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Abstract  
Title: Improving Biopharmaceutical Production in Chinese Hamster Ovary 

Cells using Targeted Genome Engineering Tools 
Author: Kevin Kellner 

Chinese Hamster Ovary (CHO) cells are the prominent cell line used in 
biopharmaceutical production. Over 70% of all therapeutically used recombinant proteins 
are produced by CHO cells with a market size predicted to exceed ú250bn by 2021. 
Their favourable attributes over other cell lines are properties like resistance to viral 
infections, growth in chemical defined media, human like glycosylation patterns, good 
productivity and ease of genetic engineering. Due to the complexity of mammalian 
expression systems yields achieved are not phenomenal by any means. However, 
compared to 1986 with product concentrations of 50 mg/L, titres up to 10 g/L have been 
reported recently. Improvement of bioprocesses and media development contributed 
their part in facilitating higher titres but genetic engineering to improve host cells came 
to the foreground. MicroRNAs (miRNAs) have hereby been highlighted as attractive 
targets due to their involvement in processes like viability, secretion, productivity, product 
quality to mention only a few. MiRNAs are small non-coding RNAs which are about 22 
nucleotides in length and were first discovered in the early 90ôs. A single miRNA can 
target 100-200 mRNAs which highlights them as key regulators for translational control. 
The miRNA-23 cluster was first identified as upregulated during induced hypothermic 
conditions. Hypothermia is a commonly used process to reduce growth and thrive CHO 
cells to improved productivities. Therefore, we hypothesised involvement of the miR-23 
cluster or individual miRNA members in viability and productivity phenotypes. In this work 
we investigated the depletion of the miR-23 cluster as well as miR-23, miR-24 and miR-
27 in a panel of industrially relevant cell lines expressing various recombinant products. 
In fact, miR-24 was identified as thriver of productivity and growth by upregulating 
ribosomal biogenesis, assembly of ribosomal subunits, translation as well as unfolded 
protein response (UPR). This was demonstrated in several cell lines and was not product 
specific. Furthermore, the depletion of the whole miR-23 cluster as well as miR-27 has 
been shown to improve productivity although in a cell line specific context. To overcome 
challenges of sponge technology we also implemented the recently developed 
CRISPR/Cas9 system to target miRNAs. When phenotypes after sponge and 
CRISPR/Cas9 mediated depletion of members of the miR-23 cluster were assessed, it 
was demonstrated that even enhanced properties were exhibited using CRISPR/Cas9 
in case of miR-24 and miR-27 regarding productivity and longevity. Furthermore, we 
implemented a CRISPR/Cas9 library for genome wide recessive knockout screens to 
identify proteins involved in high productivity phenotypes or are important for survival of 
stress conditions i.e. hyperosmolality. Mixed populations expressing the sgRNA-library 
were sorted for high productivity using low temperature stains and were adapted to high 
salt conditions. Enrichment or depletion of sgRNAs was subsequently analyzed using 
Next-Generation Sequencing. SgRNA abundance analysed after low temperature stain 
showed enrichment of distinct populations. Functional annotation of enriched genes 
showed no evidence in relation to productivity. Exploiting miRNAs and genome-wide 
knockout studies to improve the bioprocess phenotype highlights these methods as 
interesting tools for further investigation regarding applications within biopharmaceutical 
industry.  
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1 Introduction 

1.1 CHO cells in biopharmaceutical industry 

The first recombinant protein expressed by mammalian cells was tissue plasminogen 

activator (tPA) in 1986 used for the treatment of thrombosis and myocardial infarctions. 

The production of recombinant proteins by mammalian cells offered a wide field of 

possibilities for therapeutic applications in treatment for cancer, infectious diseases and 

diseases like haemophilia. The volumetric yields reached about 50 mg/l over a period of 

7 days. Nowadays yields up to 5-10 g/L were reported (F. M. Wurm, 2004) and 70% of 

all recombinant proteins used as biopharmaceuticals are produced by mammalian cell 

lines. Prominent cell lines used for their production are Chinese hamster ovary (CHO), 

Mouse myeloma (NS0), baby hamster kidney (BHK) and human embryonic kidney cells 

(HEK293). The market size reached up to ú140bn in 2013 and is predicted to exceed 

ú250bn by 2021 (Walsh, 2014). Approved recombinant proteins are for example 

Erythropoietin (EPO), Cetuximab and Trastuzumab which are used as common 

therapeutics for the treatment of anaemia, colorectal cancer and breast cancer. 

However, recombinant proteins describe a diversity of different molecules like cytokines, 

monoclonal antibodies (mAb), Fc fusions, antibody fragments and enzymes.  

CHO cells are the most commonly used cell line due to their beneficial properties like 

resistance to viral infections, growth in chemical defined media, human like glycosylation 

patterns, medium productivity and ease of genetic engineering. CHO cells are genetically 

well known and different selection systems like dihydrofolate reductase deficient (DHFR) 

or glutamine synthetase deficient (GS) strains are well established and studied. 

However, the optimisation approaches like improvement of media formulations and 

bioprocess regimes are limited pathways and genetic engineering to identify beneficial 

phenotypes and improve the bioprocess behaviour came to the foreground and was 

highlighted as a promising research field. Furthermore, the demand of more therapeutic 

proteins with high qualities and yields drive the development of new strategies. The focus 

of cell line engineering lies hereby not only on a phenotype with high productivities but 

equally important are other features like growth behaviour, apoptosis and stress 

resistance, glycosylation pattern, viability and improved secretion of products. 

The development of new therapeutic proteins follows a distinct route from start to the 

finished approved product. Firstly, the host producer cell is transfected with the 

transgene of interest and cells are selected due to a selection marker which is usually 
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encoded by the same vector. The selection method depends hereby on the expression 

system. If DHFR deficient cells (dhfr-) are used the selection and amplification process 

is performed with the help of methotrexate (MTX). MTX inhibits the dihydrofolate 

reductase (DHFR) which is an essential gene for the conversion of dihydrofolate to 

tetrahydrofolate. Tetrahydrofolate is required for purine and pyrimidine synthesis and 

therefore plays an essential role in cell growth by providing DNA precursors. The GS 

gene is a vital gene and is crucial for the synthesis of glutamine out of glutamate and 

ammonia. A GS deficient strain can be transfected with the gene of interest and the GS 

gene which allows the selection in glutamine free medium of positively transfected cells. 

Methionine sulphoximine (MSX) is a potent GS inhibitor and can be used for amplification 

processes but is often not necessary. Amplification processes are mainly based on the 

genetic instability of CHO cells which leads to genetic aberrations like for example gene 

amplifications (Derouazi et al., 2006). This genetic instability is used for the amplification 

of transgenes as higher copy numbers are usually associated with higher product 

expression (Schuster-Bockler et al., 2010; Stranger et al., 2007). Following selection and 

amplification clonal cell lines are established and individual clones are assessed for high 

productivities as well as their growth performance. Once high producers are identified 

the further development and screening is based on the cultivation process optimisation 

and individual growth characteristics. Design of experiments (DoE) is nowadays a vital 

part of process optimisation. DoE can be for example used to predict the growth 

behaviour of cells and to optimise media as well as feed characteristics without the need 

of large scale experiments. Only initial and final experiments are needed to assess the 

bioprocess at its best (Horowitz et al., 2009; Mandenius & Brundin 2008). After the 

bioprocess is defined and pilot-scales were successfully completed the 

commercialisation process begins which involves scale-ups and validation of 

manufacturing as well as clinical studies with the therapeutic protein (F. Li et al., 2006). 

Besides the process development the major cost factor are clinical trials for the approval 

of the newly developed therapeutic protein by the regulatory authorities like FDA and 

EMA. Clinical trials are studies important for the investigation of the functional bioprocess 

product and are divided into three different phases (I, II and III). All trials aim to study the 

potential of the developed therapeutic drug with hindsight on potential side effects and 

efficacy. Total development costs of only one biopharmaceutical are estimated to be ~ 

US $ 1 billion including development, pre-clinical and clinical trials (DiMasi & Grabwoski, 

2007). However, phase II and phase III are critical and success rates are in general very 
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low (~18% for II, ~5% for III) leading to high risk factors for the developing company. This 

explains why one of the main focuses is to reduce development and process costs 

implementing genetic engineering which are linked to immense amounts of savings 

potential.  

 

1.1.1 Cell culture regimes and formats 

For the large-scale production of recombinant proteins, bioprocesses are usually 

performed in dimensions up to 20,000 L. However, for process optimisation and 

development usually smaller scales are applied as up-scaling effects are well 

characterised and follow distinct rules. Furthermore, costs of goods increase drastically 

for larger scales e.g. media costs. The optimisation is usually performed in small scale 

cultures e.g. 96-well plates, shake flasks and benchtop bioreactors which allows process 

development in high-throughput (Li et al., 2010). One important factor hereby is the 

optimisation of the basal media and feed for fed-batch modes. These media are 

chemically defined for suspension cultures without the usage of animal derived 

components but including recombinantly derived products like albumin in exact 

concentrations. Defined media is optimal as process environments are defined and 

downstream applications are straight forward if no serum or other animal compounds are 

involved. Common carbon sources used are high levels of glucose and glutamine as well 

as other essential amino acids. Lipid sources are usually sterol, glycerol phospholipids 

and sphingolipids. Lipids are essential for energy storage and as structural element for 

e.g. membranes (Landauer, 2014). However, carbon sources are consumed very easily 

and waste products like lactate and ammonia have been shown to influence product 

quality as well as growth (Altamirano et al., 2000; Hansen & Emborg 1994; Lao & Toth 

1997).  

For the ideal production of the biopharmaceutical the choice of the bioprocess regime is 

essential. Besides batch and perfusion, the fed-batch culture is the most commonly used 

bioreactor mode for the production of recombinant proteins. However, the choice of the 

culture system can have significant influences on the product qualities and properties. It 

was reported that different culture conditions have an influence on the glycosylation 

pattern of IgGs (Patel et al., 1992). Furthermore, it was described that the pH influences 

the glycosylation of the product leading to the addition of buffering solutions in fed-batch 

cultivation to maintain a constant pH over the whole period of the bioprocess (Muthing 
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et al., 2003). Counteracting a pH drop using bases will however, ultimately increase 

burden on cells due to high osmolality conditions. Cultivation under high osmotic 

conditions has been considered to influence glycosylation pattern as well (Schmelzer & 

Miller, 2002) making the understanding of processes inalienable. The glycosylation 

pattern of a recombinant protein is essential to ensure efficacy, pharmacokinetics and 

prevent immune system response. Many process related factors were described to alter 

glycosylation pattern of the therapeutic product including the cell type, medium and feed 

supplements (Hossler, Khattak, & Li, 2009a).  

Traditional cultivations in batch have become very uncommon over the past few years 

for mammalian cells due to major disadvantages of fast nutrient depletion, low cell 

densities and high waste accumulation. However, a batch-refeed strategy was applied 

for the removal of toxic waste products and has been shown to be applicable in small 

scale bioreactors up to 200 L (Xie et al., 2003) as a strategy to simplify perfusion.  

Two major bioreactor systems are commonly used for the large-scale production of 

recombinant proteins using mammalian cells: fed-batch and perfusion cultivation. Fed-

batch cultures are applicable with working volumes up to 20,000 L. The fed-batch mode 

works in two phases: initial cell growth is supported by basal media. Once a certain cell 

density is reached a concentrated nutrient feed is added to prevent nutrient depletion 

which would ultimately lead to declining cell densities and viability (Birch & Racher, 

2006). Feed strategies have to be optimised for each cell line which is implemented by 

using small scale experiments and DoE (Horowitz et al., 2009; N. Ma et al., 2009). 

Optimisation of feed strategies and supplements has been shown to increase product 

yields. A DoE study implementing several different feeds and supplements showed 

increased yields of about 167 %, respectively (Kochanowski et al., 2011). However, the 

effect on the protein product itself was not investigated. DoE involves mathematical 

approaches linking the effect of the inputs given into the bioprocess on the output 

variables. It involves the inclusion of several parameters e.g. metabolism, media 

supplements and stress factors which can be extrapolated using stoichiometric 

calculations (Mandenius & Brundin, 2008b). However, even though input variables are 

constant a biological system usually never behaves the same but DoE is essential to 

reach the regulatory demands set by medical safety agencies. Fed-batch has been 

proven to be a consistent bioprocess system leading to high yields of up to 5-13 g/L 

(Huang et al., 2010; F. M. Wurm, 2004). The stationary phase in batch cultures is usually 

very short but is highly prolonged in fed-batch cultures and is usually associated with 
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high productivities due to inhibited proliferation. A common fed-batch process continuous 

on for 12-14 days in total. Nevertheless, due to enhanced cell number and the long 

cultivation times, accumulation of toxic catabolites like ammonia and lactate is one of the 

major problems of this bioprocess mode. Due to high lactate levels the pH starts to 

decrease over culture time and furthermore the osmolality increases due to feed addition 

of pH additives which are necessary to maintain constant bioprocess parameters. Low 

pH values and high osmolality have been shown to influence the glycosylation pattern 

as well as growth and ultimately lead to reduced quality of the bioprocess product. 

Furthermore, ammonia has been reported to impact the glycosylation pattern of IgGs. 

Gawlitzek and colleagues (Gawlitzek et al., 2000) reported a decrease in N-

acetylneuraminic acid and galactose residues with increased levels of ammonia in the 

bioprocess. It was suggested that the alteration of galactosylation and sialyation is 

dosage dependent on the concentration of ammonia in the media. Several strategies 

have been described to control the waste accumulation due to controlled stoichiometric 

feeding of key metabolites like glutamine and glucose (Glacken et al., 1986). 

Besides, controlling feeds to overcome high concentrations of catabolites in the culture 

media over time the perfusion bioprocess mode was developed. In comparison to fed-

batch cultivation, perfusion can last up to months, whereas cells are fed constantly with 

fresh media whilst old media and product is removed. Cells remain in the bioreactor and 

different approaches have been proven to be successful. One way for example is to use 

polyester matrices, fibres or membranes to keep cells entrapped in the bioreactor 

(Meuwly et al., 2007; Zhang et al., 2015). Another approach is the usage of filtrations 

systems like tangential flow filters to maintain cells in the bioreactor (Clincke et al., 2013) 

or centrifugation. The removal of toxic waste products ensures optimal growth conditions 

for cells in the perfusion bioreactor. Furthermore, cells are usually cultivated in high cell 

densities up to 2 x 108 cells/mL (Y. Zhang et al., 2015) increasing yields drastically. One 

major advantage is as well that perfusion reactor scales are considerably smaller in 

comparison to fed-batch reactors. It was observed that the perfusion bioreactor with a 

working volume of 50 L can achieve same yields compared to a fed-batch reactor with a 

volume of 1,000 L. However, cultivation times regarding perfusion reactors are much 

longer compared to fed-batch cultures and fed-batch cultures are the most prominent 

cultivation methods in industry. Another advantage of the perfusion bioreactor is as well 

that the process conditions are not changed over time. Waste accumulation and addition 

of feed as well as alkali changes osmolality in a fed-batch cultivation process. Using 
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basal media or media with low percentages of feed for the perfusion reactor maintains 

the bioprocess constant. Furthermore, removal of therapeutic product out of the 

bioprocess environment increases the product stability as the product might be prone to 

degradation or cleaving by proteases in a closed bioprocess at late stages of the culture.  

Studies showed that the perfusion reactor led to dramatically increased yields of an IgG 

when compared to the same product using the same cells in cultures. Zhang and 

colleagues showed a final IgG yield of 1.42 g in comparison to only 40.5 mg for a batch 

process. Same drastic impact on the titre was shown using Drosophila Schneider 2 cells 

with a final yield of 8 g for perfusion and 200 mg for batch cultures (L. Wang et al., 2012). 

However, cultivation times using the perfusion reactor are significantly longer.  

Bioprocesses under hypothermic conditions is a well-established method for the 

production of recombinant proteins in biopharmaceutical industry. Commonly known as 

ñbiphasic cultureò process the initial growth is promoted by a temperature of usually 37°C 

(cell line dependent). After reaching a critical cell density the temperature is decreased 

to 30-31°C. This hypothermic condition arrests cells in G0/G1 phase and ultimately 

reduces proliferation. However, due to inhibited growth the productivity is highly elevated 

as energy is shifted towards protein production instead of growth (Kaufmann et al., 1999; 

Trummer et al., 2006; Yoon et al., 2003). Furthermore, the nutrient consumption rate, 

protease activity as well as the O2 consumption are reduced and thus longevity of the 

culture is significantly prolonged (Barnabe & Butler, 1994; Moore et al., 1997). In 

addition, lower nutrient consumption leads ultimately into lower accumulation of toxic 

waste products. Temperature shift can be applied in combination with fed-batch or 

perfusion bioprocesses and showed highly increased product titres in the past (Y. Zhang 

et al., 2015). However, it has been shown that the beneficial effect using temperature 

shift can be cell line and product specific as well the optimal temperature can vary from 

cell line to cell line (Yoon et al., 2003; Yoon et al., 2004). It has also been shown that low 

temperature can alter the abundance of glycosylation pattern which are exhibited on 

certain residues of the product (Andersen et al., 2000; Gawlitzek 2009) and certainly can 

influence the product quality as well as efficacy in vivo.  
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1.1.2 CHO cell heterogeneity  

The diploid CHO genome consists of 22 chromosomes (2n=22) and its genome size is 

about 2.45 billion bases (haploid). The total number of predicted genes is 24,383 and 

most show sequence homology to human (19,711) and mouse (20,612) genes (Xu et 

al., 2011). The CHO genome shows a high level of genetic instability and the frequency 

of chromosome rearrangements as well as homologous recombination is higher than in 

other immortalised cell lines. However, their ease of genetic manipulation makes them a 

favourable cell line for recombinant protein production. These genetic changes are often 

exploited in gene amplification procedures used for the generation of stable, high 

producing cell lines.  

The original cell line was first described in 1958 by Dr. Theodor Puck (Puck et al., 1958). 

The cell line was established out of 0.1 g Chinese hamster ovary tissue and exhibited a 

fibroblast like cell morphology. CHO cells were very popular for studies due to their large 

chromosomes and their ease of cultivation under simple media conditions. Furthermore, 

researchers were able to select cells for mutations in genes involved in metabolism due 

the usage of selective media. The original diploid cell line exhibited 11 chromosome pairs 

and only 1% of the total population exhibited an unusual number of chromosomes. After 

ten month of sub-cultivation the cells in the population changed morphology (epithelioid) 

and cells became spontaneously immortalised. However, CHO cells were distributed to 

many labs and were able to be grown with low concentrations of serum and in protein 

free media (Hamilton & Ham, 1977). Ten years after describing the original cell line the 

first CHO-K1 cell line as we know it was established and further distributed to other 

researchers as well as to the American tissue and cell culture collection (ATCC) (Kao & 

Puck, 1967; Kao & Puck, 1968) (Figure 1).  

Ever since many different CHO cell lines were established and can be described 

nowadays as their own cell line (ñQuasispeciesò) exhibiting different phenotypes and 

genetic variations (M. F. Wurm, 2013). The genetic instability is most likely a result of 

gene aberrations like deletions and rearrangements as well as epigenetic events (Kim et 

al., 2011; Yang et al., 2010). Common CHO cell lines like CHO-S, DG44i, CHO-DXB11 

and CHO-K1 were established and they exhibit different traits as well as phenotypes. 

CHO-S for example was first described to grow in suspension and was isolated from a 

sister cell line of CHO-K1 (Thompson & Baker, 1973). The DG44i cell line originated from 

CHO-K1 and both loci of the DHFR gene were deleted which were located on 
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chromosome 2 (Urlaub et al., 1983). This allows the rapid generation of stable cell lines 

transfected with a transgene and amplification using the DHFR inhibitor MTX.  

 

 

 

 

 

 

 

 

 

Due to their ease of growth in chemically defined media and their ease in genetic 

engineering CHO cells are the commonly used production cell line in industrial 

production of recombinant proteins. Hereby, tPA was the first approved therapeutic for 

the treatment of thrombosis marketed by Genentech on 1986. In 2014 the total amount 

of approvals in Europe and the US has reached 246 overall (Walsh, 2014). Although 

media and bioprocess regime optimisation led to high yields and robust growing cells 

under defined conditions, the overall bioprocess including R&D, process optimisation, 

product commercialisation, pre-clinical trials and clinical trials requires tremendous 

amounts of capital. However, media and bioprocess optimisation are limited pathways 

and genetic engineering became one major tool to improve the bioprocess phenotype of 

CHO cells. This involves the better understanding of CHO cells gaining knowledge about 

the transcriptome, proteome, phospho-proteome, glycome, regulatory networks and 

metabolome (Datta, Linhardt, & Sharfstein, 2013a). That knowledge can be used to 

engineer pathways for improving secretion, growth, preventing apoptosis and many 

more applications. Recent advances and developments in targeted genome engineering 

tools led the way to a whole new path of genetically engineered cells and better 

understanding of global regulatory networks. 

 

Figure 1: Summary of CHO cell quasispecies and variations. The original fibroblast like cell line was 

isolated out of 0.1g tissue originally in 1957 and had a near diploid state. Over cultivation of 10 month and 

spontaneoues immortalisation the first CHO progenitor cell line was described in 1958. Different CHO cell 

lineages were developed by adaption to suspension (CHO-Toronto and CHO-S) or deletion of the DHFR gene 

(DG44i). 
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1.2 CHO cell engineering  

The major limiting factor for the application of new techniques was the lack of sequence 

information for the Chinese hamster genome. A major breakthrough was achieved in 

2012 when the complete sequence of the CHO-K1 ancestral cell line was published (Xu 

et al., 2011). The whole genomic sequence of other CHO cell lines i.e. CHO DXB11 

(Kaas et al., 2015) or DG44 and CHO-S (Hefzi et al., 2016) followed consequently. The 

public availability of the genomic sequence led the way for the use of a variety of Next 

Generation Sequencing (NGS) approaches i.e. to identify transcripts and perform 

expression profiling under for example different growth conditions (Becker et al., 2011). 

Before the assembly of transcriptomics data, expressed sequence tags (EST) were used 

for the generation of expression data which limited the datasets to only hundred proteins 

(Wei et al., 2011). NGS and the comparison to Mus musculus and Rattus norvegicus 

enabled the analysis and identification of expressed genes and isoforms. Furthermore, 

it enabled first insight into the regulatory network of CHO which is essential for the 

analysis and application of integrated óomic approaches.  

 

1.2.1 Implication of óomic approaches 

The genomic sequence of the CHO genome combined with the rapid increase of 

transcriptomic data enabled the establishment of proteomic profiling studies using LC-

MS/MS. The identification of thousands of proteins and studies to identify differential 

expression (DE) with regard to the bioprocess conditions like different media, stress 

environments, miRNA dysregulations and many more can give information about 

function or highlights engineering targets. In comparison to using ESTs, a proteomic 

study can give information about hundreds of differential expressed proteins which can 

be combined with transcriptomic datasets for gene expression to evolve deeper 

knowledge about regulatory networks (Clarke et al., 2012a; Xu et al., 2011). The 

identification of differential expressed proteins gives insight into many production 

relevant pathways like apoptosis, glycosylation, growth, translation as well as protein 

processing and metabolism (Baycin-Hizal et al., 2012). With the implementation of óomic 

studies and better understanding of pathways and protein regulatory networks as well 

as mRNA expression under certain conditions, more potential targets for cell line 

engineering were identified which can be used to improve the bioprocess phenotype of 
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CHO cells. Different approaches for cell line engineering exist and have been used for 

the improvement of the bioprocess phenotype. 

 

1.2.2 Apoptosis engineering 

Apoptosis engineering is based on the principle that genes are overexpressed which 

show anti-apoptotic functions or the downregulation/knockout of genes which function 

pro-apoptotic. The idea behind this approach is that cells exhibit higher viabilities in late 

stages of the culture which can improve the overall yield. Apoptosis in late stages of the 

culture is mainly induced by nutrient depletion, hyper-osmolality, shear stress or toxic 

catabolite accumulation. Furthermore, apoptosis has been shown to impair therapeutic 

protein quality regarding glycosylation. The overexpression of the apoptosis inhibitor Bcl-

2 and Bcl-Xl has been shown to increase the resistance to apoptosis in many industrial 

relevant cell lines like CHO, NS0 myeloma and SF9 cells (Goswami et al., 1999; 

Mastrangelo et al., 2000; Mitchell-Logean & Murhammer 1997) due to numerous stress 

factors like shear stress, oxygen limitation, ammonia and nutrient depletion. However, it 

was also shown that the phenotype exhibited by the overexpression of both factors is 

cell line dependent. In some cases, a growth inhibition or an improved growth rate was 

observed (reviewed by Vives et al., 2003) suggesting a cell line dependent interaction of 

Bcl-2 and Bcl-Xl with the apoptosome. Both regulators mainly act by the inhibition of 

caspases which are the prominent proteases during induction of programmed cell death. 

Another interesting protein for the protection against apoptosis was shown to be X-linked 

inhibitor of apoptosis (XIAP). Sauerwald and colleagues showed that overexpression of 

XIAP or XIAP-mutants protect CHO and HEK293 cells from apoptosis induced by 

nutrient deprivation as well as programmed cell death induced by Sindbis-virus infections 

(Sauerwald et al., 2002; Sauerwald et al., 2003). Besides delaying apoptosis, XIAP has 

been demonstrated to be involved in productivity in two CHO-K1 cell lines (Griffith et al., 

2018). XIAP is a specific inhibitor for caspase-3, -7 and -9 and interestingly it is a 

predicted target of miRNA-23a as well as miRNA-7 in CHO cells.  

For the downregulation of pro-apoptotic genes, caspase-3 and caspase-7 were obvious 

targets for siRNA induced silencing. Studies showed an enhanced longevity due to the 

knockdown of caspase-3 and subsequent delay of apoptosis induction. However, no 

increase in productivity was reflected presumably due to lower mitochondrial function 

upon the knockdown of caspase-3 in a CHO mAb producing cell line. A co-silencing of 
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caspase-3 and caspase-7 showed increased product titres due to elongated culture 

times in a CHO cell line expressing thrombopoietin (Kim et al., 2002; Sung et al., 2007). 

However, the effect on expressing anti-apoptotic genes had a greater effect and seems 

to remain the prominent strategy in CHO cell engineering to prolong culture times with 

extended stationary phases to boost CHO cell productivity.  

 

1.2.3 Metabolic engineering 

Metabolic engineering involves for example the avoidance of toxic metabolite build-up 

which are exhibited in late stages of the culture e.g. ammonia and lactate. Lactate or 

lactic acid is a by-product of glycolysis and is enzymatically converted from pyruvate by 

lactate dehydrogenase (LDH). Glycolysis is usually enhanced in immortalised cell lines 

due to the Warburg effect. However, lactate in a bioprocess leads to low pH values which 

influences cell growth and product expression. To counteract low pH values alkali like 

NaOH is usually added to the medium which again changes the osmolality of the media 

and increases the stress levels on cells. Knockdown of LDH has been shown to limit 

lactate production and a decrease in glucose consumption rates was observed without 

effects on proliferation or expression of thrombopoietin or an IgG (Chen et al., 2001; Kim 

et al., 2007). Another group investigated the effect after transfection of a GLUT5 fructose 

transporter into CHO cells to use fructose as alternative primary carbon source which 

would ultimately lead to lower levels of lactate. Wlaschin and Hu identified clones which 

showed high product expression and reduced accumulation of lactate (Wlaschin & Hu, 

2007).  

Ammonia can inhibit cell growth at much lower concentrations compared to lactate and 

can also impair productivity. Furthermore, it was shown that ammonia possibly alters the 

glycosylation pattern of recombinant proteins (Gawlitzek et al., 2000) presumably due to 

inhibition of enzymes involved in providing sialic acid precursors. One approach to 

reduce ammonia was the use of CHO-K1 cells expressing GS and the addition of 

glutamate supplements to the media. Glutamate is enzymatically converted with 

ammonia to glutamine and Zhang and colleagues showed reduced ammonia formation 

(Zhang et al., 2006). The overexpression of two enzymes involved in the urea cycle 

which is most likely inactive in CHO-K1 showed beneficial effects on ammonium 

production as well. The expression of carbamoyl phosphatase synthetase I and ornithine 
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transcarbamoylase showed a 33% reduction of ammonium ions in CHO-K1 cell cultures 

and increased cell proliferation (Park et al., 2000).  

 

1.2.4 Secretion and molecular chaperone engineering 

Secretion engineering has been shown to be an efficient tool to enhance specific 

productivity. A common problem in industry resulting in low yields are difficult-to-express 

(DTE) mAbs. The difference in easy and DTE proteins are most likely related to protein 

processing. In a study two mAbs were selected and transfected, with Trastuzumab being 

easy to express and Infliximab being DTE. Trastuzumab showed higher expression 

compared to Infliximab over a panel of selected clones. This study showed that the 

processing of the DTE IgG is impaired due to lack of response of the unfolded protein 

response (UPR) ultimately leading to degradation and loss of the product (Le Foum et 

al., 2014). It was also demonstrated that the limitation shown in CHO cells due to high 

level expression of transgene can be solved by the simultaneous expression of human 

secretory proteins like SPR14. Furthermore, it was also shown that the expression of 

SPR14 not only restores the expression of the DTE IgG it also enhances the expression 

of the already highly produced Trastuzumab. This identified that bottlenecks in secretion 

can be overcome by the expression of limiting factors in that process. Further studies 

revealed that the introduction of other components of the secretory pathway like SNAP-

23, VAMP8 and SM protein can improve secretion and boost the specific productivity in 

CHO cells (Peng & Fussenegger, 2009; Peng, Abellan, & Fussenegger, 2011). SNAP-

23 and VAMP8 are proteins associated with the SNARE protein family which mediate 

the fusion of vesicles to the target membrane. It was shown that the introduction of 

SNAREs solves the bottleneck in secretion however, proliferation is impaired due to 

higher specific productivities. It is commonly observed that higher productivity is 

associated with lower investment of resources into the establishment of biomass 

resulting in lower proliferation rates. 

A further bottleneck for the expression of proteins is the protein folding and processing 

machinery which is performed in the endoplasmic reticulum (ER). Chaperones are 

proteins which are involved in folding and unfolding of proteins and are also able to 

reduce protein aggregation which can occur due to high expression of recombinant 

proteins especially with high molecular weights. Common chaperone families are trigger 

factors, heat shock proteins and BiP. Overexpression of chaperones like 
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calnexin/calreticulin which are located in the ER has been shown to elevate specific 

productivity in CHO-K1 cells expressing thrombopoietin (Chung et al., 2004). 

Furthermore, overexpression of protein-disulphide isomerase (PDI) showed beneficial 

effects on recombinant protein expression in CHO cells. PDI is located in the ER and 

mediates the breakdown of randomly formed disulphide bridges to allow the peptide 

chain to form again. Enhanced productivity was observed CHO-K1 cells expressing 

IgGs, Fc receptor fusions and thrombopoietin (Borth et al., 2000; Davis et al., 2000; 

Mohan et al., 2007).  

 

1.2.5 Promoter engineering and optimisation of expression systems 

The reduction of transgene expression over time is a commonly observed phenomenon 

in cultures despite exhibiting multiple genomic copies (Kim et al., 1998; Strutzenberger 

et al., 1999) despite regular ñpulsingò using selection agents. In one study a high 

producer was selected and cultivated for 18 months as well as routinely sub-cultivated 

twice a week (Kim et al., 2011). The transgene expression steadily declined over the 18-

month period. The effect was investigated by several groups and it was observed that 

the commonly used CMV promoter is prone to DNA methylation at the 5ô and 3ô region 

of the promoter sequence which eventually led to a decrease in expression. Position -

179 relative to the transcriptional start site off the CMV promoter is frequently methylated 

as well as positions -508, -41 and -13. However, it was reported that a single base pair 

mutation at position -179 can enhance and stabilise transgene expression over long 

cultivation times (M. Kim et al., 2011b; Moritz, Becker, & Gopfert, 2015; Osterlehner, 

Simmeth, & Gopfert, 2011). Besides DNA methylation, histone modifications may also 

play a role in the silencing of genes due to condensation of DNA and enabling DNA-

binding factors to access the chromatin. 

A promoter is defined by two regions: the proximal and the core elements. Both regions 

contain binding sites for proteins which are associated with transcription and the 

preinitiation complex formation. Transcription factors as well as transcription regulators 

bind to their target sequences and regulate the frequency of binding, the level of 

transcription and duration. Thus, promoters and their engineering are highlighted as 

potential tools for increasing stable expression over time. In CHO-K1 cells the promoter 

of a high and stable expressed protein (elongation factor-1Ŭ ï EF-1Ŭ) was used including 

flanking regions and inserted into expression vectors. Six different genes were inserted 
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into the vector and transfected into CHO cells to investigate their expression. Four stable 

cell lines expressed 6 to 35-fold higher levels of transgenes compared to traditional, 

commercial plasmids (Running Deer & Allison, 2004).  

The possible usage of synthetic promoters consisting of multiple elements from different 

origins in CHO cells have been proposed as potential tool for stable and high transgene 

expression. Transcription factor regulatory elements and binding sites were identified 

from viral promoters known to be active in CHO using bioinformatics tools. After 

transfection of constructed promoters with the SEAP gene downstream, one promoter 

was identified which showed increased transcriptional activity and yields (Brown et al., 

2014).  

The usage of site specific integration allows the prediction of target gene expression due 

to insertion into transcriptional active regions (hot-spots) which ensures the stable 

transcription of the transgene (Kuystermans et al., 2007). Recombinase-mediated 

cassette exchange (RCME) has been used for the site-specific integration of transgenes 

using viral recombinase systems like Cre/LoxP (Kito et al., 2002). Studies have also 

shown that the usage of ubiquitous chromatin opening elements (UCOE) can be 

beneficial due to resistance to DNA methylation which ensures high, stable expression 

of the gene of interest (F. Zhang et al., 2010). Gained knowledge about CHO cell 

promoters and regulatory elements will drive research and identify new possible 

synthetic promoters which can be used for stable long-term transgene expression.  

 

1.2.6 Glycosylation-engineering 

The dominant use of CHO cells in biopharmaceutical production is mainly because of 

the human-like glycosylation pattern. The attachment of saccharides to proteins can 

occur in two different distinct forms: N-linked glycosylation occurs on asparagine 

residues and O-linked glycosylation occurs on serine/threonine residues. N-linked 

glycosylation was demonstrated to be the more prominent posttranslational modification 

and the pattern is essential for the efficacy of the therapeutic protein as well as for 

possible side effects or pharmacokinetics (Elliott et al., 2003). To ensure quality over 

time in production of recombinant therapeutics, the bioprocess as well as the 

glycosylation pattern of the therapeutic protein must be investigated extensively to meet 

FDA regulations. Culture conditions as well as media components, the cell type and the 
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bioprocess itself can have a significant influence on the glycosylation pattern of 

therapeutic protein. The addition of N-linked glycoforms is mainly enzymatically 

catalysed in the ER and the addition of O-linked glycoforms is catalysed in the Golgi 

apparatus.  

It has been demonstrated that different glycosylation patterns can influence the 

circulation half-life of IgGs and are potential engineering targets (reviewed by Hossler et 

al., 2009). Overexpression of human Ŭ2,6-sialyltransferase (ST6Gal1) for example has 

been used to enhance sialic acid content of erythropoietin in CHO-K1. The same 

approach was used for therapeutic products like tPA and Interferon ɔ (Fukuta et al., 2000; 

Minch, Kallio, & Bailey, 1995; B. Yin et al., 2015). The sialic acid residues are important 

for N-glycan capping which again plays a key role in the biological activity of recombinant 

proteins including adsorption, half-life and clearance (Bork et al., 2009).  

Nevertheless, glycoforms are not only important for half-life of the recombinant protein 

but also can influence target binding efficiencies. The existence of N-linked glycans on 

heavy chains of mAbs have been shown to be important for the interaction of Fc 

receptors and their mediated function in the cell (Rothman et al., 1989). Fucosylation of 

antibodies has been shown to impair antibody-dependent cellular cytotoxicity (ADCC) 

and the knockout of fucosyl-transferases like Ŭ-1,6-fucosyltransferase (FUT8) was 

suggested to be clinical relevant for improved functions of recombinant proteins. Thus, 

production using CHO cells with knockouts of fucosyltransferases was highlighted as a 

ñnext-generationò for antibody engineering (Mori et al., 2007; Ronda et al., 2014a).  
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1.3 MicroRNAs 

Small noncoding RNAs (20-30 nt) are classified into three groups: PIWI interacting RNAs 

(piRNAs), small interfering RNAs (siRNAs) and microRNAs (miRNAs). MiRNAs are 

highly conserved over species and have been shown to be extensive regulators of gene 

expression. After the discovery of the first miRNA by Ambros and colleagues in 1993 

(Lee et al., 1993) in Caenorhabditis elegans, their function remained unknown for a long 

time. Studies revealed that miRNAs can regulate gene expression in a post-

transcriptional manner by either inhibiting translation of its mRNA target or degradation 

of it. Sequencing data showed that over 1,800 conserved miRNAs are expressed in 

human cells and exhibited a high sequence complementary (~60 %) to many protein-

coding mRNAs (Friedman et al., 2009; Kozomara & Griffiths-Jones 2014). MiRNAs are 

usually transcribed by RNA-Polymerase II and play an essential role in gene regulation 

by two different distinct mechanisms: degradation of the target mRNA or the repression 

of translation by inhibition of the polyribosome (Figure 2).  

 

 

 

 

 

 

 

 

 

 

The mature miRNA (~22 nt) is assembled into the RNA-induced silencing complex 

(RISC) which can act as an endonuclease whereas the miRNA acts as a guide, dictating 

target specificity (Hammond et al., 2000). Many proteins and domains are involved e.g. 

RNA binding domains which interact with dsRNA and single stranded RNA as well as 

Figure 2: Mechanisms of translational inhibition of miRNAs. After guidance of the RISC by 

the incorporated mature miRNA the mRNA translation is inhibited by the physical hindrance of 

the polyribosome. The second act of mechanism is the destabilisation and degradation of the 

mRNA which usually occurs due to perfect binding of the miRNA. Figure was sourced and 

altered from Lodish and colleagues (Lodish et al., 2008). 
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endonuclease domains, contributing to the RISC function (Pratt & MacRae, 2009). The 

loading of the RISC is supported by Ago2 and Dcr-2 proteins which binds to the 

premature miRNA duplex. The mRNA is specificly cleaved by the RISC if it shows a high 

complementary to the incorporated miRNA. Translational inhibition can also be exhibited 

by the binding of only the seed region (nucleotides 2 to 7 of the mature miRNA) to the 

mRNA target. If mismatches occur, the RISC prevents the translation of the mRNA by 

blocking the ribosomal propagation along the mRNA transcript. Furthermore, the 3´-

untranslated region (3´UTR) is essential for translation due to regulatory elements and 

translation can be efficiently blocked by RISC binding to these regions or interfering with 

essential translation factors which bind to this highly regulatory region of the transcript 

(Doench & Sharp, 2004; Grimson et al., 2007; Humphreys, Westman, Martin, & Preiss, 

2005). One mRNA can have several binding sites for miRNAs and it was also shown that 

one mRNA can be targeted by various miRNA families. The miR-23-24-27 constituting 

of three miRNAs with different seed families has been shown to target same mRNAs and 

pathways (Liang et al., 2004). Target prediction analysis showed further evidence that 

one single miRNA can have hundreds of targets by showing complementarity in the 

3`UTR alone. Critical for the wide range of different targets is the seed region of the 

miRNA. This seed region is conserved in vertebrates and is located at the 5`-end of the 

mature miRNA. A requirement for the repression is the degree of matching of the seed 

region to the target mRNA but further factors seem to be involved such as sequence 

composition proximal to the seed region and position of miRNA binding sequence (MBS) 

(Grimson et al., 2007). The efficiency of miRNAs/mRNA binding and the miRNA acting 

mechanism seems to have alternative modes which are cell line and tissue dependent 

(Kulkami et al., 2016). Ten cell lines were co-transfected with miRNA mimics and a target 

sequence located in 3ôUTR of a renilla reporter for the miRNA. All cells exhibited a lower 

level of fluorescence levels. However, five cell lines stabilised the mRNA transcript, three 

cell lines did not show any effect and two cell lines showed a translational inhibition due 

to degradation suggesting a cell and tissue specific preference of miRNA regulation 

mechanistic. 

Target efficacy and number of binding sites on the mRNA transcript is proposed to vary 

dependent on the 3ôUTR isoform usage which can show high variations across species. 

Alternative long and shorter isoforms have been reported in the same ORF due to 

different poly-A signals which can occur distal or proximal (Decker & Parker 1995; 

Miyamoto et al., 1996). Longer or shorter isoforms can exhibit a different number of 
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binding sites and the usage seems to be dependent on the cellular context to ñfine-tuneò 

expression (Nam et al., 2014). The difference in the 3ôUTRs can strongly effect gene 

regulation in this context by adding or deleting miRNA binding sites and ultimately have 

tremendous impact on miRNA inhibitory function. It was also suggested that the amount 

of gene copies per cell influences miRNA regulation of the target mRNA. Studies showed 

that a dosage dependent effect of mRNA transcript effects the target selection of miRNAs 

(Shu et al., 2012).  

 

1.3.1 Biogenesis of miRNAs 

MiRNAs inhabit either their own genomic locus including promoter regions or are the 

results of mRNA splicing events when located intronicly of their host gene. Transcription 

of miRNAs is initiated by RNA-Polymerase II and the primary miRNA (pri-miRNA) 

transcript exhibits 5´- 7-methylguanosine caps as well as a 3´-poly-A tail. This nascent 

transcript forms a RNA-RNA duplex by complementary base pairing with several stem 

loops. The first step after transcription is the cleavage by Drosha RNase III which 

processes the pri-miRNA into a ~70 nucleotide long precursor miRNA (pre-miRNA). If 

the miRNA is located in introns, mRNA splicing can lead to formation of pre-miRNAs (Y. 

Lee et al., 2003). The pre-miRNA exhibits a 5´-phosphate and a 2 nucleotide 3`-overhang 

resulting from the RNase III cleavage. The second step is the export of the pre-miRNA 

into the cytoplasm mediated by exportin-5 which binds dsRNA and uses RanGTP as a 

cofactor (Lund et al., 2004). In the cytoplasm the pre-miRNA is further processed by the 

Dicer RNase III multi protein complex into a 22-nucleotide miRNA-miRNA* duplex with 

a two nucleotide 3`-overhang (Y. Lee et al., 2003) and the duplex is incorporated into a 

pre-RISC. The pre-RISC consists of Argonaute protein (AGO) and Dicer-2 which are 

supported by the chaperone machinery including HSP90 and HSC70. In this complex 

the miRNA-miRNA* duplex is separated to form the mature RISC. It is thought that the 

mature miRNA is selected from the miRNA-miRNA* duplex based on thermodynamic 

stability of their 5`-ends. The less stable 5´-end shows a preferential association with 

RISC due to the easier separation from the duplex (Schwarz et al., 2003). Assembled in 

the RISC, the miRNA plays its role in target recognition and binding by guiding the 

multiprotein RISC to the mRNA target.  

The whole process of miRNA maturation is shown in Figure 3. Another type of non-

coding RNA referred to as siRNA is similar in their target characteristics, their biogenesis 
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and their size. In the case of biogenesis, siRNAs and miRNAs share the Dicer complex 

as well as the RISC. Their difference is just related on their origin, as miRNAs are 

encoded in the host genome but siRNAs exhibit an exogenous source like viral genomes. 

However, the function of a siRNA lies in the perfect match of the target mRNA whereas 

miRNAs can exhibit mismatches in target binding.  
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Figure 3: Biogenesis and processing of miRNAs. Firstly, the miRNA gene is transcribed by RNA-

Polymerase II into pri-miRNA transcripts containing a 5ô-7-methylguanosine cap and 3ô-poly-A signal. The pri-

miRNA is further processed into a ~ 70 nucleotide long pre-miRNA and is exported into the cytosol by exportin-

5, a RanGTP dependent exporter. The pre-miRNA is further processes by a Dicer complex and incorporated 

into the pre-RISC with the help of molecular chaperones. Alternatively, the pre-miRNA can be processed by 

AGO2 before incorporation into the RISC. The pre-RISC matures by degrading miRNA* passenger strand and 

the final assembly of the mature miRNA before following its mechanistic function in translational inhibition. 

Figure was sourced and altered from (Ameres & Zamore, 2013). 
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1.3.1.1 Genomic organisation and nomenclature of miRNAs 

Due to the rapidly increasing data which evolved with the development of NGS and better 

bioinformatics tools an organised nomenclature for miRNAs was proposed by Ambros 

and colleagues (Ambros et al., 2003). A mature miRNA is named in the way of discovery 

by continuous counting: miR-1, miR-2é and further. A gene which encodes for the 

miRNA is named in the same way with capital or lower-case letters (MIR-1 or mir-1) 

depending on the species. If a known miRNA is discovered in a new species and shows 

no difference or only a small discrepancy to the already known miRNA it is named equally 

(e.g. known miR-23 in human and recent discovered miRNA with the same sequence in 

CHO is named miR-23 as well). In addition, if miRNAs exhibit very similar sequences 

(homologs) in the same species a number or letter is added e.g. miR-23a and miR-23b. 

To name the origin of the miRNA also the species abbreviation was added e.g. hsa-miR-

23a for human miRNA and cgr-miR-23a for the Chinese hamster miRNA-23a. Some of 

the known miRNAs are transcribed from a so-called cluster and are processed from one 

pre-miRNA precursor transcript. Several miRNAs can result from one pri-miRNA 

transcript (polycistronic) as well as from one precursor transcript (monocistronic). 

Examples for nomenclature of a cluster is the miR-23a-27a-24-2 cluster or miR-17-92 

describing clustering of three miRNAs for the miR-23 cluster or six different miRNAs in 

case of the miR-17-92 cluster.  

 

1.3.1.2 Identification of miRNA and validation of targets 

MiRNAs are usually identified by miRNA profiling studies however, the validation of 

possible targets has been shown to be more difficult. Kuhn and colleagues (Kuhn et al., 

2008) suggested an experimental approach for the experimental validation of possible 

miRNA targets. Bioinformatics tools like TargetScan, PicTar and miRanda are algorithms 

which can predict possible miRNA:mRNA interactions. Kuhn and colleagues showed a 

discrepancy as well in comparing these tools with each other leading to no overlaps and 

inconclusive identification of mRNA targets between the tools. Nevertheless, the 

interaction should be experimentally proven to be certain about the gene regulation by 

its target miRNA. The proposed workflow was to analyse possible mRNA targets using 

mentioned bioinformatics tools. Furthermore, a miRNA/mRNA co-expression study 

followed by an investigation of the miRNA effect on the protein and the assessment of 

the miRNA on the biological function.  
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1.3.2 MicroRNAs as potential tools for cell line engineering  

As mentioned miRNAs regulate complex mechanism and a single miRNA can target 

~100 mRNAs to prevent or ñfine-tuneò their translation. Thus, one miRNA regulates a 

whole network of proteins and plays a global role in cellular behaviour and phenotype. 

In addition, it is proven that miRNAs play an essential role in a variety of bioprocess 

related phenotypes like proliferation, apoptosis, protein expression and response to 

cellular stress such as hypoxia or low nutrient availability (Jadhav et al., 2013a). This 

highlights miRNAs as an interesting tool for cell line engineering to improve the 

bioprocess phenotype of CHO cells. Moreover, as miRNAs are processed from their non-

coding precursors they do not impose translational burden if they are introduced on 

plasmids for overexpression.  

Several studies prove the effects and benefits of dysregulating miRNAs on the 

phenotype of CHO cells. The depletion of miR-7 using sponge decoy technology for 

example showed positive effects like the increase of cell growth and specific productivity 

in CHO-K1 SEAP expressing cells (Sanchez et al., 2013). The inhibition enriched cells 

in G2/M phase of the cell cycle enabling a faster progression through cell cycle steps. In 

contrast the overexpression showed an inhibition of cell cycle progression with cells 

enriched in G1/S transition (Barron et al., 2011). Another interesting study showed that 

stable depletion of miR-23b can result in an increased productivity in CHO-K1 SEAP 

expressing cells. MiR-23b was identified to be differentially expressed in a panel of 

miRNAs identified using temperature shift to reduce cell growth and increase productivity 

(Gammell et al., 2007). Further investigation indicated that the depletion of miR-23b 

increases the mitochondrial oxidative phosphorylation capacity which ultimately led to 

higher specific productivity. However, the effect was inconsistent in a different CHO-K1 

cell line expressing a mAb but nevertheless beneficial. Stable depletion of miR-23b led 

to increased viabilities during late stages of the culture possibly by higher intracellular 

XIAP levels which was confirmed to be targeted by miR-23 (Kelly et al., 2015). 

Overexpression of miR-17 increased the specific productivity and growth rate of CHO 

EpoFc expressing cells (Jadhav et al., 2012a; Jadhav et al., 2014) 

Increased cell growth was also shown in HeLa cells due to inhibition of miR-21 and miR-

24 (Cheng et al., 2005) and miR-24 and miR-27a have been shown to be up-regulated 

during hypothermia induced growth arrest in CHO-K1 cultures (Gammell et al., 2007). 

Transient inhibition of miR-24 in CHO-K1 SEAP expressing cells confirmed enhanced 
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growth rates and the effect was reversed by overexpressing miR-24 which led to growth 

inhibition. Clarke and colleagues investigated differential expressed miRNAs using an 

integrated approach combining microarrays and proteomic profiling (Clarke et al., 

2012b). Sixteen miRNAs including miR-204, miR-338, miR-497, miR-30e, miR-206, miR-

451 have been shown to be downregulated during high growth rates and 35 miRNAs 

were upregulated during high growth rates which turn them into potential aims for 

targeted proliferation engineering. A further study showed the link between miRNA 

expression patterns due to different phases in the culture process. Lag-, exponential and 

stationary phase were investigated and 117 miRNAs were found to be differential 

expressed displaying involvement in biological processes like cell growth and arrest 

(Hernandez Bort et al., 2012).  

Other miRNAs like miR-15 and miR-16 can induce apoptosis by targeting Bcl-2 and a 

stable depletion of these miRNAs could be useful for preventing apoptosis in CHO 

cultures (Cimmino et al., 2005). More miRNAs linked to apoptosis in late stages of the 

cultivation process were investigated due to nutrient depletion. It was demonstrated that 

70 miRNAs were differentially expressed in mouse including miR-466 and the miR-297-

669 cluster which is possibly involved in initiating apoptosis (Druz et al., 2012). MiR-466 

was further investigated and delayed activation of apoptosis in late stages of batch 

cultures was observed leading to increased maximum cell densities (Druz et al., 2013). 

More miRNAs which could be possibly used as engineering tools and studies which 

investigated the dysregulation under different culture conditions were summarised and 

reviewed by Jadhav and colleagues (Jadhav et al., 2013b).  

Recent developed genome editing tools, such as transcriptional activator like nucleases 

(TALEN), zinc finger nucleases (ZNFs) and especially CRISPR/Cas9, opened a wide 

field of possibilities to target miRNAs more effectively for a possible application in 

industrial used cell lines. Beneficial phenotypes can exhibit for example higher specific 

productivities, lower apoptosis, increased cell viability and proliferation rates. It was 

shown, that targeted genome editing tools can be used for both, either gene knockouts 

or depletion of miRNAs. Thus, these tools might play an essential role in future cell line 

engineering approaches of CHO cells. 

1.3.3 Biological function of the miR-23-24-27 cluster and its role in disease 

Studies have shown that the miRNA cluster is derived from one primary transcript but 

the expression pattern of each member can vary possibly due to the specific biological 
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circumstances or diseases (Y. Lee et al., 2004). However, the paralogs are located on 

different genomic loci and are derived from different primary transcripts which would also 

suggest a different expression pattern (summarised by (Chhabra, Dubey, & Saini, 

2010a). In human the miR-23a cluster is located intergenic (chromosome 9) and the miR-

23b cluster is located intronic (chromosome 19). The appearance of two clusters is most 

likely due to gene duplication in evolution of mammals. In Chinese hamster the miR-23a 

cluster is similarly located intergenic and its paralog is located intronicly in the 

Aminopeptidase O-like gene (AMPO). The miR-23a cluster exhibits all core elements 

needed for a promoter region including TATA box and initiation sequences making 

transcription RNA-polymerase II dependent (Chhabra et al., 2010). The miR-23b cluster 

seems to lack common promoter elements which may suggest processing through intron 

splicing. The expression of both clusters seems to be highly variable over cell lines (Yu 

et al., 2006). In certain diseases each member can be simultaneously up- or 

downregulated i.e. in acute lymphoblastic leukaemia as well as acute myeloid leukaemia 

(Mi et al., 2007). In fact, several studies showed as well that single members of both 

miR-23 clusters were dysregulated in many diseases. For example, an upregulation of 

all single members was osberved in cardiac hypertrophy (Sayed et al., 2007) or a down 

regulation of each member was reported in schizophrenia and autism (Abu-Elneel et al., 

2008; F. Wu et al., 2008). The function of each member or a co-operative function 

remains however, unclear. Although evidence exists that similar targets as well as 

pathways are targeted (T. Liang et al., 2014) which also may be the evolutionary result 

of why some miRNAs are clustered. Nevertheless, individual functions of each member 

were observed as well. Indicated differential expression could suggest that the function 

and a possible impact on a bioprocess phenotype in CHO cells is highly cell line or cell 

type dependent.  

 

 

 

 

 



___________________________________________________________________________ 

___________________________________________________________________________ 

 

27 

1.3.3.1 MicroRNA 23-24-27 cluster and its individual members 

MiR-23a and miR-23b 

With their role as posttranscriptional regulators it was observed that repression of miR-

23a/b influences proliferation and metabolism of human B lymphocytes (Gao et al., 

2009). Gao and colleagues showed also that high expression levels of the oncogene c-

Myc represses the transcription of miR-23a as well as miR-23b. The repression leads to 

higher levels of mitochondrial glutaminase which is normally targeted by both miRNAs. 

Higher glutaminase levels led ultimately to enhanced mitochondrial capacity of Complex 

I/Complex II which again led to increased oxidative phosphorylation in CHO cells (Kelly 

et al., 2015). Due to the Warburg effect immortalised cells convert high amounts of 

glucose into lactate using glycolysis which increases cell proliferation but provides less 

substrate for mitochondrial based oxidative phosphorylation. While increased 

glutaminase levels strengthens the mitochondrial function by the conversion of glutamine 

to glutamate and subsequently to Ŭ-ketoglutarate which enters the TCA cycle. This 

reflects an alternative pathway to strengthen specific productivity in CHO-K1 SEAP 

expressing cells. However, the effect of miR-23 depletion seemed highly cell line and 

tissue specific. The dysregulation of miR-23 showed increased viability in late stages of 

the culture in a different CHO-K1 cell line expressing a mAb (Kelly et al., 2014). Another 

target for miR-23 is XIAP which is responsible for the inhibition of apoptosis by binding 

of caspase-3, -7 and -9 and could be responsible for observed prolonged cultures 

(Sauerwald et al., 2002). Furthermore, it was observed that miR-23a and miR-23b 

expression levels are decreased in some cancer types like prostate cancer and 

leukaemia (Porkka et al., 2007; Saumet et al., 2009). However, there is evidence that 

miR-23a/b can prevent apoptosis during hypoxia by targeting important key components 

of the apoptosis pathway like Bax-like BH3 protein (BID), caspase-7 or BCL2/Adenovirus 

E1B 19kDa Interacting Protein 3-Like (BNIP3L) (Agrawal et al., 2014). The positive 

effects of miR-23a/b on cell proliferation and apoptosis prevention highlights a possible 

strong tool for optimisation of cellular behaviour in a bioprocess dependent manner.  

 

MiR-24 

Similar to miR-23a/b, miR-24-1/2 has been shown to target essential proteins of the 

apoptotic pathway in human cells. The targets are pro-apoptotic proteins like Bim, FAF-
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1, Caspase-9 and Apaf-1 (Agrawal et al., 2014; Cheng et al., 2005; Qin et al., 2010) as 

well as targets which are responsible for cell survival e.g. Bcl-2 (Singh & Saini, 2012a). 

It seems that the role of miR-24-1/2 in a pro- or anti-apoptotic manner depends on 

specific circumstances of the cell and is cell/tissue type specific. Overexpression of miR-

24 inhibited cell proliferation of six different human cancer cell lines by inducing the 

expression of p53 and p21 (Mishra et al., 2009a). E2F2 and MYC are proteins which are 

involved in rapid cell cycle progression and a study showed that miR-24 targets both 

mRNAs and blocks uncontrolled proliferation. However, E2F2 and MYC do not exhibit 

binding sites for miR-24 in the 3ôUTR (Lal et al., 2009). This was confirmed by transient 

overexpression of miR-24 using mimics in CHO cells resulting in significantly reduced 

cell growth (Noèlia Sanchez, 2013). Mishra and colleagues showed as well that miR-24 

targets the DHFR gene which catalyses the reaction of dihydrofolate into 

tetrahydrofolate. Tetrahydrofolate is required for purine and pyrimidine synthesis and 

therefore plays an essential role in cell growth and proliferation. Consequently, a down 

regulation of miR-24 showed an increase of proliferation in human epithelial cells (Cheng 

et al., 2005). Dr. Sanchez showed in her thesis as well that transient inhibition of miR-24 

resulted in increased proliferation in CHO-K1 SEAP expressing cells (Noèlia Sanchez, 

2013). This suggests that deregulation of miR-24 could be used as potential target for 

improving bioprocess characteristics in CHO cells regarding growth behaviour.  

 

MiR-27a and miR-27b 

Several studies showed that miR-27 plays a role in apoptosis by either targeting pro-

apoptotic or anti-apoptotic proteins possibly dependent on the specific circumstances of 

the cell environment. Agrawal and colleagues showed that miR-27 targets APAF1 which 

inhibits apoptosis under hypoxia (Agrawal et al., 2014). Further studies also showed that 

miR-27 negatively regulates FADD which interacts with caspase-8 in the apoptotic 

signalling pathway and prevents apoptosis in human cell lines (Chhabra et al., 2009). 

Up-regulation of miR-27a seems also to increase cell proliferation in human breast 

cancer cells by targeting the tumour suppressor FOXO1 (Guttilla & White, 2009). 

However, Guttilla and White reported an involvement of miR-96 and miR-186 as well 

which could involve a synergistic effect or shared targeting. Moreover, miR-27 stimulates 

cell survival by targeting Myt-1 which inhibits G2-M phase progression (Mertens-Talcott 

et al., 2007). This leads to a higher percentage of cells in S phase and to higher 
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proliferation rates. Downregulation of miR-27a seemed to have an anti-apoptotic function 

by increased levels of Bcl-2 proteins. Interaction studies indicated that miR-27 targets 

are involved in many more cellular pathways like insulin signalling, Mitogen-activated 

protein kinase (MAPK) signalling and p53 signalling (S. Yang et al., 2012). Regarding 

CHO cells, the overexpression of miR-27a resulted in a decrease of growth (CHO-K1 

mAb) but also increased proliferation in a different cell line (CHO2B6) showing 

mentioned cell type specific phenotype (Noèlia Sanchez, 2013). However, the 

involvement in proliferation and apoptosis highlights miR-27a and miR-27b as interesting 

engineering targets. 

 

1.4 Targeted genome engineering tools 

A better understanding of the genome and transcriptome with projects like the ENCODE 

consortium and recently developed targeted genome engineering tools have paved a 

whole era of new possibilities for treatment of diseases. Targeted engineering tools 

include transcriptional activator like nucleases (TALENs), zinc finger nucleases (ZNFs) 

and CRISPR/Cas9. For miRNA engineering and the investigation of miRNA function the 

common approach is either the overexpression of pre-miRNAs, transient mimics or the 

depletion using antisense molecules (antagomiRs) as well as sponge decoy vectors.  

 

1.4.1 Sponge decoy technology for the stable or transient depletion of miRNAs 

Sponge decoy technology is based on mimicking the natural binding sites of miRNAs 

using exogenous artificial miRNA binding sites (MBS) located in the 3ôUTR of a reporter 

gene (reviewed by (Ebert & Sharp, 2010). A selection of reporters can be used e.g. 

destabilised GFP, mCherry or firefly luciferase. Reporter expression is usually driven by 

a CMV promoter located on a plasmid enabling transient screens as well as a permanent 

depletion by generating stable expressing cell populations. Transcription by RNA-

polymerase II also increases mRNA stability due to the presence of a poly-A tail and a 

5ô-cap. Two different designs of the MBS have been utilised. The first approach is the 

perfect antisense sequence which can lead to degradation of the sponge mRNA. On the 

other hand, creating a four-base pair mismatch in the MBS between the mRNA and the 

miRNA has been shown to protect from AGO2 mediated endonucleolytic cleavage by 
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the RISC (Ebert et al., 2007; Kluvier et al., 2012). The same study showed that miRNAs 

sharing the same seed family can be targeted effectively by the same antisense 

sequence. The successful binding and function of the sponge is indicated by the 

reduction of the reporter signal (Figure 4).  

 

 

 

 

 

However, the function needs to be validated by quantifying target genes of the miRNA 

which should be higher abundant due to the depletion of its target miRNA. It has been 

reported that sponges containing ten binding sites are optimal as every binding site 

enhances the probability of mRNA cleavage. However, also dosage dependent effects 

and off target effects should be considered. High abundance of miRNAs with the same 

seed family require high amounts of sponge transcipt and can possibly influence the 

phenotype due to the posed transcriptional burden. Furthermore, the expression of 

sufficient levels of transgene can be challenging when stable cell lines are created as 

well as a decrease in transgene expression over time.  

 

 

 

 

 

 

 

Figure 4: Basic mechanism of the sponge decoy approach. MBS can be cloned into 

the 3ôUTR of a reporter gene. MiRNA binding and associated translational inhibition can 

be subsequently analysed and compared to a control without functional binding sites. The 

usage of a resistance gene allows the generation of stably expressing cell lines.  
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1.4.2 Clustered regularly interspaced short palindromic repeats (CRISPR) 

Due to the challenge of mobile genetic elements (MGEs) such as plasmids or viral DNA 

several defence mechanisms have evolved in prokaryotes, eukaryotes and archaea. The 

CRISPR system is a common defence system used in ~39% of bacteria and ~88% 

archaea (Makarova et al., 2006). This system, first discovered in Escherichia coli by 

Ishino and colleagues in 1987 (Ishino et al., 1987), provides acquired immunity against 

invading viral and plasmid DNA by integrating foreign nucleic acid into the hosts 

chromosome (Grissa et al., 2007; Jansen et al., 2002). A CRISPR locus normally 

consists of variable foreign sequences, so called spacers which are separated by 

conserved repeats. The loci are flanked by genes encoding CRISPR-associated (Cas) 

proteins which are required for the processing of transcripts, the integration of new 

spacers as well as the cleavage of invading DNA (Haft et al., 2005; Makarova et al., 

2006). CRISPR loci are conserved but the amount of spacerïrepeats differs between 

loci and between species. Studies have revealed that spacers can have a length 

between 27-72 base pairs and repeats vary between 21-48 base pairs. Furthermore, the 

lead sequence upstream is A/T-rich and was shown to serve as the promoter region for 

the transcription of spacer-repeat sequences by RNA-Polymerase II (Horvath et al., 

2008; Jansen et al., 2002; Kunin, Sorek, & Hugenholtz, 2007). A CRISPR locus is first 

transcribed into a pre-CRISPR-RNA (pre-crRNA). This transcript is further processed 

into small CRISPR-RNAs (crRNA) by cleavage of the pre-crRNA into spacers which are 

flanked by two repeats (Carte et al., 2008; Hale et al., 2009). Different systems have 

evolved over time and the maturing of the crRNAs depends on the classification of the 

system. Thereby CRISPR/Cas systems are divided into three major types: Type I, Type 

II and Type III. These types are further segmented into subtypes depending on their 

evolutionary relationship between the associated protein machinery and CRISPR/Cas 

clusters (Makarova et al., 2011). In addition, protospacers of crRNAs are flanked by short 

sequences which are called protospacer adjacent motifs (PAM). The PAM is essential 

for target recognition and varies between the species origin. To prevent self-targeting of 

chromosomal direct repeats CRISPR loci show a lack of PAM (Marraffini & Sontheimer, 

2010b). The PAM used in Streptococcus pyogenes for example uses 5´-NGG whereas 

Streptococcus thermophilus uses 5´-NAAAAC. Depending on the type the PAM is 

located either at the 5`- (type I system) or 3`- (type II system) and is absent in the type 

III system (Marraffini & Sontheimer, 2010b). Repeat-spacer sequences are processed 

by CRISPR specific ribonucleases (Cas5 and Cas6) in type I and type III systems. In 
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type II systems a trans-activating RNA (tracrRNA), which is complementary to the repeat 

sequence of the crRNA binds and forms a double-stranded guide RNA (gRNA). In the 

Streptococcus pyogenes CRISPR/Cas system which is mainly used for targeted genome 

editing, two different tracrRNAs are expressed upstream of the CRISPR locus. The 

formed gRNA is recognized and cleaved by a cellular RNase III (Deltcheva et al., 2011). 

The whole crRNA biogenesis of the type II system consists of only four Cas proteins and 

Cas9 is described as playing the key role as endonuclease which is responsible for the 

cleavage of the target sequence (Deltcheva et al., 2011; Garneau et al., 2010). The 

mature gRNA forms a complex with Cas9 to follow its role in target binding and 

recognition. The recognition is followed through Watson-Crick base pairing and provides 

acquired immunity against invading MGEs by their recognition and cleavage. The 

process of cleavage and degradation of invading DNA is called CRISPR interference 

(CRISPRi). The adaption of new spacers, biogenesis of CRISPR and finally the 

interference is summarized in Figure 5 A and B. 
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Figure 5: Organisation of CRISPR loci, adaption and biogenesis. A) Adaption of new spacers is initiated by 

the recognition of foreign DNA with involvement of Cas proteins. The foreign DNA is cleaved and integrated as 

spacer into the hostôs genome with flanking repeats in 5ô- and 3ô-. The length of the spacer as well as the repeat 

depends hereby highly on the species. The CRISPR locus also exhibits the coding sequences proximal to the 

spacer-repeat region. The locus itself is transcribed by RNA-Polymerase II. B) After transcription of the pre-crRNA, 

the precursor is further processed by cleavage into repeat-spacer sequences. This step is proceeded by CRISPR 

specific ribonucleases in type I and type III systems. In type II systems a complementary trans-activating crRNA 

binds to the repeat sequence of the crRNA and the dsRNA is recognized and cleaved by RNase III. The mature 

gRNA forms dependent on the type a complex with a Cas protein to follow its role in target binding or recognition. 

Figures were sourced and altered from: (Makarova et al., 2011). 
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1.4.3 CRISPR/Cas9 as targeted genome engineering tool 

For targeted genome editing the type II CRISPR system was adapted and a single guide 

RNA (sgRNA), which is a fusion of the protospacer containing crRNA and the tracrRNA, 

was introduced (Jinek et al., 2012). The sgRNA is usually under control of a U6 promoter 

and is transcribed by RNA-Polymerase III. The Cas9 endonuclease, with origin in 

Streptococcus pyogenes, incorporates the sgRNA and is guided to its target region by 

Watson-Crick base pairing between the target sequence and the protospacer. The PAM, 

essential for the target recognition, is located directly 3`- of the target region (Figure 6).  

 

 

Thus, Cas9 can possibly target every sequence in the host genome by altering the 

sequence of the 20 nucleotides protospacer. The only limitation is the PAM which must 

be present at the genomic target site. However, the PAM used by the Streptococcus 

pyogenes Cas9 (spCas9) can be found every 8 bp in the human genome (Cong et al., 

2013). Furthermore, it was demonstrated that the region 1-12 nucleotides upstream the 

PAM is necessary to determine Cas9 target specificity whereas mismatches further 

Figure 6: Overview of Cas9 targeting and function. The sgRNA is assembled into the Cas9 

endonuclease which dictates the target specificity. The target specificity is exceptional high however, 

mismatches at the 5ô-end of the sgRNA are tolerated which could possibly lead to off-target effects. After 

binding the target sequence, a double strand break (DSB) is induced by two DNA cleaving domains: RuvC-

like and HNH-like nuclease domain. The DSB is catalysed between the base pairs 17 and 18 proximal to 

the PAM. Figure was sourced and altered from: (Mali et al., 2013). 
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upstream the PAM region are more likely to be tolerated (Cong et al., 2013; Jinek et al., 

2012). It was further shown that not only the complementarity of the sgRNA plays a role 

in target binding but also epigenetic features like DNA methylation as well as chromatin 

structures seem to be an important criterion. Genome-wide analysis of spCas9 binding 

predicts that 19% of binding variations occur due to epigenetic features like chromatin 

accessibility and DNA methylation pattern (Wu et al., 2014). As Cas9 was led to its target 

sequence the function relies on two domains: HNH-like nuclease domain and RuvC-like 

nuclease domain. Thereby the HNH-like nuclease domain cleaves the complementary 

strand and RuvC-like nuclease domain cleaves the opposite strand (Chylinski et al., 

2013; Fonfara et al., 2014). Together the two domains mediate DSBs between the base 

pairs 17 and 18 of the target sequence. The DSB initiates two of the major DNA repair 

pathways, either non-homologous end joining (NHEJ) or homology direct repair (HDR). 

Due the fact that NHEJ requires no homologous sequence and is active during all phases 

of the cell cycle it is the prominent pathway.  

DSBs are repaired by first creating a blunt end of the break if necessary (resection) and 

re-ligation by recruited ligases. Due to the process of NHEJ, indels of several base pairs 

are common which can lead to a shift of the open reading frame (ORF) in case of protein 

coding sequences. Alterations of the ORF are called frame-shift mutations and can have 

a significant effect on the target gene by changing the amino acid sequence. The 

introduction of a premature stop codon or the shift of the ORF can lead to nonsense 

mediated protein decay. However, the most common indels that seem to occur are 

deletions up to -9 and insertions of +1-2 base pairs (Canver et al., 2014; Hsu et al., 2013; 

Hwang et al., 2013). The CRISPR system allows also the introduction of repair templates 

which can be used to introduce a specific sequence at the DSB using HDR. 

Several expression systems were established for the integration of Cas9 and the sgRNA 

into the hostôs genome. Thereby transient transfection methods e.g. lipid based reagents 

and electroporation as well as stable insertion into the host genome by viral delivery 

systems are applicable depending on the experimental design. After transfection, Cas9 

and the sgRNA are co-expressed by corresponding promoters like human U6 RNA-

Polymerase III promoter or cytomegalovirus (CMV) promoter. It was proven that 

CRISPR/Cas9 can target a wide range of endogenous genes in different organisms and 

cells. Cas9 was hereby used to edit genomes of e.g. Mouse (H. Yin et al., 2014), Chinese 

Hamster (Ronda et al., 2014b), Zebrafish (Hwang et al., 2013), Human (Mali et al., 2013) 

and many more organisms as well as cell lines.  
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As mentioned above, CRISPR/Cas9 needs only the PAM at the genomic target site to 

induce a DSB but also mismatches located upstream the PAM are likely to be tolerated. 

Up to five mismatches are tolerated which can lead to undesirable off-target effects on 

non-related sites (Fu et al., 2013a; Mali et al., 2013). To use the CRISPR system in 

industrial or therapeutic applications several strategies are available which can reduce 

potential off target effects. First, the usage of CRISPR design tools and second by using 

spCas9 nickases. A nickase induces a single strand break, which is referred to a nick 

and is quickly repaired. However, if two nickases cut proximal on opposite strands, the 

DNA damage is repaired as DSB and NHEJ is induced. The reduction of off-target effects 

is an essential issue for CRISPR/Cas9 in future therapeutic applications to use it as an 

efficient tool for genome editing. Several studies have shown that CRISPR/Cas9 could 

be applied for repairing mutation based diseases like cystic fibrosis (Schwank et al., 

2013; Y. Wu et al., 2013) as well as the deletion/mutation of whole distinct loci (Ebina et 

al., 2013). Thus, the CRISPR system has been proven to be an easy, highly valuable 

system for cell line engineering and for applications in CHO cells to improve bioprocess 

phenotypes. 

 

1.4.3.1 CRISPR/Cas9 variants 

Since the first mentioning of CRISPR/Cas9 several different Cas9 variants have been 

described. The CRISPR/Cas9 system is in general not only limited to the induction of 

DSBs but can be used as transcriptional repressor/activator by recruitment or fusion to 

transcription factors, DNA or chromatin modifiers. Gilbert and colleagues performed 

investigations with two Cas9 fusions with Krueppel associated box (KRAB) and a so 

called ñsuntagò consisting of several VP64 repeats. KRAB hereby is a transcriptional 

repressor and VP64 is a transcriptional activator with viral origin (Gilbert et al., 2014). 

Another Cas9 variant is impaired in the DNA cleavage domains and is fused to FokI. The 

unspecific FokI endonuclease is only active as dimer and allows to target two proximal 

sequences to delete large DNA fragments or induce HDR (Tsai et al., 2014). As 

mentioned the PAM dictates the target sequence which can be used for sgRNA design. 

Another CRISPR class II system was recently developed using a single RNA-guided 

endonuclease named Cpf1. The species origin was Francisella novicida and the PAM 

used is 5ô-TNN (Zetsche et al., 2015). Interestingly the PAM is located 3ô- and not 5ô- as 

for Cas9 and that the DSB exhibits a five nucleotide 5ô-overhang. Cas9 induces blunt 
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end DSBs proximal to the PAM whereas Cpf1 mediates the DSB 18 nucleotides 

downstream the PAM. To reduce off-target effects and the possibility to mediate HDR 

rather than the NHEJ pathway Cas9 ñnickasesò were developed. This particular variant 

only cuts one strand and two nickases which target a sequence in a proximal distance 

can be used for the introduction of HDR using repair templates to insert exogenous DNA 

into the hostôs genome. Due to double nicking the off-target effects are highly reduced.  

 

1.4.3.2 CRISPR/Cas9 as potential tool to dysregulate miRNAs in CHO 

Not only coding genes are potential targets but also miRNAs can be targeted which play 

an important role in gene regulation, disease and phenotypic behaviour (Zhao et al., 

2014). It was recently demonstrated that miRNAs can be successfully targeted using 

CRISPR/Cas9 (Chang et al., 2016; Jiang et al., 2014). Targeted was the miR-27-92 

cluster which consists of six induvial members with four different seed families. MiR-93 

which is a member of the miR-106b cluster was targeted in the seed region and a 

successful reduced miRNA expression by over 90% was reported in single cell clones 

exhibiting various indel sizes. MiR-93 is critical in regulating cell growth and the 

expression of three targets (PTEN, E2F1 and p21) was assessed as well as the growth 

phenotype proving that miR-93 lost its function in regulating these proliferation relevant 

genes. It was also shown that small deletions can impair the Drosha processing and 

ultimately the maturation of miRNAs. Thus, CRISPR can be used as tool to stably deplete 

if not possibly knockout miRNAs besides using sponge decoy technology.  

 

1.4.3.3 Genome wide studies using libraries 

Due to the unique mechanism of the CRISPR/Cas9 system it provides high target 

specificity and is applicable for a wide range of different methods beginning with targeted 

knockouts of genes up to whole genomic screens using library-based methods to 

overcome pitfalls in RNAi libraries (Wang et al., 2014). Wang and colleagues hereby 

identified genes involved in etoposide protection as well as proliferation associated 

genes. Different library approaches were summarised recently by Shalem and 

colleagues (Shalem et al., 2015). Previously Shalem and colleagues performed a 

genome wide ñloss of gene functionò screen in human cells (HEK293T) using ~65,000 
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sgRNAs to target 18,080 genes. Investigated was the positive and negative selection 

with vemurafenib for the treatment of melanoma and already validated genes by RNAi 

were identified with high confidence using the CRISPR approach (Shalem et al., 2014). 

Another genome wide study identified unknown genes for the resistance to alpha-toxin 

and 6-thioguanine after the knockout of 19,150 genes using an 87,897 sgRNA-library in 

mouse embryonic stem cells. A total of 26 genes were identified including four unknown 

genes which are responsible for the resistance to mentioned toxins (Koike-Yusa et al., 

2014). All known genes (22) were previously validated by an RNAi screen as well. A 

screen using two Cas9 variants with a transcriptional activator (VP64) and repressor 

(KRAB) using ~200,000 sgRNAs identified several unknown genes responsible for the 

sensitivity or resistance to diphtheria and cholera toxins (Gilbert et al., 2014). Mentioned 

studies highlight the power a genome-wide study for the investigation of genes using 

negative selection could potentially have for CHO cells to identify genes involved 

bioprocess relevant phenotypes. 
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2 Aims of the project 

Stable depletion of the miR-23-24-27 cluster and each individual member to 

investigate the impact on the phenotype in industrially relevant cell lines with the 

aim to improve the bioprocess performance 

¶ Investigation of the impact after stable depletion of miR-23, miR-27, miR-24 and miR-23-

24-27 on a panel of cell lines expressing different modern biopharmaceutical products 

¶ If a beneficial phenotype is observed further aim are the investigation of the molecular 

mechanisms and pathways in which the miRNAs are involved 

¶ Highlight new targets for cell line engineering and ultimately increase CHO cell 

productivity 

CRISPR/Cas9 as genome engineering tool to knockout miRNAs to improve the 

bioprocess performance of industrially relevant cell lines 

¶ Functional assessment of CRISPR/Cas9 in CHO cells as an engineering tool for miRNAs 

¶ Screen for single cell clones which show a significant knockdown/knockout of the 

targeted miRNA and the assessment of the bioprocess phenotype 

¶ Comparison of the impact of a sponge decoy technology on miRNA depletion compared 

to CRISPR/Cas9 mediated depletion 

¶ Investigation of interesting phenotypes obtained due to the depletion of miRNAs using 

CRISPR/Cas9 and investigation of what mechanisms are involved using proteomic 

profiling or transcriptomic analysis. 

Genome-wide ñloss of gene functionò studies in Chinese Hamster Ovary cells 

using a CRISPR/Cas9 library to identify genes which are functionally involved in 

stress resistance or productivity 

¶ Establishment of a stable cell line expressing human codon optimised spCas9 and 

investigation of function in CHO 

¶ Investigation of the optimal delivery method for a sgRNA-library containing 87,897 

different sgRNAs targeting 19,150 mouse genes to achieve low copy numbers per cell 

and optimal complexity of the library 

¶ Enrichment of CHO cell population using stress exposure or isolation of clones which 

show high productivity due to knockouts which are functionally involved in such 

phenotype 
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3 Material and Methods 

3.1 Cell culture techniques 

3.1.1 Ultrapure water 

Ultrapure water was prepared using Milli-RO 10 Plus system (Millipore) and it was used 

for the preparation of all media and buffer solutions if not otherwise specified. The water 

was pre-treated with activated carbon and purified by reverse osmosis. Water was 

sterilised prior use for 20 minutes at 121°C and 1 bar with saturated steam if used for 

cell culture purposes.  

 

3.1.2 Glassware 

Glassware was rinsed twice with ultrapure water prior sterilisation. To sterilise for cell 

culture purposes all glassware was autoclaved for 20 minutes at 121°C and 1 bar with 

saturated steam. 

 

3.1.3 Cell culture cabinet 

Cell culture work regarding Biosafety level 1 (BSL-1) was performed in class II laminar 

flow cabinets (LF, Holton). After a lead time of 15 minutes the surface was sterilized with 

70 % denatured alcohol (IMS). All materials which were used in the laminar were prior 

autoclaved and wiped with IMS. To avoid cross contaminations only one cell line at a 

time was used. Prior use of next cell line, a 15 minutes break was given and all surfaces 

were sterilised with IMS again. Before switching off the cabinet all surfaces were 

sterilised with IMS and a 15-minute break was applied to allow a sterile, aerosol free air 

flow. Laminar flow cabinets were cleaned on regular basis which involved incubation of 

all surfaces with a detergent solution (Virkon® DuPont) followed by water and 

sterilisation with IMS. 
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3.1.3.1 Work with lentiviral systems in Biosafety level-2 environment 

Lentiviral systems require work under Biosafety level 2 (BSL-2) conditions. Additionally, 

to the steps in BSL-I all materials which were in contact with virus containing liquids were 

treated with 1% Virkon® solution (DuPont) for 15 minutes and separately autoclaved as 

clinical waste. Additonally, waste solid waste required a pre-autoclavation step. The work 

was performed in a laminar flow cabinet class II (S@feflow 1.2). Spills were first 

incubated with 1% Virkon® solution for 15 minutes and rinsed with water before the 

surface was sterilised with IMS.  

 

3.1.4 Culturing of mammalian cells 

All cells used for experiments were in general cultured without the use of antibiotics. All 

solutions, glassware as well as tips were sterilised for 20 minutes at 121°C and 1 bar 

with saturated steam prior usage. Thermal labile solutions were filtered through 0.22 µm 

or 0.45 µm PVDF filters with the help of sterile syringes. Antibiotics were only used for 

the selection of cells after transfection or lentiviral transduction. Cells were also routinely 

ñpulsedò with selection agent for three passages to maintain stable transgene 

expression. All cells were routinely assessed for mycoplasma contamination. In context 

of this PhD thesis no mycoplasma contamination was detected in any cell line used.  

 

3.1.4.1 Trypsin/EDTA solution 

For the subcultivation of cells growing in adherence Trypsin/EDTA (TV) solution was 

used. The TV solution consists of 0.25 % (w/v) Trypsin and 0.02 % EDTA. Trypsin is an 

endopeptidase normally found in the digestive system of mammals. It is commonly used 

in the detachment of monolayer cultured cells and is supported by the usage of EDTA 

which acts as chelator for divalent ions like Ca2+ or Mg2+. The solution was prepared by 

dilution of 2.5 % (w/v) Trypsin (Gibco®) and 1% (w/v) EDTA solution in 500 ml of sterile 

phosphate buffered saline (PBS). The TV solution was aliquoted and stored at -20°C. 
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3.1.4.2 Incubators 

Incubators were cleaned on regular basis which involved an incubation of all surfaces 

with a detergent solution (Virkon® DuPont) followed by water and sterilisation with IMS. 

 

3.1.4.3 Anchorage dependent cells 

Adherent cells were cultivated in a Steri-cycle® CO2 incubator with heap-filter (Thermo 

Scientific). Cells were grown at 37°C, 5 % CO2 and 80 % humidity. For the sub-cultivation 

media was removed into a sterile waste container using pipettes. The monolayer was 

washed with 5 mL of sterile PBS to remove residual media and serum. PBS was 

discarded and 2-5 mL prewarmed TV solution was added to the flask. Trypsin has its 

optimum at 37°C and cells were incubated for 2-5 minutes in an incubator. Cells were 

visually monitored using a microscope to observe detachment was observed. Serum 

containing media was added to neutralise TV and cells were transferred into sterile 30 

mL universal containers and spun down for five minutes at 200 g. The supernatant 

containing TV was removed and the cell pellet was resuspended into fresh, prewarmed 

media. Cells were counted using Trypan Blue exclusion method and an aliquot was 

appropriately diluted as well as counted using a haemocytometer (Neubauer chamber). 

The required number of cells was then transferred into a new cell culture flask (Corning®) 

and the required amount of media was added. 

 

3.1.4.4 Suspension cells 

Cells were cultivated in a Kuhner Clima-shaker incubator (ISF1-X) with a process 

environment set to 37°C, 170 rpm and 80% humidity. Cells from Biogen Idec were 

cultivated in a Kuhner Clima-shaker incubator (ISF1-X) with a process environment set 

to 35°C, 170 rpm and 80% humidity. For routine growth TPP 50 ml TubeSpin® bioreactor 

tubes for 5 mL batch cultures or 250 ml Erlenmeyer shake flasks (Corning®) were used. 

For routine subcultivation cells were counted using Trypan Blue exclusion method and 

an aliquot was appropriately diluted as well as counted using a haemocytometer 

(Neubauer chamber). The number of cells was calculated and cells were seeded with 

initial cell density of 2x105 cells/mL in TPP 50 ml TubeSpin® bioreactor tubes (5 mL 

culture volume) or 250 ml Erlenmeyer shake flasks (Corning®) (30 mL culture volume). 
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3.1.4.5 Counting cells and assessment of viability 

Trypan Blue exclusion method 

Trypan Blue is a method for the assessment of viability by staining dead cells and not 

viable cells. The dye does not permeate the membrane of viable cells whereas 

senescent and apoptotic cells are stained. For counting cells using Trypan Blue attached 

cells had to be trypsinised and an aliquot of the cell suspension was taken (as described 

in 3.1.4). The aliquot was diluted if necessary and the diluted sample was added to 

Trypan Blue (Gibco®) in a 1:1 ratio and incubated for ~3 minutes at RT. The 

sample/Trypan Blue mix was then transferred into a coverslip containing 

haemocytometer (Neubauer-chamber). All 16 squares for all four corner grids were 

counted using a light microscope. The average was multiplied by 104 and further by the 

dilution factor if used to obtain the amount of cells/mL. Trypan Blue exclusion method 

was usually used for routine subcultivation. 

 

GuavaTM ViaCount® reagent 

The Guava ViaCount® assay (Merck Millipore, 4000-0040) is an easy, rapid and precise 

method for the assessment of dead and viable cells in a cell population. With the 

ViaCount® it is possible to read plates with replicates in high-throughput which is ideal 

for the assessment of viability and viable cell densities in small scale batch and Fed-

batch bioprocesses. The assay uses two specifically DNA binding dyes: A nuclear dye 

binds to DNA in the nucleus (viable cells) and another dye binds to DNA of dying cells. 

Cell debris are excluded from this staining method. The ViaCount® reagent is supplied 

as 2x solution and cells were first appropriately diluted to obtain between 1x104 and 

5x105 cells/mL. ViaCount® reagent was added afterwards and was incubated for at least 

10 minutes at room temperature. The cell count was assessed in a GuavaTM benchtop 

flow cytometer. A viable cell is detected if a positive fluorescence signal occurs when the 

forward light scatter (FSC) was positive as well. The FSC is produced and detected by 

a cell above a particular size. Cell debris are excluded that way by resulting in no or low 

FSC signal.  
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GuavaTM ExpressPlus programme for assessment of GFP intensities 

Measuring of GFP intensities was performed using a GuavaTM benchtop flow cytometer 

with the GuavaTM ExpressPlus programme. GFP negative cells were used to adjust 

settings and exclude the negative population. Cells were diluted appropriately using PBS 

and GFP was excited at ɚ 488 nm with a blue laser diode. The cell size is measured with 

the forward scatter, whereas the shape and the overall size is assessed with the forward 

scatter to exclude small cells or possible cell aggregates. The negative population was 

excluded by a rectangular gating and excited cells reaching the threshold were counted 

as positive. The gating had to be adjusted for every experiment.  

 

Fluorescence assisted cell sorting (FACS) 

For the sample preparation cells were trypsinised and trypsin was inactivated by adding 

basal media supplemented with 5 % foetal bovine serum (when cultures in adherent 

conditions). The pellet was resuspended and washed three times in particle free 

Dulbecco´s phosphate buffered saline (DPBS, Gibco®). After washing the cells were 

fixed in 3.7 % Paraformaldehyde solved in H2O at 4°C for 10 minutes. After fixation the 

cells where washed again for three times in DPBS and samples were filtered through a 

cell strainer cap into a polystyrene falcon (5 mL, BD Falcon). A sample size of 300 µL 

was used for the analysis of viral integration events using a BFP reporter. The excitation 

wavelength was ɚ 402 nm and emission was measured at ɚ 457 nm. For the generation 

of single cell clones FACS was used as well. No fixation was necessary and cells were 

sorted for low, medium and high GFP intensities into 96-well plates (Corning®) 

containing prewarmed growth media supplemented with 10% conditioned media.  
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3.1.5 Cell lines and expressed products 

All cells were routinely sub-cultivated as described in 3.1.4.3 and 3.1.4.4. The culture 

conditions and all used cell lines are listed in Table 1.  

 

 

3.1.6 Cryopreservation of cells 

For the cryopreservation of mammalian cells the storage condition is usually -196°C in 

the vapour phase of liquid nitrogen and cells can be stored for years under the right 

conditions. Firstly, cells were trypsinised (monolayer) and counted using Trypan Blue 

exclusion method. Depending on the cell line 2x106 up to 1x107 cells were used per 

cryopreservation vial (CRYO.STM Greiner Bio One) in one mL. Cells were spun down at 

200 g for 5 minutes and resuspended in basal media without serum. A pre-chilled 2x 

freezing media (e.g. DMEM, supplemented with 20% foetal bovine serum and 10-20% 

DMSO) was added to reach 1x concentration and cells were transferred into 

cryopreservation vials. DMSO hereby prevents the formation of ice crystals. Cells were 

transferred immediately into -20°C and stored for 2 to 3 hours as well as to -80°C for 24 

hours before they were stored in the vapour phase of liquid nitrogen at -196°C. 

 

3.1.7 Thawing of cryopreserved cells 

Given the cytotoxic effect of DMSO in high concentrations long incubation with media 

containing DMSO was avoided. Cells were thawed in a pre-warmed water bath for two 

minutes and immediately transferred into 9 mL of pre-warmed media without 

Table 1: Cell lines used for experiments and culture conditions 
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supplementation. Cells were spun down at 200 g for five minutes and the supernatant 

was discarded. The pellet was resuspended into appropriate media for suspension 

culture or cultivation in monolayer (3.1.5). Suspension cells were transferred into TPP 

50 ml TubeSpin® bioreactor tubes or T75 cell culture flasks (Corning®) for adherent cells 

in a culture volume of 10 mL. To remove dead cells and debris the culture media was 

exchanged 24 hours after thawing and viability was assessed. 

 

3.1.8 Lipid- and PEI-based transfection methods 

Lipid-based transfection reagents are based on cationic liposomes which interact and 

form complexes with negatively charged DNA or RNA molecules. The transfection is 

usually highly efficient for some cell lines and can be used as transient approach or for 

the generation of stable cell lines. After the complex formation the liposome fuses with 

the phospholipid bilayer and the complex is taken up as vesicle by endocytosis. In the 

cytoplasm the vesicle can follow two routes: the formation of endosomes which results 

in degradation of the nucleic acid or the release which results into expression for e.g. 

plasmids with a transgene. Expression using the transient approach is usually 

maintained for up to 96 h. For the stable selection and integration into the hostôs genome, 

resistance genes e.g. hygromycin B phosphotransferase (hbh) or puromycin N-acetyl 

transferase (pac) can be used.  

 

3.1.8.1 TransIT®-X2 Mirus for plasmid DNA 

Cells were seeded with 5x105 cells total for adherent cultures and 1x106 cells for cells in 

suspension 24 hours prior transfection in 6-well plates (Corning®) or TPP 50 ml 

TubeSpin® bioreactor tubes. The complex formation was performed in CHO-S-SFMII 

media (Gibco®) without any supplements in 1.7 ml Eppendorf tubes. Firstly, the DNA 

was added to 250 µL of media and 1 µL Mirus transfection reagent (Mirus Bio® LCC, 

catalog number MIR6003) was added for every µg of plasmid DNA used. To allow the 

complex formation the reagent mix was incubated for 20 minutes at room temperature. 

The complexes were added drop wise to the cells and incubated for 3-4 hours before the 

media was refreshed. After 24 hours selection pressure was added for the generation of 

stable cell lines.  
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3.1.8.2 Lipofectamine® 2000 

Cells were seeded with 5x105 cells total for adherent cultures and 1x106 cells for cells in 

suspension 24 hours prior transfection in 6-well plates (Corning®) or TPP 50 ml 

TubeSpin® bioreactor tubes. The complex formation was performed in CHO-S-SFMII 

media (Gibco®) without any supplements in 1.7 ml Eppendorf tubes. Firstly, the DNA 

was added to 250 µL of media and incubated for 10 minutes. For the complex formation 

3 µL Lipofectamine2000 (Invitrogen, catalog number 11668) reagent was added for 

every µg of plasmid DNA used and the mix was incubated for 30 minutes at room 

temperature. The complexes were added drop wise to the cells and incubated for 6-8 

hours before the media was refreshed. 

 

3.1.9 Physical transfection methods ï Electroporation 

Not every cell line can be transfected using lipid-based reagents with high efficiencies. 

For those cell lines electroporation can be used to achieve higher efficiencies in delivery 

of the plasmid DNA or RNA. Media was refreshed the day before electroporation to 

ensure healthy growth. Adherent cultures were trypsinised and resuspended in basal 

media supplemented with 5% foetal bovine serum. Cells were washed with PBS and 

resuspended as well as counted. For the electroporation 1x107 cells were spun down 

again and resuspended in 800 µL of HEBS (HEPES-buffered saline, Sigma-Aldrich, 

catalog number 51558). Cells were transferred into electroporation cuvettes (Bio-Rad 

Gene Pulser®, 0.4 cm gap, catalog number 1652088) and 10-50 µg plasmid DNA was 

added. Electroporation settings were set to 2.8 kV, 950 µF and Ð ɋ (Ohm, resistance) 

and cells were pulsed within 11-14 milliseconds. The suspension was acclimatised for 

10 minutes at room temperature and cells were transferred into 10 mL of warm basal 

media and spun down for 5 minutes at 200 g. The supernatant was discarded and cells 

were resuspended in basal media and added into a T75 cell culture flask (Corning®). 

The media contained foetal bovine serum for adherent cells and only SFM media was 

used for suspension cells. However, cells grown in suspension were kept under static 

conditions for the whole selection period. After 24 hours the media was refreshed and 

selection agent was added. For the period of selection, the media was exchanged every 

3-4 days and the cell density was adjusted to 2x105 cells/mL. The selection pressure 

was maintained for 3-4 weeks. Nucleofection is another electroporation method which 
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was used according to the manufacturerôs guidelines (4D-NucleofectorTM system, 

Lonza).  

 

3.1.10 Generation of lentiviral particles 

For the introduction of the sgRNA-library into CHO-K1 cells a lentiviral based approach 

was used. Therefore, HEK293T cells were seeded with a density of 2x106 cells in a 10 

cm Petri dish the day before transfection. Before transfection the media was refreshed 

and for the transfection lipid based Lipofectamine®2000 (Invitrogen) was used. As the 

cells are not able to produce lentiviral proteins two packaging plasmids were co-

transfected (GeneCopoeia PLv-PK-01). Each of the packaging plasmids (6 µg) was 

transferred into 200 µl of serum free media together with 12 µg of the sgRNA-library 

plasmid. A total amount of 80 µl Lipofectamine®2000 reagent was transferred into 200 

µl of serum free media and incubated for 5 minutes. Both solutions were combined in a 

1:1 ratio. The mixture was incubated for 30 minutes at RT and added drop wise to the 

cells. After 24 hours the media was refreshed with DMEM supplemented with 2% foetal 

bovine serum. At 48 hours post transfection media was harvested and the volume of 

fresh media was decreased to 8 ml. At 72 hours post transfection the media was 

harvested again. To get rid of cell debris the conditioned media was filtered through 0.45 

µm syringe low protein binding filters and the virus containing media was stored at -80°C 

until concentration was performed. Quantification of lentiviral particles was not 

performed.  

 

3.1.10.1 Transduction of lentiviral particles 

For the transduction of the sgRNA-library into CHO-KI mAb expressing cells the cells 

were seeded with 4x106 cells into a T-75 vented flask and media was refreshed prior 

transduction. To ensure single copy integrations the used MOI was lowered to 0.04 and 

a dilution of 1:1 of the concentrated virus was performed. Media was removed and the 

virus containing media was added to the cells using 8 µg/ml polybrene. The virus was 

incubated for 8 hours to overnight and media was refreshed. After 48 hours post 

transduction cells were transferred into to T-75 vented flasks and selection pressure with 
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10 µg/ml puromycin was applied. The selection pressure was maintained for 7-10 days 

before integration events were analysed. 

 

3.1.10.2 Concentration of lentiviral particles 

To concentrate the lentivirus the conditioned media containing the virus was centrifuged. 

Therefore, the virus was transferred into sterile centrifuge tubes and pelleted at 4°C for 

2.5 hours at 20,000 g. After centrifugation the supernatant was discarded and the virus 

pellet was solved in 5 ml of serum free media and stored at -80°C. 

 

3.1.11 Limited dilution cloning 

Limited dilution cloning besides FACS, is a suitable method for the generation of single 

cell clones and panels. However, the efficiency of single cell cloning is usually very low 

and several 96-well plates have to be seeded to obtain large numbers of clones 

compared to FACS. For limited dilution cloning the media was refreshed 24 hours before 

seeding to maintain healthy growth. Cells were counted as triplicate to ensure an 

accurate cell number. The cell suspension was diluted to obtain five cells per mL and 

100 µL were transferred into each well (statistically 0.5 cells/well) to avoid colonies 

resulting from more than one cell. As the efficiency is generally very low, the final dilution 

contained 20% conditioned media which was harvested from the same culture after 24 

hours. Conditioned media was prepared by removing cells by centrifugation for 5 minutes 

at 200 g. The supernatant was filtered through a 0.45 µm PVDF low protein binding 

membrane with the help of a sterile syringe. To ensure sufficient nutrients 100 µL basal 

media was added to the 96-well plate to obtain a final volume of 200 µL. The plates were 

sealed using ParafilmM® (Bemis) and positive wells were visually analysed using a 

microscope after 8-10 days. Adherent cells were trypsinised and transferred into a larger 

scale for further analysis.  

 

3.1.12 Plasmid and vector maps 

Plasmids which were used for the generation of stable cell lines for work related to 

CRISPR/Cas9, lentiviral library, assessment of transfection efficiencies and sponge 
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experiments are listed below. Plasmids were purchased from Addgene, Clonentech and 

Invitrogen.  

 

SpCas9(BB)-2A-Puro (PX459) 

PX459 contains two BbsI site downstream of a U6 promoter for the integration of gRNAs. 

Located downstream the cloning site the tracrRNA is expressed together with the 

protospacer forming the sgRNA. A Cas9 variant fused to pac with a 2A self-cleavage 

domain is driven by CMV promoter (Figure 7). Before ligating the gRNA the vector was 

digested with Bbs1 and gRNAs were designed with 5ô- and 3ô-overhangs to match the 

overhangs resulting out of restriction enzyme digest. 

 

Figure 7: SpCas9(BB)-2A-Puro for the simultaneous expression of sgRNA and Cas9. The sgRNA is 

under control of a U6 promoter and the Cas9 fusion uses a CMV promoter. The mammalian selection marker 

is pac and ampicillin was used for the selection of positive clones after transformation of DH5-Ŭ.  
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pKLV-U6gRNA (BbsI)-PGKpuro-2A-BFP (lentiviral sgRNA-library) 

Vector used for the generation of the sgRNA-library by Koike-Yusa and colleagues 

(Koike-Yusa et al., 2014). The backbone used was originated from pBlueScript. The 

sgRNA pool was created using 79 nucleotide long oligo sequences and obtained by 

CustomArray Inc. The sgRNA is under control of a U6 promoter whereas the puro-2A-

BFP variant is PGK driven.  

 

Figure 8: Vector used for the generation of the sgRNA-library containing 87,897 different sgRNAs 

targeting 19,150 Mus musculus genes. The sgRNA is expressed as chimeric construct under control of a 

U6 promoter. The backbone was sourced from pBlueScript. A pac variant fused to BFP by a 2A self-cleavage 

peptide.  
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pKLV-U6 (BbsI)-PGKpuro-2A-BFP (empty control vector) 

Vector used for the generation of the sgRNA-library by Koike-Yusa and colleagues 

(Koike-Yusa et al., 2014). The vector exhibits BbsI sites for the integration of sgRNAs 

but was purchased as empty vector control for lentiviral packaging and transduction. The 

backbone used was originated from pBlueScript. The chimeric sgRNA would be under 

control of a U6 promoter whereas the puro-2A-BFP variant is PGK driven (Figure 9). 

 

Figure 9: Vector used for the generation of the sgRNA-library without containing sgRNAs which was 

used as control for lentiviral transduction. The sgRNA (if used) would be expressed as chimeric construct 

under control of a U6 promoter. The backbone was sourced from pBlueScript. A pac variant fused to BFP 

by a 2A self-cleavage peptide. 
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pEGFP-C1 plasmid (Clontech Laboratories, Inc.) 

Plasmid used for the assessment of transfection efficiency using the EGFP reporter. The 

EGFP is a red shifted variant with excitation maximum at ɚ 488 nm and emission 

maximum at ɚ 508 nm. The vector was originally designed for the cloning of fusion 

proteins which are then expressed with GFP to investigate their localisation. The MCS 

therefore is downstream the EGFP reporter. The vector can be selected in mammalian 

cells using the neomycin resistance gene (aph) which is also used for selection in 

bacteria using kanamycin (Figure 10).  

 

 

Figure 10: Plasmid used for the assessment of transfection efficiency using the EGFP reporter. The 

MCS therefore is downstream the EGFP reporter which can be used for the creation of fusion proteins. The 

vector can be selected in mammalian cells using the neomycin resistance gene (aph) which is also used for 

selection in bacteria using kanamycin. 
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pcDNA3.1/Hyg+ (backbone for the expression of destabilised GFP combined with 

sponge) 

As backbone for the creation of sponge constructs pcDNA3.1/Hyg+ was the plasmid of 

choice. A destabilised EGFP reporter sequence (d2EGFP) was cloned into the MCS 

using NotI and BamHI. The spare MCS was removed and a new MCS was engineered 

using Not1 and EcoRI. The new MCS contained one SanDI site which allows the fast, 

site directed integration of sponge constructs with multiple fragments as previously 

reported by Kluiver and colleagues (Kluiver et al., 2012a). The d2EGFP-sponge 

construct is under control of a CMV promoter and the hph gene is driven by a SV40 

promoter (Figure 11).  

 

Figure 11: The pcDNA3.1/Hyg+ backbone was engineered for the expression of d2EGFP and a 

sponge construct. A destabilised EGFP variant was used and ligated using NotI and BamHI. The spare 

MCS was removed and a new MCS containing SanDI sites was integrated for the rapid ligation of miRNA 

binding sites downstream the reporter.  
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3.2 DNA based methods 

3.2.1 DNA isolation 

Genomic DNA was extracted using Qiagen DNA Mini Kit (Catalog number 51304) 

following the manufacturerôs protocol. Cells growing in a monolayer were trypsinised and 

the reaction was stopped with basal media containing 5% foetal bovine serum. Cells 

were counted using Trypan Blue exclusion method and 2-3x106 cells were spun down 

and washed with PBS. The cell pellet was resuspended in 200 µl of PBS. The same 

amount of lysis buffer as added as well as 20 µL Proteinase K (1 mg/mL) and incubated 

for 10 minutes at 56°C. For enabling binding to the silica membrane 200 µL 100% EtOH 

was added and the lysed sample was transferred to a column proved in the kit and spun 

down at 6,000 g. Two wash steps were included using the buffers provided in the kit. 

Genomic DNA was eluted using nuclease free H2O.  

 

3.2.2 RNA isolation using TRIzol® reagent  

TRIzol® (Life technologies) was used for the extraction of RNA following the 

manufacturerôs protocol. Cells grown in adherence were trypsinised and counted using 

Trypan Blue exclusion method. All centrifugation steps were performed at 4°C. For the 

RNA isolation 2-3 x 106 cells were spun down at 200 g for 5 minutes and excess media 

was discarded. Cells were resuspended in 1 mL TRIzol® reagent as well as transferred 

into a 1.7 mL Eppendorf tube and incubated for 2-3 minutes at room temperature. The 

lysed sample was either stored at -80°C or immediately processed by adding 200 µL 

Chloroform (Sigma-Aldrich) and the sample was mixed for 15 seconds. The 

TRIzol®/Chloroform mix was spun down at > 16000 g for 10 minutes and the upper 

aqueous phase was carefully removed and transferred into a new 1.7 mL Eppendorf 

tube. Per mL of TRIzol® 500 µL of isopropanol was added and incubated for 10 minutes 

at room temperature. The sample was spun down at > 16000 g for 10 minutes and the 

supernatant was carefully removed. To remove residual isopropanol 1 mL of 75 % EtOH 

was added and the sample was centrifuged again for 5 minutes at > 8000 g. The EtOH 

was removed and the pellet was dried for 10 minutes before RNase-free H2O was added 

and the sample was incubated for 10 minutes at 55°C. RNA was in general stored at -

80°C to prevent degradation. 
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3.2.2.1 Qualitative and quantitative determination of DNA and RNA using NanoDrop® 

1000 

For the validation of DNA and RNA concentrations the NanoDropTM1000 (Thermo 

Scientific) spectrophotometer was used. The NanoDropTM1000 was first calibrated using 

a 2 µL H2O sample and it was blanked using 2 µL of sample diluent. For the actual 

measurement 2 µL of the sample was dropped directly on the optical measurement 

surface of the NanoDropTM1000. The spectrophotometer can be used for evaluation of 

DNA and RNA concentrations at an absorbance of ɚ260 nm. Furthermore, information 

about the purity of a sample is provided by absorbance ratios of 280/260 nm and 260/230 

nm. 

 

3.2.3 High capacity cDNA reverse transcription 

To assess mRNA expression extracted total RNA had to be reverse transcribed into 

complementary DNA (cDNA). Therefore, a reverse transcriptase is commonly used with 

viral origin. For the reaction 1 or 2 µg of total RNA with high quality in a volume of 20 µL 

was used (280/260 nm between 1.8 and 2.0; 260/230 nm > 1.8). The kit used was 

purchased from Applied Biosystems (Applied Biosystems, High-Capacity cDNA Reverse 

Transcription Kit, Catalog number 4368814). Depending on the reaction volume 10 x RT 

buffer, 25 x dNTPs (100 nM), 1 µL MultiScribeTM reverse transcriptase (50 U/ml) and 10x 

random primers were mixed as well as added to the total RNA. To reach a reaction 

volume of 20 µL the volume was increased with nuclease free H2O. For the first strand 

synthesis primers were annealed at 25°C for 10 minutes. The reverse transcription was 

performed at 37°C for 120 minutes and the reaction was stopped at 85°C for 5 minutes 

in a Thermo cycler system (G-STORM). The cDNA was stored at -20°C till usage. 

 

3.2.4 Fast SYBR® green based real time quantitative qPCR 

For real-time PCR (RT-qPCR) MicroAmp optical 96-well plates (Applied Biosystems, 

Cat. No. 4346906) with corresponding Fast SYBR® green 2x master mix (Applied 

Biosystems, Fast SYBR® Green Master Mix, Cat. No. 4385612) was used. The prior 

reverse transcribed cDNA was diluted 1 to 5 to obtain a concentration of 20 ng/µL. The 

master mix was prepared using 10 µL 2x Fast® SYBR green master mix, 10 nM of each 
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primer targeting the gene of interest and 20 ng cDNA. Additional nuclease free water 

was added to reach a reaction volume of 20 µL and samples were measured as triplicate. 

The reaction was carried out with an Applied Biosystems 7500 Fast Real-Time PCR 

system using 40 cycles. Cycles contained a denaturation step at 95°C for 30 seconds 

and a annealing/elongation step at 60°C for 15 seconds.  

 

3.2.5 TaqMan® small RNA assays 

For TaqMan® small RNA assays total RNA was isolated as described in 3.2.2 and same 

High-Capacity cDNA Reverse Transcription Kit was used for reverse transcription. 

However, the TaqMan® assay provided looped primers which specifically bind mature 

miRNAs. The principle of the assay is displayed in Figure 12.  

 

Figure 12: Principle of the TaqMan® small RNA assay. A looped primer binds to the mature miRNA and 

is extended by a reverse transcriptase which catalyses the first strand synthesis into cDNA. The second step 

is the binding of primers and amplification as well as the binding of a specific probe which contains a 

fluorophore and a quencher. Due to amplification the fluorophore is released and the signal can read. Picture 

was sourced from Life technologies TaqMan® miRNA assays protocol handbook.  










































































































































































































































































































































































































































