Primer pair used for PCR amplification of puromycin resistance gene (with overhangs for following 

assembly).  

Primer name Sequence (5’ → 3’) 

T2A_Puro_fw actggggcacaagcttaattTCGGCAGTGGAGAGGGCAG 

T2A_Puro_rev tagatccggtggatctgagtTCAGGCACCGGGCTTGCG 

The backbone plasmid – pTagBFP_w2xMCS – was digested (2 µg) using 2 µL of FD Kpn2I 

(Thermo Fisher Scientific, Waltham, MA, USA), 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 Calf Intestinal Phosphatase (CIP) per 1 µg of plasmid and 

incubating 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 Kanamycin (Kana) LB agar plates) via QIAprep Spin Miniprep Kit, 

which was later sequenced using the primers Universal_donor_BFP_fw (5’-GCTGCCTCAT 

CTACAACGTCA) and Universal_donor_Puro_fw (5’-ACACCTTGCCGATGTCGA). 
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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 in section 2.1 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. 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 using two enzymes (Table 2) 

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, CA, USA). 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, Ipswich, MA, USA) 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.  

Table 2 – Overview of the enzymes used to clone the DVs for each cutting site tested. All enzymes are the FD 
version from Thermo Fisher Scientific.  

Knock-in  
Method 

Cutting Site 
FD Enzymes 

up MCS down MCS 

HDR 

NuFa, SuC, COSMC XhoI + EcoRI BamHI + MluI 

Fut8_E2 XhoI + SalI BamHI + MluI 

Fut8_I4 XhoI + EcoRI Bsp120I + MluI 

NHEJ All XhoI + EcoRI BamHI + MluI 

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, Hilden, Germany) 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, Hilden, Germany) according to the 

manufacturer’s instructions. 
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2.3. CELL CULTURE  

Throughout the study CHO-K1 cells were used. Cells were grown in suspension in serum-free 

CD-CHO medium (Gibco, Carlsbad, CA, USA) supplemented with 8 mM L-Glutamine (L-Gln) (Sigma 

Aldrich, St. Louis, MO, USA) and 0.2% (v/v) of Anti-Clumping Agent (ACA) (Gibco, Carlsbad, CA, USA), 

and cultivated in 50 mL TubeSpin® bioreactors (TPP, Trasadingen, Switzerland) 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. Viable cell concentration (cells mL-1) and viability (%) were determined using a 

Vi-CELL® XR Cell Viability Analyzer (Beckamn Coulter, Indianapolis, IN, USA) based on the Trypan 

Blue Dye Exclusion method.  

 

2.4. TRANSFECTION OF CHO-K1  CELLS 

The cells were transfected with the Neon® TM Transfection System 100 µL (Thermo Fisher 

Scientific, Waltham, MA, USA) 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, Indianapolis, IN, USA). 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.  

 

2.5. ESTABLISHING PUROMYCIN SELECTION  

2.0 x 105 CHO-K1 cells mL-1 were subcultivated in 10 mL of CD-CHO medium (Gibco, Carlsbad, 

CA, USA) supplemented with 8 mM L-Gln (Sigma Aldrich, St. Louis, MO, USA), 0.2% (v/v) of ACA 

(Gibco, Carlsbad, CA, USA), and increasing concentrations of Puro (InvivoGen, San Diego, CA, USA) 

– between 0.25 and 50 µg mL-1. Cell were incubated and passaged according to section 2.3. The 

corresponding amount of Puro was added to the fresh medium for every passaging. Cell viability and 

concentration was measured daily using a Vi-CELL® XR Cell Viability Analyzer (Beckamn Coulter, 

Indianapolis, IN, USA).  
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2.6. EVALUATION CRISPR/CAS9-MEDIATED 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 (section 2.3.) and for the other half of the 

cells the medium was supplemented with 8 µg mL-1 of Puro (InvivoGen, San Diego, CA, USA) – 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, Indianapolis, IN, USA) using standard settings for measuring GFP and/or 

BFP (section 2.3.). Therefore, 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, Indianapolis, IN, USA) – 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.  

 

2.7. GENOMIC DNA EXTRACTION AND GENOMIC PCR 

Genomic DNA (gDNA) was extracted from cell pellets using the DNeasy®Blood & Tissue Kit 

(Quiagen, Hilden, Germany) according to the manufacturer’s instructions. Additionally, 4 µL RNase A 

(100 mg mL-1, Qiagen, Hilden, Germany) 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, Waltham, MA, USA). 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, Irvine, CA, USA). Genomic samples were stored at -20 ºC. 

Genomic PCRs were performed using Phusion High-Fidelity DNA Polymerase (Thermo Fisher 

Scientific, Waltham, MA, USA) or GoTaq® DNA Polymerase (Promega, Madison, WI, USA) and the 

products were visualized by agarose gel electrophoresis.  

 

2.8. SURVEYOR®  MUTATION DETECTION ASSAY  

To assess the indel formation frequencies at the CHO loci targeted by different CRISPR/Cas9 

sgRNA, the Surveyor® Mutation Detection Kit (Integrated DNA technologies, Coralville, IA, USA) 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, Waltham, MA, USA) 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 
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ending in final extension of 72 °C for 5 min and paused at 16 °C. The quality of the products was verified 

in a 2% agarose tris acetate 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 TAE gel – first 30 

min at 80 V, remaining time at 120 V – using a GeneRuler 100bp DNA ladder (Thermo Fisher Scientific, 

Waltham, MA, USA). 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 – Ran et 

al., 2013.  

𝐼𝑛𝑑𝑒𝑙 (%) = 100 × (1 − √(1 −
𝑏 + 𝑐

𝑎 + 𝑏 + 𝑐
)) 

2.9. S INGLE 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. First, the viable cell concentration was measured, and the required 

dilutions prepared. Therefore, 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, Kremsmünste, Austria). 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, Kremsmünste, Austria) – placed under the same 

conditions. Each well contained 600 µL of complete medium and 200 µL of cell suspension. After a 

week, the colonies were passaged to 48-well suspension plates (Greiner Bio-One, Kremsmünste, 

Austria) 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 complete medium 

supplemented with Puro.  
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2.10. S INGLE CELL LYSATES AND COLONY PCR 

The single cell clones were screened for targeted integration of the BFP-T2A-Puro cassette at 

the NuFa locus. 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. 

To assure correct integration of the GOI, two junction PCRs (5’- and 3’-junction PCRs), covering 

both ends of the insert, were performed as well as a PCR amplifying the insert only – for further 

information see section 3.2.3. For each KI method 96 clones were screened: 2.5 µL of each lysate was 

mixed with 5X Green GoTaq® Buffer (Promega, Madison, WI, USA), 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, both from HDR- and NHEJ-KI showing 

targeted as well as random integration profiles, were picked and expanded, respectively. 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 as described in point 2.7. 

 

2.11. RNA EXTRACTION  

For RNA isolation, selected clonal cell lines were expanded (see subsection 2.10.) 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, St. Louis, MO, USA) by vortexing. 

Total RNA extraction was performed according to the manufacturer’s instructions following the 

chloroform protocol. Briefly, 100 μL chloroform (Sigma Aldrich, St.Louis, MO, USA) were added to the 

sample, vortexed, incubated at RT for 2-3 min and centrifuged at 12000 g at 4 °C for 15 min. The 

aqueous phase was transferred to a new tube, 250 μL isopropanol was added, incubated at RT and 

centrifuged as described before for 10 min. The supernatant was removed, the pellet was washed in 

500 µL 70% ethanol and centrifuged at 7500 g at 4 °C for 5 min. Then the supernatant was removed 

completely and the pellet was air-dried. Finally, the RNA pellet was dissolved in 30 μL nuclease-free 

water (Gibco, Carlsbad, CA, USA) and incubated at 55-65 °C for 10 minutes. 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. 
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2.12. QUANTITATIVE PCR 

For all expanded clonal cells, a copy number analysis was performed using the SensiFASTTM 

SYBR® Hi-ROX Kit from Bioline GmbH (Berlin-Brandenburg, Germany). The extracted gDNA was 

diluted to 10 ng µL-1 and 2 µL were added as template to 10 µL 2xSensiFASTTM SYBR® Hi-ROX mix, 

0.6 µL of 10 mM forward primer (qPCR_BFP_fw: AAACCCGCTAAGAACCTCAA), 0.6 µL of 10 mM 

reverse primer (qPCR_BFP_rev: CGTGCTGCTCGACGTAGGTC) and 6.8 µL of nuclease-free water. 

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. The qPCRs were performed using a Rotor-Gene Q cycler from Qiagen 

(Hilden, Germany) 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)– see subsection 2.11 for RNA 

extraction. First, copy DNA (cDNA) was generated using the High-Capacity cDNA Reverse Transcription 

Kit (Thermo Fisher Scientific, Waltham, MA, USA) with RNase inhibitor (Thermo Fisher Scientific, 

Waltham, MA, USA) 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: 

CGGGTCACCGAGCTGCAAGA 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‡ 
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(4)    ∆∆𝐶𝑡 = ∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒 − ∆𝐶𝑡𝑀𝑜𝑐𝑘 

(5)    𝐹𝐶 = 2−∆∆𝐶𝑡 

 

2.13. CHEMICAL TREATMENT  

Two small molecules to increase KI rates were tested separately in this study: RS-1 (Sigma 

Aldrich, St.Louis, MO, USA) and Scr7 (ApexBio, Houston, TX; USA). After transfection of CHO-K1 cells 

with pX458(Cas9)_NuFa and pHDR_NuFa (section 2.4) 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 (section 2.6.). 

 

2.14. 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, Indianapolis, IN, USA). 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™ Falcon™ Test Tube (Fisher 

Scientific, Vienna, Austria). 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 medium3 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, St. Louis, MO; USA) 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 (section 

2.6.). 

 

                                                      

3 - CHO-K1 cells grown in CD CHO medium supplemented with 8 mM L-Glu and 0.2% ACA are centrifuged, 
and the remaining supernatant is sterile filtrated using a 0.22 µm membrane filter (Stericup Merck Millipore, Billerica, 
MA, USA) 
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3. RESULTS AND D ISCUSSIO N  

 

3.1. TOOL /  REAGENT ESTABLISHMENT 

 CRISPR/Cas9 Targets 

The KI efficiency was tested tackling four different genomic loci in CHO cells, with a total of five 

gRNAs: one site in C1GALT1C1 (COSMC) encoding the C1GALT1-specific chaperone 1; two sites in 

Fut8 encoding the Alpha-(1,6)-fucosyltransferase – both encode proteins involved in O-  and N- 

glycosylation, respectively (Miyoshi et al., 1999; Wang et al., 2010) –; and two more in intergenic 

regions, previously determined to be inserted in highly active gene clusters in CHO-K1 cells (Baier, 

2016).  

COSMC and Fut8 were chosen based on multiple articles covering the Cas9 cutting efficiency 

and different methods to improve targeted KI at those loci (Ronda et al., 2014; Lee, Kallehauge, et al., 

2015; Lee et al., 2016a). Fut8 contains 11 exons (Figure 5) and the gRNA constructs target exon 2 

(Fut8_E2) and intron 4 (Fut8_I4). The gRNA from COSMC is located in the exon. To assure a 

comparative selection of target sites, two intergenic regions were chosen from the master thesis of 

Laurenz Baier (2016), where the CHO genome was scanned for clusters of highly expressed genes and 

for suitable integration sites within those regions, termed NuFa and SuC. gRNAs were designed to direct 

the Cas9 endonuclease to the targeted regions. The one targeting COSMC was taken from Lee et al. 

(2015), while the remaining once were designed minding potential off targets sites as mentioned in 

subsection 2.1.  

 

 

\\ 

\\ 

// 

// 

Gene X Gene Y 

Gene W Gene Z 

gRNA_NuFa 

gRNA_SuC1 

\\ // 
C1GALT1C1 (COSMC) 

gRNA_COSMC 

\\ // 
Fut8 

gRNA_Fut8_E2 gRNA_Fut8_I4 

Figure 5 – 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. Intergenic regions 
specific location can not be disclosed. Not drawn to scale. 
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 Construction of the CRISPR/Cas9 vectors 

To deliver the Cas9 nuclease complexed with the gRNA into a cell, an all-in-one Cas9 gRNA 

cloning vector (pX458(Cas9)) was used. The components of this plasmid are displayed in Figure 6. 

Briefly, the plasmid contains Cas9 (light blue), a type II CRISPR/Cas endonuclease from S. pyogens 

controlled by a chicken β-actin promoter (purple). The Cas9 complex is linked to a mammalian enhanced 

GFP (green, eGFP) – eGFP is codon optimized for higher expression in mammalian cells increasing the 

sensitivity of the reporter protein (Zhang, Gurtu and Kain, 1996). The T2A linker produces equimolar 

levels of both eGFP and Cas9 genes from the same mRNA allowing to determinate Cas9 translation 

through eGFP fluorescence. The mRNA is then cleaved at the linker during translation. Attached to the 

Cas9 protein is a nuclear localization signal (white section between T2A and Cas9), encoding an amino 

acid sequence that tags Cas9 so it is imported into the cell nucleus by nuclear transport (Cokol, Nair 

and Rost, 2000). The target specific gRNA will be cloned between the RNA polymerase III promoter for 

human U6 snRNA (orange), which requires a G to start transcription, and the gRNA scaffold (red), 

forming the sgRNA. The plasmid confers resistance to Amp (pink) allowing to detect transformed cells 

when grown in selective medium during cloning.  

For each locus tested, a Cas9/sgRNA vector was cloned, e. g. pX458(Cas9)_NuFa, – see section 

2.1. 

 Evaluation of gRNA eff iciency of CRISPR/Cas9 system  

When transfecting CHO-K1 cells with the pX458(Cas9) vector containing a cell specific gRNA, 

the DSB created by the Cas9 is mainly repaired through NHEJ (Maruyama et al., 2015) introducing a 

Figure 6 – Plasmid construct for sgRNA and Cas9 expression in mammalian cells. The gRNA oligo is cloned 
between the U6 promoter (orange) and the gRNA scaffold (red) forming the sgRNA. The Cas9 gene is shown in 
blue fused to the eGFP gene by a linker T2A. The map was generated with Snapgene viewer. 

https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Nuclear_transport
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mutation at the targeted site. The efficiency of the CRISPR/Cas9 system, at a determined locus, can be 

evaluated based on the mutation frequency using the SurveyorTM nuclease assay. The nuclease 

recognizes all base substitutions, small indels and cleaves at the 3’-side of the mismatch. The test 

involves four steps (see section 2.8. Surveyor® Mutation Detection Assay): (A) amplification of target 

and wild-type (wt) DNA; (B) denaturation and hybridization to form heteroduplexes between mutant and 

wt-like strands; (C) treatment with SurveyorTM nuclease, cleaving any heteroduplex; (D) analysis of 

digested DNA fragments (Qiu et al., 2004).  

The sample’s gDNA originated from a pool of hetero- and homoduplexes consists of a mixture of 

mutated and wt-like DNA. The Surveyor® nuclease cuts only heteroduplex DNA, which results in 

multiple bands of a smaller size in an agarose gel. Using the intensities of the undigested and digested 

PCR products the percentage of indels can be obtain.  

To test the genome editing capability of the designed CRISPR/Cas9 gRNAs targeting different 

CHO loci, CHO-K1 cells were transfected with pX458(Cas9) containing the specific gRNAs. gDNA was 

isolated 4 days after transfection and the Surveyor® assay (Figure 7) was performed. For each locus, 

gDNA extracted from cells transfected with an empty pX458(Cas9) vector (EV) was used as negative 

control (wt). The samples were visualized on a 2% TAE agarose gel after Surveyor® nuclease assay 

(Figure 8A). 

Some samples showed a faint band bellow the corresponding undigested PCR product, which were 

considered to be unspecific by-products. Therefore, those bands were excluded from the analysis. For 

all target sites as well as the GC control (provided by the assay kit), digested bands were displayed in 

the mutated sample with the expected sizes (Table 3). The EV controls resulted in no distinct bands 

except the wt amplicons. The digestion bands visible in the GC control are very faint, however, it is a 

A. gDNA EXTRACTION AND 

TARGET AMPLIFICATION 
B. DENATURATION AND 

HYBRIDIZATION 
C. TREATMENT WITH 

SURVEYOR
TM

 
NUCLEASE 

D. FRAGMENT ANALYSIS 

Figure 7 – Surveyor® nuclease assay workflow. (A) gDNA of interest is extracted from cell culture and the region 
of interest is amplified, through PCR, in both mutant and wt samples. (B) The amplicons are denaturated and 
annealed to form heteroduplexes. The red strands have a genomic mutation, unlike the blue ones (wt-like). (C) 
Annealed DNA is treated with Surveyor® nuclease (yellow) to cleave only the heteroduplexes. (D) Digested DNA 
products can be analysed using conventional gel electrophoresis or high-resolution capillary electrophoresis. Gel 

removed from Hsu et al., (2013). 
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clear increase of homoduplex band intensity compared to the GC control sample not treated with the 

Surveyor® nuclease. The ImageLab software was used to determine band intensities and with the 

formula (1) (section 2.8.) percentages of occurred indels were calculated (Figure8 B). Additionally, 

transfection efficiencies were measured based on eGFP expression. The results are summarized in 

Figure 8B. The transfection efficiencies differ from 60% (COSMC) to 70% (Fut8_E2) but were 

comparable between the samples. The determined indel frequencies vary between 16% (NuFa) – 24 % 

(Fut8_I4) while the GC control resulted in a mutation incidence of 20%. 

Although targeting the NuFa locus displayed in a 5% lower mutation rate than the GC control, the 

locus was not discarded as an optimal integration site. All other sites resulted in indel frequencies of at 

least 20% (COSMC), the same range as the GC control. Loci accessibility is a major factor in the ability 

of Cas9 cutting the genome. NuFa being an intergenic region will have a closer chromatin than actively 

transcribed genes, making it more difficult for the endonuclease to reach the targeted location 

(Prendergast et al., 2007; Daer et al., 2017). Comparing with SuC, also an intergenic region, the 

expression rates of the adjoining genes might vary, affecting the compression of the surrounding DNA: 

The gRNA used for COSMC was taken from Ronda et al. (2014) where, also using the Surveyor® assay, 

Target Region Amplified fragment (bp) Digestion fragments (bp) 

NuFa 660 280 380 

SuC 850 300 550 

COSMC 700 280 420 

Fut8_E2 750 330 420 

Fut8_I4 850 350 500 

GC control 570 200 370 

Table 3 – Expected band size of amplified fragment before and after SurveyorTM nuclease treatment, of each target 
region.  
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Figure 8 – SurveyorTM nuclease assay. (A) Gel electrophoresis analysis of samples treated with SurveyorTM 
nuclease. Yellow arrows mark the digested fragments. Red arrow indicates the reference to determine band 
intensity. EV = empty control. Δ = mutated sample. In the control, + indicates the sample treated with the nuclease. 
L, 100bp GeneRuler. (B)  Calculated indel frequency of gRNA (main axis, blue) and transfection efficiencies based 
on GFP positive cells (secondary axis, green). Indel rates were calculated with ImageLabs and fluorescence 
measured in GalliosTM flow cytometer, using a count versus GFP plot (see Supplementary information I – 

Transfection efficiency from Surveyor Assay. 
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they describe an indel frequency of 44%. Lee et al. (2015) also used the same gRNA obtaining 57% 

through deep sequencing analysis. Since neither of the publications described the use of a positive 

control the higher indel rates could potentially be a result of the different analysis methods. Also 

variations in obtained transfection efficiencies as well as the use of different primer pairs for each target 

have an influence on indel rates. 

Since the visualized digestion bands were specific for each gRNA and the indel frequencies were 

within an acceptable range, it was concluded that all gRNAs caused sufficiently DSBs, mediated by an 

active CRISPR/Cas9 system. Hence, all sites were further tested for targeted integration.  

 

 Construction of the donor vectors for targeted knock -in 

To achieve targeted KI, CHO cells need to be co-transfected with a DV containing the desired 

GOI. In this study, a Puro resistance gene and a BFP gene, linked by a T2A peptide, were used. BFP 

expression allows for simple long-term monitoring of insertion into the genome while Puro is used to 

pressure cells to intake the GOI in order to survive antibiotic selection. Two methods, NHEJ- and HDR-

mediated KI, were tested to ensure targeted integration at high level into the chosen CHO loci.  

A universal DV with the GOI being flanked by two distinct MCS was designed having pTagBFP-

c as the starting point. The pTagBFP-c vector encodes for the BFP gene and has one MCS. In a first 

step, the MCS was removed, divided into two parts and each part was cloned surrounding the BFP 

gene. The resulting plasmid, pTagBFP-w2xMCS, was cloned with the Puro resistance gene and T2A 

linker to obtain simultaneous expression of BFP and Puro. Therefore, Puro was amplified from pX459 

to originate pTagBFP-Puro-w2xMCS – the universal DV (Figure 9A). As mentioned before, HDR 

depends on long stretches of sequence homologous to the DNA lesions (Ishii et al., 2014). Thus, 1 kb 

long sequences up- and downstream of the DSBs of each targeted site were cloned into the 

corresponding MCS of the generated DV (Figure 9B). The second targeted integration strategy tested 

was based on Suzuki et al. (2016) in which a CRISPR/Cas9-mediated homology-independent 

integration depending on the NHEJ repair machinery was described. Instead of up- and downstream 

homology regions, an inverted gRNA+PAM motif is cloned into both MCSs (Figure 9C). Therefore, the 

Cas9 nuclease will recognize 3 cutting sites, one in the cell genome and two in the DV, and by that 

trigger targeted integration (Figure 9D). 

By cloning the gRNA+PAM sequences reverse complement to the CHO locus target sequence 

into the DV backbone, no re-establishment of the Cas9 cutting site will occur at the integration site. 

Hence, retackling of the stably GOI integration is prevented resulting in increased KI rates (Suzuki et 

al., 2016).  



32 

 

  

pX459(pSpCas9(BB)-
2A-Puro) 

Puro 

T2A 

pTagBFP-w2MCS 
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Figure 9 – Donor vectors construction workflow. (A) Universal DV cloning. Puro gene (pink) with T2A linker 
(yellow) is amplified from pX459 and cloned into pTagBFP – which has BFP gene (blue) and both MCS (orange). 
The resulting vector was termed TagBFP-Puro-2xMCS. (B) Cloning HA (lilac) into pTagBFP-Puro-2XMCS. Resulting 
vector is to be used in a homology dependent KI approach. (C)Cloning of inverted gRNA(green)+PAM(red) motif into 
both MCS of pTagBFP-Puro-2xMCS obtaining NHEJ-KI-based vectors. (D) Representation of targeted integration 
using a non-homology dependent strategy. Highlights the lost of cutting motif upon integration.   

Not to scale, simplified constructs.  
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For each of the five studied CHO loci, two DVs, one for the homology independent strategy – e.g. 

pNHEJ_NuFa –, and the other for the HDR-based repair – pHDR_SuC, were generated. Besides 

making use of the major DSB repair pathway (Mao et al., 2008), using NHEJ as a KI tool allows to 

decrease the effort in DV cloning requiring only oligo annealing and phosphorylation followed by Gibson 

assembly. In HDR strategy, plasmid digestion and purification is necessary followed by classical cloning 

with previously amplified and purified HA (Suzuki et al., 2016).  

 

 Establishment of Puromycin selection in CHO-K1 cells 

A resistance assay in wt CHO-K1 cells was performed to determine an adequate Puro 

concentration since it was used to boost targeted integration using CRISPR/Cas9. Two separate assays 

using different concentrations of Puro were performed, each in duplicates. During the first assay 

concentrations between 0.25 – 50 µg mL-1 were tested allowing for a second run with a more stringed 

Puro concentration range. The first trial showed that Puro concentrations bellow 4 - 5 µg mL-1 had no 

relevant effect on cells, and above 10 µg mL-1 of Puro the survival rate dropped down to almost zero 

(results not displayed). 

In the follow-up assay the used Puro concentration varied between 5 and 10 µg mL-1. Cells were 

kept in culture for 6 days while cell viability (see Supplementary information II) and cell concentration 

(Figure 10) were measured daily. Cell viability decreased with higher concentrations of Puro, as 

expected. By day 6 untreated cells had a viability above 98% while the use of 9 or 10 µg mL-1 only 

allowed 20% viability. Cells treated with 8 µg mL-1 showed 26% of viability. Puro concentrations of 5 and 

6 µg mL-1 still allowed cell expansion with growth curves following the same pattern as untreated cells 

but resulting in lower viable cell concentrations. For Puro concentrations above 7 µg mL-1 (see the 

zoomed-in fraction) a significant decrease in viable cells from day 4 on was observed, however, viable 

cell concentrations of the 7 µg mL-1 differ compared to the 3 highest concentrations. Based on the 
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Figure 10 – Puromycin resistance assay in wild-type CHO-K1. Cells were cultured for 6 d in normal culture 
conditions with the corresponding addition of Puro to fresh medium when passaging. Each concentration was tested 
in duplicate – error bars are presented. Viable cells and cell viability (supplementary info II) were measured daily. 
Zoomed section between 0 and 1 x106 viable cells per mL. The concentration displayed in blue is the chosen one.  
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obtained results, a Puro concentration of 8 µg mL-1 was chosen to be used from now on because there 

was no detectable difference between results gained with 8, 9 or 10 µg mL-1 Puro. Many publications 

use Puro selection in multiple CHO cell lines varying between 6 and 15 µg mL-1 (Derouazi et al., 2006; 

Balasubramanian,et al., 2016; Baser et al., 2016; C. Chen et al., 2016). For CHO-K1, Zhou et al. (2017) 

uses Puro concentrations of 5 – 10 µg mL-1, which is in concurrence with the results shown. 

 

3.2. TARGETED KNOCK-IN –  HOMOLOGY-DEPENDENT VERSUS - INDEPENDENT 

INTEGRATION 

One of the main aims of this study was to investigate which cell repair machinery is more efficient 

in a targeted integration approach. HDR- and NHEJ-mediated KI were tested using the vectors 

described above. All transfections were done in one round to assure uniformity and comparable results 

using the same source of CHO-K1 cells and, for all samples, viability and transfection efficiency are 

shown in Supplementary information III. The values varied between 64 – 92% and 41 – 61%, 

respectively. Integration rates were determined by monitoring BFP expression over time. 

For this experiment four controls were performed: Mock, consisting of cells that went through the 

transfection process but without any actual plasmid DNA using TE buffer instead; CHO-K1 cells 

transfected only with either pX458(Cas9) – without any gRNA cloned –, pTagBFP-Puro-2xMCS, or a 

combination of both. As mentioned in subsection 2.3., CHO-K1 cells were transfected with 16 µg of 

pX458(Cas9)_locus and 8 µg of the corresponding DV. The same amounts were used for the controls. 

Mock shows how cells are affected by electroporation while using only the pX458(Cas9) allows to 

discard any effects caused by that plasmid. The remaining two controls show the random integration 

rate. Cultivation was performed with and without the addition of Puro to culture medium to assess if the 

use of antibiotic can increase integration. 

 

 Homology-Independent Knock-In 

To test a homology-independent KI based on NHEJ, cells were transfected with 

pX458(Cas9)_locus and pNHEJ_locus and kept in culture for 19 days while BFP expression was 

measured each time before passaging (Figure 11A). At day 2 after transfection the cells were split in 
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two different cultivation tubes and one sample was treated with 8 µg mL-1 Puro for the remaining 

incubation time (Figure 11B).  

Cells cultivated without Puro had high viability values throughout all cell culture time. The lowest 

values were obtained at day 2 (64% - 91%). From day 8 forward all values were above 85%. See 

Supplementary information III for all viabilities. In Figure 11A, Mock and pX458(Cas9) controls showed 

close to 0% of BFP expression during the entire experimental time as expected. The remaining samples 

display the same progression over time with a steep decrease in BFP expressing cells between days 5 

and 8 of cell culture. This can be explained by the lack of a selective pressure to stimulate the integration 
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Figure 11 – BFP expression as a function of days after transfection of cells with a homology-independent 
repair donor vector. Cells were transfected with pX458(Cas9)_locus and pNHEJ_locus, and kept in culture for 
19 days. (A) Cells maintained in CD CHO medium supplemented with ACA and L-Glu. (B) Cell medium 
supplemented with 8 µg mL-1 of Puro additionally. For Mock and pX458(Cas9) cell cultures were stopped after 
viability dropped below 2%. Both graphics have a section zoomed in between days 12 and 19. 
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of the BFP-Puro insert (Mortensen et al., 2003) and therefore only transient expression occurred (Khan, 

2013). After day 12 the remaining BFP signal is a result of stable integration consisting of a mixture of 

targeted as well as random GOI insertion (see zoomed in section). The controls, which had the 

pTagBFP-Puro-2xMCS plasmid included, achieved comparable BFP expression rates as the specific 

locus samples in the beginning of the trial but dropped below 0.5% 12 d after transfection. From the five 

tested loci FUT8_I4 provided the best KI rate – 2.2% at day 16 –, followed by FUT8_E2 (1.8%) and 

COSMC (1.8%). NuFa and SuC1 had an inferior KI rate of 1.4% and 1.2%, respectively. The integration 

rate obtained by the BFP expressing controls can be seen as random integration only and hence, this 

signal percentage can be subtracted from the fluorescence values of the tested sites. With this approach 

it is hypothesized to obtain a value for targeted KI only. As an example, after subtracting a value of 0.3% 

considered to be the random integration rate (highest BFP expression percentage achieved for the 

pTagBFP-Puro-2xMCS control) a corrected BFP integration rate of 1.9% was obtained for Fut8_I4. 

When treated with Puro (Figure 11B), 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 as low as 0.2% 

for the controls transfected without the BFP-Puro encoding plasmid and 15% for tested sites as well as 

both controls, which were either transfected or co-transfected with the pTagBFP-Puro-2xMCS. Mock 

and pX458(Cas9) did not survive the Puro selection unlike the pTagBFP-Puro-2xMCS control, which 

recovered completely. Cells transfected with both empty vectors at the same time achieved a maximum 

of 12% viability at day 16 – there were technical issues while handling this sample resulting in an 

unexpected result since full recovery was predictable. The five targeted loci reached values between 

89% and 93%, at day 19. Given the selective character of antibiotic pressure it was expected that all 

tested loci originated cells stably integrated the GOI in a targeted manner but as comparable BFP 

expression rates were achieved using the nonspecific controls, it can be concluded that random 

integration occurred partially. Both controls containing pTagBFP-Puro-2xMCS show approximately 

minus 20% BFP expression then specific samples, mainly in 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 observed for the regions targeting active genes in detriment to 

intergenic regions.  

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 (Bell et al., 

2011; X. Chen et al., 2016; Daer et al., 2017). DNA encoding actively transcribed genes, as FUT8 and 

COSMC, is more loosely packed (euchromatin) allowing Cas9 and the insertion template to gain access 

to the DNA and do a successful targeted KI. This explains why the 3 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 (Sha, K. and Boyer, L. A., StemBook, 2008). 
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 Homology-Dependent Knock-In 

To test a KI approach based on the homology-dependant repair mechanism, cells were 

transfected with pX458(Cas9)_locus and the corresponding pHDR_locus and kept in culture for 19 days 

(Figure 12). As for the NHEJ strategy, half of the cells were treated with Puro (Figure 12B). Integration 

was monitored via determining BFP expression over the cultivation time. Controls used for both Puro 

treated and untreated cells are the same as in section 3.2.1, Figure 11.  

Cell viability for cells without Puro treatment had a minimum of 68% at day 2 after transfection 

and by day 12 of cultivation all values were above 90% - Supplementary information III – VIABILITY AND 

TRANSFECTION EFFICIENCIES FOR SECTION 3.2. Regarding BFP expressing cells, samples followed 

comparable pattern over time, except for Mock and pX458(Cas9) controls (Figure 12A). Up to day 8 the 

double EV control had the highest BFP expression. Values stabilized after day 12 in culture (see zoomed 

in section), varying between 0% and 0.4%. As mentioned in the previous section, the abrupt decline of 

BFP expressing cells is related with the loss of DV due the absence of antibiotic selection. FUT8 I4 and 

E2 resulted in the highest percentage of BFP positive cells at day 16 with 0.42% and 0.40%, 

respectively. The remaining 3 loci expressed as much as pTagBFP-Puro-2xMCS control (0.25% – 

0.28%). Following the same hypothesis that random integration is correlated with the integration rate 

obtained by the BFP expressing controls, a HDR-based approach yields very low targeted integration.  

When cultured in Puro supplemented medium (Figure 12B) cells need to express the resistance 

gene to survive. During the selection process, cell viability fell to values between 6% and 10% between 

days 8 and 12. By day 19, COSMC had a viability of 48%, while the remaining loci had values between 

69% and 83%. The pTagBFP-Puro-2xMCS control had 83% viability, while the control co-transfected 

with both EV only achieved 16% maximum viability due to sample handling problems. The BFP 

expression throughout all samples including BFP controls was high during the entire 19 d of cell culture, 

with a drop at day 8, following the trend seen with cell viability. By the last day all loci but SuC had above 

88% of BFP positive cells and the control co-transfected with pX458(Cas9) along with pTagBFP-Puro-

2xMCS had 90%. SuC’s fluorescence started decreasing at day 12 and resulted in a BFP expression 

value of 63% at the end of the cell culture period. Since the controls also had high percentages of BFP 

expressing cells, random integration of GOI can be expected for all tested sites.  

As debated for non-homologous dependent strategy, chromatin structure influences the 

accessibility of Cas9 nuclease to genomic DNA (X. Chen et al., 2016). FUT8 and COSMC, being actively 
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transcribed sites, result in higher integration rates. Both Fut8 sites, an actively transcribed gene, have 

the highest percentage of BFP expressing cells either with or without Puro treatment. However NuFa, 

an intergenic region, has a slightly higher percentage compared with COSMC gene for cells without 

Puro. SuC has a high discrepancy in fluorescent cells comparing with the remaining targets (and 

controls).  
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Figure 12 – BFP expression as a function of days after transfection of cells with a homology-dependent 
repair donor vector. Cells were transfected with pX458(Cas9)_locus and pHDR_locus, and kept in culture for 19 
days. (A) Cells maintained in CD CHO medium supplemented with ACA and L-Glu. (B) Cell medium supplemented 
with 8 µg mL-1 of Puro additionally. For Mock and pX458(Cas9) cell cultures were stopped after viability dropped 

below 2%. Both graphics have a section zoomed in between days 12 and 19.  
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3.2.2.1. Comparison between both knock-in strategies 

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 (He et al., 2016; Auer et al., 2014; Bachu, 

Bergareche and Chasin, 2015; Suzuki et al., 2016). Based on the results depicted in Figure 11A and 

Figure 12A an average 5-fold increase in the percentage of BFP positive cells was observed after 16 

days of incubation without antibiotic pressure. Also, when using antibiotic selection to force cells to 

perform stable integration 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. Additionally, NHEJ-KI 

samples recovered faster from the antibiotic selection pressure and the difference between both 

pTagBFP-Puro-2xMCS including controls and the loci-specific cells was more significant than in the 

HDR-mediated KI experiments (Day 8 of cultivation, Figure 11B and 12B).  

Comparing NHEJ and HDR KI, the DVs were transfected with equal mass amounts and not at 

equimolar quantities. Given that pHDR_locus is 2 kb larger than pNHEJ_locus, 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, 

a smaller DV allows to provide more plasmid copies in less DNA mass – another advantage of using a 

NHEJ approach instead of HDR. 

As mentioned before, the results shown above are illustrating the observations made from only 

one biological replicate. To generate significantly relevant and reproducible data, additional rounds of 

transfections are required increasing the confidence in the represented data from subsections 3.2.1 and 

3.2.2. Therefore, the transfections for both KI strategies targeting the NuFa and Fut8_I4 CHO genomic 

loci were repeated. All samples are presented in duplicates and the controls either in duplicate or 

triplicate.  

Cell viability for unselected cells was above 85% after day 8 for all samples. For Puro treated cells 

the viabilities reached minimums at day 8 – values ~8% for HDR samples and 16% for NHEJ recovering 

to values above 80% after 19 d in culture cells, respectively for both strategies (Supplementary 

information IV). As represented in Figure 13, the cell pools followed the same patterns described before 

for both, Puro-untreated and -selected cells, with a drop in BFP expression on day 8. Thereby, again 

the shift between NHEJ-specific samples compared to the controls was indicated by a difference in BFP 

positive cell of around 20%. Cells undergo the HDR-mediated KI in Puro followed more or less the same 

pattern as the controls until day 8 in culture and afterwards resulted in proximately 10% higher BFP 

expressing cell portions than the controls. The number of BFP positive cells under antibiotic pressure 

recovered to values of around 90% for the specific samples and 80% for the universal DV containing 

controls while the remaining cell pools not cultivated under antibiotic selection pressure plummet to 

values below 2%. Moreover, the NuFa and Fut8_I4 NHEJ-KI samples resulted in a percentage of around 
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1.5% BFP positive cells after 16 days of cultivation while at the same time the NuFa as well as Fut8_I4 

HDR-KI samples showed BFP expression of below 0.5% comparable to the results obtained for the 

controls. 

Also here, a slight difference between KI rates tackling NuFa, an intergenic region, and Fut8_I4, 

which is located at an actively transcribed site, are detectable both, when comparing NHEJ- vs. HDR-

KI and with or without antibiotic selection. Nevertheless, a difference of 1% between the non-

homologous and HDR-based Puro-less approach is visible as well as 10-20% BFP positive cells for the 

same two strategies cultivated in Puro containing medium. The observations indicate that a homology-

independent KI continues to be the better performing strategy. KI rates are highly influenced by 

transfection conditions and the succeeding cell culture handling. A larger sample pool is necessary to 

dilute all those factors and obtain more reliable and robust results.  

 

 Detection of targeted integration 

To evaluate correct integration at the locus of interest, 5’- and 3’-junction PCR primers were 

designed for each target site, respectively (Figure 14). For those PCRs one primer was designed to be 

specific in binding the insert sequence and the other one was complementary towards the genomic 

sequences outside of the homology regions. Moreover, a primer pair was generated to amplify the GOI 

only binding within the BFP-Puro cassette. Primer sequences are comprised in Supplementary 

information V  

After 16 days in culture gDNA was extracted from all integration sample cells lines as well as the 

controls. Extracted gDNA samples were used in equal amounts of 50 ng as templates for the PCRs. 
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Figure 15A shows the results for the NuFa integration samples. The gels from the remaining integration 

sites can be found in Supplementary information .  

Controls cultivated without Puro did not show any discernible bands. In the NuFa locus for the 

unselected samples, the homology-independent KI approach resulted in more intensive bands when 

compared with HDR-based integration. Therefore, amplicons are visible in both junction PCRs. For Puro 

treated samples both strategies yielded more intensive signals than samples, which were not grown 

under antibiotic pressure, with at the same time HDR showing a higher off-target primer activity. Similar 

results were obtained for SuC, COSMC and both Fut8 targeted regions with a higher PCR amplification 

of targeted region for NHEJ strategy samples as well as after Puro selection (Supplementary information 

V). Cells co-transfected with both EVs and treated with Puro also displayed a band at the expected 

amplicon size (Figure 15A) 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 parts (Nelson, Hersh and Carroll, 

2004) making it more complicated to design primers with zero off -targets. Another situation affecting 

primer pair match is the high AT-content in NuFa versus high GC-content in the GOI (Galtier et al., 2001; 

Vinogradov, 2003). 

The insert PCR results in a 900 bp long amplicon. Obtained agarose gels are depicted in Figure 

15B. Again, mock and pX458(Cas9) 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 universal 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. 

T2A 
gDNA BFP Puromycin HA HA 

5’ Junction PCR 

3’ Junction PCR 

Insert PCR 

Figure 14 – Schematic illustration of PCRs performed to detect targeted integration. A simplified version of 
the inserted portion is represented flanked by the genomic region surrounding to the homology arms (HA) Primer 
position for 5’- and 3’-junction and BFP-Puro PCRs are indicated with black arrows. 
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For the junction PCRs certain outcomes 

were not taken into consideration when designing 

the analysis strategy such as the non-directional 

aspect especially of 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 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 cells (Würtele, 

Little and Chartrand, 2003; Vcelar et al., 2016, 

2017) 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 

(Figure 15A), it can be concluded that using a 

non-homology KI originates more targeted 

integration events when compared to the classical HDR methods.  

A possible solution is to do a complementary out-out PCR using primers that are only binding 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 pools 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 
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Figure 15 – Evaluation of targeted integration using 
CRISPR/Cas9 into selected CHO loci. (A) Agarose gels 
of the 5’- and 3’- junction PCRs on stable NuFa cell 
pools. (B) Agarose gels of the insert PCR on stable cell 
pools from all tested sites. Yellow arrows indicate 
expected band size. L, 1kb Gene ruler DNA ladder.  
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level through all samples. This allows to give some significance to Figure 15B results. In order 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 intensity.  

 

3.3. IN DEPTH KI  CHARACTERIZATION OF TARGET SITE  NUFA:  S INGLE CELLS 

ANALYSIS 

Single-cell analysis allows to characterize genome-scale molecular information at the individual 

cell level and made it possible to discover mechanisms not seen when studying a cell pool (Yuan et al., 

2017). NuFa was chosen out of the five CHO target sites to undergo a more extensive analysis obtaining 

statistics on targeted integration, inserted gene expression and copy number.  

 

 Targeted integration screening  

The starting point was a set of five 96-well plates for each KI strategy subcloned from NuFa cell 

polls after cells being treated with Puro for approximately one month. Serial dilution was done with a 

final goal of 1.5 cells per well and, after 2 weeks in static culture, enough single colonies were picked to 

fill two 48-well plates, both, for NHEJ- as well as HDR-mediated KI. The resulting 192 monoclonal cell 

lines were screened for targeted integration through colony PCR using cell lysates. The approach was 

the same as for the cell pools (see 3.2.3. Detection of targeted integration, Figure 14) – 5’- and 3’-

junction plus insert PCRs using the same primer as for NuFa cell pools were performed. 

 

Figure 16 demonstrates the screening procedure used for all single cells. The insert PCR (Figure 

16, first row) has the expected amplicons at 900 bp, visible for all screened cell lines. Here, different 

intensities can be perceived. In the second row, the 5’-junction displays an amplicon at 1.4 kb with 

Figure 16 – Agarose gels from 
single cell screening for targeted 
integration at the NuFa locus. Eight 
cell lines are represented for each KI 
method tested, NHEJ and HDR. The 
remaining screening results are 
showed in Supplementary information 
VI. Red or yellow marks indicate either 
one or both junction PCRs have a 
positive signal, respectively. L, 1 kb 
Gene Ruler DNA Ladder. 
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variable intensities for most samples. For some of the samples additional faint bands around the 

expected fragment size were detected. The 3’-junction PCR (Figure 16, third row) results as an amplicon 

with a size of 1.5 kb for most samples with overall lower intensities than 5’-junction PCR. An additional 

smaller band, with approximately 1.0 kb, was also determined for most single cell samples.  

Since all tested cell lines were previously selected using Puro, the performed insert 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. However, a very subjective attempt to assess targeted integration was 

made based on band intensities. The integration was considered to be targeted if both junction PCRs 

displayed an intense band at the correct size. Cell lines fulfilling this criteria are marked with a yellow 

asterisk in Figure 16. In total, 24% of the non-homology treated cells displayed signs of targeted 

integration in comparison to 32% of the homology-dependant KI cells. In case the sample is positive for 

one of the junction PCRs only (marked with red dot), targeted integration rates increased to 56% and 

49% for NHEJ- and HDR-KI strategies, respectively. The lower integration value for NHEJ-KI compared 

to HDR obtained by counting double junction PCR positive single cells, however, can be explained 

based on prior remarks, where it was mentioned that inverted GOI integration and/or rearrangements 

are missed by the performed detection PCRs. Additionally, is the use of cell lysates as templates 

conferring a high variability in DNA content per reaction exacerbating variations in signal intensities for 

the performed PCRs and thus inducing a screening specific bias. 

 

 Expansion of selected monoclonal cell l ines 

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. The 5-’ and 3’-junction 

PCRs were repeated using gDNA as template (Figure 17). The specific bands for both, 5’- and 3’- 

junction PCR, are expected to have a size of 1.4 and 1.5 kb, respectively, as can be seen in Figure 17. 

Additionally, some variations around those expected values were observed as well as the appearance 

of double bands as mentioned in the section before and an unspecific signal of around 1.0 kb in case of 

the 3’-junction PCR.  

Analysing NHEJ results first (Figure17A), 11 clones (44%) were positive both junction PCRs 

positive – 3 4 7 8 9 13 14 19 20 22 23 –, and 4 (16%) showed no band at all – 5 12 17 18. The remaining 

10 are equally split (5 each, 20%) showing either only one strong band – 6 16 21 24 25 –, or less intense 

bands – 1 2 10 11 15. For HDR (Figure 17B), 10 cell lines (45%) were double positive – 27 28 29 33 34 

38 43 45 46 47 –, 7 (32%) only had one strong band for one of the PCRs – 32 35 39 40 41 42 44. Only 

sample 37 had no bands (5%) and the remaining 4 (18%) had faint bands – 26 30 31 36.  
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Cell lines displaying in highly intense bands on both or just one junction PCR gels have targeted 

integration although the second mentioned PCR suffered from some mutation or rearrangement 

preventing PCR amplification on one homology regions. No distinct conclusions can be made regarding 

random integration. Even though NHEJ resulted in multiple cell lines with a negative junction PCRs 

reasons for that were already debated in the previous sections. All cells showed a positive result in the 

insert PCR that amplifies the region between the CMV promoter and T2A linker having the BFP gene in 

the middle.  

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 information 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 as shown representatively in 

Figure 18A-D. 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 
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their obtained expression pattern (Figure18A-D). The BFP histogram can have multiple different profiles: 

i) either a defined (Figure 18A) or ii) a broad peak (Figure 18B) or iii) multiple peaks/populations 

(Figure18D). 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, out 

Figure 18 – Expanded 
single cells fluorescence 
analysis.  

(A-D) 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 GFP expression (FL1 
intensity vs. count) in Gate B 
(red).  

Regarding BFP expression, 
(A) represents a defined 
peak, (B) a broad peak, (C) 
no BFP expression, and (D) 
multiple populations plus 

GFP expression.  

 

(E)Graphic representation of 
single cells sorted in the BFP 
patterns A-D and GFP 
expression (%) in expanded 
cells comparing both 
methods.  

 

(F)Agarose gel of GFP 
specific PCR. L, 1kb 

GeneRuler DNA Ladder 
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of the total 47, showed a very low percentage of cells expressing BFP (Figure 18C) – samples 10, 17, 

41 and 42. In Figure 17 samples 41 and 42 were positive for one of the junction PCRs only giving raise 

for the hypothesis that a rearrangement occurred altering one of the homology regions as well as the 

BFP gene. As mentioned before, expressing BFP is a burden on cells metabolism, so a cell that silences 

it, through mutation or translocation, would be more competitive then 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 GFP expression for the 

majority of the cell lines was detected (Figure 18D&E and Supplementary information VII). Thereby, only 

a small subpopulation was measured as GFP positive. Also here, comparable to the BFP pattern, 

defined GFP expression profiles were observed and classified. Figure 18D shows an example with high 

GFP expression and the existence of two distinct populations. The homology-dependent KI strategy 

yielded higher percentages of expressing GFP cells compared with the NHEJ method, as seen in Figure 

18E, where the majority of HDR samples had above 15% of GFP expression. Another correlation can 

be made between peak pattern and GFP expression, as all samples categorized as having a defined 

peak have under 5% of GFP expression. The inverse cannot be stated, as many low expressing GFP 

cells have a broad 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 GFP specific primer was performed to 

investigate whether the detected fluorescence signal resulted from random eGFP integration or the 

autofluorescence of dying cells. Four samples of each KI method were chosen for investigation and the 

gel is depicted in Figure 18F. Out of the eight analyzed cell lines seven had a visible amplicon at the 

same sizes as the positive control. Only single cell 17 does not resulted in GFP amplification. 

Comparison of the flow cytometer data of sample 17 with the GFP PCR result also indicated no GFP 

expression, however, no correlation between the PCR signal intensities and GFP 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 

activity (Würtele, Little and Chartrand, 2003). 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 GFP, 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.  
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 Determination of integrated gene copy number  

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. 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 one or five pTagBFP copies per cell. Samples were analysed in 

duplicates.  

The values obtained for each expanded single cell line, derived from NHEJ- or HDR-KI, are 

represented in Figure 19. Mock had a copy number of 0.02 ± 3.03 x 10-3, spiked Mock controls with 
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either one or five BFP copies per cell had, respectively, 1.03 ± 4.62 x 10-2 and 5.10 ± 7.51 x 10-1 copies. 

Those correctly assessed copy numbers are giving a high confidence level in the remaining results. The 

majority of cells had integrated less than 7 copies per genome, while 4 cell lines (marked in red at 

Figure19A) integrated more than 20 copies per cell. In average, NHEJ treated cells had 8.9 copies per 

cell while HDR-based methods yielded only 2.6 copies per cell. The single cells harbouring > 20 copies 

per cell were all derived from the homology-independent 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 events (Wurm, 2004). 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 discussed previously. 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 regulatory elements surrounding the integration site, or mutations in the GOI cassette 

can be discussed as potential reasons for the observations made here. On the other hand, clones that 

have integrated only a single copy of the GOI, like single cell line 11 and 30, had very high levels of BFP 

expression. The same two clones had a dubious junction PCR results (Figure 17), displaying faint bands 

at both PCR – the low intensities might be because it is an unspecific amplification, random integration 

or because it only has one copy integrated. The last hypothesis would mean that the integration site had 

a positive effect on the expression by enhancing the BFP production.  

 

Table 4 – Summarized results obtained for BFP copy number determination in expanded single cells.  

Gene copy number per cell 

Number of single cell colonies  

Total (47) 
Homology 

Independent (25) 
Homology 

Dependent (22) 

< 1 4 2 2 

1 - 2 13 5 8 

2 - 3 8 5 3 

3 - 4 9 4 6 

4 - 7 9 5 4 

> 20 4 4 0 

Mock 0,02 ± 3,03 x10-3 copy number per cell 

Spiked Mock (+1) 1,03 ± 4,62 x10-2 copy number per cell 

Spiked Mock (+5) 5,10 ± 7,51 x10-1 copy number per cell 

 



50 

 

3.3.3.1. CLIFFHANGER 

However, as mentioned in section 3.1.4, 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 I should not be possible to be 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. Therefore, six colonies showing different results 

so far 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. The quantification is expressed as the 

change in expression levels of mRNA, which needs to be transformed in cDNA previously, generated 

by reverse transcription.  

The results obtained from the BFP and Puro RT-qPCRs are displayed in Figure 20. 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, which has 0.24 copies integrated per cell, resulted in no 

detectable BFP transcription. Since the insert/junction PCRs had a band at the correct size and the cell 

line was cultivated in Puro containing medium, it is of high likelihood that the GOI is present in this clonal 

cell line. 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 promoter (Vcelar et al., 2016, 2017). 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 (Supplementary information VII) meaning that 

the mRNA is uncomplete / unstable and therefore degraded fast or that the transcript is incorrect or 

Figure 20 – BFP and Puro resistance genes level in CHO-K1 single cells. Analysed by qPCR, normalized 
against GADPH and related to the mock control (mean ± standard deviation, each in four technical replicates). 
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suffered a post-translational modification preventing it from becoming a functional protein (Tuschl et al., 

1999; Ars et al., 2000). Out of the six analysed cell lines, only clone 37 has random integration for sure, 

which did not affect the gene transcription and translation.  

 

3.4. COMPLEMENTARY KI  OPTIMIZATION STRATEGIES 

Two additional experiments were conducted in an attempt to improve KI rates while avoiding the 

use of antibiotics. Using antibiotic as a selective method is not ideal for cell line development as it 

stresses the cell machinery, affecting viability and protein production (Oliveira and Mairhofer, 2013). 

Moreover, it is an ineffective method when integrating multiple genes in multiple targeted sites at the 

same time. A possible solution is the use of fluorescence-activated cell sorting (FACS) to select or enrich 

transfected / integrated cells simply by using different fluorophores per construct. Chemical treatment 

of cells to improve KI rates is also an alternative to antibiotic use. In this study, two different small 

molecules, SCR7 and RS-1, were added to CHO-K1 culture medium and checked for their ability to 

improve CRISPR/Cas9-mediated integration. 

 

 Fluorescence enrichment through f luorescence-activated cell sorting 

FACS was used to sort a pool of cells transfected with pX458(Cas9)_NuFa and either 

pNHEJ_NuFa or pHDR_NuFa for double fluorescence positive cells. Cells were sorted for the highest 

combined expression of BFP and GFP belonging to the top 25% fluorescence expressing cells – 

supplement XII. An empty vectors control consisting of co-transfection of pX458(Cas9) and pTagBFP-

2xMCS was also sorted.  

An increase in BFP expressing cells in the sorted cell pools was observed for all tested 

transfections (Figure 21). The homology-dependent transfection strategy had the highest growth with a 

Figure 21 – BFP expression at NuFa locus. Comparison between untreated and fluorescence sorted cells 8 days 
after transfection. 
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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/total higher percentage of expressing 

cells compared to the remaining samples. Cells with random integration are equally enriched as 

demonstrated by the 3-fold increase in the control pool. GFP expression also had an equal increase 

when comparing sorted with unsorted cells – viability at day 8 and sorting program print screen in 

Supplementary information VIII.  

Lee et al. (2016) also used fluorescent enrichment in CHO cells to accelerate HDR integration 

resulting in a 3-fold increase of cells with HDR-based genome editing relative to unsorted cells. Since 

the integration sites studied by Lee et al. differ from the NuFa site investigated here and the used 

biomolecular as well as cell culture techniques vary a lot, a direct comparison between the obtained 

results is not possible. In the mentioned publication NHEJ was not studied as a KI tool and they did not 

reported any effects in the negative control samples. Overall, it can be concluded that 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, 

respectively. Also, depending on the application of the KI strategy, using FACS is not an efficient method 

especially in the case of high throughput studies. 

 

 Small molecules involved in media ted KI pathways 

It has been shown that small molecules can activate or block certain DNA repair pathways as 

NHEJ or HDR (Srivastava et al., 2012; Rahman et al., 2013). Previous studies have been dedicated to 

the use of small molecules as a way to improve KI rates while using the CRISPR/Cas9 system or other 

genome altering tools (Jayathilaka et al., 2008; Pinder, Salsman and Dellaire, 2015; Yu et al., 2015; 

Song et al., 2016; X. Chen et al., 2016; Li et al., 2017). In mammalian cells, NHEJ is more efficient at 

repairing DNA DSB when compared with HDR (Li et al., 2017), however, the latter is the preferred 

strategy for targeted KI. Here, small molecules were tested to improve the HDR-mediated integration 

strategy by tackling the NuFa locus.  

Therefore, 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 IV (Chu et al., 2015; 

Lee et al., 2016a) and RS-1 stimulates the homology repair protein RAD51, a key player in HR complex 

(Vispé et al., 1998; Song et al., 2016). The repair pathways across mammalian species are comparable 

so it can be expected an effect in CHO cells. The concentration used in these experiments were 

deducted from the articles mentioned. Cells were transfected with pX548(Cas9)_NuFa and pHDR_NuFa 

and kept in culture for 12 days. Medium was supplemented with the molecules immediately after 

transfection and at day 5 passaging. Viability data are shown in Supplementary information IX. 

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 
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specific sample (Figure 22A). All concentrations tested resulted in a lower percentage of BFP expressing 

cells than the chemically untreated control. With SCR7, the NHEJ inhibitor, comparable results were 

obtained for most of the tested concentrations except for the highest one with 20µM SCR7 yielding in a 

two-fold BFP% increase compared with untreated cells (Figure 22B). However, the empty vector control 

treated with the same amount of SCR7 also showed the same increase in the percentage of BFP positive 

cells meaning that random integration is amplified as well by the use of the inhibitor. For both molecules, 

only the use of 20 µM SCR7 had a negative impact in cell growth as indicated by the viability data 

(Supplementary information 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 cells (Chu et al., 2015). RS-1 improved targeted KI by 3-6 fold in HEK 
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cells (Pinder, et al., 2015) and 2-5 fold in rabbits (Song et al., 2016). However, Song et al. (2016) also 

tested SCR7 in rabbits resulting in minimal effects only. 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 explaining the results generated within this study. In CHO-K1, Lee et al. 

(2016) already tested SCR7 and LiCl, another HDR enhancer. Both of them had no significant or even 

a negative effect on the HDR-mediated KI matching/underlining the obtained findings in this study. 
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4. CONCLUSIONS AND FUTURE PERSPECTI VES  

 

The main goal of establishing an improved KI protocol was not fully accomplished, however, the 

findings reported here will allow further improvement of CRISPR/Cas9-mediated KI in CHO cells. The 

successful implementation of a non-homology based integration system in CHO cells was achieved and, 

as hypothesised, it yields increased integration rates than the common homology-based approach.  

Testing five different CHO sites for KI allowed to establish a parallel between integration and 

chromatin structure. It was determined that actively transcribed genes, like COSMC or FUT8, had higher 

integration rates when compared with intergenic regions. NuFa and SuC underperformed as a 

consequence of being located in tighter packed regions of the genome. 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 or the insert from approaching 

the cutting site (Bell et al., 2011; X. Chen et al., 2016; Daer et al., 2017). Given that, the construction 

goal for a producing cell line is the rapid generation of high and stable producers and ensuring 

comparable quality for regulatory approval, the selection of ideal transgene insertion sites is highly 

demanded (Lee, Kallehauge, et al., 2015; Papapetrou and Schambach, 2016). 

Multiple efforts were made to determine whether a homology-independent or -dependent KI 

strategy generates higher levels of targeted integration, however, the results obtained are very 

preliminary and do not allow for any distinct conclusion on the topic. Further analysis at single cell level 

needs to be conducted having a special consideration for genomic rearrangements in CHO that may 

distort integration rates as well as covering every possibility for GOI integration by the chosen analysis 

methods. The use of a promoter-less insert, containing a selection marker, targeting a highly active 

operon (He et al., 2016) would assure at least one correct integration. Choosing an operon would also 

qualify as a good option given the correlation made previously between active gene regions and KI 

rates.  

Despite its promising potential as a simpler and more efficient KI method, NHEJ-based approach 

had an average BFP copy number integration of 8.9 per cell against only 2.6 using the homology-based 

method. This high copy number was not observed throughout all samples, it is the result of 16% of 

samples having extremely high values (>20). For some high throughput applications, it may not be 

feasible to screen all single cells to exclude those multi-copy integrands. So, depending on the final KI 

application it might be of a disadvantage to use a non-homology system. As an alternative to both HDR 
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and NHEJ, microhomology-mediated end joining (MMEJ) can be used to create KI cell lines in about a 

month and a half without the need for complicated cloning of homology arms (Sakuma et al., 2015) since 

it only requires very small homology regions (5-25 bp), which can be simply added during PCR 

amplification. Sakuma et al. used MMEJ to create a new method for CRISPR gene KI, termed PITCh 

(Precise Integration into Target Chromosomes). The use of MMEJ represents another strategy 

researchers can exploit for CRISPR gene editing. So far, this method was not tested in CHO. 

 

In the last stage of this study, optimization processes to improve KI were tested. It was 

demonstrated the effective nature of antibiotic selection in pressuring cells to intake the GOI, however, 

it may lead to an increase in random integration rates (Veraitch et al., 2005). The use of antibiotic is also 

not ideal for cell line development as it stresses the cell machinery, affecting viability and protein 

production (Oliveira and Mairhofer, 2013). To try to overcome this limitation, FACS was used to select 

or enrich transfected / integrated cells. FACS was effective in cell sorting but it might implicate an 

increase in random integration - further testing is required. In future experiments FACS could be used 

to sort antibiotic untreated cells 16 days after transfection – at this stage transient expression is no 

longer present. Lacking antibiotic pressure cells would not be under stress induce random events to 

survive. FACS could then be used to concentrate the desired cells. However, depending on the 

application of the KI strategy, using FACS is not an efficient method especially in the case of high 

throughput studies. 

Finally, chemical treatment with RS-1, an HDR enhancer, and SCR7, a NHEJ inhibitor, was 

tested. No positive effect was recorded for most concentrations tested for both molecules except when 

using 20 µM SCR7. Although it increased targeted integration rates, random integration was more 

stimulated. The use of small molecules to enhance HDR-based KI has been thoroughly addressed in 

literature (Vispé et al., 1998; Jayathilaka et al., 2008; Ha, et al., 2014; Chu et al., 2015; Maruyama et 

al., 2015; Pinder, Salsman and Dellaire, 2015; Yu et al., 2015; Lee et al., 2016; Li et al., 2017), but so 

far none of those small molecules seems to have an beneficial influence CRISPR/Cas9-mediated KI in 

CHO cells (Lee et al., 2016).  

 

The CRISPR/Cas9 targeted gene editing system revolution combined with improved genomic 

sequences transformed CHO research (Sander and Joung, 2014). 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 factory 

(Charpentier and Doudna, 2013). Improvements in targeted integration rates could lead to engineering 

the next generation of CHO cell factories and thus changing the recombinant therapeutically industry.  
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SUPPLEM ENTS  

 

SUPPLEMENTARY INFORMATION I  –  Transfection eff iciency from Surveyor  Assay 
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SUPPLEMENTARY INFORMATION I I  –  Puromycin resistance assay viabi l ity  

 

SUPPLEMENTARY INFORMATION I I I  –  Viability and Transfection Eff iciencies for 

section 3.2 
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SUPPLEMENTARY INFORMATION IV  –  Viability from NuFa and Fut_I4 multiple 

biological assays 
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SUPPLEMENTARY INFORMATION V  –  Pool gDNA colony PCRs 

 

SUPPLEMENTARY INFORMATION VI  –  Single colonies screening agarose gels  
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SUPPLEMENTARY INFORMATION VII  –  Expanded single cells f low cytometry data  

Gate A: Yellow (viability) 

Gate I: Blue (BFP expression) 

Gate B: Red (GFP expression) 
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SUPPLEMENTARY INFORMATION VIII  –  FACS enhancement parameters and cell 

viabil ity 
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SUPPLEMENTARY INFORMATION IX  –  Small molecules assay viabil it ies.  
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