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Abstract 
 

Biopharmaceuticals produced in mammalian cell systems are in wide-spread use to treat and cure 

critical diseases. Chinese hamster ovary cells (CHO) still represent the major production host, but a 

number of novel cell lines were established in recent years. CEVEC’s Amniocyte Production (CAP®) cells 

are among these upcoming potential workhorses due to their ethically derived human background 

with authentic human glycosylation capacity combined with the ability to produce high titers of  

high-quality and even difficult to express proteins.  

CAP® cell lines expressing either secreted embryonic alkaline phosphatase (SEAP) or an IgG antibody 

were used in a novel high-content, high-throughput siRNA screening approach in complex chemically 

defined production medium in a micro-scale batch process in shaked microtiter plates. A custom library 

of 763 siRNAs against human kinases was used to identify potentially process-relevant kinases and 

critical cellular pathways by quantification of proliferation, viability, recombinant protein productivity 

and cell death (apoptosis). 

Kinases are among the key players in signal-transduction and represent highly attractive targets for 

cell line engineering approaches. A quarter of all siRNA mediated kinase knockdowns resulted in a 

significant modulation of at least one process-relevant parameter in SEAP producing CAP® cells. The 

strongest detrimental effects on proliferation were induced by knockdown of cell cycle kinases.  

Depletion of Polo-like kinase 1 (PLK1), Checkpoint kinase 1 (CHEK1) and Wee1-like protein kinase 1 

(WEE1) reduced the viable cell concentration by more than 50 % in CAP®-SEAP cells. The same effect 

was verified in antibody producing CAP®-IgG cells. By applying PANTHER and INGENUITY® pathway 

analysis members of multiple growth factor signaling pathways and the PI3K-AKT-mTOR pathway (e.g. 

PIK3CA, PIK3R2, PIK3R3, PIK3C2B, and MAP3K2) were identified to be crucial for proliferation in CAP® 

cells. A third of all kinase knockdowns that led to reduced viable cell concentration had detrimental 

effects on recombinant protein production, showing the importance of high cell numbers for high-

yielding batch processes. However, depletion of kinases like Endoplasmic-reticulum to nucleus 

signaling kinase 1 (ERN1), a member of the untranslated protein response (UPR) pathway, resulted 

solely in reduced recombinant protein yields without significant changes in proliferation.  

Anti-Serine-Threonine kinase 24 (STK24) and Anti-Death-associated protein kinase 3 (DAPK3) siRNA 

mediated knockdown showed elevated SEAP and IgG concentration in the screening.  

To answer the question, if overexpression of ERN1 could reverse the effects seen in the siRNA 

knockdown and lead to higher productivity, ERN1 was transiently expressed in CAP®-SEAP cells.  

This resulted in reduced proliferation and viability. Stable expression by CAP®-SEAP-ERN1 pools 

showed no beneficial effects on productivity, indicating that in contrast to CHO cells this kinase or the 

UPR pathway does not present a bottleneck in a CAP®-based recombinant protein process. The 

transient knockdown of STK24 improved IgG productivity in a five-day batch cultivation, whereas 

DAPK3 showed detrimental effects on both proliferation and productivity. Thus, STK24 presented a 

putative target for cell line engineering by stable knockdown or knockout.  

The study identified and verified kinases and pathways crucial for proliferation and productivity in 

CAP®-SEAP and CAP®-IgG cells that represent potential candidates for further cell line engineering 

approaches.
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1 Introduction 

1.1 Recombinant protein production in mammalian cell systems 
 

In the last two decades, there is a trend towards highly complex biological protein therapeutics, like 

antibodies, cytokines, growth factors, viruses or virus-like particles (Walsh, 2014). These novel classes 

of pharmaceuticals provide higher specificity, a better therapeutic outcome, less adverse side effects 

or even enable novel therapeutic strategies. However, these molecules require unique complex folding 

and post-translational modifications (PTM), like glycosylation, phosphorylation or sumoylation, to be 

biologically active. Thus, they need to be produced in more advanced expression systems like 

mammalian cells. This results in more complex bioprocesses and higher production costs. 

Mammalian expression systems, like hybridoma, Chinese hamster ovary (CHO), human embryonic 

kidney (HEK) or murine myeloma (NS0) cells, provide these features and are used to manufacture such 

therapeutic proteins (Lackner et al., 2012; Butler et al., 2012). Lagassé et al. reviewed recent advances 

in therapeutic protein drug development between 2011 and 2016 (Lagassé et al., 2017). During these 

5 years, 62 recombinant therapeutic proteins were approved by the U.S. Food and Drug Administration 

(FDA). 48 % of these were monoclonal antibodies and antibody-drug conjugates. The most current 

Biopharmaceutical benchmark from 2014 found the majority of approved biopharmaceuticals (35.5 %) 

were produced in CHO cells (Walsh, 2014). Next to these established hosts there are novel cell lines 

like the human derived CEVEC’s Amniocyte Production (CAP®) or PER.C6®. In 2016, CEVEC submitted 

the Biologics Master File (BB-MF) to the U.S. Food and Drug Administration which will simplify and 

accelerate the approval process for products manufactured with CAP® cells (Press Release from 

October 27th 2016, http://www.cevec.com/news/press-releases/cevec-submits-biologics-master-file/ 

on May 15th 2017). Commonly, a stable cell line is generated, clonal selected and characterized that is 

used in a batch, fed-batch or perfusion process to produce the protein of choice. Several cell lines, like 

CHO, HEK293 or NS0, have been approved for production of biopharmaceuticals since the mid-90s 

(Zhu, 2011).  

 

1.1.1 CEVEC’s amniocyte production cell technology 

 

The human CAP® cells were initially generated by Schiedner et al. by transfection of primary 

amniocytes from a routine amniocentesis with plasmid pGS119 containing E1- and pIX-functions of 

adenovirus 5 (Schiedner et al., 2000, 2010). It was shown that amniotic fluid cells exhibit a unique 

stem-cell like signature by expression of multilineage differentiation markers (Maguire et al., 2013). 

About 240 clones were isolated and expanded. Several single cell clones were tested for optimal 

growth and high recombinant protein expression capabilities. The cell line was commercialized by 

CEVEC Pharmaceuticals GmbH, Köln, Germany. 

This cell line is an excellent host for biopharmaceutical recombinant protein production for a couple 

of reasons (Schiedner et al., 2010; Fliedl et al., 2014). CAP® cells grow in suspension in chemically-

defined serum-free medium (CDM) and are ethically derived from non-tumor, non-embryonic origin. 

The cells show high expression rates of recombinant proteins with authentic human glycosylation and 

http://www.cevec.com/news/press-releases/cevec-submits-biologics-master-file/
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post-translational modifications. Their generation is fully documented and certified according to 

European Pharmacopoeia and International Council for Harmonization (ICH) guidelines (Schiedner et 

al., 2008). Furthermore, they are suitable for virus production even in perfusion systems (Genzel et al., 

2014). 

The CAP®-SEAP and CAP®-IgG cell lines have been generated by CEVEC Pharmaceuticals GmbH by 

means of stable integration of the SEAP or IgG encoding genes. CAP®-SEAP cells were further selected 

in the presence of the antibiotic Blasticidin. 

 

1.2 Protein expression optimization strategies 
 

Product concentrations tend to be low due to the complexity of the proteins and the necessary 

complex expression systems. Thus, it is desirable to optimize the cellular production system to improve 

product yields. Several strategies have been employed targeting various bottlenecks of the process. 

Basically, they can be divided in two large subgroups that will be introduced in the next chapters: 

bioprocess development and cell line development including protein engineering. 

 

1.2.1 Bioprocess development 

 

One of the major improvements that led to modern high-yielding processes has been the optimization 

of cell culture media (Y.-M. Huang et al., 2010; Zhu, 2011). Optimal growth conditions and protein 

production environment for the cells can be maintained by balancing nutrient concentrations, defining 

optimal amino acid and trace element profiles, minimizing detrimental metabolite formation, like 

lactate and ammonium, and the supplementation of additives, like Pluronic F-68 (Kishishita et al., 2015; 

Rouiller et al., 2013). By implementing fed-batch (Rouiller et al., 2013; Kyriakopoulos et al., 2014; 

Stiefel et al., 2016) or perfusion processes (Genzel et al., 2014; Hecht et al., 2014) it is possible to 

achieve even higher cell concentration and maintain a high viability and productive state of the cells. 

Furthermore, the addition of enhancer supplements, like hydrolysates, peptones or small-molecule 

inducers (e.g. butyrate, valproate and valeric acid) in the feed results in a boost of specific cellular 

productivity (W. C. Yang, Lu, Nguyen, et al., 2014; Davami et al., 2015; Fomina-Yadlin et al., 2015; 

Davami et al., 2014; Backliwal et al., 2008; J. H. Park et al., 2016; Baek et al., 2016). While striving for 

higher yields it became obvious in recent years, that product quality attributes are influenced by the 

medium as well (Kildegaard et al., 2015; Du et al., 2014; Villacrés et al., 2015). For example, 

glycosylation can be influenced by limitation of glucoses or glutamine, feeding of precursor nucleotide 

sugar or media osmolality (Konno et al., 2011; Villacrés et al., 2015). 

Optimal bioreactor design is crucial in large scale processes to ensure sufficient dissolved oxygen 

supply, pH, and mixing, while being gentle to the fragile mammalian cells. There are various 

bioengineering concepts and designs that can be used: sparger, mixer, baffles or the ratio of height 

and diameter (Howaldt et al., 2011; Chalmers, 1994). Furthermore, the control and change of the 

parameters dissolved oxygen, pH, osmolality or temperature have been used to increase the protein 

product yield (Eibl et al., 2010; Baik et al., 2015; Essers et al., 2011).  
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Subsequently, such bioprocess developments have been done with CAP® cell lines too. Essers et al. 

reported a 4.3-fold increase in production of a C1-inhibitor, a highly-glycosylated protein from a batch 

to a fed-batch process using a stable recombinant CAP® cell line  (Essers et al., 2011).  

Genzel et al. used an alternating tangential flow bioreactor perfusion system to produce human 

influenza A virus in high-cell density CAP® cultures with up to 32.8 x 106 cells/mL (Genzel et al., 2014). 

 

1.2.2 Cell line development 

 

Improving the environment for the production cells is one possibility to increase the yield. The 

alternative is the optimization of the cells capacity to produce recombinant proteins. For decades, 

researchers used various molecular approaches to improve the production of the desired recombinant 

protein. These approaches can be divided into optimization of: 1. Design of the expression vector, 2. 

Engineering of the recombinant gene/protein of interest, 3. Host cell engineering. 

 

Design of the expression vector 

Viral promoters like the cytomegalovirus (CMV) promoter have been used to drive transcription of the 

gene of interest. However, this promoter faces challenges linked to silencing (Teschendorf et al., 2002; 

Moritz et al., 2015). Thus, alternative viral, host cell or engineered promoter sequences have been 

studied and suggested for high level and stable recombinant protein production (Ho et al., 2014; Brown 

et al., 2014). Large scale production of biotherapeutics is usually performed with stable cell lines 

generated by stable DNA integration into the host genome. This leads to several potential problems, 

sometimes referred to as the position effect (Wurm, 2004). The transcription might be hampered due 

to integration of the expression cassette into a genomic region with complex heterochromatin or 

methylation structure that is hardly accessible for transcription (Y. Yang et al., 2010). To overcome this 

issue, cis-regulatory elements were used that shield the expression cassette against silencing and 

increase transcription, subsequently leading to improved protein expression (Antoniou et al., 2003). 

These elements are integrated together with the transgene. Examples are viral post-transcriptional 

regulation elements (K.-S. Kim et al., 2009), ubiquitous chromatin opening elements (Mader et al., 

2013; Zboray et al., 2015), so called matrix attachment region elements (Zahn-Zabal et al., 2001; Girod 

et al., 2005), anti-repressor elements (Kwaks et al., 2003) or chromatin regulators like Yin Yang 1 

(Tastanova et al., 2016).  

In contrast to these approaches, the targeted integration into highly active transcriptional loci was 

studied. On one hand, researchers screened for advantageous integration sites by analysis of existing 

high-expressing cell lines or by studying generated cell lines after random integration, recombination 

or transposition (Lattenmayer et al., 2006; Nehlsen et al., 2009; Krämer et al., 2010; Cheng et al., 2016). 

On the other hand, advances in site-directed gene integration using nucleases (Zink-finger, 

meganucleases, transcription activator-like effector nucleases or Cas9) or recombinases (Cre/LoxP 

system or Flp/FRT) decreased the time to generate recombinant cell lines (Anderson et al., 2012; Grav 

et al., 2015; J. S. Lee et al., 2016). The use of recombinases enables for the efficient targeting into a 

specified locus within a previously created platform cell lines. This technology, often referred to as 

recombinase-mediated cassette exchange (RMCE), has been used successfully in academia to generate 
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recombinant cell lines (Nehlsen et al., 2009; Mayrhofer et al., 2014; L. Zhang et al., 2015; J. S. Lee et 

al., 2016), but also found its way in commercial CHO cell lines like Rentschler Biotechnologie GmbH’s 

TurboCellTM (Rehberger et al., 2013). Finally, transcription in recombinant CHO production cell lines is 

usually initiated from multiple loci, achieved by gene amplification. The most common methods are 

the gene amplification by use of the cytotoxic drug methotrexate (MTX) in dehydrogenfolate reductase 

(DHFR)-deficient cells and the use of IR/MAR system (initiation region and nuclear matrix attachment 

region) (J. M. Kim et al., 2004; Wurm, 2004; Cacciatore et al., 2010; Noguchi et al., 2012; Z. Wang et 

al., 2012; Lai et al., 2013) 

 

Engineering of the recombinant gene/protein of interest 

The DNA sequence of the protein of interest itself limits the expression in some cases too. Therefore, 

gene optimization is a common strategy to overcome un-favored codon bias, secondary mRNA 

structure, DNA/RNA binding protein or killer motifs, undesired splicing sites, atypical GC content for 

the used expression host system (Fath et al., 2011; Raab et al., 2010; Graf et al., 2004). By taking these 

aspects into account mRNA stability and translation can be improved.  

 

Host cell engineering 

A common alternative to optimizing the transgene and/or expression vector is the engineering of the 

mammalian expression host. Various cell line engineering approaches have been successfully applied, 

mainly in CHO cells, and have been described extensively (Fischer, Handrick, and Otte, 2015; Zhu, 2011; 

Krämer et al., 2010; Mohan et al., 2008; Hansen et al., 2017). The following chapter will give an 

overview about this topic.  

Various pathways and genes have been studied for their ability to improve mammalian cells for 

optimized recombinant protein expression. Examples are the genetic engineering of cellular functions 

like apoptosis, metabolism, transcription and translation, cell growth, hypoxia and oxidative stress, 

shear and osmotic stress or protein production capabilities and stability. Furthermore, the product 

quality, protein properties like glycosylation pattern and thus biological function of the therapeutic 

protein can be influenced by cell line engineering. These pathways can be modulated by gene 

knockdown with small interfering RNA (siRNA), short-hairpin RNA (shRNA), micro RNA (miRNA) or 

chemical inhibitors; by gene knockout or by gene introduction/overexpression. These approaches will 

be discussed in detail in the following chapters. 

 

Gene knockdown 

By introduction of chemical inhibitors, siRNA, miRNA, the expression of shRNA or by use of target-

specific synthetic repressor proteins it is possible to efficiently reduce the amount of active protein (T. 

R. Sampson et al., 2014; Campeau et al., 2011; Brummelkamp et al., 2002; Baek et al., 2016; 

Lochmatter et al., 2011; Xie et al., 2015). Inhibitors specifically interact with the target protein and in 

case of an enzyme they bind reversibly or irreversibly. This results in an inhibition or inactivation of the 

protein function leading to a loss of activity. The mode of action of siRNA, miRNA and shRNA differs 
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from that of chemical inhibitors. These small non-coding RNAs bind specific mRNAs within the cell and 

either lead to their cleavage or to a translational repression (Campeau et al., 2011; Dykxhoorn et al., 

2003). This phenomenon, usually called RNA induced silencing (RNAi), has been first described by Fire 

et. al. in the nematode C. elegans (Fire et al., 1998).  

MicroRNAs (miRNAs) are encoded in the organism’s genome and alter the translation of a large 

network of genes. They are transcribed as hairpin shaped pri-miRNA that are cut by Drosha, exported 

by Exportin 5 and finally processed by Dicer or result from the splicing of an intron (Carthew et al., 

2009). Mature miRNAs are typically 21-25 nucleotides long (Starega-Roslan et al., 2011). In the cytosol, 

miRNAs bind to the Argonaut proteins to form the RNA induced silencing complex (RISC). They typically 

bind within the 3’ untranslated region (UTR) of a mRNA and match only partially (Lochmatter et al., 

2011). Thus, a single miRNA is capable to regulate a network of up to hundreds of genes (Fischer, 

Handrick, Aschrafi, et al., 2015). 

Short hairpin RNAs (shRNAs) are similar in its structure to endogenous pri-miRNAs and processed 

identically. Unlike miRNAs the binding site is fully complementary to the target mRNA and is typically 

within an exon of the gene. It blocks translation of the mRNA or activates the ribonuclease activity to 

cleave the mRNA. (Carthew et al., 2009; Golden et al., 2008). The expression is driven by RNA 

polymerase III promoters: e.g. U6 non-coding small nuclear RNA (snRNA), H1 RNA polymerase III, or 

RNA polymerase II promoters. (Carthew et al., 2009; Q. Liu et al., 2010). It can be used to stably 

knockdown a gene upon stable integration of the shRNA expression cassette (Tran et al., 2003). 

Small interfering RNAs (siRNAs) are either synthetic RNAs that are introduced into a cell by 

transfection or are expressed from the genome of some insects or mammals as defense against 

transposons or viruses (Golden et al., 2008). They are typically 18-24 nucleotides long. Like shRNAs 

they are perfectly complementary to the mRNA target. The method has been used for understanding 

gene function and for target identification, since it is possible to transiently screen large libraries of 

these siRNAs (Horn et al., 2010). Figure 1 shows the proposed mode of action of siRNA delivery into a 

mammalian cell by a cationic lipid (e.g. LipofectamineTM, X-tremeGENETM, RibojoiceTM, ScreenFectTM A) 

and its processing within the cell (adapted from Fischer et al. 2013). The negatively charged synthetic 

siRNA (or other small RNAs) is complexed by the cationic lipid forming a lipoplex to deliver the siRNA 

into the cell. The complex is taken up by the cell in an endosome and by the proton sponge effect, the 

endosome breaks up and the lipoplex is released into the cytosol. Subsequently, the siRNA is released 

from the cationic lipid and the active strand is loaded into the RISC.  
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Figure 1 - Introduction of siRNA into the cell by transfection using a cationic lipid agent. The siRNA/transfection agent 
complex is taken up by endocytosis and release from the endosome by the proton sponge effect. siRNA is released from 
the transfection agent and incorporated into the RNA induced silencing complex (RiSC) that is responsible for mRNA 
targeting and subsequent cleavage. [Reprinted from Journal of Biotechnology, Volume 168, Issue 4, “Breaking limitations 
of complex culture media: Functional non-viral miRNA delivery into pharmaceutical production cell lines”, Simon Fischer, 
Andreas Wagner, Aron Kos, Armaz Aschrafi, René Handrick, Juergen Hannemann, Kerstin Otte, 2013, modified with 
permission from Elsevier] 

 

Overall, the effects of gene knockdown might be different from a complete knockout. Typically, a 

knockdown efficiency of at least 60-65 % on mRNA level is described as sufficient to abolish the target 

proteins function (J. D. Zhang et al., 2011; Fuchs et al., 2010). However, depending on the gene, a 

minimal amount of functional protein is sufficient to maintain the target proteins function in the cell 

and highly expressed genes still yield sufficient protein even after mRNA cleavage by siRNA-RISC. 

Furthermore, effects of transiently introduced siRNA are usually observed 2-4 days. Gene expression 

might be reduced by siRNA mediated inhibition, but proteins with a long half-life within the cell might 

still be present in sufficient amount to yield no effect. Moreover, siRNAs are known to introduce off-

target effects by mimicking miRNA function and therefore hampering the expression of undesired 

genes or interfering with the endogenous miRNA function, leading to a false-positive or toxic 

phenotype (Fedorov et al., 2006; Jackson et al., 2010). Thus, identified target genes from siRNA screens 
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need to be verified, since many factors affecting the reproducibility in large screens (Barrows et al., 

2010) 

siRNA mediated gene knockdown has tremendously increased our knowledge of cellular functions and 

proved to be a valuable tool for identification of potential engineering targets (Golden et al., 2008; 

Sioud, 2011; J. D. Zhang et al., 2011). Kraemer et al. and Wu et. al. review a number of siRNA-based 

engineering approaches to generate improved CHO production cell lines (Krämer et al., 2010; Wu, 

2009). These include engineering of the apoptosis pathway for increased cell concentration, improved 

stress tolerance or product concentration in CHO cells, e.g. by knockdown of Bax and Bak (Lim et al., 

2006), lactate-dehydrogenase (S. H. Kim et al., 2007), caspase 3 and 7 (Sung et al., 2007), cofilin 

(Hammond et al., 2012) or by exogenous addition of siRNAs for metabolic engineering within in a 

bioprocess (Tummala et al., 2013). 

 

Gene knockout 

In contrast to a knockdown, a genetic knockout result in a complete stable and non-reversible 

abolishment of gene expression. Subsequently, no active protein is present anymore. At the molecular 

level, this is originated, e.g. from a DNA frame-shift mutation by insertion or deletion. This changes the 

genetic sequence. Alternatives are a deletion by chromosomal rearrangement destroying the gene or 

a mutation in the promoter region preventing transcription of the genes.  

A gene knockout can occur naturally and randomly. Such events are interesting for researcher, since 

they enable for the study of a gene function. Therefore, methods were developed to increase the 

frequency of random gene knockout. This was achieved by adding chemical mutagenic substances 

(Pellegrini et al., 1989; Loh et al., 1992; Ting et al., 1996; Baker et al., 1997) or UV irradiation (Kao et 

al., 1969). Furthermore, retroviral genes (Dorssers, 1993; Kool et al., 2009) or transposons, like 

Sleeping beauty (Ivics et al., 1997) or piggyBac (Elick et al., 1996), can change their genomic location 

and integrate somewhere else, e.g. into a gene exon, thus destroying it. 

New developments have led to improved genome editing technologies. These enable researchers to 

introduce sequence specific double strand breaks that often result in a frame-shift mutation by 

homology directed repair or non-homologous end joining (NHEJ). Initially, sequence specific zinc-finger 

nucleases (ZFNs) have been used. They enabled scientists to study specific knockouts but were hard to 

design. Later, transcription activator like effector nucleases (TALENs) were utilized. The TALE protein 

recognizes the DNA sequences and guides the fused bacterial Flavobacterium okeanokoites type IIS 

restriction enzyme FokI to the intended genomic location. The recognition domain can be specifically 

designed to bind virtually any DNA sequence. However, the recognition domain is proteinogenic, which 

increases the difficulty to clone and express a TALEN.  

The most recent genome editing technology is engagement of the clustered regularly interspaced short 

palindromic repeat (CRISPR) system. It utilizes the prokaryotic nuclease domain Cas9, that is directed 

to its target site by an RNA molecule (Jinek et al., 2012). Naturally, this guide RNA consists of a constant 

trans-acting crRNA (tracrRNA) that binds the Cas9 and a variable CRISPR RNA (crRNA), that binds the 

tracrRNA and is complementary to the target DNA sequence. In CRISPR/Cas9 genome editing, these 

two RNAs are commonly transcribed as a chimeric single guide RNA (sgRNA) molecule, to simplify the 

technology (Jinek et al., 2012; Cong et al., 2013). 
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Gene knockout has just started to be used as tool for generation of improved cell lines. Grav et al. and 

Cost et al. have successfully shown an improved resistance to apoptosis in CHO cells by the knockout 

of Bax and Bak (Grav et al., 2015; Cost et al., 2010). Furthermore, Ronda et al. has knocked out FUT8 

using CRISPR/Cas9 and thus successfully improved the glycosylation pattern and therefore product 

quality of the expressed antibody (Ronda et al., 2014). Starting from an introduced double strand 

break, it is possible to provide a homologous DNA repair template that will be integrated in this 

location. Such site-specific integration/knock-in can be used to facilitate genomic integration, e.g. of 

the gene of interest into a highly transcriptionally active genomic locus (J. S. Lee et al., 2015). There 

will be certainly many more examples to follow within the next years. 

 

Gene overexpression 

The ectopic expression of a heterologous gene intends to add a new function, alter cell behavior or 

improve cell specific features or properties. For the last two decades several pathways have been 

modified with this approach. 

A classic example is, e.g. the engineering of the programmed cell death pathway to increase the 

resistance to cell death induced by external parameters (Marino et al., 2014). A culture that sustains a 

higher viability over a longer period can produce more protein. Apoptosis has been identified as one 

type of programmed cell death (Marino et al., 2014). Bcl-2 and c-Myc are proto-oncogenic marker and 

known to be upregulated in tumor cells. Therefore, these genes have been overexpressed by several 

research groups resulting in more robust cell lines yielding higher products yields (J. S. Lee et al., 2013; 

V Ifandi et al., 2005; N. S. Kim et al., 2000). Another type of programmed cell death, autophagy, has 

come into focus (Marino et al., 2014). By manipulation of this complex network of cell death it was 

possible to prolong the process by increased viability. This has been achieved for example by 

overexpression of mTOR, Bcl-x(L) or XIAP (Han et al., 2011; Dreesen et al., 2011; Métais et al., 2012; 

Edros et al., 2014; Templeton et al., 2014; Liew et al., 2010). 

The complex metabolic network of recombinant protein producing cells in batch or fed-batch process 

has been investigated extensively (Ahn, 2011; Dean et al., 2013; Chong et al., 2012; Kelly et al., 2015; 

Goudar et al., 2010; Datta et al., 2013). A better understanding of the cellular metabolic processes 

helps to identify potential engineering targets. A common observation in CHO cell culture is the 

generation of lactate as a toxic by-product from one of the main substrate, glucose under aerobic 

conditions (Butler et al., 2012). This transformation from glucose to lactate, sometimes referred to as 

superflux metabolism, produces less energy in form of ATP than full oxidation to carbon dioxide and 

water. Furthermore, lactate is released from the cells and acidifies the culture medium, that needs to 

be adjusted with base. Addition of NaOH leads to increased osmolarity, which has been shown to have 

detrimental effects on recombinant protein yield and quality (Lao et al., 1997; Konno et al., 2011). 

Another common detrimental metabolic product is ammonium originated from the consumption of L-

glutamine as energy resource. Ammonium at high concentrations is toxic resulting in inhibition of cell 

growth, lowered viability and decreased product titers. (Lao et al., 1997). This has been addressed by 

improvements in media formulation or process design (Mohan et al., 2008; Kyriakopoulos et al., 2014; 

Kishishita et al., 2015; Baik et al., 2015; Blondeel et al., 2016). However, the alternative is to engineer 
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cell lines for improved utilization of nutrients and inhibition of the accumulation of these toxic by-

products. Thus, the dynamic expression of a sugar transporter (Le et al., 2013), the recombinant 

expression of the pyruvate carboxylase (Toussaint et al., 2016; Henry et al., 2011; Fogolin et al., 2004; 

Irani et al., 2002) or of carbamoyl phosphate synthetase I and ornithine transcarbamoylase (H. S. Park 

et al., 2000) resulted in improved cell lines that showed a reduced lactate accumulation. 

The majority of biopharmaceutical proteins, produced in eukaryotic expression systems, undergo 

folding and post-translational modification, which takes place in the endoplasmic reticulum (ER) and 

the Golgi apparatus and are secreted into the culture supernatant (Dübel, 2007). Therefore, the 

optimization of these steps is desirable to overcome bottlenecks in recombinant protein production. 

This has been addressed by Gulis et al. for instance by overexpression of a spliced form of the human 

X-box binding protein 1 (XBP1) in a IgG expressing CHO-K1 cell line, that resulted in a ER size expansion 

and increased productivity (Gulis et al., 2014). However, Ohya et. al reported no benefit of ectopic 

overexpression of XBP1 in Antithrombin III (AT-III) expressing CHO-DXB11 cell line (Ohya et al., 2008). 

Thus, the effect might be product and cell line specific. Similar observations have been made with the 

overexpression of molecular chaperones like protein disulfide-isomerase (PDI), binding 

immunoglobulin protein (BiP), calnexin or calreticulin, that support folding. However, there have been 

controversial results ranging from beneficial to detrimental effects on productivity, depending on (1) 

the recombinant target protein, (2) the chaperone and (3) the cell line used (Borth et al., 2005; 

Nishimiya et al., 2013; Jossé et al., 2012; Mohan et al., 2007; Davis et al., 2000; Chung et al., 2004). 

Another example is the overexpression of signal recognition particle 14 (SRP14) and other components 

of the secretory pathway resulting in enhanced cellular capabilities and improved productivity, 

especially for “difficult-to-express” antibodies (Le Fourn et al., 2013; Nishimiya, 2014). 

There is growing evidence that miRNA engineering can be efficiently used to boost recombinant 

protein production in mammalian cell host systems by regulating many cellular processes (Jadhav et 

al., 2013). Thus, transfection of hsa-miR-7 mimics (Barron et al., 2011), stable ectopic expression of 

cgr-miR-17 (Jadhav et al., 2014), the cgr-miR-30 family (Fischer et al., 2014), hsa-miR-557 and hsa-miR-

1287 (Strotbek et al., 2013) and depletion of endogenous cgr-miR-23 (Kelly et al., 2015), resulted in 

CHO cell lines with improved production capabilities. 

Finally, combinatorial approaches of the above described approaches have been successfully used for 

improving recombinant protein production in mammalian cell lines too (Becker et al., 2010; J. S. Lee et 

al., 2013; Jeon et al., 2011). 

Expression and secretion of recombinant proteins is a complex task for mammalian host cells that 

requires regulation to maintain cellular homeostasis. Protein kinases are major regulatory elements 

within the cell and thus are attractive targets for such cell line development approaches. They activate 

or inactive single proteins or even whole pathways to control important cellular function including cell 

division, proliferation, energy metabolism, secretion, or cell death. All these cellular processes are 

important in a bioproduction process. 
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1.3 Phosphorylation as regulatory element and potential target for cell line 

development 

1.3.1 The human kinome and its relevance in biotechnological applications 

 

The term kinome has been introduced by Manning et al. in 2002 as “the protein kinase complement 

of the human genome” (Manning et al., 2002). Like the genome or the proteome, it is the full set of all 

kinases within a cell. Kinases have been identified and grouped by comparison of the sequence of their 

catalytic domain and some further information, like a second functional domain on the protein or 

known biological function (Hanks et al., 1995; Manning et al., 2002). Based on these sequence 

similarities a phylogenetic tree of the typical kinases was created (Figure 2). Per standard kinase 

classification scheme of Manning et al. there are currently 10 groups, with several families and sub-

families (http://kinase.com/web/current/human on February 19th, 2017). This includes all typical 

eukaryotic protein kinases, like STE-like kinases (STK), Calcium/Calmodulin regulated kinases (CAMK), 

or tyrosine-kinases (TK) and some atypical kinases. Like all models, it simplifies nature, but provides a 

general scheme to group kinases and compare them among species. Furthermore, there are several 

other classification schemes based on protein function. At time of the publication there have been 518 

kinases and 106 kinase-pseudogenes identified in the human genome (Manning et al., 2002). In 2018, 

538 kinase genes are classified, due to the continuous sequencing and analysis of the human genome 

over the last years. Some of the initially believed kinases are also classified as pseudogenes, like 

Pseudokinase vaccinia related kinase 3 (Scheeff et al., 2009). 

 

 

Figure 2 - Original Phylogenetic tree of kinases build from 478 human genes without atypical kinases (Manning et al., 2002). 
STE: homologs of the yeast STE7, STE11 and STE20 kinase genes; CKI: casein kinase I family; AGC: family named after Protein 
kinase A, G and C; CAMK: calmodulin/calcium regulated protein kinase family; CMGC: protein kinase family consisting of 
CDK, MAPK, GSK3 and CLK families; RGC: receptor guanylate cyclase family; TK: tyrosine kinase family; TKL: tyrosine kinase-

http://kinase.com/web/current/human/
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like family. [From Science, Volume 298, Issue 5600, “The Protein Kinase Complement of the Human Genome, G. Manning, 
D.B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, 2002. Reprinter with permission from AAAs] 

Several kinome-wide screenings investigated the molecular basis for the continuous proliferation in 

various cancers and cancer cell lines (Williams et al., 2012). The cell cycle with the G1/G2/M 

checkpoints and its regulation are of major interest, since it controls the cell division. Murrow et al. 

identified the G2 checkpoint kinase WEE1 as a potential molecular target in cancer cells by applying a 

tyrosine kinome screening (Murrow et al., 2010). Bhola et al. identified in a kinome wide RNAi 

screening the critical function of polo-like kinase 1 (PLK1) for proliferation in estrogen receptor-positive 

breast cancer cells (Bhola et al., 2015). Death-associated protein kinase 3 (DAPK3) activity is lost in 

several cancers due to functional mutation. This lack of DAPK3 results in increased proliferation and 

survival (Brognard et al., 2011; Kake et al., 2017). Other members of the DAPK family have been linked 

to cancer too (Gozuacik et al., 2006). Nizard et al. identified two kinase groups CRKL and FER to control 

cell proliferation by applying a kinase-wide siRNA screening in HeLa cells (Nizard et al., 2014). The 

increased expression of these genes in cancer cells leads to uncontrolled growth which is undesirable 

in the human body. However, improved and continuous growth of cells in a bioproduction process 

might be beneficial as long as the cell line is stable. An example is the PI3K-PTEN-mTOR pathway. It has 

been strongly linked to cancer (Mendoza et al., 2011; Khan et al., 2013; Singleton et al., 2015) and 

controls proliferation and global translation (Arsham et al., 2006; Sarbassov et al., 2005). The 

biotechnological relevance of this pathway has been shown by many reports overexpressing kinases 

or other proteins from this network in CHO or HEK293 cells (Edros et al., 2014; Courtes, Vardy, et al., 

2014; Courtes, Gu, et al., 2014; Z. Wang et al., 2012; Dreesen et al., 2011; Tso et al., 2011). Jaluria et 

al. reported that overexpression of cyclin-dependent kinase 3 like protein (CDK3L) leads to elevated 

proliferation rates in HEK293 and CHO by faster transition from G1 to S-phase (Jaluria et al., 2007). On 

the other hand, cell cycle arrest and subsequently inhibition of proliferation by expression of a kinase-

inhibitor has been used to improve specific productivity in a IgG expressing CHO cell line (Bi et al., 

2004). 

Cell death by apoptosis and its control has been intensively studied in cancer biology (Williams et al., 

2012). It is desirable to understand the resistance mechanisms in regard of apoptosis in cancer cells 

and block pathways that enable cells to escape apoptosis. This knowledge can be used in biotechnology 

to engineer more robust producer cell lines and prolong the production process by preventing cells 

from executing apoptosis. Richardson et. al extensively studied the signaling framework of the DNA 

damage-associated G1 checkpoint response by a kinome-wide siRNA screening upon radiation of 

HCT116 cancer cells and identified essential genes from various pathways (Richardson et al., 2012). 

The knockdown of checkpoint genes, like PLK1, WEE1, CHK1, MYT1 resulted in induction of apoptosis 

in several cancer cell lines (Murrow et al., 2010; Tsai et al., 2005; Bu et al., 2008; Y. Wang et al., 2004; 

Pappano et al., 2014; Cole et al., 2011; Garimella et al., 2014). Moreover, the activation of the 

apoptosis pathway has been linked to several stimuli like ER stress (X. Li et al., 2012; Hetz, 2012; 

Jonathan et al., 2007) or nutrient depletion (Wlodkowic et al., 2011; C.-Y. F. Huang et al., 2002). Thus, 

kinase associated cell death and its molecular basis in biotechnological relevant mammalian producer 

cells has been studied. Hwang and Lee studied the effect of overexpression of a constitutively active 

form of the central regulator AKT on cell death and survival in CHO cells (Hwang et al., 2009). This 

resulted in a delayed onset of apoptosis and autophagy in engineered cells during a batch culture. 

Mammalian cells use the ER and the Golgi-apparatus to fold, modify, and secrete glycosylated proteins 

and to present surface markers. Alteration of these cellular components and its protein-folding 

capabilities have been linked to cancer (Kellokumpu et al., 2002) and many other human diseases 
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summarized by Cao and Kaufman (S. S. Cao et al., 2012; Hetz, 2012). Thus, proteins are folded 

incorrectly und accumulate in the ER or Golgi. Such elevated levels of unfolded proteins are sensed 

within the ER and an overload of the system leads to the well-characterized unfolded-protein response 

(UPR) (X. Z. Wang et al., 1998; Farhan et al., 2010, 2011; Schröder, 2008). Chia et al. systematically 

studied the signaling network of the Golgi apparatus by a RNAi screening with 948 siRNAs (kinome and 

phophatome) in HeLa cells and found many genes that regulate the structural organization of the Golgi 

as well as, secretion and glycosylation of proteins (Chia et al., 2012). Protein folding, secretion and 

glycosylation are important cellular processes in the production of biopharmaceuticals by mammalian 

producer cells. Thus, Lwa et. al established a siRNA screening system to investigate critical genes for 

secretion in a HEK293 cell line expressing the Gaussia luciferase (Lwa et al., 2010). They have used 

XBP1 knockdown as positive control to proof the suitability of the screening. XPB1 is one of three major 

effector genes of the UPR. Its regulation has been investigated by Ku et al. and Mason et al. during 

transient and stable protein production in CHO cells (Ku et al., 2010; Mason et al., 2012). Subsequently, 

Cain et al. stably overexpressed it to improve the transient protein expression in CHO cells (Cain et al., 

2013). In 2014, Prashad and Mehra presented a comprehensive and systematical study elucidating the 

dynamics of the UPR in CHO cells (Prashad et al., 2014) 

Overall, the kinome has not been systematically studied at the beginning of this thesis in respect of 

recombinant protein production in a mammalian host cell system. Only single kinases and a few 

pathways have been analyzed in CHO, HEK293 or NS0 cells. RNAi screenings have been used in the 

field of cancer biology with various human cells lines to study cell proliferation. However, only limited 

data is available to understand the kinome regarding proliferation and recombinant protein production 

in a human host cell system. This study aims to close this gap by systematically assessing the individual 

multi-parameter effects upon siRNA-mediated knockdown of 763 kinases and phosphatases in 

recombinant protein expressing CAP® cells. 

 

1.3.2 Phosphorylation as an element for regulation of protein activity 

 

Phosphorylation is one of the most important flexible and fast post-translational modifications of 

proteins. Activation or inactivation of biological function, substrate specificity, change of subcellular 

location, accessibility to other proteins or half-life can be modified upon phosphorylation. In 

mammalian cells serine, threonine, and tyrosine are the amino acids most frequently modified by 

phosphorylation. Since proteins contain many of these amino acids, they can be phosphorylated at 

multiple positions altering their function in various ways. 

The transfer of a phosphate group from an adenosine-tri-phosphate (ATP) to a hydroxyl group of an 

amino acids side chain is catalyzed by a kinase. The removal of a phosphate group from a protein is 

facilitated by an enzyme called phosphatase. Some of them can bind and catalyze the reaction on a 

broad spectrum of target proteins, whereas others have only a single motif on a target protein that is 

recognized. The kinase activity is typically modulated by autophosphorylation, phosphorylation by 

other kinases, binding of chemical substrates or other regulation proteins, e.g. cyclins (Manning et al., 

2002). This system evolved to a central mechanism creating a large regulation network within the cell 

to quickly respond to environmental conditions, internal and external signals. It regulates many 

important cellular functions and processes like proliferation, cell cycle progression, differentiation, 

apoptosis and most signal transduction pathways (Eipper, 2008; Manning et al., 2002).  
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Cellular signaling by phosphorylation can work in a linear way creating a cascade. Mitogen-activated 

protein kinases (MAPK) represent a well-studied subset of protein kinases. A classic example is the 

extracellular signal-regulated kinase (ERK) signaling pathway. A stimulus, triggered by the binding of a 

growth factor to its receptor, is recognized by Raf (a MAP3K) that cascades the signal to a MAP2K (e.g. 

SEK and MEK), that recognizes and phosphorylates ERK (a MAPK) which controls downstream effector 

responses. In contrast to linear signal transduction there are kinases like p38, p58, AKT or mTOR that 

receive signals from multiple pathways and can phosphorylate a number of different down-stream 

target effector proteins depending on the nature and strength of the input signals (Johnson et al., 

2002). 

In biotechnology, the control of cell proliferation, protein expression, secretion and cell death play an 

important role. By altering these pathways by functional up- or downregulation of its members and 

analyzing the resulting effect on key biotechnological parameter, like cell concentration or 

recombinant protein expression, one can understand the role of a certain gene. This knowledge can 

be used to engineer expression host cells with improved cellular characteristics like faster growth, 

higher cell concentration or increased protein expression capabilities.  
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1.4 Aim of this thesis 
 

The aim of the thesis was to identify bioprocess-relevant kinases and signaling pathways in the 

recombinant protein expressing CAP®-SEAP model cell line by establishing and using a high-throughput 

high-content functional siRNA screening platform approach. In silico analysis was applied to gain a 

deeper knowledge on the regulation and signaling networks involved within these human-derived 

production cells. Phenotypes observed in CAP®-SEAP were validated in a monoclonal IgG expressing 

CAP® model cell line in a high-throughput manner. These findings were used for subsequent cell line 

engineering. 
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2 Materials and Methods 

2.1 Cell culture 

2.1.1 Cell lines, culture media and routine cell culture procedure 

 

CAP®-SEAP, CAP®-IgG and their descendent cell lines (CEVEC Pharmaceuticals GmbH, Cologne, 

Germany) were routinely grown in TubeSpin® bioreactor 50 (TPP, Trasadingen, Switzerland) or 

polycarbonate Erlenmeyer flasks (Corning, Tewksbury, MA, USA) in CAP®-CDM culture medium (CEVEC 

Pharmaceuticals GmbH, Cologne, Germany) supplemented with 6 mM Ultraglutamine I (Lonza, Basel, 

Switzerland) or Protein Expression Medium PEM (Thermo Fisher Scientific, Carlsbad, USA) 

supplemented with 4 mM Ultraglutamine I (Lonza, Basel, Switzerland). The maximum volume used was 

1/5th of the vessels volume. All cell lines were maintained at 37°C, 5% CO2 and 85% relative humidity 

on a 25-mm orbit with a revolution speed of 140-160 rpm in a shaker incubator (Kuhner AG, Birsfelden, 

Switzerland) and diluted to 3-5 x 105 viable cells per mL every 3-4 days as indicated. 

Descendent cell lines were prepared by transfection via electroporation of circular plasmid DNA and 

subsequent antibiotic selection using Blasticidin (Thermo Fisher Scientific, Carlsbad, USA) and G418 

(Invivogen, San Diego, USA). The cell lines generated are displayed in Table 1. 

Table 1 - Overview of all used and created CAP® cell lines. 

Cell line Parental cell line Plasmids used for transfection Antibiotic used for 
selection 

CAP®-SEAP  
(bulk) 

Cell line received 
from CEVEC  

SEAP expression plasmid, 
transfected by CEVEC 

5 µg/mL Blasticidin 

CAP®-SEAP 
Minipool 6D6 

CAP®-SEAP  
(bulk) 

None 5 µg/mL Blasticidin 

CAP®-SEAP-mock CAP®-SEAP  
Minipool 6D6 

pCMV6-AC 
(Cat. No. PS100020, Origene) 

5 µg/ mL Blasticidin 
50 µg/mL G418 

CAP®-SEAP-ERN1 CAP®-SEAP  
Minipool 6D6 

ERN1 in pCMV6-Entry  
(Cat. No. RC215023, Origene) 

5 µg/mL Blasticidin 
50 µg/mL G418 

CAP®-IgG 6H4 Cell line received 
from CEVEC 

IgG expression plasmids, 
transfected by CEVEC 

5 µg/mL Blasticidin 
100 µg/mL G418 

 

2.1.2 Cryopreservation and thawing 

 

The cryopreservation medium was prepared by adding 15 mL of sterile Dimethyl sulfoxide (Cell culture 

grade, Cat. No. A3672, AppliChem, Darmstadt, Germany) to 100 mL of ProFreeze™ CDM NAO Freezing 

medium (Cat. No. 12-769E, Lonza, Basel, Switzerland). CAP® cells in log phase (1-2 x 106 viable cells/mL) 

were centrifuged for 5 minutes at 130 xg in an Eppendorf centrifuge 5810 R in 50 mL centrifuge tubes 

(CELLSTAR® polypropylene tubes, Greiner Bio One, Frickenhausen, Germany). The cell-free 

supernatant was aspirated, and the cell pellet has been resuspended in chilled 4°C  

CAP®-CDM (CEVEC Pharmaceuticals GmbH, Cologne, Germany) to reach a cell concentration of  

107 cells/mL. The cell suspension was mixed with an equal volume of cryopreservation medium. Each 

2 mL cryovial (Greiner Bio One, Frickenhausen, Germany) was filled with 1.5 mL cell suspension and 
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immediately frozen in a freezing container (Cat. No. 5100-0001, Nalgene, Rochester, USA) filled with 

Isopropanol (Carl Roth, Karlsruhe, Germany) at -80°C. After 24 to 48 hours the frozen cells were 

transferred to a -140°C freezer for long-term storage. 

 

2.1.3 Generation of CAP®-SEAP minipools and single cell cloning 

 

Minipools can be used instead of single cell clones or stable pools. Compared to single cells clones, 

they are beneficial since they provide a certain heterogeneity to avoid identification of false-positive 

phenotypes due to clonal effects. On the other hand, minipools are more defined than stable pools 

due to the small number (generally 10-200) of cells that were used to create the minipool. Thus, CAP®-

SEAP minipools were created by seeding about 20 cells of a stable cell pool in 96 well U-bottom 

adherent culture plates with 80 % (v/v) OptiPro medium (Thermo Fisher Scientific), 20 % (v/v) PEM 

(Thermo Fisher Scientific) and 6 mM Ultra-Glutamine I (Lonza, Basel, Switzerland) without antibiotic. 

The cells were expanded and the medium gradually changed to solely PEM with 6mM Ultra-Glutamine 

I (Lonza) and the minipools cryopreserved. The different minipools were characterized for their 

growth, productivity and transfectability with siRNA using the established standard protocol using 

ScreenFect® A (see chapter 2.1.6, page 21). The cell line with the highest SEAP expression after 72 

hours, exponential growth characteristics and sufficient siRNA transfectability was selected for the 

high-throughput siRNA screening.  

 

2.1.4 Establishment of stable cell pools 

 

DNA transfection with Neon® Nucleofector 

CAP® cells were transfected with the Neon® Nucleofector (Thermo Fisher Scientific, Carlsbad, USA). 

107 viable cells growing in Log-Phase were centrifuged at 150 xg for 3 minutes at room temperature in 

an Eppendorf centrifuge 5810 R. The supernatant was aspirated, and the cell pellet was resuspended 

in 100 µL Neon® R-buffer (Thermo Fisher Scientific, Carlsbad, USA) containing the total amount of 20 

µg DNA. With a fresh Neon® pipette 100 µL of the cell solution were taken up and transfected in the 

electroporation station with the parameters listed in Table 2. The transfected cells were immediately 

transferred into 10 mL pre-warmed Ultraglutamine I supplemented CAP®-CDM medium. In case more 

cells were required, the procedure was repeated and cultivated in a larger culture volume. 

Table 2 - Parameter used for DNA transfection of CAP® cells with Neon® Nucleofector. 

Parameter Value 

Voltage 1,100 V 
Pulse time 20 ms 
Number of pulses 2 
Number of cells per 
transfection 

107 cells 

Amount of DNA per 
transfection 

20 µg 

 



Materials and Methods  17 

 

Selection of CAP®-SEAP minipool 6D6 cells 

Antibiotic selection of CAP®-SEAP minipool 6D6 cells was started 72 hours after DNA transfection by 

adding G418 (Invivogen, San Diego, USA) at a concentration of 50 µg/mL. An untransfected culture 

without antibiotic resistance gene was treated with G418 too. This served as control to ensure 

sufficient selection pressure. The cells were resuspended in fresh CAP®-CDM medium containing 50 

µg/mL G418 every 3 to 4 days. After 20-25 days, the cells regained viability above 90 % and doubled 

every 24 hours. They were frozen as described in chapter 2.1.2 (page 15) or directly used for further 

experiments.  

 

2.1.5 Establishment of the siRNA screening procedure 

 

All siRNA transfections were performed with ScreenFect® A (InCella, Karlsruhe, Germany). AllStars® 

Negative control siRNA (Cat. No. SI03650318, Qiagen AG, Hilden, Germany) was used as Non-targeting 

siRNA control (NT) in all experiments. AllStars® human Cell Death (HsDT) siRNA (Cat. No. SI04381048, 

Qiagen AG, Hilden, Germany) was used as a convenient functional phenotype positive siRNA control 

in optimization experiments and as interplate control in all other experiments (Cat. No. SI04381048, 

Qiagen AG, Hilden, Germany). A fluorescently labeled Non-targeting siRNA (AF647 siRNA, Alexa Fluor® 

647 conjugated, Cat. No. 1027295, Qiagen AG, Hilden, Germany) was mixed with all siRNAs to ensure 

proper transfection in each sample (interwell control). AF647 siRNA was used at 25 % mol/mol. Further 

siRNAs and siRNA controls were purchased from Qiagen as FlexiTube™. The sequences (see Table 3) 

were designed by Qiagen and selected based on the efficiency score. Anti-SEAP #1 - #3 siRNAs were 

pooled in equal amounts and used as Anti-SEAP siRNA, Anti-IgG heavy chain (Anti-HC) #1 - #3 and Anti-

IgG light chain (Anti-LC) C #1 and #2 were pooled in equal amounts and used as Anti-IgG siRNA. An 

Anti-MAPK1 siRNA was used to proof the successful downregulation on mRNA level. 

Briefly, CAP® cells were diluted to 106 viable cells / mL in CAP®-CDM (CEVEC Pharmaceuticals GmbH, 

Cologne, Germany) one days prior to transfection to ensure exponential growth. On the day of 

transfection, siRNA and ScreenFect® A transfection reagent were diluted with Nuclease-free water and 

ScreenFect® A dilution buffer respectively. The diluted ScreenFect® A reagent was quickly added to the 

diluted siRNA solution and immediately vigorously mixed by pipetting. The mixture was kept at room-

temperature for 20-25 minutes to allow siRNA-transfection agent complexes to form. CAP® cells were 

centrifuged at 130 xg for 3 minutes at room-temperature. The supernatant was aspirated, and cells 

were resuspended at the required cell concentration in pre-warmed CAP®-CDM supplemented with 6 

mM Ultraglutamine I (Lonza, Basel, Switzerland). After the indicated time the siRNA-transfection agent 

solution was added to the cells and immediately mixed my shaking. Subsequently, the transfected 

culture was transferred to a shaked cell culture incubator and cultivated up to 6 days as indicated. 
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Table 3 - siRNA sequences of the controls. 

siRNA Sequence (5’-3’ mRNA transcript) 

Anti-SEAP #1 CCGAAAGTACATGTTTCGCAT 
Anti-SEAP #2 CACGGTCCTCCTATACGGAAA 
Anti-SEAP #3 CGCCCACACGGTGAACCGCAA 
Anti-LC #1 TTGATTTCCACCTTGGTGCCC 
Anti-LC #2 TTCACGTCCTGGCTGGCTCTA 
Anti-HC #1 TTTGCCGTTCAGCCAGTCCTG 
Anti-HC #2 TTGATGTTGAAGCCGCTGGCG 
Anti-HC #3 ACTCTTTGCCGTTCAGCCAGT 
Anti-MAPK1 
(Cat. No. 1022564) 

AATGCTGACTCCAAAGCTCTG 

 

Design of experiment – Optimization with full factorial design  

A full factorial design of experiments with 3 independent variables (2, 4 and 5 levels) was used to 

identify the optimal transfection condition for the high-throughput high-content siRNA screening. 

CAP®-SEAP cells were transfected with either Non-targeting or cell death siRNA under the individual 

conditions listed in the Appendix Table 23 (page 120). The varied parameters and their levels are 

summarized in Table 4 and illustrated in Figure 3.  

The cells were cultivated and transfected in total culture volume of 120 µL in CAP®-CDM as described 

above. After transfection, the 96 well U-bottom microtiter plates were shaked at 800 rpm (1.78 mm 

orbit, Mini orbital shaker, BellCo Glass, Vineland, USA) at 37°C, 5 % CO2 and 85 % relative humidity. 

The response factors cell concentration and viability were quantified after 48 hours as described in 

chapter 2.2.2. Six additional replicates of condition N8 (see Table 23)  were prepared to test the 

reproducibility. 

The data were analyzed with MODDE 9.1 (Umetrics, Umea, Sweden) and prediction contour response 

plots of the model were generated. These plots and the integrated “Optimizer” function of MODDE 

was used to identify the optimal experimental condition for the siRNA screening. The criteria for the 

optimum were ranked in the order given in Table 5. 
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Figure 3 - Schematic overview of the experimental design (DoE) created with MODDE 9.1 used for optimization of the siRNA 
transfection process of CAP®-SEAP Minipool 6D6 cells; seeding cell concentration, amount of transfection agent and siRNA 
concentration were varied in this central composite design. The experiments were performed with Non-targeting siRNA 
and human cell death siRNA. Response factors were cell concentration and viability measured  
after 48 hours. 

 

Table 4 - Summary of varied parameters for design of experiment for optimization of siRNA transfection conditions in a 
total volume of 120 µL. 

Varied factor Values 

Seeding cell concentration 
(viable cells / mL) 

3.0 x 105     6.0 x 105  

Amount of ScreenFect® A 
(µL / well) 

0.1  0.2 0.4 0.6 0.8 

Total siRNA concentration 
(nM) 

10 20  40 60 

 

Table 5 - Priority of experimental criteria with desired output. These criteria were used to establish the optimal 
experimental condition for the siRNA screening with the "Optimizer" function of MODDE. 

Priority Control Desired output 

1 - Highest Non-targeting siRNA Maximal cell concentration 
2 Non-targeting siRNA Maximal viability 
3 Cell Death siRNA Minimal cell concentration 
4 Cell Death siRNA Minimal viability 
5 Both controls Low siRNA concentration 
6 - Moderate Both controls Low ScreenFect® A concentration 
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Design of experiment – Validation 

After identification of the optimal parameter for the high-throughput high-content siRNA screening 

the system was subjected to a validation experiment. Design of experiment was used to test the 

robustness towards small changes (≤ 10 %) of critical parameters and plate to plate variation on 

quantified responses. To this end, a D-optimal, linear model with 3 center points on each of the two 

plates (blocked design) was created with MODDE 9.1. The experimental parameters, listed in Table 6, 

were distributed by the software to two plates. The resulting 14 experimental transfection conditions 

with two triplicates are summarized in Table 7. Each condition was tested with Non-targeting, Cell-

Death and Anti-SEAP siRNA. Subsequently, the cells were cultivated on a shaker in the incubator (Mini 

orbital shaker, BellCo Glass, Vineland, USA) at 800 rpm with an orbit of 1.78 mm at 37°C, 5 % CO2 85 % 

relative humidity for 48 hours. Edge wells and empty wells of the two plates were filled with sterile 

water, the plate covered with a sterile gas-permeable membrane seal (BREATHseal™, Greiner Bio-One, 

Frickenhausen, Germany) and covered with a MTP lid with condensation rings. Cell concentration and 

viability were quantified by quantitative flow cytometry (see chapter 2.2.2,  

page 27) and SEAP concentration in the supernatant was quantified using a biochemical assay  

(see chapter 0., page 33).  

The data for each siRNA was analyzed individually with MODDE 9.1 in respect to parameters that 

consistently influence the quantified responses. 

Table 6 - Summary of varied parameters for design of experiment robustness validation of the optimized siRNA screening 
conditions with a total culture volume of 120 µL. 

Varied factor Lowest value Optimal value Highest value 

Cell concentration at time 
of transfection 
(viable cells / mL) 

3.75 x 105 4.00 x 105 4.25 x 105 

Amount of ScreenFect® A 
(µL / well) 

0.375 0.400 0.425 

Total siRNA concentration 
(nM) 

36 40 44 

 

 

Figure 4 - Schematic overview on experimental condition used to validate the robustness of the established siRNA 
transfection conditions. A D-optimal linear model with 3 center points was chosen. 
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Table 7 - Individual experimental conditions that were used for transfection of CAP®-SEAP Minipool 6D6 cells with Non-
targeting, Cell Death and Anti-SEAP siRNA. 

Experimental 
label 

Cell concentration 
(viable cells / mL) 

Amount ScreenFect® A 
(µL / well) 

Total siRNA 
concentration (nM) 

Plate 

N1 3.75 x 105 0.375 36 1 

N2 3.75 x 105 0.425 36 1 

N3 3.75 x 105 0.425 44 1 

N7 (center) 4.00 x 105 0.400 40 1 

N8 (center) 4.00 x 105 0.400 40 1 

N9 (center) 4.00 x 105 0.400 40 1 

N4 4.25 x 105 0.375 36 1 

N6 4.25 x 105 0.375 44 1 

N5 4.25 x 105 0.425 36 1 

N10 3.75 x 105 0.375 36 2 

N12 3.75 x 105 0.375 44 2 

N11 3.75 x 105 0.425 36 2 

N16 (center) 4.00 x 105 0.400 40 2 

N17 (center) 4.00 x 105 0.400 40 2 

N18 (center) 4.00 x 105 0.400 40 2 

N13 4.25 x 105 0.375 36 2 

N14 4.25 x 105 0.425 36 2 

N15 4.25 x 105 0.425 44 2 

 

Determination of the optimal cultivation time 

CAP®-SEAP Minipool 6D6 cells were transfected with siRNA using the optimized parameter determined 

above. They are listed in chapter 2.1.6 in Table 8 (page 23). To determine the optimal cultivation time 

four identical 96-well suspension culture plates were prepared with Untransfected, Non-targeting 

siRNA, Death-Hs siRNA and Anti-SEAP siRNA transfected control cells. 25 % (mol/mol) of the final siRNA 

amount was Alexa Fluor® 647-labeled non-targeting siRNA to evaluate the siRNA transfection 

efficiency in each well. 

The plates were analyzed for cell concentration, viability, intracellular Alexa Fluor® 647 fluorescence 

(see chapter 2.2.2) and SEAP concentration in the culture supernatant (see chapter 0) 8, 24, 48 and 72 

hours’ post transfection. 

 

2.1.6 High-throughput, high-content siRNA screening in recombinant CAP® cells 

 

Workflow 

The general method of the siRNA transfection using ScreenFect® A was described in chapter 2.1.5. An 

overview of the high-throughput high-content siRNA screening workflow with CAP®-SEAP Minipool 

6D6 and CAP®-IgG cells is given in Figure 5. The latter was used for the validation screening. Each plate 

used for the screening was prepared corresponding to the layout given in Figure 6 and  

frozen at -80°C. 
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Figure 5 - Schematic diagram of the workflow of the established high-throughput high-content siRNA screening. Effector 
or control siRNA together with Alexa Fluor® 647 labeled NT-siRNA were mixed with the cationic lipid transfection reagent 
ScreenFect® A. CAP® cells were added to the complexes and the cultures are incubated on a mini orbital shaker at 800 rpm. 
After desired culture time (CAP®-SEAP 6D6: 54 hours; CAP®-IgG: 72 hours) cells were analyzed using quantitative flow 
cytometry and the product concentration in the supernatant was quantified either by a biochemical SEAP reporter assay 
or Protein A HPLC. 

 

 

Figure 6 - Layout of 96-well plate for high-throughput high-content siRNA screening. Each control and siRNA transfected 
sample was present as triplicate. The edge wells were filled with water to decrease evaporation. Colored wells represent 
controls, whereas grey colors indicate siRNA knockout samples. Two grey scales were used to represent the layout of the 
triplicates. 

 

A vial of the respective cell line was thawed from the master cell bank 7 to 10 days prior to the 

transfection. The culture was handled as described in chapter 2.1.1 (page 15) and finally diluted to 

1x106 viable cells / mL in a TubeSpin® bioreactor 50 (TPP, Trasadingen, Switzerland) one day prior to 

transfection. For transfection, the previously prepared suspension culture plate containing the siRNA 

was thawed. In a 2-mL microcentrifuge tube (Eppendorf, Hamburg, Germany) 33.6 µL of ScreenFect® 

A transfection reagent was added to 1226 µL of ScreenFect® A dilution buffer, mixed by flicking the 

tube and incubated for 5 minutes at room temperature. This solution, prepared in excess, was 

distributed to 10 wells of another 96 well microtiter plate. A digital multichannel pipette (Matrix, 

Thermo Fisher Scientific) was used to add 52.5 µL ScreenFect® A transfection mix to the 17.5 µL of 

siRNA. The pipettes automatic mixing mode was used to immediately mix the solution and avoid 

concentration gradients. 60 µL of the siRNA:transfection reagent mixture were distributed á 20 µL to 

the 3 wells containing the biological triplicate. The untransfected control was prepared by solely adding 
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dilution buffer to water. All edge wells were filled with 150 µL of water to reduce condensation in the 

plate. CAP® cells were prepared by centrifugation at 130 xg for 3 minutes at room temperature, 

aspiration of the supernatant and were resuspended in pre-warmed CAP®-CDM medium 

supplemented with 6 mM Ultraglutamine I (Lonza, Basel, Switzerland) at a cell concentration of 4.8 x 

105 cells / mL. The cell suspension was transferred to a sterile reservoir and 100 µL were added to each 

of the 60 wells with a digital multichannel pipette. The plate was sealed with a sterile gas-permeable 

membrane seal (BREATHseal™, Greiner Bio-One, Frickenhausen, Germany) and covered with a MTP lid 

with condensation rings. Finally, the plate was transferred to an MTP shaker (Mini orbital shaker, 

BellCo Glass, Vineland, USA) to cultivate the transfected cells at 37°C, 5 % CO2, 85 % relative humidity 

and 800 rpm on a 1.78 mm orbit. The CAP®-SEAP Minipool 6D6 or CAP®-IgG cultures were incubated 

for 54 or 72 hours respectively. All experimental parameters were summarized in Table 8. After the 

indicated cultivation time the plates were analyzed for the end-point read outs listed in Table 9. 

 

Table 8 - Summary of all controlled parameter of the high-throughput high-content siRNA screening. 

Parameter Value 

Culture volume 120 µL / well 
Cell seeding concentration 4 x 105 cells /mL 
Complex formation volume 20 µL / well 
Total siRNA concentration 40 nM 
Ratio of effector siRNA to AF647 siRNA 3:1 
Dilution buffer concentration at 
complex formation 

0.75 X 

Amount ScreenFect® A transfection 
agent 

0.4 µL / well 

Complex formation time 25 minutes 
Untransfected control:  
Ratio of water to dilution buffer 

1:3 

Medium CAP®-CDM supplemented  
with 6 mM Ultraglutamine I (Lonza) 

Cultivation time • CAP®-SEAP Minipool 6D6: 54 hours 

• CAP®-IgG: 72 hours 
Cultivation conditions 37°C, 5 % CO2 and 85 % relative humidity 

shaked at 800 rpm (Orbit 1.78 mm) 
Cultivation vessel Suspension culture plate, U-bottom 

Cat. No. 650185, Greiner Bio One, 
Frickenhausen, Germany 
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Table 9 - Summary of all quantified parameter in the high-throughput high-content siRNA screening. 

Parameter Assay (Chapter) 

Cell concentration Quantitative flow cytometry (2.2.2) 
Viability Live cell imaging with Calcein Violet AM 

450 and Propidium Iodide (2.2.2) 
Apoptosis Nicoletti assay (2.2.2) – log scale 
Cell cycle distribution Nicoletti assay (2.2.2) – linear scale 
Transfection efficiency Quantitative flow cytometry (2.2.2)  

Channel R1, Excitation 635 nm, 
Emission filter 655-730 nm 

Product concentration SEAP reporter assay (0) or 
Analytical Protein A HPLC (2.2.8) 

 

siRNA library 

The used custom siRNA library targeting the human kinome and a few additional genes was kindly 

provided by Prof. Dr. Sibylle Mittnacht from the University College London, United Kingdom. It consists 

of 779 siGenomeTM SMARTpoolTM siRNA reagents (Dharmacon, GE Healthcare, Lafayette, CO, USA). 

The 763 siRNA reagents used are listed in the Appendix in Table 24 (page 121). The siGenomeTM 

SMARTpoolTM reagents consist of 4 individual siRNAs designed to target the indicated gene. The 

supplied siRNAs were annealed double-stranded RNA oligonucleotides with 3’-UU overhangs on both 

strands and a phosphorylated 5’ antisense strand. 

The library was stored at -80°C in 1 X siRNA buffer (60 mM KCl, 6 mM HEPES, 0.2 mM MgCl2, pH 7.5) at 

a concentration of 1 µM in sterile MTPs. The plates were thawed to a maximum twice to transfer 12.5 

µL of the stock solution to the siRNA screening plates. 

 

RNAi screening - Data analysis 

Results of all siRNA samples and positive controls were normalized to the on plate non-targeting siRNA 

control. The values were divided by the mean of the NT control and log 2-transformed. To determine 

the significance of a sample the Z-factor (see chapter 2.2.9, page 34) was used (Birmingham et al., 

2009; Sharma et al., 2011). An effect was considered significant with Z-factor larger than zero. 

Calculation of 2 to the power of the log-transformed normalized sample value resulted in the fold-

change. 

The Nicoletti assay was used to assess the apoptosis (data acquisition in log-scale) and the cell cycle 

distribution (data acquisition in linear scale). The gating of apoptotic nuclei was adjusted for each plate 

using non-targeting and Death-inducing siRNA controls.  

The results of all siRNAs from the RNAi screening were ranked using the Z-factor (Birmingham et al., 

2009; Sharma et al., 2011) or the log 2-transformed normalized mean values. The 50 strongest effects 

on viable cell concentration, viability, volumetric productivity, specific productivity and apoptosis were 

evaluated after ranking. A hit-list was created based on strong effects on single parameters and 

interesting combinatorial effects.  
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Extended siRNA mediated gene knockdown 

CAP®-IgG cells were transfected with siRNA as generally described in chapter 2.1.5 (page 17). Briefly, 

4x105 viable cells/mL were transfected in a volume of 5 mL in TubeSpin® bioreactor 50 (TPP, 

Trasadingen, Switzerland) with the siRNA pools/controls listed in Table 10. The siRNA was complexed 

with 16.5 µL ScreenFect® A in a complex formation volume of 833 µL. CAP®-IgG cells were centrifuged 

at 130 xg for 3 minutes, supernatant aspirated and resuspended in pre-warmed CAP®-CDM 

supplemented with 6 mM Ultraglutamine I. This cell solution was added to the siRNA:ScreenFect® A 

complexes and immediately mixed by gentle shaking. Starting at 48 hours’ post transfection, samples 

were taken daily for quantification of cell concentration and viability by means of Trypan Blue exclusion 

(see chapter 2.2.1), determination of product concentration in the supernatant and relative 

quantification of cellular mRNA levels of MAPK1, STK24, DAPK1, as well as IgG heavy and light chain 

(see chapter 2.3.5, page 39). Cells were cultivated for 6 days in total. 

 

Table 10 - Overview of all samples for extended siRNA mediated gene knockdown. The siRNA concentration was 40 nM 
and all experiments were performed as biological triplicates. Sequences of siRNAs (FlexiTube GeneSolution, Qiagen AG, 
Hilden, Germany) against human STK24 and human DAPK3. 

Sample siRNA  
   Sequence (5’ - 3’ on mRNA) 

Type 

Untransfected -- Negative control 
Non-targeting  AllStars® Neg. control, Qiagen siRNA negative control 
Death-inducing (HsDt) AllStars® Cell Death control Transfection control  

(cellular level)  
Anti-IgG Mix of 5 siRNAs  

See Table 3, page 18 
Transfection control  
(protein product level) 

MAPK1 Cat. No. 1022564, Qiagen Transfection control  
(mRNA level) 

STK24 Mix of 4 siRNAs (equal amounts) 
   CTCATGAAGCTTTAAATTATA 
   CTCAGTGTTTATCTACAATTA 
   CCCACCGACGTTGGAAGGAAA 
   TCCATATGTAACCAAATATTA 

siRNA ID 
   SI02758812 
   SI02758812 
   SI02223284 
   SI04380719 

DAPK1 Mix of 4 siRNAs (equal amounts) 
   CCAGTTTGCGATCGTGCGGAA 
   CTCCAGCTTGCCGCCCAACAA 
   CCCAGAGATTGTGAACTATGA 
   CCCACGAATCAAGCTCATCGA 

siRNA ID 
   SI03571141 
   SI02777369 
   SI00605227 
   SI04380012 

 

2.1.7 Ectopic ERN1 overexpression 

 

Human ERN1 (NM_001433) was expressed under control of the CMV promoter after transfection of 

the ready-to-use plasmid pCMV-ERN1 (Catalogue No. RC215023 from Origene, Rockville, USA). The 

human gene was fused to a C-terminal myc-FLAG tag. 
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Transient ERN1 expression in CAP®-SEAP cells 

CAP®-SEAP Minipool 6D6 cultures were transfection as described in chapter 2.1.4 with pCMV-ERN1 

and pCMV6-AC (mock plasmid, Catalogue No. PS100020 from Origene, Rockville, USA). A negative 

control using water instead of DNA and a positive control transfecting pcDNA3.1-sv40(-)-Zeo-d2EGFP 

were prepared too. 24 hours after transfection, cell concentration and viability were determined using 

the Trypan Blue exclusion assay. 30 x 106 viable cells of each culture were centrifuged at 130 xg for 3 

minutes at room temperature. The supernatant was aspirated, the cells resuspended in prewarmed 

CAP®-CDM supplemented with Ultraglutamine I (Lonza, Basel, Switzerland) at a concentration of 1 x 

106 viable cells/mL and distributed to three TubeSpin® bioreactor 50 (TPP, Trasadingen, Switzerland) 

with a total of 10 mL culture volume. This timepoint was declared 0 hours and the cells were cultivated 

for 4 days. Cell concentration and viability were quantified using Trypan Blue exclusion assay daily (see 

chapter 2.2.1, page 26). Cell culture supernatant samples were frozen at -20°C for quantification of 

SEAP concentration by biochemical SEAP reporter assay (see chapter 0). Additionally, the pcDNA3.1-

sv40(-)-Zeo-d2EGFP transfected culture was analyzed after one and two days with the one-dimensional 

viability staining using TO-PRO®3 on the MACSQuant® Analyzer (Miltenyi Biotec, Bergisch-Gladbach, 

Germany) to assess the transfection efficiency determining the ratio of GFP positive cells (see chapter 

2.2.2, page 27). 

 

Batch cultivation of CAP®-SEAP-ERN1 cells 

The two stable cell pools CAP®-SEAP-mock and CAP®-SEAP-ERN1 were established by plasmid 

nucleofection and selection of CAP®-SEAP Minipool 6D6 with the antibiotic G418 as described in 

chapter 2.1.4 (page 16). CAP®-SEAP Minipool 6D6 (parental), CAP®-SEAP mock and CAP®-SEAP ERN1 

were seeded at a concentration of 1 x 106 viable cells/mL in 25 mL culture volume in 125 mL 

polycarbonate shaker flasks (without baffles, Corning) in biological triplicates. Cell concentration and 

viability were quantified using Trypan Blue exclusion assay daily (see chapter 2.2.1, page 26). Cell 

culture supernatant samples were frozen at -20°C for quantification of SEAP concentration by 

biochemical SEAP reporter assay (see chapter 0, page 33). 

 

2.2 Analytical methods 

2.2.1 Trypan blue exclusion viability assay and cell count 

 

Trypan Blue (VWR International GmbH, Darmstadt, Germany) solution with a concentration of 0.4 % 

(v/v) in PBS was mixed 1:2 (cell concentration < 1 x 107 cells / mL) or 1:5 (cell concentration > 1 x 107 

cells / mL) with the sample. The dye stains only dead cells since it is membrane impermeable for viable 

cells with intact cell membranes. The cell culture mixed with Trypan Blue solution was transferred to 

Cedex Slides (Roche Diagnostics Deutschland GmbH, Mannheim, Germany) and analyzed in a Cedex® 

XS System for cell concentration and viability. 
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2.2.2 Quantitative flow cytometry 

 

All quantitative flow cytometry analysis assays were performed on a MACSQuant® flow cytometer 

(Miltenyi Biotec) equipped with 3 lasers (excitation wavelengths 405, 480, 605 nm). Samples were 

placed in U-bottom MTPs (Greiner Bio One, Frickenhausen, Germany) on a chill rack and automatically 

injected for analysis. The instrument injects a defined volume into the flow cell and all cells are 

hydrodynamically focused and detected at a constant flow rate. Therefore, it was possible to 

determine the cell concentration of the sample. CAP® cells tend to build up doublets, to take this into 

account the Forward scatter (FSC) width was used for doublet discrimination. As shown in Figure 7 all 

events were displayed via FSC and Sideward Scatter (SSC). To correct the cell concentration the number 

of doublet events (Figure 7 B) was added to the number of all events (Figure 7 A). 

 

Figure 7 - Example of Quantitative Flow cytometry analysis of CAP®-SEAP Minipool 6D6 cells – A: Cells and debris were 
detected in forwarded (FSC) and side scatter (SSC), both displayed with peak area. B: To discriminate doublets from singlets 
all events from the gate “All cells” were analyzed using peak area of Calcein Violet (5 µg/mL incubated for  
20 minutes at 37°C) and FSC peak width. 

 

Two-dimensional live cell staining 

The cells were incubated for 20 minutes at 37°C with 5 µg/mL Calcein Violet 450 AM Viability dye 

(eBiosciences, Vienna, Austria) and 5 µg/mL Propidium Iodide (eBiosciences, Vienna, Austria) in a total 

volume of 100 – 200 µL. Samples were immediately measured on the MACSQuant® Analyzer (Miltenyi 

Biotech, Bergisch-Gladbach, Germany) or chilled at 4°C in the refrigerator for up to 2 hours until 

quantification. All cells (Figure 7 A) were displayed in a density plot for Calcein Violet 450 AM  

(X-axis, Channel V1: Excitation 405 nm, Emission filter 450/50 nm) and Propidium Iodide (Y-axis, 

Channel B3: Excitation 488 nm, Emission filter 655-730 nm) as shown in Figure 8 and gated to 

discriminate viable and dead cells based on the Untransfected and Cell Death siRNA controls. 
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Calcein Violet 450 AM is a colorless cell permeable ester dye that is hydrolyzed within viable cells by 

cytosolic esterases activity producing a membrane-impermeable fluorescent dye. Dead cells lack the 

esterases to hydrolyze the dye and therefore remain unstained. Propidium Iodide is a cell-

impermeable fluorescent DNA stain that diffuses through the permeable cell membrane of necrotic or 

late-apoptotic cells. Therefore, viable cells are positive for Calcein Violet and negative for Propidium 

Iodide, whereas dead cells are Calcein Violet negative and Propidium Iodide positive. 

 

Figure 8 - Example of CAP®-SEAP Minipool 6D6 cell culture samples stained with Calcein Violet and Propidium iodide and 
analyzed for cellular fluorescence of these two dyes. A: Viable cells from non-targeting (NT) siRNA control transfection 
catalyze the non-fluorescent cell-permeable viability dye Calcein Violet 450 AM by active cytosolic esterases to its 
membrane impermeable fluorescent derivate. Propidium Iodide is a cell impermeable DNA stain and is not incorporated 
into viable cells. B: Dead cells from AllStars® Cell Death control siRNA transfected cells lost their cytosolic esterase activity 
to catalyze Calcein Violet to its membrane impermeable fluorescent derivate and incorporate Propidium Iodide through 
the disintegrated cell membrane. Samples were measure 54 hours post-transfection. 

 

One-dimensional live cell staining with TO-PRO3 

The cells were incubated for 5 to 10 minutes at room temperature with 0.25 µM TO-PRO®3 (Molecular 

Probes, Thermo Fisher Scientific, Eugene, USA) by adding 1 µL of diluted dye to about 200 µL sample. 

This viability dye is membrane-impermeable and binds to DNA where its fluorescence is magnified. 

Like Propidium Iodide it stains necrotic and late-apoptotic cells as shown in Figure 9, but its excitation 

and emission maximum are red-shifted. It is quantified in channel R1 (Excitation 635 nm, Emission filter 

655-730 nm). Thus, it enables multiplexing with GFP fluorescence (channel B1, excitation 488 nm, 

emission filter 525/50 nm). 
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Figure 9 - Example of CAP®-SEAP Minipool 6D6 cell culture samples were stained with TO-PRO3 (0.25 µM, incubated for  
5 – 10 minutes at room temperature) to assess viability. A: Viable cells do not incorporate the membrane-impermeable 
DNA stain and show no fluorescence, whereas B: Dead cells (CAP®-SEAP Minipool 6D6 cells after transfection of AllStars® 
Cell Death control siRNA) with disintegrated membranes are stained by TO-PRO3.  

 

Transfection efficiency 

CAP® cells were transfected with 3’ Alexa Fluor® 647 labeled Non-targeting siRNA (Cat. No. 1027287, 

Qiagen AG, Hilden, Germany). Starting one-hour post transfection cells exhibit red fluorescence  

(Y-Axis, channel R1, Excitation 635 nm, Emission filter 655-730 nm) upon successful siRNA transfection 

as shown in Figure 10 B. A high degree of Alexa Fluor® 647 positive cells was a good first indication for 

a successful siRNA transfection. However, functional controls (AllStars® Cell Death siRNA and Anti-

SEAP/Anti-IgG siRNA) were still necessary to prove a successful siRNA mediated knockdown. 
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Figure 10 - Example of CAP®-SEAP Minipool 6D6 cells 54 hours after Alexa Fluor® 647 labeled Non-targeting siRNA 
transfection to determine transfection efficiency. The fluorescently labeled Non-targeting siRNA was spiked into the non-
fluorescent Non-targeting siRNA with 25 % (mol/mol). A: Untransfected cells exhibit no fluorescence, whereas 
B: successfully transfected cells exhibited higher fluorescence by uptake of Alexa Fluor® 647 labeled siRNA. 

 

Nicoletti staining for apoptosis and cell cycle distribution 

A 1.25-fold concentrated Nicoletti staining solution (0.625 % (v/v) Triton™-X100, 0.125 % (w/v) Sodium 

citrate, 12.5 µg/mL Propidium Iodide, 2 Units/mL RNase (DNase heat-inactivated, Thermo Fisher 

Scientific, Vilnius, Lithuania) in PBS (w/o Ca2+, Mg2+, pH 7.4)) was prepared and stored at 4°C in the dark 

for a maximum of 3 months. 150 µL of the staining solution were added to 50 µL cell culture sample in 

U-bottom 96 well MTPs, gently mixed by pipetting and incubated for at least 5 minutes at room 

temperature. The samples were either measured directly on the MACSQuant® Analyzer or stored at 

4°C in the dark up to 12 hours. The detergent Triton™-X100 permeabilizes the cell membrane and 

enables the DNA binding Propidium Iodide to enter all cells and thus measure the DNA content. 

Permeabilized cells were detected in a specific region in the FSC/SSC diagram and gated for doublet 

discrimination using the FSC width. Singlet cells were gated and further analyzed. The fluorescence of 

propidium iodide was quantified in channel B2 (Excitation 488 nm, Emission filter 641/50 nm) with a 

log3 amplification to detect sub G0/G1 cells (apoptotic) as shown in Figure 11. In parallel propidium 

iodide fluorescence of non-apoptotic cells was measured with linear amplification in channel B3 

(Excitation 488 nm, Emission filter 655-730 nm) and the cycle G0/G1-Phase, S-Phase and G2-Phase was 

gated as shown in Figure 12.  
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Figure 11 - Example of CAP®-SEAP Minipool 6D6 cells 54 hours post transfection of A: Non-targeting siRNA (viable cells 
exhibit regular DNA content of cells in G0/S/G2 cell cycle and sub-G0) and B: Cell Death siRNA (apoptotic cells show reduced 
DNA content in sub G0). DNA content of cell cultures samples was assessed by Nicoletti staining by measurement of 
Propidium Iodide fluorescence. 

 

 

Figure 12 - Example of relative quantification of cell cycle distribution by Nicoletti staining followed by flow cytometry.  
A: CAP®-SEAP Minipool 6D6 cells transfected with Non-targeting siRNA 54 hours’ post-transfection. Cells exhibit a typical 
cell cycle distribution with most cells having 1N DNA content, whereas B: Anti-Wee1 siRNA transfected CAP®-SEAP 
Minipool 6D6 cells 54 hours’ post transfection exhibit an altered cell cycle distribution with most cells having 2N DNA 
content. 
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2.2.3 Cell lysis and sample preparation for SDS-PAGE 

 

Cell pellets were prepared by centrifugation at 300 xg and either directly lysed or stored at -80°C until 

further use. 200 µL of RIPA buffer (1 % (v/v) IGEPAL CA-630; 0.5 % (w/v) Sodium Deoxycholate, 1 mM 

EDTA, 0.5 mM DTT in PBS 7.4)) with 2X cOmplete™ protease-inhibitor cocktail (Roche Diagnostics 

Deutschland GmbH, Mannheim, Germany) were used to lyse 2-5 x 106 cells. The cells were vigorously 

resuspended by pipetting and 2 freeze-thaw cycles were performed. After lysis, the respective volume 

of RIPA buffer was added adjust 1 x 106 cells/100 µL volume. The cell lysate was centrifuged at 10,000 

xg for 10 minutes at 4°C and the supernatant was used for BCA assay and subsequent SDS-PAGE 

analysis. 

 

2.2.4 BCA Assay 

 

Cell lysate samples were diluted 1:4 with PBS and quantified using the PierceTM BCA Protein assay kit 

(Thermo Fisher Scientific, Rockford, USA) in 96 well plates according to the manufacturer. The supplied 

bovine serum albumin was used to prepare a calibration curve ranging from 20 to 2000 µg/mL protein 

concentration. After incubation of the samples as described in the protocol the plates were measured 

at 562 nm using a SpectraMax® M5e (Molecular Devices, Sunnyvale, CA, USA). 

 

2.2.5 SDS-PAGE 

 

Equal protein amounts of biological triplicates were pooled and diluted to a concentration of 2 µg 

protein / µL with RIPA buffer. Samples without replicates were diluted to 2 µg / µL too. For 

denaturation the respective volume of 5 X SDS Laemmli sample buffer (50 % (v/v) glycerol; 10 % SDS; 

0.05 % (v/v) Bromophenol Blue; Tris HCl 315 mM; pH 6.8) with 0.5 M Dithiothreitol (DTT) was added 

and incubated at 95°C for 5 minutes. A commercial horizontal electrophoresis system with 8-16 % Tris-

Glycine gradient precast gels (Amersham ECL Gel, GE Healthcare) was prepared according to the 

manufacturers manual with running buffer (denaturing: 25 mM TRIS, 192 mM glycine, 0.1 % (w/v) SDS, 

pH 8.3). The room temperature cooled samples were loaded on the gel (10 well gel: 30 µL sample/ 

well; 15 well gel: 20 µL sample/ well). Furthermore, 7 µL of the PageRulerTM prestained protein ladder 

(10 kDa to 180 kDa, Cat. No. 26616, Thermo Fisher Scientific, Rockford, USA) and a HEK293T cell lysate 

positive control for FLAG® tag (ALX-840-607 APRIL-FLAG, Enzo Life Sciences) were loaded on the gel 

alongside the samples. The electrophoresis was conducted at 160 V for 60 minutes with a maximum 

of 100 mA.  

 

2.2.6 Western Blot 

 

The Roti®-PVDF blotting membrane (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was activated in 

pure Methanol (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 30 seconds. The SDS gel was 

removed from the electrophoresis system according to the manufacturer and the stacking gel was 
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discarded. The gel was shortly washed with destH2O. Activated membrane, Whatman paper and the 

SDS gel were equilibrated in transfer buffer (25 mM TRIS, 192 mM Glycine, 10 % (v/v) Methanol) for at 

least 10 minutes. The transfer stack for the semidry electro-blotting was assembled in the following 

order from Cathode to Anode: 3 Whatman paper, Polyacrylamide protein gel, PVDF membrane (Carl 

Roth GmbH + Co. KG, Karlsruhe, Germany) and 3 Whatman paper. Potentially entrapped air bubbles 

were removed by rolling a serological pipette carefully over the stack. The proteins were transferred 

with 25 mA per gel and a voltage of 50 V for 2 hours. 

After the protein transfer the membrane was checked for equal and sufficient transfer from the gel to 

the PVDF membrane following the transfer of the prestained protein markers. The membrane was 

then washed with TBS (20 mM TRIS, 150 mM NaCl, pH 7.5) for 1 minutes and 3 minutes. Afterwards, 

it was blocked for 60 minutes on a rocker table. The blocking solution contained 5 % (w/v) skimmed 

milk powder (Sucofin) in TBS-T (TBS with 0.1 % (v/v) Tween-20, Carl Roth). Next, the membrane was 

incubated with the primary Anti-FLAG antibody described in Table 11 diluted in blocking solution in 

the given dilution over-night at 4°C on a rocker table at 5 rocks per minute. After incubation with the 

primary antibody the membrane was washed once with blocking solution. Afterwards, it was washed 

with TBS-T for 3, 5 and 8 minutes. Subsequently, the membrane was incubated with the secondary 

peroxidase (POD) labeled antibody listed in Table 11, diluted in blocking solution as indicated, for 60 

minutes on the rocker table at 5 rocks per minute. A further wash step was performed with TSB-T for 

1, 3 and 5 minutes. A last wash step was done with TBS for one minute. Finally, the membrane was 

developed with the ImmobilonTM Western Chemiluminescent HRP substrate (Merck KGaA, Darmstadt, 

Germany) according to the manufacturer’s protocol on a Fusion FX imaging system (Vilber Lourmat, 

Eberhardzell, Germany). A white light picture was taken to overlay the chemiluminescent picture with 

the protein marker bands. 

 

Table 11 - Summary of antibodies for Western Blot detection of the respective proteins. 

Antibody Description Final dilution Cat. No. Vendor 

Anti-Flag Monoclonal mouse anti-
FLAG® M2 antibody  

1:1000 F3165 Sigma-Aldrich 

Anti-β-Actin Monoclonal mouse anti-β-
Actin, clone AC-15 

1:200,000 A5541 Sigma-Aldrich 

Anti-ERN1 Monoclonal mouse anti-
ERN1, clone 4D12 

1:1000 SAB1412645 Sigma-Aldrich 

Anti-Mouse 
POD labeled 

Polyclonal goat antibody, 
peroxidase labeled, affinity 
isolated 

1:2000 A4416 Sigma-Aldrich 

 

2.2.7 SEAP Reporter Assay 

 

For SEAP quantification the cells were separated by centrifugation at 180 xg for 5 minutes at room 

temperature and the cell-free supernatant stored at -20°C until quantification. After thawing, the 

supernatant was diluted 1:500 in alkaline phosphatase buffer (100 mM TRIS, 5 mM MgCl2, 100 mM 

NaCl, pH 9.5). Reporter Gene Assay (Roche Diagnostics Deutschland GmbH, Mannheim, Germany) was 

used according to the manufacturers protocol and chemiluminescence was quantified using a 
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SpectraMax® M5e (Molecular Devices, Sunnyvale, CA, USA) with an integration time of 25 ms. The 

chemiluminescence intensity was related to a SEAP standard to calculate the concentration of the SEAP 

protein in the samples.  

 

2.2.8 Quantification of antibody concentration via HPLC 

 

Quantification of the IgG concentration in the cell culture supernatant was performed on an UltiMate 

3000 System (Thermo Fisher Scientific, Germering, Germany) with MAbPac™ Protein A analytical 

column (4 x 35 mm, Thermo Fisher Scientific, Germering, Germany). A flow rate of 2 mL/min was used 

with Eluent A for loading and Eluent B for elution (see Table 12).  

Table 12 - Composition of Eluent A and B used for antibody quantification via HPLC using a MAbPac™ Protein A analytical 
column. 

Substance/ 
Chemical property 

Concentration in Eluent A Concentration in Eluent B 

Sodium phosphate 50 mM 50 mM 
Sodium chloride 150 mM 150 mM 
Acetonitrile 5 % (v/v)  5 % (v/v) 
pH 7.5 2.5 

 

The system was calibrated with a previously produced and purified IgG from CAP®-IgG cells. The 

concentrated IgG was stored in sterile sodium acetate buffer pH 5.0 at a concentration of 2.39 mg/mL. 

The solution was diluted 1:5 in Eluent A. A standard curve was prepared by injection of various volumes 

of the IgG calibration solution ranging from 2.5 µL to 100 µL.  

Cell culture supernatant samples were prepared by separation of the cells at 300 xg in a centrifuge. To 

remove potential debris, the samples were further filtrated through 0.2 µM Polyethersulfon 

membranes (Phenex-RC syringe filter, Phenomenex, Torrance, USA) or by another centrifugation at 

13.000 xg. The cell free supernatant samples were directly injected by the HPLC system or stored at 

4°C until quantification. 

 

2.2.9 Statistic and functional analysis 

 

If not otherwise stated, experiments were conducted in biological triplicates. Mean and standard 

deviation were calculated and shown in the respective diagrams. To evaluate the error over the whole 

screening the standard error of the mean (SEM) was calculated. 

 

Design of experiment 

Traditionally, optimization strategies rely on the variation of one parameter at the time. This strategy 

is cumbersome, time-consuming and does not identify synergistic effects (Rouiller et al., 2013). The 

design of experiment (DoE) is a modern approach in life sciences. DoE uses a mathematical model to 
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describe the investigated system. Therefore, a full factorial design is not necessary to evaluate the full 

design space of all tested parameter. Only specific parameter combinations are probed to: identify key 

influence parameter; optimize major influencing parameter; study synergistic effects and validate the 

performance of the optimized system regarding error. DoE experiments allow for the simple 

identification of crucial parameter and can be used to calculate the global optimum of a model by 

interpolation. (Eriksson et al., 2008). 

The DoE analysis was performed with MODDE 9.1 (Umetrics, Umea, Sweden). A full factorial design 

with 3 independent parameters was used for optimization. A D-optimal, linear model with 3 center 

points on two plates (blocked design) was used for validation. Analysis of the created data was done 

in the software as well and predicted optimal conditions were rounded to be of easier use. The exact 

conditions used are further described in the respective chapters. 

 

p-Value from T-Test 

The p-values were calculated using an unpaired two-tailored Student’s T-Test comparing the siRNA 

treated sample with the on-plates NT sample. 

 

Z-factor 

Each sample was normalized against the mean of the on-plate NT siRNA control to allow for interplate 

comparison. The widely used Z-factor (J.-H. Zhang, 1999; Sharma et al., 2011) as an indicator of 

statistical quality was calculated for each siRNA and positive values were considered significant. It was 

calculated using the following formula, where SD is the standard deviation of the biological triplicate.  

 

𝒁-𝒇𝒂𝒄𝒕𝒐𝒓 = 𝟏 − (
𝟑 ∗ 𝑺𝑫𝒔𝒂𝒎𝒑𝒍𝒆 + 𝟑 ∗ 𝑺𝑫𝑵𝑻 𝒄𝒐𝒏𝒕𝒓𝒐𝒍

| 𝑴𝒆𝒂𝒏𝒔𝒂𝒎𝒑𝒍𝒆 −𝑴𝒆𝒂𝒏𝑵𝑻 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 |
) 

 

PANTHER analysis 

Gene Ontology analysis was done with the Protein ANalysis THrough Evolutionary Relationships 

(PANTHER, http://pantherdb.org/, on August 6th 2017) web-based tool (Mi et al., 2017). A list of all 

gene names that resulted in a decreased viable cell concentration in the CAP®-SEAP screening was 

compared to the list with all gene symbols of the siRNA library. A comparable analysis was performed 

by using a list of all genes that resulted in a significant decrease in volumetric SEAP concentration (Mi 

et al., 2009). 

To identify over- and underrepresented pathways these lists were uploaded individually. The 

representation of the genes within all PANTHER pathways was displayed by Excel. 

 

 

http://pantherdb.org/
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Kinome Render 

Using the conversion tool from the UniProt database (http://www.uniprot.org/uploadlists/, on August 

6th, 2017), all ENTREZ Gene IDs were converted to reviewed UniProt IDs. Lists consisting of all genes 

that reduced either CAP®-SEAP viable cell concentration or volumetric SEAP productivity were 

uploaded. All genes that could be mapped were annotated on the extended phylogenetic tree of 

kinases from Manning et al. (Manning et al., 2002) using Kinome Render 

(http://biophys.umontreal.ca/nrg/NRG/KinomeRender.html, on August 7th 2017, (Chartier et al., 

2013)). 

 

INGENUITY® Pathway analysis 

To identify relevant biological networks INGENUITY® Pathway analysis software (Qiagen AG, Hilden, 

Germany) was used. A list of all genes that resulted in a significant alteration of the viable cell 

concentration and volumetric SEAP productivity in CAP®-SEAP cells 54 hours after transfection was 

imported and analyzed. 

 

2.3 Molecular biology  

2.3.1 DNA plasmids 

 

The two plasmids pCMV6-AC (Catalogue No. PS100020, Figure 13) and pCMV-ERN1-myc-FLAG 

(Catalogue No. RC215023, Figure 14) were purchased from Origene, Rockville, USA. The ERN1 plasmid 

contained a Kanamycin/Neomycin resistance for selection of E. Coli with Kanamycin and of CAP®-SEAP 

cells with G418. The ERN1 encoding gene (NM_001433) in this plasmid contains a whole human cDNA 

open reading frame fused to a c-terminal Myc-FLAG tag. The pCMV6-AC plasmid served as a 

transfection mock control and lacks the ERN1 cDNA open reading frame including the Myc-FLAG tag.  

 

http://www.uniprot.org/uploadlists/
http://biophys.umontreal.ca/nrg/NRG/KinomeRender.html
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Figure 13 - Plasmid map of pCMV6-AC (Catalogue No. PS100020, Origene, Rockville, USA) used as mock plasmid. 

 

Figure 14 - Plasmid map of pCMV-ERN1-myc-FLAG (Catalogue No. RC215023, OriGene, Rockville, USA) used for ectopic 
expression of ERN1 (NM_001433) in CAP®-SEAP cells. 
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2.3.2 Preparation of plasmid DNA 

 

Electro-competent E. Coli DH5α were transformed with plasmid DNA via electroporation in a 2 mm 

cuvette (MicroPulser Electroporator, BioRad) with 2.5 kV, ideally with a time constant close to 5 ms. 

After 30-60 minutes in pure LB medium 10 µL and 100 µL bacterial culture were transferred to selective 

LB agar plates and incubated over-night. On the next day, a single colony was transferred to liquid LB 

medium with the respective antibiotic (see Table 13) and shaken at 37°C for 12-16 hours.  

The bacterial culture was harvested by centrifugation at 6000 xg for 10 minutes at room temperature. 

The supernatant was decanted, and the cell pellet was used for plasmid DNA isolation following the 

manufacturer’s protocol. For molecular biology grade DNA amounts up to 25 µg (relates to 5 – 10 mL 

culture broth) the RotiPrep Miniprep Kit (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was used. 

Larger transfection-grade DNA amounts with reduced endotoxin level were prepare with EndoFree 

Plasmid Maxi Kit (Qiagen AG, Hilden, Germany). DNA quality was assessed using a Spectrophotometer 

Nanodrop (Thermo Fisher Scientific, Waltham, USA) measuring 260/280 and 260/230 ration. 

Table 13 - Overview of utilized antibiotics for molecular biology. 

Antibiotic Concentration Vendor 

Ampicillin 120 µg/mL Carl Roth GmbH + Co. KG, Karlsruhe, Germany 
Kanamycin 100 µg/mL Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

 

2.3.3 Total RNA extraction 

 

All steps requiring an RNase-free environment and laboratory equipment were performed at the RNA 

workspace. This space was not commonly used and was cleaned with 0.1 % (v/v) DEPC supplemented 

water. Cell culture samples were collected by centrifugation at 300 xg for 5 minutes at room-

temperature and frozen at -80°C until RNA extraction. The RNeasy Mini Kit (Qiagen AG, Hilden, 

Germany) was used to extract the total RNA from the cell pellets. Briefly, biological triplicates were 

pooled (in total 5 to 8 x 106 cells), lysed and homogenized in 600 µL RLT buffer by harsh pipetting. 600 

µL of pure Ethanol were added to each sample and mixed by pipetting. The solution was transferred 

to the supplied spin column to bind the RNA. The column was centrifuged at 8,000 xg for 15 seconds 

in a benchtop centrifuge. Subsequently, the column was washed and dried as described in the manual. 

Finally, the RNA was eluted with 40 µL RNase-free water (Qiagen AG, Hilden, Germany) and quantified 

at 260 nm on a spectrophomoter (Nanodrop, Thermo Fisher Scientific). The purified RNA was 

immediately used for cDNA synthesis or stored at -80°C. 

 

2.3.4 cDNA synthesis from total RNA samples 

 

For cDNA synthesis the Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics Deutschland 

GmbH, Mannheim, Germany) was used. One µg of RNA from each sample was reverse-transcribed 

according to the standard procedure for quantitative Realtime-PCR as described in the kits manual. 

RNA, water and 2 µL of the supplied random hexamer primer (final concentration 60 µM) were mixed 

in thin-walled PCR tubes followed by 10 minutes at 65°C and then cooled down to 4°C. The Master 
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Mix, consisting of the 5 X Reaction buffer, RNase inhibitor, dNTP mix, DTT and the Reverse 

Transcriptase, was prepared and added to the RNA. The reaction mixture was placed in a 29°C pre-

warmed PCR Thermocycler (Eppendorf, Hamburg, Germany). The reaction was incubated for 10 

minutes at 29°C, 60 minutes at 48°C and finally 5 minutes at 85°C. The cDNA was either directly used 

in quantitative Real-time PCR or frozen at -80°C. 

 

2.3.5 Quantitative Real-Time PCR 

 

The quantitative Real-Time PCR was performed with the Universal Probe library system (UPL, Roche 

Diagnostics Deutschland GmbH, Mannheim, Germany) on a LightCycler® 480 (Roche Diagnostics 

Deutschland GmbH, Mannheim, Germany). The cDNA samples were diluted 1:20 with nuclease-free 

water. The reaction mix contained cDNA, gene-specific primer pair, the appropriate UPL probe and the 

Probes Master Mix (Genaxxon, Ulm, Germany). The primer sets are displayed in Table 14. Furthermore, 

each sample was quantified using 18S rRNA (housekeeping gene) primer for normalization. To ensure 

specificity each primer – UPL pair was tested with water instead of cDNA for creation of unspecific 

primer dimers and purity of the used reagents. The qPCR assay was designed using the online available 

ProbeFinder version 2.50 for human. Exon-spanning assays were designed where possible. 

Table 14 - qPCR Assay design with UPL and primers for quantification of the indicated RNA species. 

Gene Accession ID UPL Left primer Right primer 

STK24 NM_003576.3 88 gcagcggctccagagata cgaaggctctcgttgacttt 
DAPK3 NM001348.1 17 gaggacgtggaggaccatta cttggctgcgtactccttg 
ERN1 NM_001433.3 17 ggccttcatcatcacctatcc gtctccaggtgggtggaag 
MAPK1 NM_002745.4 20 caaagaactaatttttgaagagactgc tcctctgagcccttgtcct 
18s rRNA NR_003286.2 48 gcaattattccccatgaacg gggacttaatcaacgcaagc 
IgG-LC Not applicable 39 cagccaggaaagcgtcac ggcgtacaccttgtgcttct 
IgG-HC Not applicable 26 gcagcaagagcacatctgg tcggggaagtagtccttgac 

 

The mastermix was prepared by adding 2 µL of forward and reverse primer mix (10 µM), 0.2 µL of the 

UPL probe and 5.8 µL RNase-free water to 10 µL Probes Master Mix. Thus, the final concentration of 

each primer was 1 µM. These 18 µL of qPCR master mix was dispensed in a white 96 well qPCR plate 

(Genaxxon, Ulm, Germany) and placed on ice. 2 µL of the diluted cDNA was added to the respective 

wells. Finally, the plate was sealed with an adhesive qPCR sealing foil (Genaxxon, Ulm, Germany), 

briefly vortexed, centrifuged and transferred to the LightCycler® 480 (Roche) and quantified with the 

program shown in Table 15. Quantitative Real-Time PCR results were analyzed with the widely used 

comparative C(t) method (Schmittgen et al., 2008). 

Table 15 - Run method for relative quantification of CAP®-SEAP Minipool 6D6 and CAP®-IgG mRNAs. 

Step Target (°C) Duration (mm:ss) Ramp rate (°C/s) Number of cycles 

Pre-Incubation 95 10:00 4.4 1 

 95 00:10 4.4  
Amplification 60 00:30 2.2 45 
 72 00:01 4.4  

Cooling 40 00:30 2.2 1 
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3 Results 

3.1 Establishment of a high-throughput high-content RNAi screening 

platform with recombinant CAP®-SEAP cells 

3.1.1 Establishment of a reliable siRNA transfection protocol for CAP® cells 

 

15 commercially available transfection reagents were tested to deliver siRNA into CHO-DG44 and 

CAP®-SEAP cells in complex protein expression medium (Fischer et al., 2013). ScreenFect® A has been 

identified as the most potent reagent in these two cells lines. Fluorescently labeled siRNA has been 

proven to be insight the cell by laser scanning microscopy. Successful RNAi mediation was shown on 

mRNA level (Figure 15 A) and on phenotypic level as SEAP protein concentration in the supernatant 

(Figure 15 B). In Figure 15 C, the AllStars® Cell death siRNA has been shown to results in increased cell 

death and a significant growth inhibition upon siRNA transfection.  

 

Figure 15 - A novel transfection reagent was identified able to functionally transfect CAP® cells with siRNA in PEM Medium 
(Thermo Fisher Scientific). A: 48 hours after siRNA transfection mRNA has been isolation with RNeasy Minikit (Qiagen) and 
transcribed to cDNA for qPCR analysis using the probe-based UPL system (Roche Diagnostics) in technical triplicates, 
indicated by the error bars. The mRNA level was normalized to 18s rRNA and related to the untransfected control via the 
comparative delta delta Ct method. B: Secreted SEAP protein concentration in the cell culture supernatant has been 
quantified 48 hours’ post transfection with 50 nM anti-SEAP siRNA. C: Cell death was induced by transfection of AllStars® 
Cell death siRNA targeting several proprietary vital genes 48 hours after transfection. The cells were transfected at 5 x 105 
viable cells/mL in biological triplicates with 50 nM of the respective siRNA. For statistical analysis, an unpaired two-tailed 
t-test was applied (* p < 0.05). [Reprinted from Journal of Biotechnology, Volume 168, Issue 4, “Breaking limitations of 
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complex culture media: Functional non-viral miRNA delivery into pharmaceutical production cell lines”, Simon Fischer, 
Andreas Wagner, Aron Kos, Armaz Aschrafi, René Handrick, Juergen Hannemann, Kerstin Otte, 2013, modified with 
permission from Elsevier] 

To conduct the RNAi screening in high-throughput scale the method was scaled to 96 well plates. 

Preliminary results (data not shown) indicated that CAP®-SEAP cells did not proliferate in 96 well plates 

in a novel protein expression medium CAP®-CDM (CEVEC Pharmaceuticals GmbH, Cologne, Germany) 

without agitation. To address this issue, a 96-well plate shaker (Mini orbital shaker, BellCo Glass, 

Vineland, USA, set to 800 rpm with a 1.78 mm orbit) tolerant to CO2 incubator environment was 

installed. To ensure greater sensitivity and uniformity the transfection method was further optimized 

with Design of Experiment (DoE). An Alexa Fluor® 647 labeled non-targeting siRNA was mixed with 25 

% (n/n) to the respective functional siRNA in all cases to detect non-transfected cells. 

DoE is an experimental approach to better understand multicomponent interactions of a system. The 

experimentally generated data subset was entered into the mathematical model to predict the 

response of the system under all experimental conditions. The DoE resulted in a reliable model to 

better understand the impact of the variable transfection parameter. Figure 16 shows the response on 

variation of the parameters ScreenFect® A and the total siRNA amount of either non-targeting or cell 

death siRNA transfecting 3 x 105 viable CAP®-SEAP cells/mL. The contour plot with 6 x 105 cells / mL at 

time of transfection shows a similar response on the variable setup parameter, with smaller impact on 

the output parameter. The result with 6 x 105 cells / mL is shown in Figure 45 in the Appendix (page 

138). 

Using non-targeting siRNA, an increased amount of the transfection agent resulted in a linear decrease 

of viable cell concentration at all siRNA concentrations (Figure 16). The siRNA concentration itself had 

no influence on cell concentration and showed only little effect on viability. On the other hand, cell 

death-inducing siRNA transfected cells behaved different. Cell concentration and viability due to cell 

death were strongly decreased upon simultaneous increase of death-inducing siRNA concentration 

and amount of ScreenFect® A. The strongest effect was observed with 0.8 µL/well ScreenFect® A and 

60 nM siRNA and resulted in the lowest final cell concentration of 7.61 x 104 viable cells/mL 

(untransfected control with 1.79 x 106 ± 0.14 x 106 with N=6) and a viability of 49,2 % (untransfected 

control 95.4 % ± 0.4 % with N=6).  
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Figure 16 - Contour prediction plots of DoE for the optimization of the siRNA transfection on proliferation and viability in 
96-well plates in a culture volume of 120 µL. The plots show the result of the model with a cell concentration of 3 x 105 
viable CAP®-SEAP cells/mL at transfection. Values of the calculated model are displayed as heat-map with red indicating 
the highest values and blue the lowest of viable cell density and viability. The axis displays the experimental conditions. 
Resulting viable cell concentration (upper diagram) and viability (lower diagram) of: Left: non-targeting and Right: Death-
inducing siRNA samples. Viable cell concentration and viability shall be maximized for non-targeting siRNA transfected 
CAP®-SEAP cells, whereas these two parameters should be minimized for Cell Death siRNA. The red circle indicates the 
sweet spot for best combination of the desired outputs. Cells were transfected with defined siRNA and transfection agent 
concentration and incubated for 48 hours. 25 % (n/n) of the total siRNA used per well was Alexa Fluor® 647 labeled non-
targeting siRNA. Cell analysis was performed with quantitative flow cytometry by staining with Calcein Violet and 
Propidium Iodide. 

 

The transfection of non-targeting and cell-death inducing siRNA had an influence on CAP®-SEAP cells. 

To maximize the assay window of a screening the negative control need to be affected as little as 

possible, whereas the positive control should result in the strongest effect. This translates to a maximal 

viable cell concentration and viability for the Non-targeting siRNA transfected cells, whereas human 

cell death siRNA transfected cells show the lowest possible viable cell concentration and viability. To 

determine the optimal parameter for the siRNA screening a Sweet Spot analysis was performed. The 

identified values were mathematically rounded to the more practicable values, shown in Table 16. 
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Table 16 - Optimized parameter for siRNA transfection of CAP®-SEAP cells in CAP®-CDM medium based on Design of 
experiment. 

Setup parameter Optimized and rounded value 
based on DoE 

Seeding cell concentration 4 x 105 cells/well 
Total siRNA concentration 40 nM 
Amount transfection reagent 0.4 µL/well 

 

Multiple plates need to be prepared on several days to do the siRNA screening. Therefore, the 

robustness of the optimized method including plate-to-plate variability was tested. A new siRNA 

control was introduced to quantify the downregulation of the SEAP production via transfection of an 

anti-SEAP siRNA pool, consisting of the three anti-SEAP siRNAs, shown in Table 3, page 18.  

A D-optimal, linear model with 3 center points on each of the two plates (blocked design) was used to 

validate the robustness of the system towards small deviations (≤ 10 %) of the set-points of the three-

optimized parameter: Total siRNA concentration, amount of ScreenFect® A and seeding cell 

concentration. The full experimental setup is described in Materials and Methods, chapter 2.1.5 (page 

17). The deviation of 10 % accounts for the highest imaginable imprecision that might occur in the 

high-throughput siRNA screening. The impact of these changes was quantified on the resulting cell 

concentration, viability and volumetric SEAP productivity (=SEAP concentration in the supernatant). 

A model was generated to fit the experimental data. This analysis provides the parameter Q2 that 

indicates how well the generated model can predict new experiments. The highest possible score of 

Q2=1 and this represents a perfect match of the model to the experimental data. A robust system is 

characterized that: 1) small not controllable changes in the set-point parameters do not result in 

relevant deviation in the experimental results and 2) the background noise is higher within the tested 

boarders. This is indicated by Q2 ≤ 0.25 or no fit at all. This means that the algorithm was not able to 

fit a model to the data, because the changes in the results originate from random background noise 

rather than changes induced by variation of the setup parameter. If there is a correlation, Q2 > 0.25, 

the correlation plot shows the connection between the setup parameter and the resulting quantified 

output parameter. 

As shown in Table 17 two valid models (Q2 ≥ 0.25) were generated indicating no robust systems based 

on the assumption of ± 10 % deviation of amount of ScreenFect® A, siRNA concentration and cell 

concentration: 1) total cell concentration of cell death siRNA and 2) volumetric SEAP productivity of 

non-Targeting siRNA. Viability is not affected at all by any variation and represents a fully robust 

parameter. 

Table 17 - Summary of the fit of the experimental data from the robustness test to the model. The Q2 values of the fits, 
calculated and provided by the DoE software, are displayed as rounded numbers. The Q2 value is a parameter for the 
quality of a fit of the model to the experimental data. 

 siRNA control 
Quantified 
output parameter 

 
Non-targeting 

siRNA 

 
Cell Death siRNA 

 
Anti-SEAP siRNA 

Total Cell concentration - 0.2 0.6 0.2 
Viability - 0.2 - 0.2 - 0.2 
Volumetric SEAP productivity 0.5 Not determined 0.2 
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A robust system is desired for the high-throughput siRNA screening in CAP® cells. To elucidate the 

sources of sensitivity of the two non-robust parameters the coefficient plot in Figure 17 was generated. 

It showed the direction, strength and deviation of the impact of the setup parameter (ScreenFect® A 

amount, siRNA concentration, seeding cell concentration and plate-to-plate variation) on the resulting 

quantified output parameter of each siRNA control in the generated model. The deviation was 

experimentally quantified noise of the controls of this parameter. A coefficient larger than this noise 

results in an impact of this setup parameter on the result. 

The non-targeting siRNA control resulted in a valid model for volumetric SEAP productivity. The control 

is sensitive to ScreenFect® A amount, seeding cell concentration and plate-to-plate variability, within 

the tested boarders. The cell death siRNA control resulted in a strong model for the total cell 

concentration. Based on the coefficient plot in Figure 17 the control is sensitive to the seeding cell 

concentrations and the plate-to-plate variability. An increased seeding cell concentration resulted in 

increased total cell concentration 48 hours after transfection.  

 

 

Figure 17 - Coefficient plot of the Design of experiments model to test robustness of the siRNA transfection in CAP®-SEAP 
cells. A D-optimal linear model with 3 center points and 2 blocks was used to measure the impact of variation in the setup 
parameter (SF – ScreenFect® A amount; RNA - Total siRNA concentration; cell - seeding cell concentration, $Blo(B2) - Plate 
to plate variation) on the results of the total cell concentration and viability for each siRNA control (non-targeting, cell 
death and Anti-SEAP siRNA).  

 



Results  45 

 

The analysis of the siRNA transfection by design of experiment resulted in a better understanding of 

the process and its impact on the results. The siRNA transfection method was adapted to high-

throughput scale and optimized. In general, the method was robust with some sensitivity towards 

changes in the setup parameters, especially imprecision of the seeding cell concentration. To 

overcome these drawbacks, a normalization to the negative non-targeting control was used for all 

subsequent experiments. 

All previous experiments were analyzed 48 hours’ post transfection. To identify the optimal time for 

quantification for the high-throughput screening was is re-evaluated with the optimized transfection 

conditions from the design of experiment summarized in Table 16. CAP®-SEAP cells were transfected 

with 40 nM siRNA in total, whereas 10 nM were Alexa Fluor® 647 labeled non-targeting siRNA, with 

0.4 µL ScreenFect® A per well at a seeding cell concentration of 4 x 105 viable cells/mL in a total volume 

of 120 µL. The cells were analyzed for cell concentration, viability, siRNA fluorescence as well as 

volumetric and specific SEAP productivity 8, 24, 48 and 72 hours’ post transfection. 

Figure 18 shows that the untransfected control remained at a high viability above 95 % throughout the 

whole cultivation. Its viable cell concentration grew almost exponentially from 4 x 105 to  

3.6 x 106 ± 2.1 x 105 viable cells/mL after 72 hours. 

 

Figure 18 - CAP® cells have been transfected with 40 nM of the indicated siRNAs and 0.4 µL ScreenFect® A per well in CAP®-
CDM medium. A: Cell concentration and viability have been quantified after 8, 24, 48 and 72 hours after siRNA transfection. 
B: 25 % of the total siRNA has been Alexa Fluor® 647 labeled non-targeting siRNA to determine the transfection efficiency 
and the mean intracellular fluorescence. (n = 3, ± Standard deviation). SD was small and not visible at all data points.  

 

The non-targeting siRNA transfected control behaved like the untransfected control. Its exponential 

growth resulted in a viable cell concentration of 3.0 x 106 ± 1.4 x 105 viable cells/mL after 72 hours. The 

viable cell concentration was lower than the untransfected control over the whole course of the 

cultivation. 8 hours after transfection the viability dropped to 85 % but recovered and remained above 

95 %. The transfection efficiency, quantified as the percentage of Alexa Fluor® 647 fluorescent cells, 

was 100 % 8 hours’ post transfection and dropped to 59.6 % at the end of the cultivation. Intracellular 

fluorescence from Alexa Fluor® 647 labeled spiked-in siRNA, as an indicator of transfection strength, 

starts at 143 just 8 hours after transfection. It drops by more than half each 24 hours and results in 

3.09 after 72 hours. As reference, the untransfected control showed an artificial transfection efficiency 

of 2 – 3 % and 0.3 mean intracellular fluorescence over the course of the cultivation. 

The Anti-SEAP siRNA transfected functional controls exhibited a very similar growth and transfection 

efficiency than the non-targeting siRNA control. The cell concentration was slightly lower over the 



Results  46 

 

course of the cultivation resulting in a final viable cell concentration of 2.5 x 106 ± 0.2 x 106 viable 

cells/mL after 72 hours. The viability dropped to 87 % after transfection but recovered and remained 

at around 95 %. Figure 18 shows an almost identical intracellular fluorescence of the Anti-SEAP siRNA 

control compared to the non-targeting siRNA control based on the spiked in Alexa Fluor® 647 labeled 

siRNA. 

The cell-death inducing functional siRNA control exhibited an equal drop in viability to 86 % as the non-

targeting siRNA control 8 hours past transfection. However, the viability dropped further below 50 % 

during the next hours and remained below 50 % to a final viability of 40.5 %. The viable cell 

concentration decreased from 5.4 x 105 ± 0.2 x 105 viable cells/mL after 8 hours to  

1.4 x 105 ± 0.1 x 105 viable cells/mL at 72 hours after transfection proving this control was functional. 

Apart from the cell concentration and viability the expression of SEAP by CAP®-SEAP cells shall be 

observed in the high-throughput screening. Therefore, the time course of SEAP expression upon siRNA 

transfection was investigated using cells from CAP®-SEAP Minipool 6D6. This Minipool was generated 

by seeding about 20 cells as described in chapter 2.1.1, page 15. This provides some heterogeneity in 

contrast to single cell clones but is more defined and homogenic than a standard stable cell pool. It 

was chosen because of similar growth and SEAP expression characteristics to parental CAP®-SEAP cell 

pool. Non-targeting siRNA transfected CAP®-SEAP Minipool 6D6 cells produced almost identical 

amounts of SEAP compared to the untransfected cells over the course of the cultivation as shown in 

Figure 19. The SEAP concentration in the supernatant of the untransfected cells increased 

exponentially, from 19.5 ± 0.8 µg/mL after 8 hours up to 561.3 ± 15.6 µg/mL at 72 hours. The non-

targeting siRNA transfected cells started at 21.3 ± 1.93 µg/mL 8 hours and increased to a final SEAP 

concentration of 537.9 ± 4.6 µg/mL at 72 hours. The growth of the anti-SEAP siRNA transfected cells 

was comparable to the two negative controls: untransfected and non-targeting siRNA. Already 8 hours 

after transfection the anti-SEAP siRNA transfected CAP®-SEAP cells only produced half the SEAP in the 

culture supernatant with 10.7 ± 0.8 µg/mL. After 72 hours, the SEAP concentration in the supernatant 

is with 109.0 ± 14.0 µg/mL only about one fifth compared to the controls proving this control was 

functional. 

 

Figure 19 - Volumetric and specific SEAP productivity of functional controls. CAP® SEAP cells have been transfected with 
40 nM of the indicated siRNA and 0.4 µL ScreenFect® A per well in CAP®-CDM medium. A: SEAP concentration in the culture 
supernatant has been quantified 8, 24, 48 and 72 hours after siRNA transfection. B: Amount of secreted SEAP per cell in 
the time intervals of 24-48 and 48-72 hours (n = 3, ± Standard deviation). For statistical analysis, an unpaired two-tailed t-
test was applied (** p < 0.01). 
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The specific SEAP productivity, indicating the amount of SEAP produced per cell per day, showed the 

same trend in Figure 19 B. In both time intervals, the specific productivity of the anti-SEAP siRNA 

transfected cells is significantly reduced compared to the control cells. Between 24 and 48 hours, the 

anti-SEAP siRNA transfected CAP®-SEAP cells expressed 28.0 pg/cell/day, whereas untransfected and 

non-targeting siRNA control cells expressed 103.1 pg/cell/day and 125.3 pg/cell/day, respectively. In 

the time interval from 48 to 72 hours, 17.4 pg/cell/day were produced by the anti-SEAP siRNA 

transfected cells compared to 58.1 and 69.4 pg/cell/day for untransfected and non-targeting siRNA 

control cells.  

 

3.1.2 Quality of the functional controls in the RNAi screening 

 

The high-throughput screening consisted of 48 plates with three biological replicates for each of the 

four controls: untransfected, non-targeting siRNA, Cell-Death siRNA and Anti-SEAP siRNA transfected 

cells. So, the total number of replicates per control summed up to 144. All of them were displayed in 

histograms and means with standard deviation in Figure 20 categorized from A to E: viable cell 

concentration, viability, volumetric SEAP productivity, specific SEAP productivity and apoptosis. The 

detailed results of each quantified parameter are given in Table 18. 

The viable cell concentration in Figure 20 A of the non-targeting siRNA and of the anti-SEAP siRNA 

control, which is not supposed to have an impact on proliferation, overlapped well. The untransfected 

control showed slightly higher cell concentrations in general. The standard deviation of all these three 

controls with 2.1 x 105 to 2.6 x 105 viable cells/mL were very similar and translated to about 10-30 % 

of the mean viable cell concentration over the whole screening. The positive control for this parameter 

was the cell death siRNA control. It was very well separated from the other controls and with a p-value 

below 0.001 it was highly significant (Table 18). The mean viable cell concentration of the cell death 

siRNA control was less than one tenth of all the others with  

1.6 x 105 ± 0.8 x 105 viable cells/mL (compared to 1.8 x 106 ± 0.3 x 106 for the Non-targeting control). 

The histogram data showed, that there was no overlap between any data points. 

The viability showed a very narrow distribution of the untransfected, non-targeting and anti-SEAP 

control (Figure 20 B). Almost all replicates of the three controls were above 95 % viability with a mean 

of about 97 %. Even though, the standard deviation of the death control with 13.2 % was rather high, 

but the mean with 39.4 % was very well separated from the other controls with no experimental data 

point overlapping. With a p-value of below 0.001 the cell death siRNA control is highly significant 

regarding the parameter viability (Table 18). 

Volumetric SEAP productivity of untransfected and non-targeting control match well (Figure 20 C). The 

distribution was rather large from 47 to 168.5 µg/mL of SEAP in the supernatant after 54 hours of 

cultivation. The distribution of the anti-SEAP control ranged from 6 to 44.5 µg/mL. There was no 

overlap and most data were well separated. The mean of the anti-SEAP siRNA control was  

15.7 ± 7.9 µg/mL compared to the mean of the non-targeting control with 106.0 ± 27 µg/mL. This 

results in a highly significant p-value below 0.001 proofing the control worked well (Table 18). 

The specific SEAP productivity showed, that there might be some overlap of untransfected and non-

targeting negative controls with the anti-SEAP positive control (Figure 20 D). All siRNA controls showed 
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data points in the bin from 20 to 30 pg/cell/day in the histogram. However, the lowest value of the 

negative controls was 25.4 pg/cell/day compared to 20.7 pg/cell/day for the anti-SEAP positive control. 

Furthermore, the means including standard deviation were well separated (anti-SEAP siRNA control = 

9.1 ± 4.0 pg/cell compared to non-targeting siRNA control = 60.4 ± 17.1 pg/cell resulting in a p-value 

below 0.001), emphasizing a sufficient and highly significant differentiation between negative and 

positive control. 

The apoptosis shows that there was hardly any apoptosis of untransfected, non-targeting and anti-

SEAP control (Figure 20 E). The bin size of the histogram is five, so all values greater than zero are 

displayed as five, even though the mean apoptosis rate was about 1 % ± 0.5 %. On the other hand, the 

cell death inducing siRNA transfected cells showed a distribution of the apoptosis rate between 12.5 % 

and 69.9 %, with a mean of 41.2 ± 10.6 %. With a p-value below 0.001 the positive control for apoptosis 

(cell death siRNA control) was well separated from the other controls.  
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Figure 20 - Reliability of the established controls in the high-throughput siRNA screen. CAP®-SEAP Minipool 6D6 cells were 
transfected with ScreenFect® A and the following parameter were quantified after 54 hours: A: Viable cell concentration 
(bin size: 1 x 105 vc/mL); B: Viability (bin size: 5 %); C: Volumetric SEAP Productivity (bin size 10 µg/mL),  
D: Specific SEAP Productivity (bin size 10 pg/cell) and E: Apoptosis (5 %). Viable cell concentration and viability (Calcein 
Violet) were determined by quantitative flow cytometry. SEAP productivity was quantified using a biochemical assay to 
determine the SEAP concentration in the culture supernatant. Apoptosis was assessed by Nicoletti staining with propidium 
iodide with a flow cytometer. UT – untransfected; NT – non-targeting siRNA; Death – cell death inducing siRNA, Anti-SEAP 
– anti-SEAP siRNA control. The histogram shows the frequency of the individual values of all  
144 control siRNA replicates from 48 screening plates (one biological triplicate per plate). The error bars represent the 
standard deviation of all 144 replicates. 
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Table 18 - Mean, standard deviation (SD) and standard error of the mean (SEM) of all 144 individual control replicates: 
Untransfected, Non-targeting siRNA, Death-inducing siRNA and Anti-SEAP siRNA from all 48 plates. 

Untransfected 
Viable cell 

concentration 
[vc/mL] 

Viability 
[%] 

Volumetric SEAP 
productivity 

[µg/mL] 

Specific SEAP 
productivity 

[pg/cell] 

Apoptosis 
rate [%] 

Mean 2.13E+06 97.39 114.1 52.4 1.23 

SD 2.07E+05 0.71 26.4 11.8 0.58 

SEM 1.73E+04 0.06 2.2 1.0 0.05 

p-Value to NT < 0.001 0.059 0.011 < 0.001 < 0.001 
      

Non-targeting 
siRNA 

Viable cell 
concentration 

[vc/mL] 

Viability 
[%] 

Volumetric SEAP 
productivity 

[µg/mL] 

Specific SEAP 
productivity 

[pg/cell] 

Apoptosis 
rate [%] 

Mean 1.75E+06 97.71 106.0 60.4 0.80 

SD 2.61E+05 1.89 27.0 17.1 0.50 

SEM 2.18E+04 0.16 2.3 1.4 0.04 
      

Death siRNA 
Viable cell 

concentration 
[vc/mL] 

Viability 
[%] 

Volumetric SEAP 
productivity 

[µg/mL] 

Specific SEAP 
productivity 

[pg/cell] 

Apoptosis 
rate [%] 

Mean 1.58E+05 39.37 35.0 107.1 41.24 

SD 7.74E+04 13.18 10.7 75.9 10.59 

SEM 6.45E+03 1.10 0.9 6.3 0.88 

p-Value to NT < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
      

Anti-SEAP 
siRNA 

Viable cell 
concentration 

[vc/mL] 

Viability 
[%] 

Volumetric SEAP 
productivity 

[µg/mL] 

Specific SEAP 
productivity 

[pg/cell] 

Apoptosis 
rate [%] 

Mean 1.67E+06 97.08 15.7 9.1 0.90 

SD 2.45E+05 1.10 7.9 4.0 0.66 

SEM 2,05E+04 0,09 0,7 0,3 0,05 

p-Value to NT 0.011  0.001 < 0.001 < 0.001 < 0.001 

 

The design of experiment robustness testing demonstrated some sensitivity of the system. 

Furthermore, the overall analysis of all control data points showed, that results differed slightly from 

plate to plate. Hence, a normalization to the plates Non-targeting negative control and a high-

throughput screening significance parameter, the Z-factor was introduced. It considers the mean and 

distribution (standard deviation) of the samples that are compared and is introduced in Materials and 

Methods, chapter 2.2.9 (page 34). It is widely used in RNAi and small-molecule high-throughput 

screenings (J.-H. Zhang, 1999; Birmingham et al., 2009). A value of one is the highest possible score 

and results from a large difference of the controls means in combination with a small standard 

deviation. Every value greater than zero was considered significant. 

In Figure 21 the Z-factor is displayed, resulting from the comparison of each plates Non-targeting siRNA 

negative control to the cell death (A) or Anti-SEAP siRNA (B) positive control, respectively. Thus, all 

plates showed a significant effect of the cell death siRNA control on all three parameters: cell 

concentration, viability and apoptosis rate. Likewise, the Anti-SEAP siRNA controls showed a significant 

effect on volumetric and specific SEAP productivity. 
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The distribution showed values between almost 1 down to 0.23 (Figure 21). This shows that both 

functional controls (Cell death and Anti-SEAP) on all plates were significant and transfection of the 

CAP® cells were successful. Even more, most the results were above 0.5 indicating an excellent quality 

of the produced results. The detailed results are summarized in Table 19. Thus, the screening system 

resulted in reliable and significant data. 

 

 

Figure 21 - Z-factor distribution as a parameter of: A: of the Death-inducing siRNA positive control, for viable cell 
concentration, Viability and Apoptosis rate and B: of Anti-SEAP siRNA positive control transfected CAP®-SEAP  
Minipool 6D6 cells for Volumetric and specific SEAP productivity. Dots represent the Z-factor of each individual screening 
plate’s positive control siRNA vs. Non-targeting siRNA CAP®-SEAP transfected samples. Cells were transfected with siRNA 
in triplicate during the screening and analyzed after 54 hours. The box plot represents the median (center line), 25/75 % 
of the values (box boarders), the mean (diamond) and the standard deviation (whiskers). 

 

Table 19 - Summary of controls Z-factor statistics over the whole high-throughput siRNA screening. Viable cell 
concentration, Viability and Apoptosis rate were calculated comparing the Non-targeting siRNA negative control with the 
Cell-Death inducing siRNA positive control. The two parameters volumetric and specific SEAP productivity were calculated 
comparing the Non-targeting siRNA negative control with the Anti-SEAP siRNA control. 

Z-factor of  
controls 

Viable cell 
concentration 

Viability 
Volumetric SEAP 

productivity 
Specific SEAP 
productivity 

Apoptosis 
rate 

Median 0.77 0.77 0.82 0.76 0.80 

25 % Quartile 0.74 0.69 0.74 0.66 0.64 

75 % Quartile 0.87 0.84 0.88 0.85 0.88 

Minimum 0.65 0.23 0.49 0.25 0.32 

Maximum 0.97 0.98 0.99 0.96 0.97 

Mean 0.80 0.74 0.80 0.74 0.73 

Standard deviation 0.08 0.15 0.10 0.15 0.19 
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3.2 Identification of bioprocess-relevant kinases  

3.2.1 Overview of the results of the primary siRNA screening in CAP®-SEAP cells 

 

The scope of the presented siRNA screening was to identify process-relevant kinases in CAP® cells 

expressing the recombinant model protein SEAP and verify selected results in IgG expression CAP® 

cells. The siRNA mediated knockdown of such a kinase might result in a strong phenotype in either 

viable cell concentration, viability, volumetric, specific SEAP productivity or a combination thereof. For 

an easier comparison over all plates the log-change to the plates non-targeting siRNA control is shown 

(see Materials and Methods, Chapter 2.1.6, page 21). 

The histogram and box plot in Figure 22 illustrate an overview on the effect of all 763 kinase 

knockdowns on each of the four-analyzed process-relevant parameters. Overall, 50 % of the data 

(indicated by the boxes) were very close to zero for all four parameters. The viable cell concentration 

showed the lowest mean and median of log-transformed change with -0.13 and -0.11 respectively. 

This indicates that most of the kinase knockdowns resulted in a slightly reduced viable cell 

concentration compared to the Non-targeting siRNA transfected CAP®-SEAP control. The viability had 

a very narrow distribution with 50 % of the data between 0 and -0.02. Thus, mean and median are very 

close to 0 with values of -0.02 and -0.01 respectively, showing that viability was not perturbated for 

most siRNA-mediated knockdowns. The Volumetric SEAP productivity resulted in the largest 

distribution with 50 % of the results between -0.24 and 0.04, a mean of -0.12 and a median of  

-0.09 log-transformed change to the negative control. As the largest perturbation upon knockdown of 

a kinase it indicates that this the most sensitive parameter among the four ones quantified. The specific 

productivity resulted in a mean and median of both -0.01. Interestingly, the rather equal distribution 

of 50 % of that data ranges from -0.14 to 0.14. Thus, about half of all kinase knockdowns resulted in 

an upregulated specific SEAP productivity per cell. This parameter is calculated by dividing the 

Volumetric Productivity by the Viable Cell Concentration, meaning that an increase in productivity or 

a decreased proliferation can lead to a positive specific SEAP productivity. This behavior can be seen 

in the histograms that describes a Gaussian distribution for all parameters. Most of the individual 

results accumulated around the X-Axis with a center point close to the median. Thus, many of the 

siRNA mediated kinase knockdowns had little effect on the CAP® cell based SEAP expression system 

within 54 hours after transfection. 

A small number of knockdowns resulted in a dramatic effect. Negative phenotypes were typically 

stronger than positive ones. Such strong phenotypes were observed for all 4 process-relevant 

parameters. The viable cell concentration was greatly reduced by siRNA knockdown of the following 

proteins: Polo-like kinase 1 (PLK1, -2.17 ± 0.04), coatomer subunit beta protein complex 2 (COPB2, 

served as a non-kinase functional positive control, -2.12 ± 0.18), checkpoint kinase 1  

(CHEK1, -1.27 ± 0.02), Pantothenate kinase 4 (PANK4, -1.21 ± 0.08) and WEE1 G2 Checkpoint kinase 

(WEE1, -1.08 ± 0.05) showing the log-transformed change to the Non-Targeting siRNA control. On the 

other hand, the top 3 genes resulted in a slightly increased viable cell concentration: Protein tyrosine 

kinase 9-like (PTK9L, 0.49 ± 0.06), Citron Rho-interacting kinase (CIT, 0.44 ± 0.04) and bone 

morphogenetic protein receptor, type IA (BMPR1A, 0.32 ± 0.02). Thus, negative changes were more 

than double as strong as positive ones. The knockdown of PLK1 (-1.44 ± 0.09), COPB2 (-1.27 ± 0.12), 

WEE1 (-1.21 ± 0.13), Calcium/Calmodulin Dependent Protein Kinase I, subunit gamma (CAMK1G, -1.17 

± 0.07) and Endoplasmic reticulum-to-nucleus singaling 1 (ERN1/IRE1, -1.14 ± 0.07) resulted in a strong 
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decreased volumetric SEAP productivity. In contrast, the following kinase knockdowns resulted in only 

a mild elevated productivity: Growth-associated protein 43 (GAP43, 0.40 ± 0.05), Protein kinase C 

epsilon (PRKCE, 0.36 ± 0.06), Serine-Threonine kinase 24 (STK24, 0.34 ± 0.04) of log-transformed 

change compared to the Non-targeting siRNA control.  

 

Figure 22 - Histogram and box plot summarizing the effect of all tested 763 siRNA mediated gene knockdowns on viable 
cell concentration, viability, volumetric and specific SEAP productivity 54 hours after transfection of CAP®-SEAP cells. The 
histogram displays the mean logarithmic change of the effector siRNA sample compared to the Non-targeting siRNA 
control. All siRNA knockdowns were performed in biological triplicate. The box plot represents the median (center line), 
25/75% of the values (box boarders) the mean (diamond) and 5/95 % of the values (whiskers). 

 

The Volcano plots of the four-evaluated parameter showed the significance (p-value) and strength of 

the change (log-fold change to non-targeting control) of the siRNA mediated knockdown (Figure 23). 

The shape of the plotted data displays a common outcome of a high-throughput screening. Most 

experiments resulted in small phenotypic changes and low significance. A few siRNA mediated 

knockdowns resulted in large and significant phenotypic changes in CAP®-SEAP Minipool 6D6 cells. 
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Figure 23 - Volcano plots of all 763 tested siRNA knockdowns in CAP®-SEAP Minipool 6D6 cells. Each data point represents 
the –log2 transformed p-value of an unpaired two-tailed Students T-Test against the logarithmic change of the siRNA 
sample compared to the Non-targeting siRNA. The test compares the significance of an individual siRNA transfected sample 
to the magnitude of the resulting phenotypic change. 

 

A positive Z-factor was considered significant to capture all potentially interesting effects. The result is 

shown in the pie charts of Figure 24. With this significance criterium, the number of significant 

phenotypes observed upon siRNA-mediated knockdown ranged from 46 (specific SEAP productivity) 

to 141 (Viability). The viable cell concentration, the viability and the volumetric productivity almost 

exclusively resulted in significant decreased phenotypes compared to the non-targeting control. 

Specific SEAP productivity resulted in an almost equal distribution of increased and decreased 

phenotypes. The apoptosis rate was significantly increased in most experiments. Overall, the majority 

(82 to 94 %) of the siRNAs resulted in no significant change.  
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Moreover, the strength and distribution of the effects upon siRNA mediated gene knockdown is shown 

in the histograms in Figure 24. It shows all mean values in a descending order of the 763-individual 

siRNA-mediated knockdowns in CAP®-SEAP 6D6 Minipool cells. More than two third of the gene 

knockdowns resulted in a reduced viable cell concentration, viability and volumetric SEAP productivity 

and increased apoptosis rate, although not all results were significant (Figure 24 A, B, C, E). On the 

other hand, specific SEAP productivity resulted in an almost equal distribution of increase or decrease 

upon siRNA transfection (Figure 24 D). The apoptosis rate was increased by up to 30-fold compared to 

the non-targeting siRNA control, whereas all other parameters were increased up to 1.6-fold at 

maximum. 

The siRNA knockdown screen in CAP®-SEAP cells resulted in many significant strong modulations of 

the all five-quantified parameter. The 23 strongest significant process-relevant negative effects are 

shown in Table 20, while all positive effects are given in Table 21. Polo-like kinase 1 (PLK1) knockdown 

showed the strongest of all tested siRNAs by reducing the viable cell concentration by 77.8 %. This is 

even stronger than the non-kinase control Coatomer Protein Complex Subunit Beta 2 (COPB2) with 

77.1 %. Several other kinase knockdowns resulted in a tremendous reduction proliferation. A strong 

reduction in proliferation was often coupled with an impaired viability and a strongly increase 

apoptosis rate, for example PLK1, PANK4, PIK3R2, MAP3K2 or CHEK1. The knockdown of these proteins 

also resulted in a remarkable decrease in volumetric SEAP productivity. The results of this systematic 

high-throughput kinase knockdown screening provide an excellent basis for understanding the 

regulation of proliferation, viability and productivity in CAP®-SEAP cells.  
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Figure 24 - Representation of the number and ratio of significant changes induced by siRNA mediated gene knockdown 
compared to the plates Non-targeting siRNA control on A: viable cell concentration; B: viability; C: volumetric SEAP 
productivity; D: specific SEAP productivity and E: apoptosis. Red represents the number of siRNA that induced a significant 
decrease, whereas green represents significant increase. Significance criterion: Z-factor > 0. 
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Table 20 - Summary of the 23 strongest significant siRNA mediated gene knockdowns in CAP®-SEAP Minipool 6D6 cells that resulted in a decrease of viable cell concentration, viability, volumetric 
and specific SEAP productivity or increase of the apoptosis rate. The genes are sorted according to the mean change to the non-targeting siRNA control sample. 

Rank Viable cell concentration Viability Volumetric SEAP Productivity Specific SEAP Productivity Apoptosis rate 

 
Gene 

Change 
[%] 

SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z 

1 PLK1 -77.8 2.8 0.76 COPB2 -50.1 14.2 0.59 PLK1 -63.0 6.8 0.77 CAMK1G -56.6 6.6 0.70 PLK1 2859.4 5.8 0.81 

2 COPB2 -77.1 12.9 0.78 PANK4 -23.3 4.4 0.24 COPB2 -58.5 8.9 0.81 PTK7 -38.4 5.2 0.19 CHEK1 2072.1 4.3 0.86 

3 CHEK1 -58.5 1.4 0.79 PRKCN -18.0 0.8 0.83 WEE1 -56.7 9.4 0.30 UCK1 -34.0 1.5 0.62 WEE1 958.8 0.4 0.90 

4 PANK4 -56.7 5.8 0.68 ADCK5 -17.5 1.0 0.79 CAMK1G -55.4 4.7 0.71 PTK9L -33.9 5.3 0.07 STK6 650.6 5.2 0.80 

5 WEE1 -52.6 3.5 0.49 PLK1 -16.8 4.3 0.30 ERN1 -54.6 4.9 0.39 ROS1 -33.7 1.3 0.28 AKT1 425.6 8.0 0.58 

6 MAP3K2 -46.8 2.9 0.80 STK39 -14.2 1.6 0.70 CHEK1 -52.8 2.6 0.74 PTK9 -31.0 3.8 0.05 TLK2 412.9 4.8 0.72 

7 P15RS -42.8 7.0 0.29 CSNK1A1L -12.1 0.8 0.76 LIMK1 -39.6 2.1 0.84 SOCS5 -30.4 9.8 0.04 MAP3K2 391.7 7.5 0.65 

8 CINP -37.0 12.2 0.18 PIK3R2 -11.9 2.7 0.28 UCK1 -37.3 1.8 0.77 LIMK1 -30.2 6.6 0.34 CSNK1A1L 368.5 16.4 0.32 

9 RIOK1 -36.6 5.2 0.17 PKM2 -8.3 2.9 0.61 SOCS5 -36.5 13.8 0.01 PTK6 -27.0 1.8 0.05 TRAD 334.1 8.8 0.63 

10 PRKWNK3 -36.5 1.1 0.37 GRK1 -7.2 0.8 0.42 MAP2K6 -36.1 12.9 0.03 PANK3 -25.6 2.2 0.65 PIP5K1A 332.5 6.5 0.65 

11 STK6 -36.1 10.5 0.26 EPHA2 -5.6 0.3 0.54 PANK4 -34.9 5.0 0.22 PFTK1 -23.9 2.5 0.01 TTK 321.6 4.6 0.62 

12 ATM -35.6 3.1 0.77 CHEK1 -5.6 1.5 0.82 MAPK6 -34.6 2.4 0.37 SEPHS1 -23.7 3.7 0.23 CIT 227.5 3.8 0.59 

13 DGKA -35.6 7.7 0.49 SQSTM1 -5.5 2.4 0.06 SCAP1 -33.5 3.7 0.43 PRKCQ -23.5 4.6 0.05 CSF1R 214.7 15.7 0.31 

14 STK39 -34.6 10.8 0.07 FLJ34389 -4.7 0.2 0.37 RIOK1 -33.3 3.3 0.28 RIPK2 -23.1 4.0 0.17 STK35 203.7 3.9 0.76 

15 PIK3R2 -34.1 0.3 0.68 MAP3K2 -4.6 0.5 0.75 TLK2 -32.7 2.1 0.57 DUSP7 -22.9 3.4 0.21 TRIM 198.6 14.7 0.09 

16 SQSTM1 -34.0 5.8 0.46 CKM -4.5 4.6 0.63 TESK2 -32.6 0.9 0.63 LIM -22.9 6.1 0.12 SQSTM1 181.5 15.4 0.23 

17 TRIM -33.5 8.2 0.30 ROR2 -4.4 1.1 0.14 PTK7 -31.0 1.5 0.67 TESK2 -22.9 0.8 0.45 PYCS 178.8 1.5 0.88 

18 PI4K2B -32.7 10.3 0.20 IHPK2 -4.4 5.0 0.13 CSNK2B -30.8 4.8 0.40 TYK2 -21.6 5.3 0.01 MAP3K9 177.7 4.7 0.54 

19 ROCK1 -32.4 6.2 0.32 LRRK1 -4.3 4.8 0.07 SEPHS1 -30.7 1.6 0.50 MAK -21.2 5.2 0.29 RIOK1 176.7 7.0 0.63 

20 STK36 -32.4 4.3 0.51 RIOK1 -4.3 1.3 0.71 CSF1R -30.3 3.0 0.35 TYRO3 -19.6 2.6 0.20 PLK2 172.9 6.0 0.46 

21 CSNK1A1L -32.2 7.7 0.28 CSF1R -4.1 5.1 0.75 MAPK8IP1 -30.1 3.6 0.18 ICK -18.9 2.3 0.55 SPEC2 167.7 8.2 0.37 

22 PIP5K1A -32.2 2.0 0.34 PIK4CA -4.0 4.6 0.59 PLK2 -30.0 5.4 0.22 HSPB8 -17.6 5.4 0.20 PRPSAP1 165.4 4.6 0.73 

23 PFKFB2 -32.0 2.1 0.54 IKBKE -4.0 0.6 0.46 P15RS -29.6 5.0 0.22 C9ORF96 -15.4 3.0 0.10 
DKFZp434
C1418 

161.3 12.0 0.30 
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Table 21 - Summary of all significant siRNA mediated gene knockdowns in CAP®-SEAP Minipool 6D6 cells that resulted in an increase of viable cell concentration, viability, volumetric and specific 
SEAP productivity or decrease of the apoptosis rate. The genes are sorted according to the mean change to the non-targeting siRNA control sample. 

Rank Viable cell concentration Viability Volumetric SEAP Productivity Specific SEAP Productivity Apoptosis rate 

 Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z Gene 
Change 

[%] 
SD 
[%] 

Z 

1 PTK9L 40.3 4.5 0.08 PCK1 7.8 0.0 0.01 GAP43 32.3 3.4 0.25 DAPK3 56.4 3.7 0.54 KIAA1765 -60.5 14.5 0.35 

2 CIT 35.9 2.9 0.23     PRKCE 28.4 4.0 0.16 FN3KRP 50.6 3.2 0.12     

3 BMPR1A 24.7 1.1 0.25     STK24 26.8 2.6 0.52 ATM 47.4 3.6 0.45     

4 PTK6 23.6 1.2 0.02     NEK7 22.5 3.9 0.22 PRKCE 42.6 3.4 0.26     

5 PAPSS1 20.4 2.5 0.05     KIAA1765 22.4 1.9 0.23 EPHA4 40.5 6.9 0.02     

6 RAGE 19.6 2.5 0.29     MST4 20.9 3.3 0.17 ERBB2 40.2 3.5 0.35     

7 DUSP4 16.2 2.1 0.25     ABL1 14.5 1.9 0.35 PI4KII 37.9 1.9 0.22     

8 PHKG2 15.3 0.5 0.02     CLK2 13.0 1.0 0.07 PLK1 37.8 1.8 0.24     

9         CRKL 7.6 1.7 0.14 CKB 36.4 4.1 0.28     

10         NEK6 6.6 0.9 0.08 CAMK2B 35.7 6.6 0.02     

11             STK24 35.6 4.6 0.07     

12             MAP4K1 33.9 3.9 0.32     

13             CAMK4 33.0 1.4 0.57     

14             MAP3K3 29.1 3.3 0.04     

15             IRS1 28.2 4.0 0.20     

16             ROCK1 26.3 3.7 0.03     

17             EGFR 23.0 1.9 0.28     

18             MAP3K8 20.1 3.3 0.03     

19             CASK 17.0 0.8 0.33     

20             MAP3K5 12.4 0.3 0.28     
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To assess combinatorial effects, the outcome of each siRNA mediated knockdown was analyzed for 

simultaneous increase or decrease of viable cell concentration, volumetric and specific SEAP 

productivity. This is displayed in Venn diagrams in Figure 25 that indicate the number of siRNAs that 

resulted in such simultaneous changes.  

There were solely 2 siRNAs, namely STK24 and PRKCE resulting in an increase in volumetric and specific 

SEAP productivity (Figure 25 A). No knockdown resulted in a simultaneous increase in viable cell 

concentration and either volumetric or specific SEAP productivity. On the other hand, 1/3 of the 90 

siRNAs resulting in a decreased viable cell density also decreased volumetric SEAP productivity (Figure 

25 B). 15 out of 26 gene knockdowns that resulted in significantly reduced specific SEAP productivity 

showed a significantly decreased volumetric SEAP productivity too. Finally, the knockdown of TESK2 

resulted in a significant reduction in all three parameters. 

 

 

Figure 25 - Venn diagram to illustrate the combinatorial effects of siRNA mediated gene knockdown on parameter viable 
cell concentration, volumetric and specific productivity and their combinations. A: Significant increase, B: Significant 
decrease of the three parameters. Significance criterion: Z-factor > 0. 

 

3.2.2 Functional analysis in silico 

 

Phylogenetic classification of identified process relevant kinases 

In 2002, Manning et al. classified kinases based on sequence similarity in the functional domain 

(Manning et al., 2002). Mapping hits from the siRNA depletion experiments with CAP®-SEAP Minipool 

6D6 cells that resulted in a significant reduction in viable cell concentration and volumetric SEAP 

productivity resulted in Figure 26. The gene symbols were converted to UniProt IDs 

(http://www.uniprot.org/uploadlists/) and uploaded to the kinome renderer 

(http://bcb.med.usherbrooke.ca/kinomerender.php) for visualization on the original phylogenetic 

tree from Manning et al. Not all hits could be mapped since the initial database of Manning et al. did 

not represent all genes that were included in this screening. Furthermore, some proteins were mapped 

as one protein complex, whereas the siRNA screen included various protein subunit (e.g. CAMK2B). 

The maps revealed that members of all major kinase families were identified to be important for 

proliferation and SEAP productivity in CAP®-SEAP cells.  

http://www.uniprot.org/uploadlists/
http://bcb.med.usherbrooke.ca/kinomerender.php
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Figure 26 - A representation of the phylogenetic tree of kinases highlighting 56 kinases from the siRNA screening in CAP®-
SEAP cells that were crucial for proliferation. The mapping was generated by the Kinome Renderer 
http://bcb.med.usherbrooke.ca/kinomerender.php. Original illustration reproduced courtesy of Cell Signaling Technology, 
Inc. (www.cellsignal.com). 

 

http://bcb.med.usherbrooke.ca/kinomerender.php
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Figure 27 - A representation of the phylogenetic tree of kinases highlighting 46 kinases from the siRNA screening in CAP®-
SEAP cells that were crucial for volumetric SEAP productivity. The mapping was generated by the Kinome Renderer 
http://bcb.med.usherbrooke.ca/kinomerender.php. Original illustration reproduced courtesy of Cell Signaling Technology, 
Inc. (www.cellsignal.com). 

  

http://bcb.med.usherbrooke.ca/kinomerender.php
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Gene Ontology and pathway analyses by PANTHER 

To obtain further information about the relevance of specific pathways and cellular processes a 

functional in silico analysis was performed using the Protein ANalysis THrough Evolutionary 

Relationships database (PANTHER, http://pantherdb.org/, (Mi et al., 2017)).  

The knockdown of the identified essential genes for proliferation revealed a complete representation 

in all displayed major PANTHER signaling pathways (Figure 28). The epidermal growth factor (EGF) 

receptor signaling pathway contained with 12 genes (e.g. STK36, MAP2K7, MAP3K2, PRKCZ, MAPK7, 

PIK3C-A/2B/G) the highest number of genes, that significantly reduced the viable cell concentration 

upon knockdown. The next highest represented pathways: fibroblast (FGF) and platelet-derived 

(PDGF) growth factor, as well as integrin-mediated signaling and gonadotropin-releasing hormone 

receptor pathway share several MAP2 and MAP3 kinases and Phosphoinositol-acting kinase 3 subunits. 

On the other hand, mapping hits that resulted in a reduced volumetric SEAP productivity did not 

represent all displayed pathways.  

Comparing the representation of the genes from the hit lists to a background list by PANTHERs 

statistical overrepresentation test revealed that no pathway was statistically overrepresented. The 

background list consisted of all 763 kinases that were knocked down in the siRNA screening.  

Using this statistical test to probe for overrepresentation of Gene Ontology terms (PANTHER GO Slim 

terms) instead of pathways with hits decreasing the viable cell concentration against the background 

list, the phospholipid metabolism was enriched. More than half of the Phosphoinositol-acting kinase 

subunits, namely PI4K2B, PIK3C2B, PIK3CA, PIK3CG, PIK3R2, PIK3R3, PIK4CA, PIK4CB, PIP5K1A resulted 

in an altered phenotype.  

Overall, most extracellular induced growth factor signaling pathways seem to be active in CAP®-SEAP 

cells. The depletion of members of these pathways resulted in a reduction in proliferation.  
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Figure 28 - In silico analysis of screening hits significantly reducing either viable cell concentration or volumetric SEAP 
productivity in CAP®-SEAP Minipool 6D6 cells 54 hours after siRNA transfection. The graph shows the percentage of genes 
in the background list (all 763 genes) and of the two phenotypic hit lists. A corresponding list of the most significant genes 
is shown in Table 20, page 57. 

 

Network analysis by INGENUITY 

To further understand the involved signaling pathways in CAP®-SEAP Minipool 6D6 cells for 

proliferation and productivity a knowledgebase network analysis was performed with INGENUITY® 

Pathway analysis (Qiagen AG, Hilden, Germany). The analysis focused on genes that significantly 

decreased viable cell concentration in the CAP®-SEAP siRNA screening. A list of all siRNA mediated 

genes with ENTREZ Gene IDs that resulted in a significant decrease of viable cell concentration was 

tested against a background gene list (all 763 genes of the siRNA library). The list further contained the 

log-change in viable cell concentration from gene knockdown. 
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The software identified the following networks as the top three most relevant functional networks for 

viable cell concentration upon siRNA-mediated gene knockdown: “Post-translational modification, 

DNA replication, Recombination and Repair and Cell cycle” (score 37), “Amino acid metabolism, small 

molecule biochemistry and post-translational modification” (score 37) and “Carbohydrate metabolism, 

lipid metabolism and small molecule biochemistry” (score 32).  

The functional network defined as ““Post-translational modification, DNA replication, Recombination 

and Repair and Cell cycle” is shown in Figure 29. The cell cycle checkpoint kinases like, WEE1 CHEK1 

induced the strongest phenotype and therefore are displayed in dark green. Several other genes 

interact with these central check point kinases by activation or inhibition. Although the knockdown of 

ERK1/2 (=MAPK1/MAPK3) resulted in no significant change in viable cell concentration, it is a central 

gene in this network with many other genes interacting with it. For example, half of the highly 

represented pathways from PANTHER (Figure 28) signal via ERK1/2. Furthermore, a couple of MAPK 

upstream genes like MAP2K7 and MAP3K2 are represented in this network to significantly influence 

proliferation upon its knockdown. Moreover, the depletion of Aurora kinase B, a protein that 

collaborates in the assembly off the mitotic spindle apparatus, resulted in a decrease in viable cell 

concentration as well. In the top right corner, ribosomal p70 S6 kinases (p70S6K or RSK family), as 

classical downstream targets of the mechanistic target of rapamycin (mTOR) pathway, were identified 

to be crucial for the proliferation of CAP®-SEAP cells. Among the 7 depleted p70S6K members four 

showed a significant, but minor reduction of viable cell concentration.  
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Figure 29 - Ingenuity Pathway analysis showing the identified network with the top functions “Post-translational 
modification, DNA replication, Recombination and Repair and Cell cycle” with the highest score (=37) based on siRNA-
mediated gene knockdowns that resulted in significant reduction of viable cell concentration in CAP®-SEAP cells. Arrows 
with solid and dotted lines represent direct and indirect interactions respectively. These were either mono- or bidirectional 
illustrated by a one or double-ended arrowhead. A green symbol represents a strong phenotype (decrease in viable cell 
concentration) upon gene knockdown. The intensity of the color corresponds to a decrease in viable cell concentration. 
Grey symbols indicate no phenotype upon gene knockdown. White circles display genes that were not studied. 

 

The INGENUITY analysis of the knockdown of proliferation-relevant genes resulted in a second 

functional network “Amino acid metabolism, small molecule biochemistry and post-translational 

modification” (Figure 30). The kinase AKT family is a main regulator in this network and thus positioned 

in the middle. It was displayed in gray since the knockdown of its 3 isoforms AKT1, AKT2 and AKT3 did 

not result in a significantly reduced viable cell concentration in CAP®-SEAP cells. PANTHER analysis of 

viable cell concentration perturbating gene depletions resulted in an enrichment of the gene ontology 

term: “phospholipid metabolism”. INGENUITY highlighted several members of the Phosphoinositol 3-

kinase (PIK) family to be important for proliferation too. For example, the depletion of the known 
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oncogene PIK3CA resulted in a significant reduction of the cell concentration by 16.8 % ± 4.1 %, PIK4CA 

by 21.0 % ± 1.5 %, PIK3R2 by 34.1 % ± 0.3 %, PIK4CB by 24.7 % ± 1.7 % or PIK3R3 by 18.7 % ± 0.4 %. 

Many growth factors identified in the PANTHER analysis signal via the PIK3 pathway to AKT, as kind of 

a final executor for cell faith decision. Thus, this regulation network around PI3K-AKT seems to be of 

high relevance for proliferation in CAP®-SEAP cells.  

 

 

Figure 30 - Ingenuity Pathway analysis showing the identified network with the top functions “Amino acid metabolism, 
small molecule biochemistry and post-translational modification” with the 2nd highest score (=37) based on siRNA-
mediated gene knockdowns that resulted in significant reduction of viable cell concentration in CAP®-SEAP cells. Arrows 
with solid and dotted lines represent direct and indirect interactions respectively. These were either mono- or bidirectional 
illustrated by a one or double-ended arrowhead. A green symbol represents a strong phenotype (decrease in viable cell 
concentration) upon gene knockdown. The intensity of the color corresponds to a decrease in viable cell concentration. 
Grey symbols indicate no phenotype upon gene knockdown. White circles display genes that were not studied. 
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INGENUITY® has been further used to analyze relevant networks for volumetric SEAP productivity. 

Besides functions that influence proliferation there were a few unique functions, like cellular assembly 

and organization, cellular function and maintenance as well as molecular transport. The highest scored 

network from INGENUITY® is shown in Figure 31. Cell cycle checkpoint kinases like CHEK1 and WEE1 

as some of the strongest hits for volumetric productivity were detected. Interestingly, ERK1/2 and 

ribosomal protein S6 kinase subunit A5 (RPS6KA5), RPS6KB1 and ribosomal S6 kinases (RSK) in general, 

were placed in the middle of the network. This indicated a strong influence of these proteins, belonging 

to the PI3K-AKT-mTOR pathway for recombinant protein production.  

 

Figure 31 - Ingenuity Pathway analysis showing the identified network with the top functions “Post-Translational 
Modification, DNA Replication, Recombination, and Repair, Cell Cycle” with a score of 46 based on siRNA-mediated gene 
knockdowns that resulted in significant reduction of volumetric SEAP productivity in CAP®-SEAP cells. Arrows with solid 
and dotted lines represent direct and indirect interactions respectively. These were either mono- or bidirectional 
illustrated by a one or double-ended arrowhead. A green symbol represents a strong phenotype (decrease in volumetric 
SEAP productivity) upon gene knockdown. The intensity of the color corresponds to a decrease in volumetric SEAP 
productivity. Genes in white did not result in a phenotype on proliferation. Grey symbols indicate no phenotype upon gene 
knockdown. White circles display genes that were not studied. 
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3.2.3 Validation of selected targets in CAP®-IgG 

 

SEAP is an excellent reporter to study the productivity of a mammalian producer cell line in high-

throughput, since it is expressed from a single locus and its detection in a biochemical assay is simple. 

It is a glycosylated, folded and secreted protein. However, it is of little biopharmaceutical relevance. 

Like SEAP, antibodies and mainly Immunoglobulins G (IgG) are glycosylated, folded and secreted 

proteins, but widely used as active drug substance. Their quantification in high-throughput is more 

challenging for an academic research lab. Thus, CAP®-IgG were used to confirm the general 

transferability of the results from the CAP®-SEAP screening to more biopharmaceutically-relevant 

recombinant protein in the same host. CAP®-IgG cells are derived from a single cell clone, stably 

transfected with a heavy and a light chain gene of an IgG-class antibody (see chapter 2.1.1, page 15). 

In a 72 hours cultivation they typically grow to a viable cell concentration of around 3 x 106 cells/mL 

and the IgG concentration reaches a concentration of 36 – 44 µg/mL. In a 7 days shaker flask cultivation 

CAP®-IgG cells can reach a maximum viable cell concentration of above 13 x 106 cells/mL with a 

maximum IgG concentration of 250 – 300 µg/mL (data not shown). 

Based on the nature and strength of the siRNA mediated knockdown effect a list of 128 of the initially 

tested 763 siRNAs was compiled to validate their effect in CAP®-IgG cells. The strongest positive and 

negative modulators of cell concentration, viability and SEAP productivity were chosen. Moreover, 

siRNAs that resulted in a mild effect on productivity without significant effect on cell concentration 

were selected too. The complete list is shown in the Appendix in Table 25 (page 138). The same 128 

siRNAs from the custom siRNA library (siGenomeTM SMARTpoolTM, Dharmacon) that were used in 

CAP®-SEAP Minipool 6D6 cells were transfected into CAP®-IgG cells with ScreenFect® A and cultivated 

for 72 hours under shaked conditions (Materials and Methods, chapter 2.1.6, page 21). The results are 

shown in Figure 32 for all quantified parameter (viable cell concentration, viability, volumetric 

productivity, specific productivity). 31 % (=23) of all re-evaluated changes for the viable cell 

concentration were confirmed in CAP®-IgG cells, whereas 61 % (=27) of the effects on viability were 

comparable. The ratio of comparable phenotypes in CAP®-SEAP and CAP®-IgG cells upon siRNA-

mediated gene knockdown varied from 91 % in volumetric productivity to 8 % in specific productivity. 
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Figure 32 - Pie chart representing the overall number of confirmed significant siRNA mediated effects in CAP®-IgG cells. 
Selected siRNAs were transfected into CAP®-IgG cells with ScreenFect® A and cultivated for 72 hours under agitation. An 
siRNA mediated effect was classified as “confirmed”, if the transfection resulted in a significant change (Z-factor > 0) 
compared to the Non-targeting control in the same direction (either increase or decrease). The number next to the pie 
chart indicates the number of confirmed effects and the ratio is shown in brackets. 

The initial RNAi screening in CAP®-SEAP cells resulted in significant positive and negative changes in 

the four process parameters analyzed.  Figure 32 shows the overall number of tested and confirmed 

phenotypes. A detailed overview is shown in Table 22 segregating the effect in significant increase and 

decrease in the CAP®-SEAP siRNA screening compared to the non-targeting control. The table shows 

that none of the significantly increase effects on viable cell concentration and viability were observed 

in CAP®-IgG cells. On the other hand, about one third of phenotypes of the significantly reduced viable 

cell concentration and more than half of siRNAs mediated significantly decreased viability have been 

confirmed in CAP®-IgG cells. Half of the gene knockdowns that resulted in an improved volumetric 

SEAP productivity also increased the volumetric IgG productivity in CAP®-IgG cells. Almost all 

phenotypes resulting in decreased volumetric productivity in CAP®-SEAP cells were confirmed to be 

crucial kinases in CAP®-IgG cells. Finally, one out of 20 transfected siRNAs and knockdown of the 

corresponding gene significantly increased the specific productivity in CAP®-SEAP and CAP®-IgG cells. 

Likewise, two out of 39 siRNAs showed a significant decrease in specific productivity in both cell types 

tested. 

  



Results  70 

 

Table 22  ̶  Detailed summary of the tested and confirmed changes in the siRNA screening with CAP®-SEAP Minipool 6D6 
cells and CAP®-IgG cell lines shown for each process-relevant parameter. “Tested” indicates the number of observed 
phenotypes from the CAP®-SEAP screening that were re-evaluated in CAP®-IgG cells. The total number of all re-evaluated 
gene knockdowns was 128. Several siRNA mediated knockdowns resulted in a complex phenotype with at least 2 
significantly changed parameter. A change was significant if Z-factor > 0. 

Change  
(on target) 

Viable cell 
concentration 

Viability 
Volumetric 
productivity 

Specific 
productivity 

 
Tested 

Confirmed 
in  

CAP®-IgG 
Tested 

Confirmed 
in  

CAP®-IgG 
Tested 

Confirmed 
in  

CAP®-IgG 
Tested 

Confirmed 
in  

CAP®-IgG 

Significant 
increase 

8 0 1 0 10 5 20 1 

Significant 
decrease 

62 23 44 27 60 59 39 2 

Overall 
Significant 

70 23 45 27 70 64 39 3 

 

A more detailed view on the 14 most significant detrimental effects on viable cell concentration by 

gene knockdown in both cell lines is shown in Figure 33. The top 3 genes Polo-like kinase 1 (PLK1), 

coatomer subunit beta 2 (COPB2, no kinase, but served as generic control), Checkpoint kinase 1 

(CHEK1) resulted in a similar decrease in viable cell concentration by more than 50 % in both CAP® 

model cell lines compared to the on plate Non-targeting siRNA control. The strength of the phenotype 

was dramatic with a reduction of 70-80 % in viable cell concentration and like the human cell death 

siRNA positive control (-90.3 % viable cell concentration over the whole screening). The next two 

genes, Pantothenate kinase 4 (PANK4) and WEE1 G2-checkpoint kinase (WEE1), still exhibited a quite 

similar decrease in CAP®-SEAP cells by 50-60 %. However, in CAP®-IgG cells the knockdown of these 

two genes results in a significant, but less prominent reduction in cell concentration of about 20 %.  

 

Figure 33 - Comparison of viable cell concentration changes caused by the 14 most significant siRNA mediated gene 
knockdowns in CAP®-SEAP and CAP®-IgG cells. The cells were transfected with ScreenFect® A lipofection and the indicated 
siRNA pool. CAP®-SEAP cells were cultivated for 54 hours and CAP®-IgG for 72 hours under agitation. Gene knockdowns 
that resulted in a positive Z-factor were considered significant and are shown ordered ascending to the resulting viable cell 
concentration of the CAP®-SEAP cells. The hash key sign (#) mark the two results of CAMK2B and IGF1R that resulted in a 
strong phenotype in both cell lines but were not significant in CAP®-SEAP. The normalized change to the Non-targeting 
siRNA control is shown (n = 3 ± SD). 
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The most prominent significant induced effects by gene knockdown on volumetric productivity in 

CAP®-SEAP and CAP®-IgG cells are displayed in Figure 34. Overall, most effects on volumetric 

productivity normalized to the on plate Non-targeting control were stronger in CAP®-SEAP cells than 

in CAP®-IgG cell. Most siRNA induced gene knockdowns resulted in a strong reduction of viable cell 

concentration and thus decrease in volumetric productivity. PLK1, COPB2, WEE1 and CHEK1, already 

shown to be essential for cell growth, induced some of the strongest effect on productivity too. Among 

the strongest modulators are also Calcium/calmodulin-dependent protein kinase 1G (CAMK1G, in 

CAP®-SEAP – 55.4 % ± 8 % and CAP®-IgG – 42.7 % ± 0.3 %) and ERN1 (in CAP®-SEAP – 54.6 % ± 1.3 % 

and CAP®-IgG – 33.6 % ± 0.1 %) that resulted in a strong decrease in productivity. In contrast to PLK1, 

COPB2, WEE1 and CHEK1, siRNA mediated silencing of CAMK1G and ERN1 did not result in signficant 

changes in viable cell concentration in both CAP® model cell lines, maintaing high proliferation and 

viability state of the cell while strongly reducing volumetric protein productivity.  

CAMK1G was one of the 2 confirmed gene knockdowns that resulted in a reduced specific producitivty 

in CAP®-SEAP with -56.6 ± 6.6 % and in CAP®-IgG with - 42.3 ± 4.4 %. ERN1 resulted in a strong, but just 

not significant (Z-factor of - 0.024) cell specific SEAP productivity reduction of  

- 51.1 ± 3 %, just below the significance criteria due to a high standard deviation of the viable cell 

concentration of the non-targeting control. However, the knockdown of ERN1 in CAP®-IgG cells 

resulted in a significant reduction of cell specific IgG productivity by -27.2 ± 0.5 %. Still, with no 

modulation on proliferation and viability while exhibiting one of the strongest reductions on protein 

productivity in both CAP® model cell lines this is one of the most promissing putative targets for cell 

line engineering. The second siRNA knockdown that resulted in a signficant confirmed phenotype was 

protein tyrosine kinase 7 (PTK7) with a specific productivity reduction in CAP®-SEAP cells by - 38.4 ± 

5.1 % and - 23.2 ± 2.1 % in CAP®-IgG cells respectively. However, in contrary to CAMK1G and ERN1, 

PTK7 resulted in a significant reduction in viable cell concentration in CAP®-IgG cells by – 24.4 % ±  

- 2.5 %. In CAP®-SEAP cells PTK7 resulted in no significant change in viable cell concentration.   

Regarding specific productivity, death-associated protein kinase 3 (dapk3) was identified as the only 

gene whose knockdown apparently resulted in a signficant increase in both cell lines, namely 56.3 ± 

3.7 % and 27.7 ± 1.7 % in CAP®-SEAP and CAP®-IgG cells respectively. This increased specific 

productivity might have resulted from unchanged recombinant protein concentration in spite of a 

significantly reduced viable cell concentration (-21.1 % ± 2.7 %) as shown in Figure 33. 

Beside the siRNAs that induced a reduction in productivity, process beneficial phenotypes were 

oberserved. GAP43, PRKCE, STK24 and doublecortin-like kinase 3 (DCKL3) knockdown increased the 

SEAP concentration in the culture supernatant at least by 20 % up to 32.3 ± 3.4 % for GAP43. These 

effects were significant in CAP®-IgG cells, but not as strong as in CAP®-SEAP cells. Thus, knockdown of 

GAP43 resulted in a IgG productivity increase of only 3.0 % ± 0.1 %, whereas STK24 knockdown resulted 
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in the highest IgG productivity increase with at least 11.6 % ± 0.1 % compared to 26.7 % ± 2.6 % in 

CAP®-SEAP, thus making it a promosing putative target for cell line engineering.  

 

Figure 34 - Comparison of the change in volumetric productivity of SEAP or IgG caused by the most significant siRNA 
mediated gene knockdowns in CAP®-SEAP and CAP®-IgG cells. The cells were transfected with the indicated siRNAs. CAP®-
SEAP cells were cultivated for 54 hours and CAP®-IgG for 72 hours. Only gene knockdowns that resulted in a positive Z-
factor were considered significant and are shown ordered ascending to volumetric SEAP productivity of the CAP®-SEAP 
cells. The normalized change to the Non-targeting siRNA control is shown (n = 3 ± SD). 

 

3.3 Molecular analysis of putative cell engineering targets  

3.3.1 STK24, DAPK3 and ERN1 are expressed in CAP® producer cells 

 

The identified putative engineering targets STK24, DAPK3 and ERN1 were evaluated for their suitability 

in cell line engineering. Therefore, total RNA was extracted from CAP®-SEAP Minipool 6D6 and CAP®-

IgG cells at 2 different time points (24 hours = 8.3 x 105 – 8.5 x 105 viable cells/mL and  

144 hours = 9.3 x 106 – 12.2 x 106 viable cells/mL with viabilities above 95 %) during a batch cultivation 

in CAP®-CDM at 37°C agitated with 160 rpm. The total RNA was transcribed to cDNA and the specific 

mRNA amount of these three target genes was measured. 18s ribosomal RNA was used as endogenous 

reference to check the successful RNA isolation and cDNA synthesis. Mitogen-activated protein kinase 

1 (MAPK1) was used as ubiquitous housekeeping mRNA to estimate expression levels of STK24, DAPK3 

and ERN1. 
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Figure 35 - The mRNA levels of MAPK1, STK24, DAPK3 and ERN1 were quantified in the two cell lines CAP®-SEAP Minipool 
6D6 and CAP®-IgG at 24 and 144 hours in a batch cultivation in CAP®-CDM at 37°C agitated with 160 rpm. The crossing 
point (Cp) of each mRNA is displayed to estimate the level of gene expression. 18s rRNA was used as an indicator for total 
RNA concentration in the qPCR reaction. In total 107 cells from a biological triplicate were pooled to extract total RNA. 
After cDNA synthesis, technical triplicates were quantified using the Roche UPL system on a  
Lightcycler 480 (Roche Diagnostics, Mannheim, Germany). The error bars represent the standard deviation of three 
technical replicates of the pooled biological triplicates. 

MAPK1 as ubiquitously expressed housekeeping gene showed an expression level of Cp = 28.0 ± 0.8 in 

qPCR analysis. The putative engineering targets STK24 (Cp = 31.6 ± 0.5) and DAPK3 (Cp = 31.7 ± 0.3) 

can be detected with the designed exon-spanning probe-based assays and were expressed in both 

CAP® cell lines at both time points. ERN1 was expressed with an expression level of Cp = 37.4 ± 0.8 too. 

This analysis showed that all three targets are expressed in CAP® producer cell lines during a batch 

cultivation. A no-template control (NTC) using water showed no amplification. 

 

3.3.2 Down-regulation of STK24 and DAPK3 to improve productivity 

 

To validate the findings from the high-throughput high-content RNAi screening in CAP®-SEAP and 

CAP®-IgG cells at a molecular level a time course experiment was performed. CAP®-IgG cells were 

transfected with siRNAs against IgG (positive control, consisting of siRNA against both LC and HC), 

Human specific cell death inducing siRNA (positive control), MAPK1 (positive control on mRNA level), 

STK24 and DAPK3 in 5 mL culture volume and cultivated for 6 days in a batch cultivation. In Figure 36, 

the effects on viable cell concentration (A), viability (B), volumetric IgG productivity (C), specific IgG 

productivity (D) and relative mRNA expression (E) after siRNA transfection are shown. The negative 

control cultures that were either not transfected with siRNA (UT) or a Non-targeting siRNA showed a 

typical behavior over the time course of a batch recombinant protein expression experiment. The 

viable cell concentration increased to 5.25 ± 0.17 x 106 viable cells/mL for the untransfected control 

and 4.33 ± 0.35 x 106 viable cells/mL for the Non-targeting control. Their viability remained above 95 % 

for the first four days and declined to 83 % at day six. The volumetric productivity quantified by the 

IgG concentration in the culture supernatant rose steadily to a final concentration of 135.6 ± 3.8 µg/mL 

and 114.5 ± 3.8 µg/mL for the untransfected and the Non-targeting siRNA control, respectively. Thus, 
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Non-targeting siRNA control exhibited a slightly decreased proliferation and volumetric productivity. 

To proof the successful siRNA transfection 3 positive controls were used. Human specific cell-death 

inducing siRNA significantly reduced the viable cell concentration (p < 0.01). After 48 hours, the viable 

cell concentration was 0.33 x 106 viable cells/mL and thus lower than at the time of transfection. Until 

the end of the cultivation, viable cell concentration never exceeded 0.25 x 106 viable cells/mL. Likewise, 

the viability was dramatically reduced to 62.0 % ± 3.7 % and did not recover until the end of the 

cultivation. The second functional control Anti-IgG siRNA successfully reduced the IgG expression over 

the time-course of the experiment to less than half of the Non-targeting siRNA control shown in  

Figure 36 C, while having little detrimental effect on viable cell concentration and viability. The cell 

specific IgG productivity is significantly reduced in the 24 h time intervals from either 72 to 96 h post 

transfection and 96 to 120 h post transfection too (Figure 35Figure 36 D). Furthermore, the relative 

quantification of IgG heavy and light chain mRNA showed strongly reduced mRNA level two days after 

transfection. Likewise, the MAPK1 mRNA as typical functional knockdown siRNA control was 

significantly reduced upon Anti-MAPK1 siRNA transfection by 70 % (fold-change 0.30). 

siRNA-mediated down-regulation of STK24 gene expression worked successful, as shown in  

Figure 36 E. The relative mRNA expression was reduced by 88 % (fold-change 0.12, ΔΔCp of 3.0) 

compared to the Non-targeting control 48 hours after the transfection. The viable cell concentration 

after STK24 downregulation was significantly higher than the Non-targeting control from  

72 to 144 hours by 0.2 x 106 viable cells/mL to 1.1 x 106 viable cells/mL after 6 days, corresponding to 

a 20 – 25 % increased cell concentration (Figure 36 A). The viability until day four was almost identical, 

but it remained slightly higher in STK24 down-regulated cells compared to the Non-targeting control 

cells (Figure 36 B). The volumetric productivity is the highest in all samples over the whole time of the 

cultivation after STK24 knockdown. Starting from 32.4 ± 0.3 µg/mL IgG after  

72 hours up to 154.7 ± 2.7 µg/mL after 6 days. This was a significant increase of 23.5 to 27.6 % 

compared to the Non-targeting control and at least 10 % compared to the untransfected control cells 

(Figure 36 C). The specific IgG productivity was significantly increased compared to the Non-Targeting 

control cells too (Figure 36 D). 

DAPK3 was successfully down-regulated on mRNA level by siRNA transfection. The relative mRNA 

expression was reduced by 91 % (=fold-change 0.04) resulting in a ΔΔCp of 4.6 compared to the Non-

targeting control 48 hours after siRNA transfection in the CAP®-IgG cells (Figure 36 E). The viable cell 

concentration of DAPK3 down-regulated cells and Non-targeting control was almost similar until 72 

hours. With increased time, the down-regulation of DAPK3 led to a decreased proliferation resulting 

in a significantly lowered viable cell concentration than in the Non-targeting control (Figure 36 A). 

Furthermore, a significant negative impact on viability was observed (Figure 36 B). Starting 72 hours 

after transfection the viability was three to nine percent lower than in the Non-targeting control. For 

the volumetric productivity, no significant change was observed 72 hours after transfection. At all 

subsequent time points, the IgG concentration in the supernatant was significantly decreased by 12 to 

18 % to the Non-targeting control (Figure 36 C). Comparing the specific productivity, there is no 

significant difference between Non-targeting control and DAPK3 depleted cells in the 72-96-hour time 

interval. However, from 96 to 120 hours the cell specific productivity in DAPK3 modulated CAP®-IgG 

cells is significantly higher (Figure 36 D). 
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Figure 36 - CAP®-IgG cells were transfected with siRNA and cultivated for 6 days in batch culture in a total culture volume 
of 6 mL at 37°C, 85 % humidity and an agitation of 160 rpm. Untransfected cells were treated with buffer instead of siRNA 
and transfection agent. Non-targeting, Death-inducing (HsDt), Anti-IgG and MAPK1 served as positive control. Cell 
parameter A: Viable cell concentration and B: Viability were assessed daily starting at 48 hours after transfection (n = 3, ± 
Standard deviation). C: IgG concentration in the supernatant was quantified with a Protein A HPLC system (n = 3, ± 
Standard deviation). D: Specific productivity in picogram/cell/day in the respective time interval E: The mRNA level of IgG 
heavy and light chain, MAPK1 (positive control for siRNA transfection and modulation), STK24 and DAPK3 were analyzed 
48 hours after transfection of the respective siRNA (IgG-HC and IgG LC transfected with Anti-IgG siRNA). Identical number 
of cells were lysed and biological replicates (n=3) were pooled, reverse transcribed in a single reaction and quantified as 
technical replicates (n=3). The relative mRNA expression level is normalized 18s rRNA quantity as endogenous control and 
referenced to the Non-targeting control using the delta delta Ct method. For statistical analysis, an unpaired two-tailed t-
test referenced to the Non-targeting siRNA control was applied (*p<0.05; **p<0.01; ***p<0.001). 
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3.3.3 Cell line engineering – Ectopic expression of ERN1 

 

Transient overexpression of ERN1 

The knockdown of ERN1 presented an interesting phenotype in the siRNA screening with CAP®-SEAP 

and CAP®-IgG cells. The strong reduction in volumetric productivity (CAP®-SEAP: – 54.6 % ± 1.3 % with 

a Z-factor of 0.39 and CAP®-IgG – 33.6 % ± 0.1 % with a Z-factor of 0.99) coupled with no significant 

change on viable cell concentration in both CAP®-SEAP and CAP®-IgG cell lines suggested ERN1 as 

putative target for overexpression to invert the effect from the siRNA screening. This contrasts with 

STK24 and DAPK3 which were suggested as putative knockdown/knockout cell engineering targets. 

Readily available ERN1 plasmid constructs were only available with a Neomycin resistance cassette 

that was already used to generate CAP®-IgG cells. To enable cell line engineering with this plasmid 

CAP®-SEAP Minipool 6D6 cells were used for subsequent ERN1 experiments, because Neomycin can 

be used to select positive transfected cells and create stable cell pools. CAP®-SEAP cells were 

transfected with the plasmid for ectopic overexpression of a ERN1-FLAG construct from a CMV 

promoter using ScreenFect A as transfection reagent and the Neon® for electroporation. An SDS-PAGE 

followed by Western Blotting using an Anti-FLAG antibody confirmed the successful expression of 

ERN1-FLAG as a faint double band in contrast to the single unspecific band of the negative control cell 

lysate (Figure 37). The function of the Anti-FLAG antibody was confirmed using a commercially 

available A-proliferating-inducing ligand-FLAG (APRIL-FLAG) expressing HEK293 cell lysate (calculated 

molecular weight 28.5 kDa) showing a positive signal at around 35 kDa (Figure 46, page 142). 

 

 

Figure 37 - Transient overexpression of ERN1-FLAG in CAP®-SEAP cells detected with Anti-FLAG antibody in Western Blot. 
Identical protein amounts from cell lysates were used, based on protein quantification using Micro BCA protein assay kit 
(Thermo Fisher Scientific). CAP®-SEAP mock control cell lysates showed a single unspecific band, whereas CAP®-SEAP cells 
transfected with ERN1-FLAG expression plasmid transfected cells (either by using ScreenFect A transfection reagent or the 
Neon® for Electroporation) showed a faint but distinct double band. The full western blot image is shown in the Appendix  
(Figure 46, page 142). A Western Blot with Anti-β-Actin and Anti-ERN1 antibodies indicated comparable protein amounts 
per lane (Appendix, Figure 47, page 143). 

 

For a first hypothesis test CAP®-SEAP Minipool 6D6 cells were transiently transfected with  

pCMV-ERN1 for ectopic overexpression of ERN1-FLAG construct from a CMV promoter (day -1) using 

the Neon® Electroporator. One day after transfection cells were seeded at a viable cell concentration 

of 1 x 106 viable cells/mL to start the experiment with identical conditions (day 0). The transfection 

control with plasmid pd2EGFP showed a transfection efficiency of about 81 %. Untransfected and 

empty mock-vector transfected cells showed exponential growth (Figure 38 A), up to about 8 x 106 
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viable cells/mL with a viability constantly above 90 %. In contrast, the transfection of pCMV-ERN1 

resulted in a viability loss (Figure 38 B). There was almost an immediate growth arrest of the ERN1-

FLAG expressing cells. The culture reached a maximum viable cell density of 2.08 x 106 viable cells/mL 

on day three, that is less than one third compared to the negative controls. The viability remained at 

86 % until the second day of the SEAP expression experiment and subsequently dropped to less than 

70 %. Despite the difference in viable cell concentration and viability there was no significant decrease 

in volumetric productivity within the first two days (Figure 38 C). This might be due to an increased 

specific productivity per cell shown in Figure 38 D. The increase was strong, but with a p-Value of 0.081 

from a two-tailed Student’s T-Test not significant. Over the course of the cultivation the SEAP 

concentration in the supernatant increased dramatically in the negative controls up to 1126 ± 34 µg/mL 

and 1152 ± 40 µg/mL for the untransfected and mock-plasmid transfected cultures. The ERN1 

expressing cells produced significantly lower amounts of SEAP with a maximum SEAP concentration on 

the last day of the experiment of 478 ± 10 µg/mL, less than half compared to the controls Figure 38 C. 

 

 

Figure 38 - Cultivation of CAP®-SEAP Minipool 6D6 transfected cells. One day prior to begin of the experiment the cells 
were transfected with Neon® Nucleofector and the two plasmids pCMV6-AC Mock und pCMV-ERN1. Untransfected cells 
were electroporated identically, but with water instead of plasmid DNA. A transfection control with pd2EGFP showed 81.3 
% transfection efficiency at day 0 and 74.3 % at day 1 (data not shown). Cultures were analyzed for A: Proliferation, B: 
Viability, C: Volumetric SEAP productivity in the culture supernatant and D: Specific cellular productivity (n = 3, ± Standard 
deviation). For statistical analysis, an unpaired two-tailed t-test was applied (*p<0.05; **p<0.01; ***p<0.001). 
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Stable overexpression of ERN1 by cell line engineering 

The goal in cell line engineering is the creation of a superior stable cell line or stable cell pool. However, 

transient overexpression of ERN1 showed detrimental effects on viability and proliferation but might 

have been beneficial on productivity. These negative effects might be a result of the deregulation of 

the fine cellular regulatory network, caused by the ectopic transient ERN1 expression. Selection of a 

stable CAP®-SEAP ERN1 expressing cell pool might overcome these issues and might lead to the 

proposed superior CAP® cell. Therefore, pCMV-ERN1 and pCMV6-AC (mock) transfected CAP®-SEAP 

Minipool 6D6 cells were treated with G418 antibiotic (initial concentration directly after transfection 

25 µg/mL, increased to 50 µg/mL after 2 days) to select for cells with a stable genomic integration of 

the plasmid. To check for sufficient selection pressure an CAP®-SEAP 6D6 culture, transfected with 

plasmid pd2EGFP, lacking a G418 resistance cassette, was treated with the antibiotic as well. As 

suspected this non-resistant culture contained no viable cell after 11 days, whereas CAP®-SEAP 

transfected with either plasmid pCMV-ERN1-FLAG and pCMV-AC (mock) stable cell pools started to 

recover at day 7 (see Figure 39). 

 

Figure 39 - Stable cell pool selection of CAP®-SEAP 6D6 ERN1 and CAP®-SEAP 6D6 mock transfected cells. CAP®-SEAP 6D6 
cultures were transfected with either plasmid d2EGFP (without G418 resistance cassette), pCMV6-AC (mock) or pCMV-
ERN1 plasmid. After transfection cells were cultivated with 25 µg/mL G418. The antibiotic concentration was increased to 
50 µg/mL 2 days post transfection and splitted when necessary. Total viable cell concentration was calculated using the 
culture volume.  

The successful integration and stable overexpression in the stable cell pools was verified on protein 

level in cell lysates by Western Blot using a primary Anti-Flag antibody. An intense band was detected 

slightly below the calculated size of 110 kDa for the ERN1-FLAG protein (Figure 40). This intensive band 

is not present in the created CAP®-SEAP mock control cell line. There is a faint unspecific endogenous 

band just above the ERN1-FLAG band, that is present in all samples. It is visible in the transiently 

transfected CAP®-SEAP 6D6 cells as a double band (Figure 37). The function of the Anti-FLAG antibody 

was confirmed using a commercially available APRIL-FLAG expressing HEK293T cell lysate (calculated 

molecular weight 28.5 kDa) showing a positive signal at around 35 kDa (Figure 46, page 142). 
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Figure 40 - Western Blot analysis of cell lysates from (left lane) CAP®-SEAP-mock and (right lane) CAP®-SEAP-ERN1 stable 
cell pools. Identical protein amounts from cell lysates were used based on protein quantification using Micro BCA protein 
assay kit (Thermo Fisher Scientific). A monoclonal anti-FLAG antibody (Sigma-Aldrich, clone M2) was used to detect the 
FLAG-tagged ERN1 in CAP®-SEAP-ERN1 cells in a concentration of 1:1000. The PageRulerTM prestained protein ladder 
(Thermo Fisher Scientific) was used as molecular weight marker and a cell lysate control for FLAG® tag was used as positive 
control. The ERN1-FLAG in CAP®-SEAP ERN1 stable pool was present as double band (upper band was caused by 
unspecificity of the detection antibody). The full blot is shown in Figure 46 in the Appendix (page 142). A Western Blot with 
Anti-β-Actin and Anti-ERN1 antibody indicated comparable protein amounts per lane (Appendix, Figure 47, page 143). 

 

Stable ERN1 expression does not alter productivity of CAP®-SEAP cells 

The successfully selected CAP®-SEAP-ERN1 stable cell pool was tested against the likewise created 

mock cell pool (CAP®-SEAP mock) and its parental CAP®-SEAP Minipool 6D6. They were analyzed for 

beneficial process relevant parameter: proliferation, viability and volumetric productivity. For this 

purpose, all three cell cultures were seeded at 1.0 x 106 viable cells/mL and cultivated for 7 days in a 

batch process at 37°C, shaked with 160 rpm (Figure 41). 

All cultures showed a typical exponential growth for the first three days, then slowing down the 

proliferation and reaching their maximum cell concentration on the fifth day before transition into 

decline phase. The parental CAP®-SEAP Minipool 6D6 reached a maximum of 12.5 ± 0.7 x 106 cells/mL, 

whereas CAP®-SEAP-mock and CAP®-SEAP-ERN1 reached 10.6 ± 0.1 x 106 cells/mL and  

10.8 ± 0.1 x 106 cells/mL, respectively. The viability remained high at about 95 % for the first 4 days in 

all cultures. Starting on day 5, the viability dropped resulting in a decreased viability in CAP®-SEAP-

mock and CAP®-SEAP ERN1 compared to the parental Minipool. The volumetric productivity of the 

recombinant expressed model protein SEAP showed little difference with no significance in any of the 

three cultures. It reached its maximum on day 7 of the cultivation with 1345 ± 44 µg/mL, 1432 ± 85 

µg/mL and 1425 ±124 µg/mL for CAP®-SEAP Minipool 6D6, CAP®-SEAP mock and CAP®-SEAP-ERN1 

respectively. Specific productivity showed no significant differences among the three CAP®-SEAP 

cultures. 
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Figure 41 - Cultivation of three stable CAP®-SEAP cell pools: CAP®-SEAP Minipool 6D6 (parental), CAP®-SEAP mock and 
CAP®-SEAP ERN1. The cultures were seeded with 1 x 106 viable cells/mL and cultivated for seven days in a culture volume 
of 30 mL. A: Viable cell concentration, B: Viability, C: SEAP concentration in the culture supernatant and D: Specific SEAP 
productivity were assessed (n = 3, ± Standard deviation). For statistical analysis, an unpaired two-tailed t-test was applied 
(*p<0.05). 
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4 Discussion 

4.1 Suitability of the RNAi screening platform to identify process-relevant 

kinases  
 

To produce biopharmaceuticals there is always the need for improved bioprocesses and for high-

expressing cell lines. Previous reviews summarized the successful genetical engineering of bottlenecks 

in various production cell lines (Kunert et al., 2016; Fischer, Handrick, and Otte, 2015; Butler et al., 

2012). The challenge is to identify suitable engineering targets for overexpression, down-regulation or 

knockout. To this end, a novel high-content RNAi screening platform was developed that is suitable for 

high-throughput screening to identify such potential genetic engineering targets to improve 

recombinant protein expression capabilities in suspension-growing CEVEC amniocyte production 

(CAP®) cells.  

High-throughput screenings aim to identify potential targets for subsequent validation and generation 

of novel production host cell lines. Thus, the quality of the generated data is crucial to reduce the 

number of false-positives or false-negatives and gain a high number of meaningful targets. The 

published method of transfection of siRNAs into CAP®-SEAP cells in complex production medium 

provided the basis for this presented improved RNAi screening (Fischer et al., 2013). It is suitable to 

introduce siRNA and miRNA into CAP®-SEAP cells to down-regulate the mRNA and protein level of the 

intended gene. However, the method needed to be scaled down to allow for sufficient throughput and 

had to be adapted to a novel complex production medium CAP®-CDM. Furthermore, data quality 

needed to be further improved for a high-throughput RNAi screening. Specifically, Non-targeting siRNA 

transfected cultures should show comparable characteristics to untransfected cells. The transfection 

of a functional effector siRNA (like Cell Death inducing siRNA) should generate a strong phenotype. 

Moreover, the method needs to be robust to produce meaningful results during the whole laborious 

screening procedure that can be easily compared. 

The cultivation mode was changed from a static culture to a shaked 96-well plate that enabled growth 

and production characteristics comparable to shaked cultures in 125 mL or even larger shaker flasks. 

In contrast to the published methods cells were grown in CAP®-CDM instead of PEM cell culture 

medium (Fischer et al., 2013). Therefore, the transfection method needed to be adapted as well. To 

this end, DoE was employed to optimize the transfection conditions. Three parameters were varied: 

seeding cell concentration, siRNA concentration and amount of transfection reagent. The Non-

targeting negative control siRNA and the functional cell death inducing positive control siRNA were 

used to identify the optimal transfection parameter. The experiment provided data to fit to a reliable 

model. The contour prediction plot of the model with 3 x 105 seeded viable cells / mL is shown in Figure 

16. It showed a strong reduction in cell concentration and viability using cell death inducing positive 

control siRNA when employing the highest siRNA concentration (60 nM) and amount of transfection 

reagent (0.8 µL/well) resulting in almost no viable cell after 48 hours. On the contrary, these conditions 

had a very strong influence on the negative control as well. Under these conditions the viability was 

below 75 % and cell concentration was about 1 x 106 cells 48 hours after transfection. The best 

condition in respect of the negative control provided almost 2 x 106 cells with a viability of more than 

95 %. So, a suitable compromise was identified with a siRNA concentration of 40 nM and 0.4 µL/well 

ScreenFect® A transfection reagent with a seeding cell concentration of  

4 x 105 cells to result in little detrimental effect on the negative control and maximum effect of the 
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positive control. This resulted in a large assay window for the subsequent RNAi screening. The 

robustness of these parameter has been shown using a robustness testing model by design of 

experiment using 10 % deviation of the identified parameter. The result suggested a slight sensitivity 

towards the seeding cell concentration. To overcome this sensitivity all results from the screening were 

normalized to the on-plate Non-targeting control to minimize plate-to-plate variability and allow for 

comparisons over several plates. Moreover, the Z-factor as a valid tool to analyze RNAi high-

throughput screening results was implemented successfully (J. D. Zhang et al., 2011; Sharma et al., 

2011; Moore et al., 2010). 

The regulation of gene expression by siRNA induced gene knockdown and regulation is a time 

dependent process. Thus, the optimal read-out time for the siRNA screening was evaluated. Again, the 

aim was to have the strongest effect in the functional controls while having little to no effect in the 

negative control. This was the case between 48 and 72 hours as shown in Figure 18 for proliferation 

and in Figure 19 for SEAP productivity using an Anti-SEAP siRNA. The effect accumulates over time 

resulting in strong differences at 72 hours. However, the strength of the effect, as measured by the 

specific SEAP productivity, reduced over time. Therefore, the read-out time was set to 54 hours. This 

is in good agreement with previous studies that identified the time-frame between 48 and 72 hours as 

sufficient in mammalian cell lines (J. D. Zhang et al., 2011; Fischer et al., 2014; Senapedis et al., 2011). 

Lwa et. al. analyzed the secreted Gaussia-luciferase from HEK293 cells in their screening after two days 

as well (Lwa et al., 2010). 

The presented RNAi screening setup possess some improvements compared to previously reported 

siRNA screenings. Following the guidelines presented by Sharma et al., a dedicated negative control 

Non-targeting siRNA and two positive controls (cell death-inducing siRNA and Anti-SEAP siRNA) on 

each plate were used to ensure a robust and reliable base line to identify siRNAs that introduce a 

phenotype (Sharma et al., 2011). Other RNAi screenings in the past have used the mean or the median 

of all samples as baseline, which might result in a biased outcome depending on the selected 

compound, siRNA or CRISPR library. Moreover, every control and effector siRNA were tested in 

triplicate. All samples were normalized to the on-plate negative control, which provided the best 

reliability in the established setup.  

A custom siRNA library against the kinome and few other genes was used, and the quantified output 

parameter were sensitive towards many knockdowns, thus the median or mean of all plate samples 

cannot be used for normalization. Furthermore, the now commonly used Z-factor for high-throughput 

screenings was applied for statistical analysis of the screening (Birmingham et al., 2009). As presented 

in Figure 21 and Table 19 the mean of the controls Z-factor over the whole screening is above 0.7 for 

each parameter with N=143. Zhang et al. reported the highest Z-factor for the control genes PLK1, 

WEE1 and COPB1 with about 0.5 in their time-resolved kinome siRNA screening setup to identify genes 

involved in proliferation of human HeLa cells (J. D. Zhang et al., 2011). These three gene knockdowns 

resulted in Z-factors for proliferation of 0.76, 0.49 and 0.78 in the established screening setup in CAP® 

cells supporting the quality of the data. These gene knockdowns resulted in similar Z-factors for the 

other parameters viability, volumetric and specific SEAP productivity and apoptosis too. All in all, the 

high quality of the controls, resulting in an excellent signal-to-noise ratio and the identification of some 

major predicted hits from other RNAi kinome screenings provide high confidence in the generated 

data. 
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4.2 Identification of bioprocess relevant kinases 
 

The RNAi screening in CAP®-SEAP Minipool 6D6 cells showed that 82 to 94 % and thus most of the 

transfected siRNAs resulted in no significant phenotype regarding the four-analyzed parameter: viable 

cell concentration, viability, volumetric and specific SEAP productivity. This result is supported by other 

RNAi kinome screenings. Richardson et al. identified 41 hits with an almost identical phospho-

proteome regulating siRNA library, resulting in about 95 % of all siRNAs having no impact in colon-

derived carcinoma cell line HCT116 on the observed G1 cell cycle checkpoint control phenotype 

(Richardson et al., 2012). Chia et al. reported almost 20 % out of all 948 siRNAs (kinome + 

phosphatome) to induce an effect on Golgi morphology in HeLa cells and removed about 15 % due to 

low viability (Chia et al., 2012). Moreover, the presented screening identified crucial genes from all 

major PANTHER pathways indicating that it is not biased. 

Kinases are regulators of many different biochemical processes within cells of an organisms and are 

often specific for a distinct pathway. These pathways are only activated under certain conditions or in 

some cells of an organisms. Thus, only a subset of kinases is active under the investigated conditions. 

If such a pathway is not used in the specific cellular state and environment, the knockdown results in 

no phenotype. Overall, most siRNAs that showed a phenotype resulted in a reduction rather than an 

increase in viable cell concentration, viability, volumetric SEAP productivity or a combination thereof, 

as seen in Figure 22, Figure 23 and Figure 24. The combination of the effects, shown in the Venn 

diagrams in Figure 25, revealed that a third of the knockdowns, that resulted in a reduced viable cell 

concentration also decreased the volumetric SEAP productivity. This is a reasonable result and 

emphasizes the need for high cell concentrations and proliferation in a production process. For 

example, Reinhart et al. compared various commercially available CHO production media and found 

that the two media that allowed for the highest cell concentration resulted in the highest antibody 

yield too (Reinhart et al., 2013). This is also supported by a general trend in biotechnological upstream 

processing towards fed-batch or perfusion processes, to achieve high cell concentrations that produce 

increased amount of recombinant proteins or speed up the seed train (Rouiller et al., 2013; Kishishita 

et al., 2015; Butler et al., 2012; Genzel et al., 2014; W. C. Yang, Lu, Kwiatkowski, et al., 2014) A reduction 

in cell-specific SEAP productivity led to a decreased volumetric productivity in more than 50 % of the 

cases too. Thus, the recombinant protein production capacity of a single cell is also a very important 

feature to achieve high protein titers and has been addressed in various studies (Du et al., 2014; Z. 

Wang et al., 2012; Hwang et al., 2003; Baek et al., 2016) 

Based on the data of the initial kinome RNAi screening in CAP®-SEAP Minipool 6D6 cells, a subset of 

siRNAs was validated in a IgG expressing CAP® single cell clone. As shown in Table 22, several siRNA 

mediated knockdowns resulted in no phenotype in CAP®-IgG cells. Especially, positive effects on viable 

cell concentration, volumetric and specific productivity showed different phenotypes. This difference 

can be explained in part by the CAP®-IgG cells that have been created independently as single cell clone 

(Wilson et al., 1990; Pilbrough et al., 2009; N. S. Kim et al., 1998; S. K. Yoon et al., 2004), the 

recombinantly expressed protein (Mayrhofer et al., 2014) and the slightly changed experimental setup. 

Whereas, CAP®-SEAP cells were a Minipool consisting of a small number (expanded from about 50 cells 

/ well) of different clones resulting from the same plasmid transfection. CAP®-IgG cells represent a 

single clone, that can exhibit clonal effects. Kober et. al used transfected Mini-Pools, starting from 1000 

cells / well, instead of single cell clones to avoid clonal effects in  their signal peptide analysis in CHO 

cells (Kober et al., 2013). The SEAP is a rather simple protein, expressed from a single open reading 
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frame with a different folding and glycosylation compared with an IgG antibody that is transcribed 

from 2 individual loci followed by rather complex post-translational maturation. Thus, these 

recombinant proteins may require different cellular resources and subsequently lead to other 

bottlenecks. Lwa et al. also observed varying effects transfecting siRNA in HEK293 cells either 

transiently expressing Gaussia luciferase or EPO and CHO-K1 cells transiently expressing EPO, IgG or 

IFNγ (Lwa et al., 2010). Only one out of six selected strong siRNAs showed the same phenotype in all 

tested models. Moreover, SEAP activity is quantified in the supernatant by a sensitive enzymatic assay, 

whereas IgG is detected by the presence of the Fc part of the antibody via Protein A HPLC. Chou et al. 

compared various genome-wide RNAi screenings and concluded that many parameters like time-point, 

assay type or cell line affected the identified genes (Chou et al., 2015). Overall, this emphasizes the 

importance of validation of observed effects in a high-throughput screening as suggested by Sharma 

and Rao (Sharma et al., 2011).  

 

4.2.1 Proliferation and Viability 

 

Cell proliferation is tightly regulated at various steps during the cell cycle to ensure long-term genomic 

stability. Thus, it was suspected that the siRNA mediated knockdown of these major G2/M cell cycle 

checkpoint genes like PLK1, CHEK1 or WEE1 results in a dramatic effect (Figure 33). WEE1 knockdown 

resulted in strong decrease in cell concentration, viability and a drastic change of cell cycle distribution. 

Multiple groups reported such a phenotype upon WEE1 depletion (Moore et al., 2010; Murrow et al., 

2010; Fuchs et al., 2010; Pappano et al., 2014). PLK1 is known as a major checkpoint kinase for mitotic 

progress and regulator of the M-phase too. Its direct and indirect down-regulation has been shown to 

induce apoptosis and inhibit proliferation (Bu et al., 2008; Archambault et al., 2009; Van De Weerdt et 

al., 2006; J. D. Zhang et al., 2011; X. Li et al., 2012). CHEK1 is a major player in the DNA damage 

checkpoint control before G2/M progression. Activation of this kinase releases the break by 

phosphorylating cdc25a and cdc25c, thus progressing into mitosis (Zeng et al., 1998; Uto et al., 2004; 

Patil et al., 2013). Like other groups a stop in cell proliferation, combined with an increase in cell death 

was observed (Y. Wang et al., 2004; Merry et al., 2010). All three genes are discussed as potential 

targets of cancer therapeutics or their inhibitors are already in clinical trials (Z. Liu et al., 2016; Murrow 

et al., 2010; Merry et al., 2010; Garber, 2005). The reason is that the knockdown or depletion of these 

kinases results in proliferation stop, sensitization, or cell death of cancer cells (X. Liu et al., 2006; 

Garber, 2005; Ma et al., 2011; Pappano et al., 2014; Merry et al., 2010). Many cancer cells lack cell 

cycle control by p53, thus they solely rely on G2/M checkpoint control by PLK1, CHEK1 and WEE1. Their 

depletion leads to subsequent cell death in p53 deficient cells. CAP® cells were immortalized by 

insertion of the E1 function of the Adenovirus 5. This leads to a constant inactivation of p53 by binding 

of E1 to p53, thus making CAP® cells susceptible to the knockdown of these genes. It might be 

concluded that regarding cell cycle CAP® cells behave like some p53-deficient tumor cell lines. 

Taken together, a large portion of the kinases identified to be crucial for proliferation have a direct or 

indirect function in regulation of the cell cycle. This is shown in the resulting regulation network in 

Figure 29. These results are in alignment with Read et al. who performed a kinome-wide RNAi 

screening in Drosophila and categorized the hits as “cell cycle/growth control/proliferation” too (Read 

et al., 2013). The main nodes are represented by the cell cycle checkpoints PLK1, WEE1 and CHEK1, 

thus stressing their high importance for growth. These three genes are in close proximity to cell-cycle 
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dependent cyclin 2 (CDC2), the anaphase-promoting complex APC and Cyclin A/B, because they are 

regulated by PLK1, WEE1 and CHEK1. Presumably, their knockdown would have resulted in very similar 

growth-inhibited phenotypes. However, they were not included since the focus of this work was the 

arrayed gene knockdown analysis of the kinome. 

The simplified PI3K-AKT-ERK network is depicted in Figure 42. The down-regulation of several members 

of the ERK1/2 (=MAPK3/1) and PI3K/AKT signaling pathway resulted in strong and significant reduction 

of proliferation of CAP®-SEAP and CAP®-IgG cells (Figure 29, Figure 30 and Figure 21). Both ERK1/2 and 

AKT are major regulatory sensor proteins and are the effector kinases in a signal cascade to trigger 

various biological functions (Buscà et al., 2016; Hers et al., 2011; Khan et al., 2013). The knockdown of 

ERK1/2 and AKT itself resulted in no significant phenotype in CAP®-SEAP cells, but depletion of several 

upstream target, e.g. PIK3CA, PIK3R2, PIK3R3, PIK3C2B, and MAP3K2 resulted in significant reduction 

of proliferation. A number of phosphoinositide 3-kinase genes were already associated with cell 

growth in mice and drosophila (Shioi et al., 2000; Luo et al., 2005; Leevers et al., 1996). ERK1/2 and 

AKT are kinases and phosphorylate their protein substrates. Thus, small residual amounts of these 

sensor proteins might be sufficient to activate downstream cascades. The global 

phosphorylation/activity state (changed by knockout/inhibition of upstream proteins in the signal 

cascade) of the effector kinases ERK1/2 and AKT might be more important than the total intracellular 

protein amount (Buscà et al., 2016). This is supported by Hwang and Lee who overexpressed wildtype 

AKT in CHO cells and observed no phenotypic change, whereas a catalytic active AKT protected cells 

from programmed cell death (Hwang et al., 2009). 
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Figure 42 - Schematic PI3K-AKT-ERK1 network. The receptor tyrosine kinase (RTK) dimerizes upon binding of a growth 
factor like insulin or colony stimulating growth factor (CSF). It phosphorylates phosphoinositol-3-kinase which 
phosphorylates membrane embedded phosphoinositol-4,5-phosphote (PIP2) to phosphoinositol-3,4,5-phosphote (PIP3). 
The PI3K pathway is negatively regulated by phosphatase and tensin homolog (PTEN) which catalyzes the reaction from 
PIP3 to PIP2. AKT is phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) and by mTOR complex. AKT is a 
central regulator and controls proliferation, cell survival and metabolism via several major pathways. Activated RTKs 
catalyze the exchange of Guanosindiphosphat (GDP) bound to Ras with Guanosintriphosphate (GTP). Active GTP-Ras 
activates the Mitogen-activated protein kinase (MAPK) pathway via Raf, MAPK2s to extracellular-signal regulated kinase 
1/2 (ERK1/2). As a major regulator ERK1/2 control various cellular function). The mTOR complex is indirectly regulated by 
the ERK1/2 and PI3K-AKT pathway and inhibits PI3K via the ribosomal protein S6 kinase (RPS6K)  

 

There are three isoforms of AKT (1/2/3) and two of ERK (1/2) that have been down-regulated 

individually in the screening. Their signaling selectivity is context-dependent among cell lines and are 

even suggested to be functionally redundant (Toker et al., 2014; Lefloch et al., 2009; Buscà et al., 2016). 

As suggested by Mendoza et al. for cancer cells and by Edroz for CHO-GS cells, proliferation in complex 

media might be triggered by activation via other signaling pathways (Mendoza et al., 2011; Edros et 

al., 2014). CAP® cells were cultivated in highly complex CAP®-CDM production medium containing 

various growth factors. This might further explain lack of effect for some gene knockdowns in the AKT 

pathway. Senapedis et al. observed that the downregulation of any AKT isoform alone showed no to 

very mild effect, but the combined knockdown of all 3 isoforms showed a very strong phenotype in 

their forkhead-box-protein 1 (FOXO1) nucleus location assay in U2OS cells (Senapedis et al., 2011). This 

agrees with Tso et. al who reported no inhibition of proliferation upon knockdown of endogenous 

AKT1-3 in 293/RGS19 cells (Tso et al., 2011). In vivo studies showed that mice with little AKT1 activity 

and AKT2/AKT3 knockout can survive with little dysfunction, but complete knockout is lethal (Dummler 

et al., 2006). Koseoglu et al. extensively studied the reaction of 20 tumor cell lines upon AKT1/2/3 

knockdown and found that the relative importance of AKT is cell line specific (Koseoglu et al., 2007). 

Moreover, various reports outline the use of PI3K/AKT kinase inhibitors to kill or sensitize cancer cells, 

but also state the need for predictive biomarkers, due to suboptimal duration of therapeutic response 

in unselected patients (Khan et al., 2013; Yap et al., 2008; Liang et al., 2003; De Luca et al., 2012). Taken 
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together, growth-factor induced signaling by ERK1/2 and PI3K/AKT pathways is important for 

proliferation in CAP® cells. This is underlined by the result that the knockdown of insulin-like growth 

factor (IGF1R) signaling via PI3K/AKT (Duan et al., 1999) was among the strongest phenotypes to 

reduce proliferation in both model CAP® producer cells (Figure 33). Interestingly, IGF1R and colony 

stimulating factor 1 receptor (CSF1R) knockdown, both exhibited strong growth inhibition in CAP® 

cells, are closely linked to proliferation of immune cells (Ries et al., 2015; Gusscott et al., 2016). 

Next to cell-cycle relevant genes there were several kinases with other biological functions. For 

example, pantothenate kinases are the first enzymes in the Coenzyme A biosynthesis and tightly 

regulated by a feedback inhibition of coenzyme A (Robishaw et al., 1985). Upon its depletion, the cell 

loses its ability to synthesize Coenzyme A, which is essential in the metabolism (Dansie et al., 2014). 

Interestingly, only knockdown of PANK4 resulted in a strong inhibition of proliferation, whereas the 

other two PANK1 and PANK3 knockdowns showed no phenotype. So far, little is known about the 

distinct function and role of PANK4, beside its role in type 2 diabetes and its interaction with pyruvate 

kinase PKM2 (Xiang et al., 2007; Y. Li et al., 2005). PKM2 knockdown significantly reduced viability in 

both CAP® cells and cell concentration in CAP®-IgG too. Furthermore, down-regulation of members of 

the Jun-aminoterminal kinase JNK-pathway resulted in a decreased growth (Figure 29, top left corner). 

In detail, depletion of MAP3K13 and its down-stream kinase MAP2K7, which directly activates JNK1, 

JNK2 and JNK3, resulted in a significant growth inhibition by about 25 % in CAP®-SEAP cells. Elevated 

activity levels of the JNK pathway were linked to proliferation of hepatocellular carcinoma cells via 

receptor for activated C kinase (RACK1) and MAP2K7 (Keshet et al., 2010). An shRNA mediated 

knockdown of MAP3K13 was shown to reduce tumor growth in three different cancer cell lines 

(MB231, HepG2 and MCF-7), supposedly by decreased Myc protein level and thus transcription activity 

(Keshet et al., 2010).  

Another important kinase, the RIO kinase 1 RIOK1 has been shown by Widmann et al. to play a crucial 

role in ribosomal biogenesis. It is important for the cytoplasmic maturation of the 40s ribosomal RNA 

subunit (Widmann et al., 2012). RIOK1 depletion in both model CAP® cell lines resulted in reduced 

viable cell concentration and increased apoptosis. This agrees with Read et al. who showed that 

reduced RIOK1 and RIOK2 expression caused cell cycle exit and apoptosis (Read et al., 2013). To prove 

the ability of the presented siRNA screening setup to identify essential non-kinase genes coatomer 

subunit beta 2 (COPB2) siRNA was included in the custom library. Its depletion resulted in the second 

strongest inhibition of proliferation. The importance of this gene for proliferation has been shown by 

Zhang et al. in HeLa and by Zumbansen et al. in HUVEC cells as well (Zumbansen et al., 2010; J. D. Zhang 

et al., 2011).  

 

4.2.2 Recombinant protein productivity 

 

Almost all the effects (64/70) on volumetric protein productivity in CAP®-SEAP cells have been 

confirmed in CAP®-IgG cells. This is a very high confirmation rate, even though most effects were 

milder especially for siRNAs that induced a volumetric productivity increase. Firstly, the high 

confirmation rate was partly due to the changed quantification assay and setup. SEAP has been 

detected in the supernatant of each individual replicate after 54 hours via an enzymatic assay. On the 

other hand, IgG has been quantified by the presence of its heavy chain by Protein A HPLC, using the 

pooled triplicate after 72 hours in a technical duplicate. Thus, even small changes in the pooled sample 
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resulted in a highly significant phenotype due to the low deviation of the technical triplicate with the 

established HPLC detection method. Secondly, SEAP it is a rather simple protein consisting of only one 

chain transcribed from a single locus. It requires folding during the secretion and is glycosylated. On 

the other hand, an IgG consists of two light and two heavy chains that are assembled and folded in the 

endoplasmic reticulum. During its secretion, an IgG is glycosylated. These differences might led to 

different bottlenecks in the expression of the different recombinant proteins (Gupta et al., 2007). 

Mayrhofer et al. states that difficulties for comparison arise due to position effect of the integrated 

expression cassette and even different antibody variants (Mayrhofer et al., 2014). Lastly, the CAP®-

SEAP cells originate from a Minipool. Thus, they have some heterogeneity and some clones within this 

pool might have been more affected than others upon siRNA mediated gene knockdown. On the other 

hand, the CAP®-IgG cells originate from a single cell clone. These differences on top of the slightly 

changed screening setup might explain the resulting differences in phenotypic strength.  

The volumetric productivity is highly dependent on the number of cells able to express the 

recombinant protein. Thus, it is reasonable that 31 of 89 of the gene knockdowns in CAP®-SEAP 

Minipool 6D6 cells resulted in a simultaneous decrease of volumetric productivity and viable cell 

concentration (Figure 25, page 59). By evaluation of various media supplements for a CAP® cell line 

stably expressing a C1-inhibitor, Essers et al. identified soy peptone II to increase the cell density and 

thus almost doubled the maximum product concentration (Essers et al., 2011). An alternative strategy 

in CAP® cells has been the use of an alternating tangential flow (ATF) perfusion bioreactor system to 

optimize the influenza A virus production (Genzel et al., 2014). Using an ATF system, one can retain 

the cells, to maximize the number of cells expressing the product. These two studies highlight the 

importance of high cell concentration with CAP® cells to achieve high productivity. 

To increase the cell specific productivity is a common approach and resulted in many publication over 

the last decades, especially in Chinese hamster ovary cells (Kober et al., 2013; Baek et al., 2016; Fogolin 

et al., 2004; Baik et al., 2015; Strotbek et al., 2013; Fischer et al., 2014). One approach was the 

engineering of the PIK3-mTOR pathway (Figure 43) that regulates global translation activity, 

proliferation, senses energy state of the cell and external influences and plays a role in cell size 

regulation (Arsham et al., 2006; Edros et al., 2014; Jean et al., 2014).  
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Figure 43 - Schematic pathway of mTOR network. mTOR is a central regulator in the cell. It receives signals from multiple 
upstream pathways like the ERK, PI3K-AKT or AMPK pathway. Upon activation by phosphorylation mTOR phosphorylates 
the downstream proteins ribosomal protein S6 kinase (RPS6K) and 4E binding protein (4EBP1). RPS6K is activated and 
phosphorylates eukaryotic Elongation factor 2 (eEF2), ribosomal protein S6 (RPS6) and eukaryotic translation initiation 
factor 4B (eIF4B). Phosphorylated 4EBP1 is no longer able to sequester the elongation initiation factor 4 (eIF4). These four 
activated effector proteins result in increased translation and expression of important proteins, ribosomal RNAs for 
recombinant protein production and increase the global translation. 

 

mTOR and its downstream P70S6 kinases (=RPS6K) and upstream regulators were investigated in CAP® 

cells following siRNA mediated modulation. The knockdown of P70S6KA1 lead to a significant 

reduction in volumetric productivity in CAP®-SEAP cells with -23.4 % ± 0.5 % and CAP®-IgG with  

-15.1 % ± 0.1 %. Moreover, P70S6KB1 knockdown in CAP®-SEAP cells resulted in a significant reduction 

of volumetric productivity by -9.4 % ± 0.7 %. All other siRNA-mediated knockdowns of tested P70S6K 

isoforms, mTOR isoforms or PI3Ks did not result in any volumetric productivity decrease. Dreesen and 

Fussenegger expressed human mTOR and showed increased antibody productivity in CHO-K1 and 

CHO-DUXB11 (Dreesen et al., 2011). Knockdown in CAP®-SEAP cells resulted in no change in 

productivity, so it is uncertain if overexpression of mTOR would result in increased productivity. Edros 

et al. studied differential gene expression of the PI3K-mTOR- pathway in high and low producer in 

antibody expressing CHO-K1 cells (Edros et al., 2014). The phosphatidylinositol 3-kinase catalytic 

subunit delta (PIK3CD) and subunit gamma (PIK3CG) were found to be markedly over-expressed in 

high-producer cells. However, these two subunits were not included in siRNA library used in the CAP® 

screening. Moreover, no PI3K knockdown resulted dramatically reduced productivity. AMP-activated 

protein kinase (AMPK) as upstream regulator of mTOR was found to be overexpressed in high-producer 

CHO cells (Edros et al., 2014). AMPK senses the energy state of the cell by AMP/ATP ratio (Christie et 

al., 2002). Edros et al. speculated that the upregulation of AMPK resulted in activation of the mTOR 

pathway and thus p70S6K activation, which subsequently leads to phosphorylation and thus enhanced 

translation of elongation factors and ribosomal proteins IF4B, p70S6 and eEF2 to improve global 

translation (Edros et al., 2014)(Terada et al., 1994). However, in CAP® cells the AMPK knockdown 

resulted in no significant change on volumetric productivity. Thus, the PIK3 protein family and AMPK, 

as upstream regulators of mTOR, does not seem to be a bottleneck in recombinant protein production 
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in CAP® cells. Edros et al. investigated downstream effectors of mTOR too (Edros et al., 2014). A direct 

target of mTOR is P70S6K. It phosphorylates the ribosomal protein P70S6, involved in translation 

mechanisms, which was found to be overexpressed in high-producer CHO cells too (Edros et al., 2014). 

High phosphorylation and activation of mTOR results in high activation of P70S6 and subsequently 

upregulated global translation (Courtes, Vardy, et al., 2014; Holz et al., 2005). Only knockdown of 

P70S6KA1 and P70S6KB1 resulted in reduced productivity in CAP® cells indicating that other isoforms 

might be important compared to CHO cells. Courtes et al. studied the activity of the mTOR pathway by 

polysome profiling in CHO-DG44 cells (Courtes, Vardy, et al., 2014). Rapamycin was used to inhibit 

mTOR, thus initiation factor 4 binding protein (4EBP) stays unphosphorylated and sequested 

eukaryotic initiation factor 4 (eIF4). This limited the initiation of translation and subsequently reduced 

the global translation (reduced growth) and reduced productivity in CHO-DG44. Thus, Courtes et al. 

hypothesized for high protein expression, mTOR needs to stay phosphorylated to have a high 

phosphorylation state of its downstream targets 4EBP and P70S6K (Courtes, Vardy, et al., 2014). Wang 

et al. expressed the Bombyx mori gene 30Kc6 in antibody producing CHO cells, which resulted in an 

improved productivity (Z. Wang et al., 2012). On the molecular basis, the ATP generation in these cells 

was higher, which led to supposed increased mTOR activity. This was proven by higher degree of 

phosphorylation of mTOR downstream targets 4EBP1 and P70S6K, which promotes translation. 

Dadehbeigi et al. reported increased activity of the mTOR pathway in GS-CHO-K1 cells by increased 

phosphorylation of mTOR downstream effectors 4EBP and P70S6K by applying an optimized feed 

strategy, resulting in an improved antibody productivity (Dadehbeigi et al., 2015). These findings 

suggest that phosphorylation and activity of the involved PI3K-mTOR pathway proteins is equally 

important to expression of the genes in CHO cells. Studying the phosphorylation and activity of this 

pathway in CAP® cells was not the focus of this work but should be considered for future investigations 

on productivity. 

The screening resulted in five gene knockdowns, namely GAP43, STK24, PRKCE, DCLK3 and NEK6, that 

resulted in a significantly increased volumetric SEAP productivity. These are interesting putative 

targets for cell line engineering. Their depletion or even knockout might lead to an overcoming of a 

bottleneck or the restructuring of the regulation network to allow for higher cellular protein expression 

capacities. All five resulted in a milder increase of the volumetric productivity in IgG than in SEAP 

expressing CAP® cells, with STK24 being the strongest with an increase 11.6 % to 44 µg / mL after 72 

hours.  

STK24 promotes apoptosis upon caspase activation but also caspase-independent apoptosis, senses 

oxidative stress and cell volume and is involved in neuronal development (Thompson et al., 2015; 

Lorber et al., 2009; Ultanir et al., 2014; Y. Zhang et al., 2015; C.-Y. F. Huang et al., 2002; Strange et al., 

2006). STK24 is specifically cleaved by caspases and the N-terminus translocates to the nucleus to 

promote apoptosis (C. Y. F. Huang et al., 2002). So far, no link to recombinant protein expression has 

been established yet. It will be further investigated and discussed during this work. 

Growth-associated protein 43 (GAP43) is highly expressed in the growth cones of neuronal cells and 

considered a crucial component for the plasticity after brain damage (Grasselli et al., 2013; Skene et 

al., 1981). Moreover, an shRNA induced knockdown of the gene resulted in severe morphology 

changes of climbing fiber cells and significantly reduced sprouting (Grasselli et al., 2013). Ectopic 

GAP43 expression in NIH 3T3 fibroblast cells resulted in a lengthening of the cell cycle (Zhao et al., 

2009). This is a similar process in neuronal progenitor cells in transition from proliferation to neuron-

generating division (Zhao et al., 2009). Interestingly, GAP43 knockdown in CAP®-SEAP cells resulted in 
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a not significant increase in viable cell concentration. In part, this might explain the increase SEAP 

productivity. A small, but not significant, benefit for proliferation upon GAP43 knockdown in  

CAP®-IgG was observed too.  

Protein kinase C epsilon-type (PRKCE) has been described as oncogene resulting in increased growth 

rates in NIH 3T3 upon overexpression (Mischak et al., 1993) and in rat embryo fibroblast cells (Cacace 

et al., 1993). The protein PRKCE is localized in the Golgi and is believed to be important for the 

morphological integrity of the endoplasmic reticulum-Golgi intermediate compartment to play a role 

(Lehel et al., 1995; Sugawara et al., 2012). Little is known about the protein coding Doublecortin-like 

kinase 3 (DCLK3). It is mainly expressed in testis and brain (Fagerberg et al., 2014). Just recently, the 

non-coding variant rs1800734 was shown to enhance DCLK3 expression and subsequently promotes 

progression of colorectal cancer (N. Q. Liu et al., 2017). The knockdown of Never in mitosis gene A 

(NIMA) related kinase (NEK6) increased the volumetric productivity in CAP®-SEAP and CAP®-IgG cells. 

However, it resulted in no significant change in proliferation. This is interesting since it has been 

described as essential protein for cell cycle progression in human HeLa and MDA-MB231 cells (Yin et 

al., 2003). Its knockdown resulted in a cell cycle arrest in M-Phase with subsequent apoptosis (Yin et 

al., 2003). Moreover, its overexpression is linked to oncogenesis of several tumors and cancer cells 

(Gercker et al., 2015; X. Cao et al., 2012; J. Sampson et al., 2017). At the G2/M checkpoint NEK6 is 

phosphorylated by CHEK1 and CHEK2 as consequence of DNA damage, e.g. by IR and UV irradiation, 

resulting in a cell cycle arrest (M.-Y. Lee et al., 2008). As suggested by similarity and described by 

Belham et al., the mTOR downstream target p70S6K is also phosphorylated by NEK6 and NEK7 (a highly 

similar homolog) (Belham et al., 2001). NEK7 knockdown resulted in a similar, but not significant 

phenotype. Based on the results of Belham et al., a depletion of NEK6 by siRNA would result in reduced 

phosphorylation of p70S6K leading to reduced translation and expression of ribosomal proteins. This 

contrasts with the results from the screening in CAP® cells. However, another study by Lizcano et al. 

disproves that p70S6K is a substrate of NEK6 (Lizcano et al., 2002). Further research is necessary to 

understand the substrate specificity and function of NEK6 and NEK7 in optimization of recombinant 

protein production, especially its role in regulation of the mTOR downstream target p70S6K in CAP® 

cells. 

As described above, a high number of gene knockdowns that resulted in a reduced volumetric 

productivity also reduced growth in CAP® cells (Figure 25, page 59). However, the screening identified 

several genes, which seem to be essential for volumetric productivity, but their knockdown had no 

significant or little impact on growth or viability. The most prominent ones were LIM domain kinase 1 

(LIMK1), Uridine-cytidine kinase 1 (UCK1), Suppressor of cytokine signaling 5 (SOCS5), Mitogen-

activated protein kinase kinase 6 (MAP2K6). The protein LIMK1 plays an important role in organization 

of the actin cytoskeleton, cell cycle regulation and even transcriptional regulation (Scott et al., 2007). 

A high expression of the protein was found in several invasive tumors and it’s siRNA-mediated 

knockdown resulted in reduced migration and invasion of 801D lung cancer cells (Chen et al., 2012). 

The actin depolymerization cofilin protein family is a substrate of LIMK1, which is deactivated upon 

phosphorylation leading to remodeling of the cytoskeleton (Maekawa et al., 1999; Hamill et al., 2016). 

This has an impact on Golgi organization and protein transport (Bard et al., 2006; Chia et al., 2012). 

The cAMP-responsive element binding protein (CREB) was shown to be directly phosphorylated by 

LIMK1 leading to expression of cAMP-responsive element genes in immortalized hippocampal 

progenitor H19-7 cells (E. J. Yang et al., 2004). These genes encode transcription factors, proteins 

involved in metabolic control, cell cycle regulation and most interestingly regulation of the secretory 

pathway (X. Zhang et al., 2005). The depletion of LIMK1 in both CAP® model cells might cause the 
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reduction in productivity by modulation via cofilin and CREB. UCK1 is involved in the salvage pathway 

of pyrimidine synthesis and phosphorylates uridine and cytidine to their respective monophosphates 

(Van Rompay et al., 2001; Cihák et al., 1976). Moreover, it also phosphorylates and thus activates 

uridine or cytidine nucleoside analogs, used in chemotherapy and virus treatment (Van Rompay et al., 

2001). The expression of UCK1 varies among tumors accounting for sensitivity of tumors towards these 

chemotherapeutics (van Kuilenburg et al., 2016; Otal-Brun et al., 1979; Meinsma et al., 2016). 

Furthermore, Komurov et al. found that UCK1 is required for surface accumulation of epidermal 

growth factor receptor and pathway activation in multiple cancer cell lines (Komurov et al., 2010). 

SOCS5 belongs to the SOCS family and negatively regulates cytokine and growth factor signaling, 

mainly by regulating the Janus kinase – signal transducer and activator transcription (JAK-STAT) and 

epidermal growth factor pathway (Fitzgerald et al., 2009; Kario et al., 2005). The kinase is upregulated 

upon epidermal growth factor stimulation leading to a negative feedback regulation by proteasomal 

degradation of the receptor thus fine-regulating cellular homeostasis and proliferation (Kario et al., 

2005; Nicholson et al., 2005). This is supported by a study from Yoon et al. that showed decreased 

levels of SOCS5 and SOCS6 in various cancer tissues compared to healthy tissues indicating its 

regulatory role in cellular proliferation (S. Yoon et al., 2012). Expression of SOCS5 was also shown to 

play a crucial role in the development of T-helper cells and maintaining the balance between T-helper 

1 and 2 cells by modulating the Interleukin-4 signaling (Seki et al., 2002). Transgenic mice 

overexpressing SOCS5 in T cells showed increased survival rate after induced sepsis indicating an 

important role of this kinase in innate immunity (Watanabe et al., 2006). MAP2K6 is an essential 

component of p38 MAP kinase mediated signal transduction pathway and directly phosphorylates p38 

MAP kinase (Raingeaud et al., 1996). This pathway receives a wide range of external stress signals, 

including radiation, hypoxia, inflammatory cytokines, and is involved in many cellular processes like 

stress induced cell cycle arrest, transcription activation, cancer development and apoptosis (Cuadrado 

et al., 2010; Stein et al., 1996). Upregulation of MAP2K6 was found in various cancer tissues (Parray et 

al., 2014). Moreover, the protein plays a role in Interleukin-12 mediated immune response (Cuadrado 

et al., 2010). Activated p38 MAP kinase, by phosphorylation of MAP2K6, indirectly activates the 

transcription activator proteins CREB and ELK1 (Raingeaud et al., 1996). Thus, the molecular effect of 

MAP2K6 depletion in CAP® cells might be similar to LIMK1 by decreased activation of CREB, leading to 

reduced global expression. Furthermore, in dormant cancer cells MAP2K6 and downstream p38 

activate the nuclear translocation and activation of cyclic AMP-dependent transcription factor 6 (ATF6) 

which leads activation of the mTOR pathway inducing survival mechanisms (Schewe et al., 2008). Thus, 

a depletion of MAP2K6 in CAP® might have led to decreased activation of the mTOR pathway resulting 

in a reduced productivity. 

Specific productivity is an interesting parameter, since it is an indicator of the amount of protein that 

was produced by a cell. 3 out of 39 changes in specific productivity in the high-throughput screening 

were significant in both CAP® model cells, namely CAMK1G, PTK7 and DAPK3 (Figure 32, page 69). 

Additionally, ERN1 knockdown resulted in a strong significant reduction in specific productivity in the 

screening with CAP®-IgG cells and was among the strongest hits in CAP®-SEAP (Figure 34, page 72), but 

narrowly missed the significance criterion in CAP®-SEAP cells with a Z-factor -0.024 (threshold was 0). 

The specific productivity was calculated using the viable cell concentration and the volumetric 

productivity at the end of the cultivation period of the screening. More complex parameters generally 

have greater variance than results from a direct quantification. Moreover, the prolonged cultivation 

time resulted in greater variance in cell concentration due to exponential growth of the cells. Little 

differences at the beginning of the cultivation exponentially increase over the course of the cultivation. 
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DAPK3 knockdown has been identified to increase the cell specific productivity in the screening and is 

therefore an interesting putative target for cell line engineering. In SEAP and IgG expressing cells it 

resulted in an unchanged secreted protein concentration, although the proliferation has been slowed 

down after siRNA transfection. Thus, upon depletion it might change the cells behavior from 

proliferation to production. DAPK3 belongs to the death-associated kinase family, which is involved in 

various cellular functions like apoptosis, autophagy, cell cycle regulation, development and cell motility 

(Kocher et al., 2015; Kake et al., 2017; Geering, 2015; Sakurai et al., 2014; Gozuacik et al., 2006; Bialik 

et al., 2006). In contrast the CAP® screening results, Brognard et al. suggested that in non-small cell 

lung cancer (NSCLC) cell lines DAPK3 loss-of-function promotes increased cell survival and proliferation 

(Brognard et al., 2011). However, in 2017 Kake et al. showed by shRNA mediated DAPK3 down-

regulation an inhibition of the proliferation in the NSCLC cell line A549, that supports the CAP® 

screening findings (Kake et al., 2017). Thus, the role in the regulation of proliferation by DAPK3 remain 

unclear and is likely to be even cell line specific. So far, DAPK3 has not been linked to cell line 

engineering approaches or recombinant protein expression. A stable down-regulation or even 

knockdown of the gene in producer cells might increase the cell-specific productivity. During the 

lengthy selection process, CAP® cells might evolve with the intended beneficial DAPK3 modification 

and a recovered proliferation rate, due to reorganization of the regulatory network.  Therefore, this 

putative cell line engineering target is further investigated in this work. 

The calcium/calmodulin dependent protein kinase I gamma (CAMK1G) could be another interesting 

target for cell line engineering. Its knockdown decreased the volumetric productivity, but not the cell 

concentration. This results in a significantly lowered cell specific productivity in both CAP®-SEAP and 

CAP®-IgG. An overexpression of this gene might improve the cells capacities for recombinant protein 

production. Little is known about CAMK1G. It is an  isoform of CAMK1 and was first described to play 

a role in Ca2+ signaling in the cytoplasm of certain adult rat brain regions and may be involved in some 

neuronal functions (Nishimura et al., 2003). At the same time Takemoto-Kimura et. al reported the 

cloning and sequencing of the human CAMK1G that was almost exclusively expressed in human brain 

mRNA samples (Takemoto-Kimura et al., 2003). Ectopic expression in  

COS-7 cells proved a localization in the Golgi complex and the plasma membrane anchored with an 

CAMK unusual C-terminus that is post-translational modified by prenylation and palmitoylation 

(Takemoto-Kimura et al., 2003, 2007). It was found to play a critical role in early stages of 

dendritogenesis and neuronal plasticity (Takemoto-Kimura et al., 2007). In CAP® cells several attempts 

to detect the presence and expression of CAMK1G failed, thus it remains unclear, if this gene is 

expressed at all. A BLASTn comparison of the 4 siRNA sequences resulted in hits with maximum 63-73 

% sequence identity for other genes. Furthermore, using siSPOTR the potential for miRNA-related off-

targeting was evaluated (Boudreau et al., 2013). The POTS score of the 4 siRNAs ranked between 74 

and 658, whereas an ideal score is suggested to be lower than 30. Moreover, one of the siRNAs shares 

the same miRNA seed sequence with miR-669e. More research is necessary, to understand the 

molecular basis of this strong down-regulation of volumetric and specific productivity in CAP® cells, 

while maintaining similar growth characteristics.  

A similar phenotype was induced by PTK7 knockdown in CAP® cells. Specific productivity was 

significantly reduced in in CAP®-SEAP cells by 38.4 % ± 5.2 % and in CAP®-IgG cells by 23.3 % ± 2.1 % in 

the screening. Notably, in CAP®-SEAP the increase in specific productivity resulted from a strong 

significant decrease in volumetric productivity (-31.0 % ± 1.5 %) with no significant change in viable 

cell concentration, whereas knockdown in CAP®-IgG resulted in a significant impairment of 

proliferation (-24.4 % ± 2.5 %) too. PTK7 is involved in the Wnt signaling pathway, development and 
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cell signaling, but no link to recombinant protein expression has been established yet (Dunn et al., 

2016; Peradziryi et al., 2012).  

ERN1 (=IRE1) is involved in the transport to the Golgi and the unfolded protein response (UPR) 

(Tirasophon et al., 1998; Iwawaki et al., 2001; X. Z. Wang et al., 1998; S. S. Cao et al., 2012). 

Subsequently, the unfolded protein response has been identified as a target for cell line engineering, 

linking it to recombinant protein expression (Ku et al., 2010; Becker et al., 2010, 2008; Gulis et al., 

2014; Kober, 2012; Liew et al., 2010). There are even patents claiming to modify the unfolded protein 

response or using ERN1 in order to increase the recombinant protein production in mammalian host 

systems (Penttila et al., 2004; Samali et al., 2011). Moreover, the effects observed in CAP® cells are 

very strong. For these reasons, it was hypothesized that overexpression of ERN1 might lead to 

increased recombinant protein production, e.g. by activating the UPR and therefore increasing the 

protein secretion capacity of the CAP® cell. 

Since most biopharmaceutical proteins are secreted a better understanding of the secretory pathway 

in CAP® cells is highly desirable as hinted by knockdown of ERN1. Two compartments of major 

relevance for secretion are the endoplasmic reticulum (ER) and the Golgi. Thus, a study from Chia et 

al. might bring new insights (Chia et al., 2012). HeLa cells were transfected with siRNAs and the 

morphology of these two compartments was analyzed. PIP5K1A, PIK4CA, PIP4CB, DGKZ were identified 

as new players in the phosphoinositide network that strongly perturbated the Golgi and ER 

organization. Thus, it can be speculated that the depletion of these genes in protein secreting pathway 

of CAP® cells might result in altered protein levels. However, none of these genes resulted in any 

change. Furthermore, some proteins were directly linked to secretion and tested with a luciferase 

secretion assay. Some of the strongest kinase hits were TEST1, CAMK1, CSNK1E, IPMK, ITPKB, PIK4CA, 

STK36, PTK7 and PTK9L. An impaired cellular secretion machinery might eventually lead reduced 

amounts of secreted protein in the supernatant. Only knockdown of PTK7 resulted in a significantly 

decreased volumetric and specific SEAP productivity in the CAP®-SEAP and CAP®-IgG cells  

 

4.3 Cell line engineering with STK24, DAPK3 and ERN1 
 

Based on the results of the RNAi screening in CAP®-SEAP cells and its validation with a more complex 

recombinant protein in CAP®-IgG, STK24, DAPK3 and ERN1 were the most promising candidates for 

cell line engineering. The positive effects on volumetric or specific productivity of transient STK24 and 

DAPK3 knockdown should be mimicked by stable knockdown or knockout. So far, there is little known 

about these two proteins in the biotechnological background. On the contrary, ERN1 knockdown 

resulted in a strong significant reduction in volumetric productivity in CAP® cells, which showed its 

importance for high recombinant protein expression in the secretory pathway. In a high-throughput 

siRNA screening with secreted luciferase in HEK293, Lwa et al. identified CCAAT/enhancer binding 

protein gamma (CEBPG) to significantly reduce productivity (Lwa et al., 2010). To prove the hypothesis 

Lwa et al. overexpressed CEBPG in HEK293 and CHO cells, which resulted in improved EPO and 

monoclonal antibody productivity (Lwa et al., 2010). Thus, the approach to overexpress ERN1 in CAP® 

cells with the findings from the high-throughput functional siRNA screening seems reasonable. As 

shown on mRNA level, the three genes STK24, DAPK3 and ERN1 were expressed in both CAP®-SEAP 

Minipool 6D6 and CAP®-IgG during the exponential growth phase and the early stationary phase, thus 

underlining the rationality to further investigate their suitability as engineering targets. 
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To study the dynamic effects of STK24 and DAPK3 in a batch cultivation (Figure 36, page 75), a six days’ 

siRNA mediated knockdown in a 5 mL culture CAP®-IgG was performed, because Prashad and Mehra 

observed a strong induction of the UPR on the fourth day of a CHO batch cultivation (Prashad et al., 

2014). The death-inducing and the Anti-IgG siRNA control confirmed the successful delivery and 

functional effect CAP®-IgG cells. Furthermore, STK24 and DAPK3 knockdown has been confirmed on 

mRNA level by at least 70 %. STK24 depletion resulted in a significantly improved volumetric and 

specific IgG productivity. Moreover, there has been a beneficial significant effect on proliferation over 

the course of this 6-day cultivation in CAP®-IgG, that was not observed in the high-throughput siRNA 

screenings in CAP®-SEAP nor CAP®-IgG cells. The difference might result from the use of a different 

siRNA. Furthermore, the cultivation in 5 mL rather than in 0.12 mL might resulted in a different 

extracellular environment. Thus, a different intracellular bottleneck might have been present. Effects 

on up- and downscaling are known in biotechnology (Eibl et al., 2010; Howaldt et al., 2011; Reisman, 

1993). The challenge is that unknown or uncontrolled factors influence the experiment. The unclear 

nature of the effect, little molecular knowledge about STK24 and further constraints led to no further 

investigation of the suitability of a STK24 knockdown or knockout in this presented work. However, it 

could be done by introduction of an shRNA construct, that constitutively represses the STK24 protein 

translation by cleavage of the mRNA for a proof-of-concept. Preliminary results in a CAP®-GFP cells 

confirmed the principle suitability of this approach (data not shown). However, the introduction of the 

pLKO.1 shRNA vector led to dramatic toxic effects. Moreover, the transcription and processing of the 

shRNA, as well as the additional burden on the miRNA machinery diminishes this suitability of this 

approach for cell line engineering and limits its use. Thus, a gene knockout approach, for example using 

CRISPR technology, might be beneficial (Barrangou et al., 2015). 

The phenotype of the DAPK3 depletion in the 6-day knockdown experiment with CAP®-IgG cells (Figure 

36, page 75) was similar to the screening results from CAP®-SEAP and CAP®-IgG cells. The viable cell 

concentration was decreased, but additionally there is a significant impact on viability as well, that has 

not been observed in previous experiments. The significant increase in specific productivity was in 

good alignment with the screening in both CAP® cell lines. However, the effect was only significant in 

the time frame from 96 to 120 hours. Overall, due to the dramatic decrease in proliferation and viability 

the volumetric productivity was strongly reduced. A stable knockout of DAPK3 with a subsequent single 

cell cloning might yield a cell clone with only a minor inhibition of proliferation but improved specific 

productivity capacities. Further research is necessary to understand how DAPK3 depletion leads to 

increased specific productivity. This knowledge could be used in further studies to counter-act the 

reduced growth rate, for example by expression of growth-promoting genes like c-myc (V Ifandi et al., 

2005; Vasiliki Ifandi et al., 2003). 

ERN1 over-expression and establishment of a stable cell pool was investigated in CAP®-SEAP rather 

than CAP®-IgG cells due to a conflict in antibiotic resistance markers. Upon transient plasmid 

transfection, a dramatic loss in viability and growth inhibition was observed compared to the 

untransfected and mock-plasmid transfected cells. ERN1 is one of the three central sensors (next to 

ATF6 and PERK) for ER stress and decides the cells fate towards relieve of the stress by initiation on 

the UPR or programmed cell death (S. S. Cao et al., 2012). Szegezdi et. al and Wang reported cell death 

in HEK293T, COS1 and CHO cells upon ERN1 overexpression (Szegezdi et al., 2006; X. Z. Wang et al., 

1998). The study of Li et al. supports these results in HepG2 cells and reported that the inhibition of 

proliferation upon ERN1 overexpression was induced by downregulation of PLK1 (X. Li et al., 2012). 

The siRNA mediated downregulation of PLK1 showed similar effects on viable cell concentration and 

viability in CAP®-SEAP and CAP®-IgG cells. Other reports linked an increased ER stress, sensed by ERN1, 
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to the activation of the JNK pathway or CHOP which subsequently led to apoptosis (Verma et al., 2012; 

Urano et al., 2000; Rutkowski et al., 2006). It is likely that the enormous overexpression of ERN1 in the 

transient expression by the very strong CMV promoter might shifted the balance towards cell death in 

CAP® cells. In the short period of the batch cultivation, cells might not be able to re-organize their 

regulatory network. Due to the dramatic inhibition of proliferation and induction of cell death the total 

volumetric productivity was not increased. To overcome proliferation inhibition and cell death, a stable 

ERN1-expressing CAP®-SEAP cell pool was successfully generated to evaluate the effect of constitutive 

mild-overexpression on productivity (Figure 39, page 78). Cells that survived the antibiotic selection 

probably integrated the ERN1 expression cassette in a less opened chromatin, thus the ERN1 protein 

level is tolerated. The utilized ERN1 gene is fused to a C-terminal myc-FLAG-tag that allowed easy 

confirmation of the establishment of the desired CAP®-SEAP-ERN1 cell pool by using an anti-FLAG 

antibody in Western Blot analysis (Figure 40, page 79). 

The established CAP®-SEAP-ERN1 cell pool was tested in a seven-day batch cultivation (Figure 41, page 

80) but resulted in no significant change in cell growth or recombinant protein production compared 

to the mock CAP®-SEAP cell line. In accordance, Hwang et al. observed no phenotype in the over-

expression of wildtype AKT in CHO cells (Hwang et al., 2009). Like AKT, ERN1 is a sensor protein and 

the solely presence might not activate the bioprocess relevant beneficial downstream pathway. Thus, 

further research on the phosphorylation state of downstream targets or the splicing of X-Box binding 

protein mRNA (XBP1), which is the downstream target of ERN1 upon activation by ER stress, is required 

(Figure 44, page 97). Moreover, upstream targets that influence the phosphorylation or dimerization 

of ERN1 need to be further evaluated for their impact on recombinant protein production. 

Alternatively, Hwang et al. used a catalytic active AKT protein (Hwang et al., 2009). It might be 

beneficial to use a constitutively active ERN1 to create CAP® cell lines with improved protein 

production capabilities. As described earlier, SEAP is a rather simple protein, that might not induce 

strong ER stress, thus with this recombinant protein, there might not be a bottleneck. Ku et al. 

expressed the spliced form of XBP1 in CHO-K1 cells (Ku et al., 2010). They observed no productivity 

improvement of EPO in stably transfected cells and concluded that existing ER stress might result from 

environmental conditions rather than from recombinant protein production. On the contrary, Becker 

et. al. successfully used XBP1 to increase antibody expression in a fed-batch process using CHO-DG44 

cells (Becker et al., 2008). Later, they evaluated combinatorial cell engineering approaches to counter-

act the induced apoptotic effects of activating the UPR by expression of XBP1 (Becker et al., 2010). Cain 

et al. expressed XBP1 and observed improvements in transient protein production only in CHO-S cells, 

but not in CHO-K1 (Cain et al., 2013). The suggested reason was the already enlarged ER size in CHO-

K1 cells which accounted for the improved expression and secretion capacities. This is supported by 

the study of Tigges et al., who used XPB1 to improve heterologous protein production in CHO-K1 cells 

(Tigges et al., 2006). Gulis et al. speculates that the varying and contradictory results arise from 

differences in the recombinant proteins and cell lines used (Gulis et al., 2014). Because of these 

previous studies investigating only certain members of the UPR, Prashad and Mehra systematically 

evaluated the UPR pathway in CHO-DG44 cells during recombinant protein production (Prashad et al., 

2014). Prashad and Mehra speculate that the rate-limiting step at the begin of a batch cultivation is 

the transcription of the IgG heavy chain rather than the folding and secretion of the antibody. The 

mRNA levels of SEAP and IgG heavy and light chain were not quantified in CAP® cells. However, since 

the mono-cistronic SEAP expression and the bi-cistronic expression of the IgG were both strongly 

affected by depletion of ERN1, the bottleneck for production of these proteins does not seem to be 

the mRNA presence.  
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Figure 44 - Schematic pathway of ERN1 activation as one of the three untranslated protein responses (UPR). Misfolded 
proteins in the endoplasmic reticulum (ER) create ER stress signals sensed by ERN1. The protein dimerizes leading to either 
activation of NF-κB or JNK-pathway activation, which results in induction of apoptosis. Alternatively, the cytosolic domain 
of ERN1 splices Xbp1 mRNA. The spliced variant is translated to the transcription factor X-Box binding protein 1 that 
translocates to the nucleus and activates UPR effector genes like chaperones and ER-associated protein degradation 
pathway. 

 

Further research is necessary to fully understand the present bottlenecks in expression of recombinant 

proteins in CAP® cells. 
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4.4 Conclusion and Outlook 
 

A novel high-throughput high-content functional siRNA screening platform for identification of process 

relevant kinases in CAP®-SEAP and CAP®-IgG cells was successfully implemented. The screening 

identified cell cycle checkpoint kinases, like PLK1, WEE1 and CHEK1, members of the PI3K-AKT pathway 

and several more to be potentially crucial for proliferation in both CAP® model cells. Most of these 

kinases seemed to be required for high recombinant protein productivity too. Proteins of the mTOR 

pathway, ERN1, LIMK1, UCK1, SOCS5 and MAP2K6 were further identified to be relevant in the context 

of recombinant protein production.  

Depletion of a few kinases, like STK24 and DAPK3 even showed beneficial effects. These two were 

further investigated for their potential in cell line engineering to establish a novel improved CAP® cell 

line. However, further research is necessary to elucidate the molecular basis of the effect. A shRNA-

mediated stable knockdown might be able to translate the effects seen in the siRNA screening to a 

stable CAP® cell line. Furthermore, a knockdown approach using CRISPR technology or classical 

methods might be used to establish a stable cell pool or a cell line to proof that STK24 or DAPK3 

knockdown can improve recombinant protein production in CAP® cells.  

ERN1 depletion resulted in a striking phenotype with reduced protein production without impaired 

proliferation in both CAP®-SEAP and CAP®-IgG cells. Ectopic overexpression of tagged human ERN1 

was used to test beneficial effects in CAP®-SEAP cells. Transient expression resulted in a growth arrest 

with impaired viability. A stable CAP®-SEAP cell pool expressing ERN1 was successfully established but 

showed no beneficial recombinant production capabilities. A differential expression or regulation of 

ERN1 downstream in CAP® cells might be the reason for this observation. Instead of a stable 

overexpression from a strong CMV promoter, an inducible expression system could be used to titrate 

the required expression levels of ERN1 or to onset its expression in a production process to . Moreover, 

instead of a myc-FLAG-tagged native gene sequence, a custom-synthesized expression optimized ERN1 

gene could be used. Alternatively, a constitutively active ERN1 kinase or modification of ERN1 

upstream regulators might be used to potentially hyperactivate the UPR pathway to increase 

chaperone levels and transcription activators. Furthermore, the UPR pathway, splicing, expression and 

phosphorylation state of ERN1 interaction partners, like XBP1, JNK and NF-κB, in CAP® cells might be 

further investigated. 

 

  



References  99 

 

5 References 

Ahn, W Suk. 2011. “Metabolic Flux Analysis of CHO Cells at Growth and Non-Growth Phases Using 
Isotopic Tracers and Mass Spectrometry.” Metabolic Engineering 13 (5): 598–609. 

Anderson, Rachelle P, Eugenia Voziyanova, and Yuri Voziyanov. 2012. “Flp and Cre Expressed from Flp-
2A-Cre and Flp-IRES-Cre Transcription Units Mediate the Highest Level of Dual Recombinase-
Mediated Cassette Exchange.” Nucleic Acids Research 40 (8): 1–9. 

Antoniou, Michael, Lee Harland, Tracey Mustoe, Steven Williams, Jolyon Holdstock, Ernesto Yague, 
Tony Mulcahy, et al. 2003. “Transgenes Encompassing Dual-Promoter CpG Islands from the 
Human TBP and HNRPA2B1 Loci Are Resistant to Heterochromatin-Mediated Silencing.” 
Genomics 82 (3): 269–79. 

Archambault, Vincent, and David M Glover. 2009. “Polo-like Kinases: Conservation and Divergence in 
Their Functions and Regulation.” Nature Reviews Molecular Cell Biology  10: 265–75. 

Arsham, Andrew M., and Thomas P. Neufeld. 2006. “Thinking Globally and Acting Locally with TOR.” 
Current Opinion in Cell Biology. 

Backliwal, Gaurav, Markus Hildinger, Ivan Kuettel, Fanny Delegrange, David L. Hacker, and Florian M. 
Wurm. 2008. “Valproic Acid: A Viable Alternative to Sodium Butyrate for Enhancing Protein 
Expression in Mammalian Cell Cultures.” Biotechnology and Bioengineering. 

Baek, Eric, Che Lin Kim, Mi Gyeom Kim, Jae Seong Lee, and Gyun Min Lee. 2016. “Chemical Inhibition 
of Autophagy: Examining Its Potential to Increase the Specific Productivity of Recombinant CHO 
Cell Lines.” Biotechnology and Bioengineering 113 (9). John Wiley and Sons Inc.: 1953–61. 

Baik, Jong Youn, Hussain Dahodwala, Eziafa Oduah, Lee Talman, Trent R Gemmill, Leyla Gasimli, Payel 
Datta, et al. 2015. “Optimization of Bioprocess Conditions Improves Production of a CHO Cell-
Derived, Bioengineered Heparin.” Biotechnology Journal 10 (7): 1067–81. 

Baker, E K, E C Tozer, M Pfaff, S J Shattil, J C Loftus, and M H Ginsberg. 1997. “A Genetic Analysis of 
Integrin Function: Glanzmann Thrombasthenia in Vitro.” Proceedings of the National Academy of 
Sciences of the United States of America 94 (5): 1973–78. 

Bard, Frederic, Laetitia Casano, Arrate Mallabiabarrena, Erin Wallace, Kota Saito, Hitoshi Kitayama, 
Gianni Guizzunti, et al. 2006. “Functional Genomics Reveals Genes Involved in Protein Secretion 
and Golgi Organization.” Nature 439 (7076): 604–7. 

Barrangou, R., a. Birmingham, S. Wiemann, R. L. Beijersbergen, V. Hornung, and a. V. B. Smith. 2015. 
“Advances in CRISPR-Cas9 Genome Engineering: Lessons Learned from RNA Interference.” 
Nucleic Acids Research, no. 11: 1–13. 

Barron, N., N. Kumar, N. Sanchez, P. Doolan, C. Clarke, P. Meleady, F. O’Sullivan, and M. Clynes. 2011. 
“Engineering CHO Cell Growth and Recombinant Protein Productivity by Overexpression of MiR-
7.” Journal of Biotechnology 151 (2): 204–11. 

Barrows, Nicholas J, Caroline Le Sommer, Mariano a Garcia-Blanco, and James L Pearson. 2010. 
“Factors Affecting Reproducibility between Genome-Scale SiRNA-Based Screens.” Journal of 
Biomolecular Screening 15 (7): 735–47. 

Becker, Eric, Lore Florin, Klaus Pfizenmaier, and Hitto Kaufmann. 2010. “Evaluation of a Combinatorial 
Cell Engineering Approach to Overcome Apoptotic Effects in XBP-1(s) Expressing Cells.” Journal 
of Biotechnology 146 (4): 198–206. 

Becker, Eric, Lore Florin, Klaus Pfizenmayer, and Hitto Kaufmann. 2008. “An XBP-1 Dependent Bottle-
Neck in Production of IgG Subtype Antibodies in Chemically Defined Serum-Free Chinese Hamster 
Ovary (CHO) Fed-Batch Processes.” Journal of Biotechnology 135 (2): 217–23. 

 



References  100 

 

Belham, Christopher, Michael J Comb, and Joseph Avruch. 2001. “Identification of the NIMA Family 
Kinases NEK6 / 7 as Regulators of the P70 Ribosomal S6 Kinase.” Current Biology 11: 1155–67. 

Bhola, Neil E., Valerie M. Jansen, Sangeeta Bafna, Jennifer M. Giltnane, Justin M. Balko, Monica V. 
Estrada, Ingrid Meszoely, et al. 2015. “Kinome-Wide Functional Screen Identifies Role of PLK1 in 
Hormone-Independent, ER-Positive Breast Cancer.” Cancer Research 75 (2): 405–14. 

Bi, Jing-Xiu, John Shuttleworth, and Mohamed Al-Rubeai. 2004. “Uncoupling of Cell Growth and 
Proliferation Results in Enhancement of Productivity in P21CIP1-Arrested CHO Cells.” 
Biotechnology and Bioengineering 85 (7): 741–49. 

Bialik, Shani, and Adi Kimchi. 2006. “The Death-Associated Protein Kinases: Structure, Function, and 
Beyond.” Annu. Rev. Biochem 75: 189–210. 

Birmingham, Amanda, LM Selfors, and Thorsten Forster. 2009. “Statistical Methods for Analysis of 
High-Throughput RNA Interference Screens.” … Methods 6 (8): 569–75. 

Blondeel, E.J.M., R. Ho, S. Schulze, S. Sokolenko, S.R. Guillemette, I. Slivac, Y. Durocher, et al. 2016. “An 
Omics Approach to Rational Feed: Enhancing Growth in CHO Cultures with NMR Metabolomics 
and 2D-DIGE Proteomics.” Journal of Biotechnology 234. 

Borth, Nicole, Diethard Mattanovich, Renate Kunert, and Hermann Katinger. 2005. “Effect of Increased 
Expression of Protein Disulfide Isomerase and Heavy Chain Binding Protein on Antibody Secretion 
in a Recombinant CHO Cell Line.” Biotechnology Progress 21 (1): 106–11. 

Boudreau, Ryan L, Ryan M Spengler, Ray H Hylock, Brandyn J Kusenda, Heather A Davis, David A 
Eichmann, and Beverly L Davidson. 2013. “SiSPOTR: A Tool for Designing Highly Specific and 
Potent SiRNAs for Human and Mouse.” Nucleic Acids Research 41 (1): e9. 

Brognard, John, You-Wei Zhang, Lorena A Puto, and Tony Hunter. 2011. “Cancer-Associated Loss-of-
Function Mutations Implicate DAPK3 as a Tumor-Suppressing Kinase.” Cancer Research 71 (8): 
3152–61. 

Brown, Adam J., Bernie Sweeney, David O. Mainwaring, and David C. James. 2014. “Synthetic 
Promoters for CHO Cell Engineering.” Biotechnology and Bioengineering 111 (8). John Wiley and 
Sons Inc.: 1638–47. 

Brummelkamp, Thijn R, René Bernards, and Reuven Agami. 2002. “A System for Stable Expression of 
Short Interfering RNAs in Mammalian Cells.” Science (New York, N.Y.) 296 (5567): 550–53. 

Bu, Youquan, Zhengmei Yang, Quanhai Li, and Fangzhou Song. 2008. “Silencing of Polo-like Kinase (Plk) 
1 via SiRNA Causes Inhibition of Growth and Induction of Apoptosis in Human Esophageal Cancer 
Cells.” Oncology 74 (3–4): 198–206. 

Buscà, Roser, Jacques Pouysségur, and Philippe Lenormand. 2016. “ERK1 and ERK2 Map Kinases: 
Specific Roles or Functional Redundancy?” Frontiers in Cell and Developmental Biology 4 (June): 
1–23. 

Butler, M., and A. Meneses-Acosta. 2012. “Recent Advances in Technology Supporting 
Biopharmaceutical Production from Mammalian Cells.” Applied Microbiology and Biotechnology 
96 (4): 885–94. 

Cacace, A M, S N Guadagno, R S Krauss, D Fabbro, and I B Weinstein. 1993. “The Epsilon Isoform of 
Protein Kinase C Is an Oncogene When Overexpressed in Rat Fibroblasts.” Oncogene 8 (8): 2095–
2104. 

Cacciatore, Jonathan J., Lawrence A. Chasin, and Edward F. Leonard. 2010. “Gene Amplification and 
Vector Engineering to Achieve Rapid and High-Level Therapeutic Protein Production Using the 
Dhfr-Based CHO Cell Selection System.” Biotechnology Advances. 

 



References  101 

 

Cain, Katharine, Shirley Peters, Hanna Hailu, Bernie Sweeney, Paul Stephens, James Heads, Kaushik 
Sarkar, Andy Ventom, Catherine Page, and Alan Dickson. 2013. “A CHO Cell Line Engineered to 
Express XBP1 and ERO1-L?? Has Increased Levels of Transient Protein Expression.” Biotechnology 
Progress 29 (3). 

Campeau, Eric, and Stéphane Gobeil. 2011. “RNA Interference in Mammals: Behind the Screen.” 
Briefings in Functional Genomics 10 (4): 215–26. 

Cao, Stewart Siyan, and Randal J. Kaufman. 2012. “Unfolded Protein Response.” Current Biology 22 
(16). Elsevier: R622–26. 

Cao, Xiaolei, Yunfei Xia, Junling Yang, Jinxia Jiang, Li Chen, Runzhou Ni, Liren Li, and Zhifeng Gu. 2012. 
“Clinical and Biological Significance of Never in Mitosis Gene A-Related Kinase 6 (NEK6) 
Expression in Hepatic Cell Cancer.” Pathology & Oncology Research 18 (2): 201–7. 

Carthew, Richard W, and Erik J Sontheimer. 2009. “Origins and Mechanisms of MiRNAs and SiRNAs.” 
Cell 136 (4): 642–55. 

Chalmers, J J. 1994. “Cells and Bubbles in Sparged Bioreactors.” Cytotechnology 15 (1–3): 311–20. 

Chartier, Matthieu, Thierry Chénard, Jonathan Barker, and Rafael Najmanovich. 2013. “Kinome 
Render: A Stand-Alone and Web-Accessible Tool to Annotate the Human Protein Kinome Tree.” 
PeerJ 1 (August): e126. 

Chen, Qingyong, Demin Jiao, Huizhen Hu, Jia Song, Jie Yan, Lijun Wu, and Li-Qun Xu. 2012. 
“Downregulation of LIMK1 Level Inhibits Migration of Lung Cancer Cells and Enhances Sensitivity 
to Chemotherapy Drugs.” Oncology Research Featuring Preclinical and Clinical Cancer 
Therapeutics 20 (11): 491–98. 

Cheng, Joseph K., Amanda M. Lewis, Do Soon Kim, Timothy Dyess, and Hal S. Alper. 2016. “Identifying 
and Retargeting Transcriptional Hot Spots in the Human Genome.” Biotechnology Journal. 

Chia, Joanne, Germaine Goh, Victor Racine, Susanne Ng, Pankaj Kumar, and Frederic Bard. 2012. “RNAi 
Screening Reveals a Large Signaling Network Controlling the Golgi Apparatus in Human Cells.” 
Molecular Systems Biology 8 (629). Nature Publishing Group: 629. 

Chong, William Pooi Kat, Shu Hui Thng, Ai Ping Hiu, Dong-Yup Lee, Eric Chun Yong Chan, Ying Swan Ho, 
Ai Ping Hui, Dong-Yup Lee, Eric Chun Yong Chan, and Ying Swan Ho. 2012. “LC-MS-Based 
Metabolic Characterization of High Monoclonal Antibody-Producing Chinese Hamster Ovary 
Cells.” Biotechnology and Bioengineering 109 (12). 

Chou, Y C, M M Lai, Y C Wu, N C Hsu, K S Jeng, and W C Su. 2015. “Variations in Genome-Wide RNAi 
Screens: Lessons from Influenza Research.” J Clin Bioinforma 5: 2. 

Christie, Graham R., Eric Hajduch, Harinder S. Hundal, Christopher G. Proud, and Peter M. Taylor. 2002. 
“Intracellular Sensing of Amino Acids in Xenopus Laevis Oocytes Stimulates P70 S6 Kinase in a 
Target of Rapamycin-Dependent Manner.” Journal of Biological Chemistry 277 (12): 9952–57. 

Chung, Joo Young, Seung Wook Lim, Yeon Joo Hong, Sun Ok Hwang, and Gyun Min Lee. 2004. “Effect 
of Doxycycline-Regulated Calnexin and Calreticulin Expression on Specific Thrombopoietin 
Productivity of Recombinant Chinese Hamster Ovary Cells.” Biotechnology and Bioengineering 85 
(5): 539–46. 

Cihák, A, and B Rada. 1976. “Uridine Kinase: Properties, Biological Significance and Chemotherapeutic 
Aspects (a Review).” Neoplasma 23 (3): 233–57. 

Cole, K A, J Huggins, M Laquaglia, C E Hulderman, M R Russell, K Bosse, S J Diskin, et al. 2011. “RNAi 
Screen of the Protein Kinome Identifies Checkpoint Kinase 1 (CHK1) as a Therapeutic Target in 
Neuroblastoma.” Proceedings of the National Academy of Sciences 108 (8): 3336–41. 

Cong, L., F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu, et al. 2013. “Multiplex Genome 
Engineering Using CRISPR/Cas Systems.” Science 339 (6121): 819–23. 



References  102 

 

Cost, Gregory J., Yevgeniy Freyvert, Annamaria Vafiadis, Yolanda Santiago, Jeffrey C. Miller, Edward 
Rebar, Trevor N. Collingwood, Andrew Snowden, and Philip D. Gregory. 2010. “BAK and BAX 
Deletion Using Zinc-Finger Nucleases Yields Apoptosis-Resistant CHO Cells.” Biotechnology and 
Bioengineering 105 (2): 330–40. 

Courtes, Franck C., Chen Gu, Niki S.C. Wong, Peter C. Dedon, Miranda G.S. Yap, and Dong-Yup Lee. 
2014. “28S RRNA Is Inducibly Pseudouridylated by the MTOR Pathway Translational Control in 
CHO Cell Cultures.” Journal of Biotechnology 174 (1): 16–21. 

Courtes, Franck C., Leah Vardy, Niki S C Wong, Muriel Bardor, Miranda G S Yap, and Dong Yup Lee. 
2014. “Understanding Translational Control Mechanisms of the MTOR Pathway in CHO Cells by 
Polysome Profiling.” New Biotechnology 31 (5). Elsevier B.V.: 514–23. 

Cuadrado, Ana, and Angel R Nebreda. 2010. “Mechanisms and Functions of P38 MAPK Signalling.” The 
Biochemical Journal 429 (3): 403–17. 

Dadehbeigi, Nazanin, and Alan J. Dickson. 2015. “Chemical Manipulation of the MTORC1 Pathway in 
Industrially Relevant CHOK1 Cells Enhances Production of Therapeutic Proteins.” Biotechnology 
Journal 10 (7): 1041–50. 

Dansie, Lorraine E., Stacy Reeves, Karen Miller, Stephen P. Zano, Matthew Frank, Caroline Pate, Jina 
Wang, and Suzanne Jackowski. 2014. “Physiological Roles of the Pantothenate Kinases.” 
Biochemical Society Transactions 42 (4): 1033–36. 

Datta, Payel, Robert J. Linhardt, and Susan T. Sharfstein. 2013. “An ’omics Approach towards CHO Cell 
Engineering.” Biotechnology and Bioengineering 110 (5): 1255–71. 

Davami, Fatemeh, Farnaz Eghbalpour, Farzaneh Barkhordari, and Fereidoun Mahboudi. 2014. “Effect 
of Peptone Feeding on Transient Gene Expression Process in CHO DG44.” Avicenna Journal of 
Medical Biotechnology 6 (3): 147–55. 

Davami, Fatemeh, Farnaz Eghbalpour, Leila Nematollahi, Farzaneh Barkhordari, and Fereidoun 
Mahboudi. 2015. “Effects of Peptone Supplementation in Different Culture Media on Growth, 
Metabolic Pathway and Productivity of CHO DG44 Cells; a New Insight into Amino Acid Profiles.” 
Iranian Biomedical Journal 19 (4): 194–205. 

Davis, R., K. Schooley, B. Rasmussen, J. Thomas, and P. Reddy. 2000. “Effect of PDI Overexpression on 
Recombinant Protein Secretion in CHO Cells.” Biotechnology Progress 16 (5): 736–43. 

Dean, Jason, and Pranhitha Reddy. 2013. “Metabolic Analysis of Antibody Producing CHO Cells in Fed 
Batch Production.” Biotechnology and Bioengineering, January, 1–42. 

Dorssers, L. C. 1993. “Induction of Antiestrogen Resistance in Human Breast Cancer Cells by Random 
Insertional Mutagenesis Using Defective Retroviruses: Identification of Bcar-1, a Common 
Integration Site.” Molecular Endocrinology 7 (7): 870–78. 

Dreesen, Imke a J, and Martin Fussenegger. 2011. “Ectopic Expression of Human MTOR Increases 
Viability, Robustness, Cell Size, Proliferation, and Antibody Production of Chinese Hamster Ovary 
Cells.” Biotechnology and Bioengineering 108 (4): 853–66. 

Du, Zhimei, David Treiber, John McCarter, Dina Fomina Yadlin, Ramsey a. Saleem, Rebecca E. McCoy, 
Yuling Zhang, et al. 2014. “Use of a Small Molecule Cell Cycle Inhibitor to Control Cell Growth and 
Improve Specific Productivity and Product Quality of Recombinant Proteins in CHO Cell Cultures.” 
Biotechnology and Bioengineering 112 (1). 

Duan, Cunming, Marya B. Liimatta, and Olivia L. Bottum. 1999. “Insulin-like Growth Factor (IGF)-I 
Regulates IGF-Binding Protein-5 Gene Expression through the Phosphatidylinositol 3-Kinase, 
Protein Kinase B/Akt, and P70 S6 Kinase Signaling Pathway.” Journal of Biological Chemistry 274 
(52): 37147–53. 

 



References  103 

 

Dübel, Stefan. 2007. “Recombinant Therapeutic Antibodies.” Applied Microbiology and Biotechnology 
74 (4): 723–29. 

Dummler, B., O. Tschopp, D. Hynx, Z.-Z. Yang, S. Dirnhofer, and B. A. Hemmings. 2006. “Life with a 
Single Isoform of Akt: Mice Lacking Akt2 and Akt3 Are Viable but Display Impaired Glucose 
Homeostasis and Growth Deficiencies.” Molecular and Cellular Biology 26 (21): 8042–51. 

Dunn, Norris Ray, and Nicholas S Tolwinski. 2016. “Ptk7 and Mcc, Unfancied Components in Non-
Canonical Wnt Signaling and Cancer.” Cancers 8 (7). 

Dykxhoorn, Derek M, Carl D Novina, and Phillip a Sharp. 2003. “Killing the Messenger: Short RNAs That 
Silence Gene Expression.” Nature Reviews. Molecular Cell Biology 4 (6): 457–67. 

Edros, Raihana, Susan McDonnell, and Mohamed Al-Rubeai. 2014. “The Relationship between MTOR 
Signalling Pathway and Recombinant Antibody Productivity in CHO Cell Lines.” BMC 
Biotechnology 14 (1). BMC Biotechnology: 15. 

Eibl, Regine, Stephan Kaiser, Renate Lombriser, and Dieter Eibl. 2010. “Disposable Bioreactors: The 
Current State-of-the-Art and Recommended Applications in Biotechnology.” Applied 
Microbiology and Biotechnology 86 (1): 41–49. 

Eipper, Betty A. 2008. “Posttranslational Modification of Proteins: Expanding Nature’s Inventory.” The 
Quarterly Review of Biology 83 (4). Roberts and Company Publishers: 403–403. 

Elick, Teresa A., Christopher A. Bauser, and M. J. Fraser. 1996. “Excision of the PiggyBac Transposable 
Element in Vitro Is a Precise Event That Is Enhanced by the Expression of Its Encoded 
Transposase.” Genetica 98 (1): 33–41. 

Eriksson, L, E Johansson, C Kettaneh-Wold, C Wikström, and S Wold. 2008. Design of Experiments: 
Principles and Applications. 3rd ed. Umetrics Academy. 

Essers, Ruth, Helmut Kewes, and Gudrun Schiedner. 2011. “Improving Volumetric Productivity of a 
Stable Human CAP Cell Line by Bioprocess Optimization.” BMC Proceedings 5 Suppl 8 (Suppl 8). 
BioMed Central Ltd: P66. 

Fagerberg, Linn, Björn M. Hallström, Per Oksvold, Caroline Kampf, Dijana Djureinovic, Jacob Odeberg, 
Masato Habuka, et al. 2014. “Analysis of the Human Tissue-Specific Expression by Genome-Wide 
Integration of Transcriptomics and Antibody-Based Proteomics.” Molecular & Cellular Proteomics 
13 (2): 397–406. 

Farhan, Hesso, and Catherine Rabouille. 2011. “Signalling to and from the Secretory Pathway.” Journal 
of Cell Science 124 (Pt 2): 171–80. 

Farhan, Hesso, Markus W. Wendeler, Sandra Mitrovic, Eugenio Fava, Yael Silberberg, Roded Sharan, 
Marino Zerial, and Hans Peter Hauri. 2010. “MAPK Signaling to the Early Secretory Pathway 
Revealed by Kinase/Phosphatase Functional Screening.” Journal of Cell Biology 189 (6): 997–
1011. 

Fath, Stephan, Asli Petra Bauer, Michael Liss, Anne Spriestersbach, Barbara Maertens, Peter Hahn, 
Christine Ludwig, Frank Schäfer, Marcus Graf, and Ralf Wagner. 2011. “Multiparameter RNA and 
Codon Optimization: A Standardized Tool to Assess and Enhance Autologous Mammalian Gene 
Expression.” Edited by Grzegorz Kudla. PLoS ONE 6 (3): e17596. 

Fedorov, Yuriy, Emily M Anderson, Amanda Birmingham, Angela Reynolds, Jon Karpilow, Kathryn 
Robinson, Devin Leake, William S Marshall, and Anastasia Khvorova. 2006. “Off-Target Effects by 
SiRNA Can Induce Toxic Phenotype.” RNA (New York, N.Y.) 12 (7): 1188–96. 

Fire, A, S Xu, M K Montgomery, S A Kostas, S E Driver, and C C Mello. 1998. “Potent and Specific Genetic 
Interference by Double-Stranded RNA in Caenorhabditis Elegans.” Nature 391 (6669): 806–11. 

 



References  104 

 

Fischer, Simon, Theresa Buck, Andreas Wagner, Carolin Ehrhart, Julia Giancaterino, Samuel Mang, 
Matthias Schad, et al. 2014. “A Functional High-Content MiRNA Screen Identifies MiR-30 Family 
to Boost Recombinant Protein Production in CHO Cells.” Biotechnology Journal 9 (10): 1279–92. 

Fischer, Simon, René Handrick, Armaz Aschrafi, and Kerstin Otte. 2015. “Unveiling the Principle of 
MicroRNA-Mediated Redundancy in Cellular Pathway Regulation.” RNA Biology 12 (3): 238–47. 

Fischer, Simon, René Handrick, and Kerstin Otte. 2015. “The Art of CHO Cell Engineering: A 
Comprehensive Retrospect and Future Perspectives.” Biotechnology Advances. 

Fischer, Simon, Andreas Wagner, Aron Kos, Armaz Aschrafi, René Handrick, Juergen Hannemann, and 
Kerstin Otte. 2013. “Breaking Limitations of Complex Culture Media: Functional Non-Viral MiRNA 
Delivery into Pharmaceutical Production Cell Lines.” Journal of Biotechnology 168: 589–600. 

Fitzgerald, Justine S., Bettina Toth, Udo Jeschke, Ekkehard Schleussner, and Udo R. Markert. 2009. 
“Knocking off the Suppressors of Cytokine Signaling (SOCS): Their Roles in Mammalian 
Pregnancy.” Journal of Reproductive Immunology 83 (1–2): 117–23. 

Fliedl, Lukas, Johannes Grillari, and Regina Grillari-Voglauer. 2014. “Human Cell Lines for the 
Production of Recombinant Proteins: On the Horizon.” New Biotechnology. Elsevier B.V., 1–7. 

Fogolin, M B, R Wagner, M Etcheverrigaray, and R Kratje. 2004. “Impact of Temperature Reduction and 
Expression of Yeast Pyruvate Carboxylase on HGM-CSF-Producing CHO Cells.” J Biotechnol. 

Fomina-Yadlin, Dina, Mirna Mujacic, Kathy Maggiora, Garrett Quesnell, Ramsey Saleem, and Jeffrey T. 
McGrew. 2015. “Transcriptome Analysis of a CHO Cell Line Expressing a Recombinant Therapeutic 
Protein Treated with Inducers of Protein Expression.” Journal of Biotechnology 212. Elsevier: 106–
15. 

Fourn, Valérie Le, Pierre-Alain Girod, Montse Buceta, Alexandre Regamey, and Nicolas Mermod. 2013. 
“CHO Cell Engineering to Prevent Polypeptide Aggregation and Improve Therapeutic Protein 
Secretion.” Metabolic Engineering, January, 1–12. 

Fuchs, Florian, Gregoire Pau, Dominique Kranz, Oleg Sklyar, Christoph Budjan, Sandra Steinbrink, 
Thomas Horn, Angelika Pedal, Wolfgang Huber, and Michael Boutros. 2010. “Clustering 
Phenotype Populations by Genome-Wide RNAi and Multiparametric Imaging.” Molecular 
Systems Biology 6 (370). Nature Publishing Group: 370. 

Garber, Ken. 2005. “New Checkpoint Blockers Begin Human Trials.” Journal of the National Cancer 
Institute 97 (14): 1026–28. 

Garimella, S V, K Gehlhaus, J L Dine, J J Pitt, M Grandin, S Chakka, M M Nau, N J Caplen, and S Lipkowitz. 
2014. “Identification of Novel Molecular Regulators of Tumor Necrosis Factor-Related Apoptosis-
Inducing Ligand (TRAIL)-Induced Apoptosis in Breast Cancer Cells by RNAi Screening.” Breast 
Cancer Res 16 (2): R41. 

Geering, Barbara. 2015. “Death-Associated Protein Kinase 2: Regulator of Apoptosis, Autophagy and 
Inflammation.” The International Journal of Biochemistry & Cell Biology 65 (August): 151–54. 

Genzel, Yvonne, Thomas Vogel, Johannes Buck, Ilona Behrendt, Daniel Vazquez Ramirez, Gudrun 
Schiedner, Ingo Jordan, and Udo Reichl. 2014. “High Cell Density Cultivations by Alternating 
Tangential Flow (ATF) Perfusion for Influenza A Virus Production Using Suspension Cells.” Vaccine 
32 (24): 2770–81. 

Gercker, E, SD Boyacioglu, E Kasap, A Baykan, H Yuceyar, H Yildirim, S Ayhan, E Ellidokuz, and M 
Korkmaz. 2015. “Never in Mitosis Gene A-Related Kinase 6 and Aurora Kinase A: New Gene 
Biomarkers in the Conversion from Ulcerative Colitis to Colorectal Cancer.” Oncology Reports 34 
(4): 1905–14. 

 

 



References  105 

 

Girod, Pierre Alain, Monique Zahn-Zabal, and Nicolas Mermod. 2005. “Use of the Chicken Lysozyme 5 
Matrix Attachment Region to Generate High Producer CHO Cell Lines.” Biotechnology and 
Bioengineering 91 (1): 1–11. 

Golden, Daniel E, Vincent R Gerbasi, and Erik J Sontheimer. 2008. “An inside Job for SiRNAs.” Molecular 
Cell 31 (3): 309–12. 

Goudar, Chetan, Richard Biener, C. Boisart, Rüdiger Heidemann, James Piret, Albert de Graaf, and 
Konstantin Konstantinov. 2010. “Metabolic Flux Analysis of CHO Cells in Perfusion Culture by 
Metabolite Balancing and 2D [13C, 1H] COSY NMR Spectroscopy.” Metabolic Engineering 12 (2): 
138–49. 

Gozuacik, Devrim, and Adi Kimchi. 2006. “DAPk Protein Family and Cancer.” Autophagy 2 (2): 74–79. 

Graf, Marcus, Ludwig Deml, and Ralf Wagner. 2004. “Codon-Optimized Genes That Enable Increased 
Heterologous Expression in Mammalian Cells and Elicit Efficient Immune Responses in Mice after 
Vaccination of Naked DNA.” Methods in Molecular Medicine 94: 197–210. 

Grasselli, Giorgio, and Piergiorgio Strata. 2013. “Structural Plasticity of Climbing Fibers and the Growth-
Associated Protein GAP-43.” Frontiers in Neural Circuits 7 (February): 1–7. 

Grav, Lise Marie, Jae Seong Lee, Signe Gerling, Thomas Beuchert Kallehauge, Anders Holmgaard 
Hansen, Stefan Kol, Gyun Min Lee, Lasse Ebdrup Pedersen, and Helene Faustrup Kildegaard. 2015. 
“One-Step Generation of Triple Knockout CHO Cell Lines Using CRISPR Cas9 and Fluorescent 
Enrichment.” Biotechnology Journal. 

Gulis, Galina, Kelly Cristina Rodrigues Simi, Renata Rodrigues de Toledo, Andrea Queiroz Maranhao, 
and Marcelo Macedo Brigido. 2014. “Optimization of Heterologous Protein Production in Chinese 
Hamster Ovary Cells under Overexpression of Spliced Form of Human X-Box Binding Protein.” 
BMC Biotechnology 14 (1). BMC Biotechnology: 26. 

Gupta, Prateek, and Kelvin H. Lee. 2007. “Genomics and Proteomics in Process Development: 
Opportunities and Challenges.” Trends in Biotechnology 25 (7): 324–30. 

Gusscott, Samuel, Catherine E. Jenkins, Sonya H. Lam, Vincenzo Giambra, Michael Pollak, and Andrew 
P. Weng. 2016. “IGF1R Derived PI3K/AKT Signaling Maintains Growth in a Subset of Human T-Cell 
Acute Lymphoblastic Leukemias.” PLoS ONE 11 (8): 1–23. 

Hamill, Stephanie, Hua Jane Lou, Benjamin E. Turk, and Titus J. Boggon. 2016. “Structural Basis for 
Noncanonical Substrate Recognition of Cofilin/ADF Proteins by LIM Kinases.” Molecular Cell 62 
(3): 397–408. 

Hammond, Stephanie, and Kelvin H. Lee. 2012. “RNA Interference of Cofilin in Chinese Hamster Ovary 
Cells Improves Recombinant Protein Productivity.” Biotechnology and Bioengineering 109 (2): 
528–35. 

Han, Young Kue, Tae Kwang Ha, Yeon Gu Kim, and Gyun Min Lee. 2011. “Bcl-x L Overexpression Delays 
the Onset of Autophagy and Apoptosis in Hyperosmotic Recombinant Chinese Hamster Ovary 
Cell Cultures.” Journal of Biotechnology 156 (1): 52–55. 

Hanks, S K, and T Hunter. 1995. “Protein Kinases 6. The Eukaryotic Protein Kinase Superfamily: Kinase 
(Catalytic) Domain Structure and Classification.” FASEB Journal : Official Publication of the 
Federation of American Societies for Experimental Biology 9 (8): 576–96. 

Hansen, Henning Gram, Nuša Pristovšek, Helene Faustrup Kildegaard, and Gyun Min Lee. 2017. 
“Improving the Secretory Capacity of Chinese Hamster Ovary Cells by Ectopic Expression of 
Effector Genes: Lessons Learned and Future Directions.” Biotechnology Advances 35 (1): 64–76. 

Hecht, Volker, Sevim Duvar, Holger Ziehr, Josef Burg, and Alexander Jockwer. 2014. “Efficiency 
Improvement of an Antibody Production Process by Increasing the Inoculum Density.” 
Biotechnology Progress. 



References  106 

 

Henry, Olivier, and Yves Durocher. 2011. “Enhanced Glycoprotein Production in HEK-293 Cells 
Expressing Pyruvate Carboxylase.” Metabolic Engineering 13 (5): 499–507. 

Hers, Ingeborg, Emma E. Vincent, and Jeremy M. Tavaré. 2011. “Akt Signalling in Health and Disease.” 
Cellular Signalling 23 (10): 1515–27. 

Hetz, C. 2012. “The Unfolded Protein Response: Controlling Cell Fate Decisions under ER Stress and 
Beyond.” Nature Reviews.Molecular Cell Biology. 

Ho, Steven C L, and Yuansheng Yang. 2014. “Identifying and Engineering Promoters for High Level and 
Sustainable Therapeutic Recombinant Protein Production in Cultured Mammalian Cells.” 
Biotechnology Letters. 

Holz, Marina K, Bryan A Ballif, Steven P Gygi, and John Blenis. 2005. “MTOR and S6K1 Mediate 
Assembly of the Translation Preinitiation Complex through Dynamic Protein Interchange and 
Ordered Phosphorylation Events.” Cell 123 (4): 569–80. 

Horn, Thomas, Thomas Sandmann, and Michael Boutros. 2010. “Design and Evaluation of Genome-
Wide Libraries for RNA Interference Screens.” Genome Biology 11 (6): R61. 

Howaldt, Michael, Franz Walz, and Ralph Kempken. 2011. Bioprozesstechnik. Edited by Horst Chmiel. 
Bioprozesstechnik. Heidelberg: Spektrum Akademischer Verlag. 

Huang, Chi-Ying F, Yi-Mi Wu, Chiung-Yueh Hsu, Wan-Shu Lee, Ming-Derg Lai, Te-Jung Lu, Chia-Lin 
Huang, et al. 2002. “Caspase Activation of Mammalian Sterile 20-like Kinase 3 (Mst3). Nuclear 
Translocation and Induction of Apoptosis.” The Journal of Biological Chemistry 277 (37): 34367–
74. 

Huang, Chi Ying F, Yi Mi Wu, Chiung Yueh Hsu, Wan Shu Lee, Ming Derg Lai, Te Jung Lu, Chia Lin Huang, 
et al. 2002. “Caspase Activation of Mammalian Sterile 20-like Kinase 3 (Mst3). Nuclear 
Translocation and Induction of Apoptosis.” Journal of Biological Chemistry 277 (37): 34367–74. 

Huang, Yao-Ming, WeiWei Hu, Eddie Rustandi, Kevin Chang, Helena Yusuf-Makagiansar, and Thomas 
Ryll. 2010. “Maximizing Productivity of CHO Cell-Based Fed-Batch Culture Using Chemically 
Defined Media Conditions and Typical Manufacturing Equipment.” Biotechnology Progress 26 (5): 
1400–1410. 

Hwang, Sun Ok, Joo Young Chung, and Gyun Min Lee. 2003. “Effect of Doxycycline-Regulated ERp57 
Expression on Specific Thrombopoietin Productivity of Recombinant CHO Cells.” In Biotechnology 
Progress, 19:179–84. 

Hwang, Sun Ok, and Gyun Min Lee. 2009. “Effect of Akt Overexpression on Programmed Cell Death in 
Antibody-Producing Chinese Hamster Ovary Cells.” Journal of Biotechnology 139 (1): 89–94. 

Ifandi, V, and M Al-Rubeai. 2005. “Regulation of Cell Proliferation and Apoptosis in CHO-K1 Cells by the 
Coexpression of c-Myc and Bcl-2.” Biotechnology Progress 21 (3): 671–77. 

Ifandi, Vasiliki, and Mohamed Al-Rubeai. 2003. “Stable Transfection of CHO Cells with the C-Myc Gene 
Results in Increased Proliferation Rates, Reduces Serum Dependency, and Induces Anchorage 
Independence.” Cytotechnology. 

Irani, Noushin, Alejandro José Beccaria, and Roland Wagner. 2002. “Expression of Recombinant 
Cytoplasmic Yeast Pyruvate Carboxylase for the Improvement of the Production of Human 
Erythropoietin by Recombinant BHK-21 Cells.” Journal of Biotechnology 93 (3): 269–82. 

Ivics, Zoltán, Perry B Hackett, Ronald H Plasterk, and Zsuzsanna Izsvák. 1997. “Molecular 
Reconstruction of Sleeping Beauty, a Tc1-like Transposon from Fish, and Its Transposition in 
Human Cells.” Cell 91 (4): 501–10. 

Iwawaki, T, a Hosoda, T Okuda, Y Kamigori, C Nomura-Furuwatari, Y Kimata, a Tsuru, and K Kohno. 
2001. “Translational Control by the ER Transmembrane Kinase/Ribonuclease IRE1 under ER 
Stress.” Nature Cell Biology 3 (2): 158–64. 



References  107 

 

Jackson, Aimee L, and Peter S Linsley. 2010. “Recognizing and Avoiding SiRNA Off-Target Effects for 
Target Identification and Therapeutic Application.” Nature Reviews. Drug Discovery 9 (1). Nature 
Publishing Group: 57–67. 

Jadhav, Vaibhav, Matthias Hackl, Aliaksandr Druz, Smriti Shridhar, Cheng-Yu Yu Chung, Kelley M. 
Heffner, David P. Kreil, et al. 2013. “CHO MicroRNA Engineering Is Growing up: Recent Successes 
and Future Challenges.” Biotechnology Advances, August. Elsevier Inc. 

Jadhav, Vaibhav, Matthias Hackl, Gerald Klanert, Juan a. Hernandez Bort, Renate Kunert, Johannes 
Grillari, and Nicole Borth. 2014. “Stable Overexpression of MiR-17 Enhances Recombinant Protein 
Production of CHO Cells.” Journal of Biotechnology 175 (1). Elsevier B.V.: 38–44. 

Jaluria, Pratik, Michael Betenbaugh, Konstantinos Konstantopoulos, and Joseph Shiloach. 2007. 
“Enhancement of Cell Proliferation in Various Mammalian Cell Lines by Gene Insertion of a Cyclin-
Dependent Kinase Homolog.” BMC Biotechnology 7: 71. 

Jean, S., and A. A. Kiger. 2014. “Classes of Phosphoinositide 3-Kinases at a Glance.” Journal of Cell 
Science 127 (5): 923–28. 

Jeon, Min Kyoung, Da Young Yu, and Gyun Min Lee. 2011. “Combinatorial Engineering of Ldh-a and 
Bcl-2 for Reducing Lactate Production and Improving Cell Growth in Dihydrofolate Reductase-
Deficient Chinese Hamster Ovary Cells.” Applied Microbiology and Biotechnology 92 (4): 779–90. 

Jinek, M., K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna, and E. Charpentier. 2012. “A Programmable 
Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity.” Science 337 (6096): 816–
21. 

Johnson, Gary L, and Razvan Lapadat. 2002. “Mitogen-Activated Protein Kinase Pathways Mediated by 
ERK, JNK, and P38 Protein Kinases.” Science (New York, N.Y.) 298 (5600): 1911–12. 

Jonathan, Lin H., Han Li, Douglas Yasumura, Hannah R. Cohen, Chao Zhang, Barbara Panning, Kevan M. 
Shokat, Matthew M. LaVail, and Peter Walter. 2007. “IRE1 Signaling Affects Cell Fate During the 
Unfolded Protein Response.” Science. 

Jossé, Lyne, C. Mark Smales, and Mick F. Tuite. 2012. “Engineering the Chaperone Network of CHO 
Cells for Optimal Recombinant Protein Production and Authenticity.” Methods in Molecular 
Biology 824: 595–608. 

Kake, Satoru, Tatsuya Usui, Takashi Ohama, Hideyuki Yamawaki, and Koichi Sato. 2017. “Death-
Associated Protein Kinase 3 Controls the Tumor Progression of A549 Cells through ERK MAPK/c-
Myc Signaling.” Oncology Reports 37 (2): 1100–1106. 

Kao, F T, and T T Puck. 1969. “Genetics of Somatic Mammalian Cells. IX. Quantitation of Mutagenesis 
by Physical and Chemical Agents.” Journal of Cellular Physiology 74 (3): 245–58. 

Kario, Edith, Mina D. Marmor, Konstantin Adamsky, Ami Citri, Ido Amit, Ninette Amariglio, Gideon 
Rechavi, and Yosef Yarden. 2005. “Suppressors of Cytokine Signaling 4 and 5 Regulate Epidermal 
Growth Factor Receptor Signaling.” Journal of Biological Chemistry 280 (8): 7038–48. 

Kellokumpu, Sakari, Raija Sormunen, and Ilmo Kellokumpu. 2002. “Abnormal Glycosylation and Altered 
Golgi Structure in Colorectal Cancer: Dependence on Intra-Golgi PH.” FEBS Letters. 

Kelly, Paul S, Laura Breen, Clair Gallagher, Shane Kelly, Michael Henry, Nga T Lao, Paula Meleady, Donal 
O’Gorman, Martin Clynes, and Niall Barron. 2015. “Re-Programming CHO Cell Metabolism Using 
MiR-23 Tips the Balance towards a Highly Productive Phenotype.” Biotechnology Journal 10 (7): 
1029–40. 

Keshet, Yonat, and Rony Seger. 2010. “The MAP Kinase Signaling Cascades: A System of Hundreds of 
Components Regulates a Diverse Array of Physiological Functions.” In Oncotarget, 7:3–38. 

Khan, Khurum H., Timothy A. Yap, Li Yan, and David Cunningham. 2013. “Targeting the PI3K-AKT-MTOR 
Signaling Network in Cancer.” Chinese Journal of Cancer 32 (5): 253–65. 



References  108 

 

Kildegaard, Helene Faustrup, Yuzhou Fan, Jette W Sen, Bo Larsen, and Mikael R Andersen. 2015. 
“Glycoprofiling Effects of Media Additives on IgG Produced by CHO Cells in Fed-Batch 
Bioreactors.” Biotechnology and Bioengineering. 

Kim, J M, J S Kim, D H Park, H S Kang, J Yoon, K Baek, and Y Yoon. 2004. “Improved Recombinant Gene 
Expression in CHO Cells Using Matrix Attachment Regions.” J Biotechnol 107 (2): 95–105. 

Kim, Keun-Soo, Min Soo Kim, Ji Hyun Moon, Moon Sik Jeong, Jinhong Kim, Gyun Min Lee, Pyung-Keun 
Myung, and Hyo Jeong Hong. 2009. “Enhancement of Recombinant Antibody Production in HEK 
293E Cells by WPRE.” Biotechnology and Bioprocess Engineering 14 (5): 633–38. 

Kim, No Soo, Sang Jick Kim, and Gyun Min Lee. 1998. “Clonal Variability within Dihydrofolate 
Reductase-Mediated Gene Amplified Chinese Hamster Ovary Cells: Stability in the Absence of 
Selective Pressure.” Biotechnology and Bioengineering 60 (6): 679–88. 

Kim, No Soo, and Gyun Min Lee. 2000. “Overexpression of Bcl-2 Inhibits Sodium Butyrate-Induced 
Apoptosis in Chinese Hamster Ovary Cells Resulting in Enhanced Humanized Antibody 
Production.” Biotechnology and Bioengineering 71 (3): 184–93. 

Kim, Sung Hyun, and Gyun Min Lee. 2007. “Down-Regulation of Lactate Dehydrogenase-A by SiRNAs 
for Reduced Lactic Acid Formation of Chinese Hamster Ovary Cells Producing Thrombopoietin.” 
Applied Microbiology and Biotechnology 74 (1): 152–59. 

Kishishita, Shohei, Satoshi Katayama, Kunihiko Kodaira, Yoshinori Takagi, Hiroki Matsuda, Hiroshi 
Okamoto, Shinya Takuma, Chikashi Hirashima, and Hideki Aoyagi. 2015. “Optimization of 
Chemically Defined Feed Media for Monoclonal Antibody Production in Chinese Hamster Ovary 
Cells.” Journal of Bioscience and Bioengineering 120 (1). 

Kober, Lars. 2012. “Generation of High Expressing CHO Cell Lines for the Production of Recombinant 
Antibodies Using Optimized Signal Peptides and a Novel ER Stress Based Selection System.” 
Doktorthesis. 

Kober, Lars, Christoph Zehe, and Juergen Bode. 2013. “Optimized Signal Peptides for the Development 
of High Expressing CHO Cell Lines.” Biotechnology and Bioengineering 110 (4): 1164–73. 

Kocher, Brandon A, Lynn S White, and David Piwnica-Worms. 2015. “DAPK3 Suppresses Acini 
Morphogenesis and Is Required for Mouse Development.” Molecular Cancer Research : MCR 13 
(2): 358–67. 

Komurov, Kakajan, David Padron, Tzuling Cheng, Michael Roth, Kevin P. Rosenblatt, and Michael A. 
White. 2010. “Comprehensive Mapping of the Human Kinome to Epidermal Growth Factor 
Receptor Signaling.” Journal of Biological Chemistry 285 (27): 21134–42. 

Konno, Yoshinobu, Yuki Kobayashi, Ken Takahashi, Eiji Takahashi, Shinji Sakae, Masako Wakitani, 
Kazuya Yamano, et al. 2011. “Fucose Content of Monoclonal Antibodies Can Be Controlled by 
Culture Medium Osmolality for High Antibody-Dependent Cellular Cytotoxicity.” Cytotechnology, 
August. 

Kool, Jaap, and Anton Berns. 2009. “High-Throughput Insertional Mutagenesis Screens in Mice to 
Identify Oncogenic Networks.” Nature Reviews. Cancer 9 (6): 389–99. 

Koseoglu, Sandra, Zhuomei Lu, Chandra Kumar, Paul Kirschmeier, and Jun Zou. 2007. “AKT1, AKT2 and 
AKT3-Dependent Cell Survival Is Cell Line-Specific and Knockdown of All Three Isoforms 
Selectively Induces Apoptosis in 20 Human Tumor Cell Lines.” Cancer Biology and Therapy 6 (5): 
755–62. 

Krämer, Oliver, Sandra Klausing, and Thomas Noll. 2010. “Methods in Mammalian Cell Line 
Engineering: From Random Mutagenesis to Sequence-Specific Approaches.” Applied 
Microbiology and Biotechnology 88 (2): 425–36. 

 



References  109 

 

Ku, Sebastian C Y, Poh Choo Toh, Yih Yean Lee, Janet Chusainow, Miranda G S Yap, and Sheng Hao 
Chao. 2010. “Regulation of XBP-1 Signaling during Transient and Stable Recombinant Protein 
Production in CHO Cells.” Biotechnology Progress. 

Kuilenburg, André B P van, and Rutger Meinsma. 2016. “The Pivotal Role of Uridine-Cytidine Kinases 
in Pyrimidine Metabolism and Activation of Cytotoxic Nucleoside Analogues in Neuroblastoma.” 
Biochimica et Biophysica Acta 1862 (9): 1504–12. 

Kunert, Renate, and David Reinhart. 2016. “Advances in Recombinant Antibody Manufacturing.” 
Applied Microbiology and Biotechnology. 

Kwaks, Ted H J, Phil Barnett, Wieger Hemrika, Tjalling Siersma, Richard G a B Sewalt, David P E Satijn, 
Janynke F Brons, et al. 2003. “Identification of Anti-Repressor Elements That Confer High and 
Stable Protein Production in Mammalian Cells.” Nature Biotechnology 21 (5): 553–58. 

Kyriakopoulos, Sarantos, and Cleo Kontoravdi. 2014. “A Framework for the Systematic Design of Fed-
Batch Strategies in Mammalian Cell Culture.” Biotechnology and Bioengineering, 1–25. 

Lackner, Andreas, Emanuel Kreidl, Barbara Peter-vörösmarty, Sabine Spiegl-kreinecker, Walter Berger, 
Michael Grusch, Lucia Baldi, et al. 2012. “Protein Expression in Mammalian Cells.” In Methods, 
edited by James L Hartley, 801:75–92. Methods in Molecular Biology. Totowa, NJ: Humana Press. 

Lagassé, H.A. Daniel, Aikaterini Alexaki, Vijaya L. Simhadri, Nobuko H. Katagiri, Wojciech Jankowski, 
Zuben E. Sauna, and Chava Kimchi-Sarfaty. 2017. “Recent Advances in (Therapeutic Protein) Drug 
Development.” F1000Research 6: 113. 

Lai, Tingfeng, Yuansheng Yang, and Say Kong Ng. 2013. “Advances in Mammalian Cell Line 
Development Technologies for Recombinant Protein Production.” Pharmaceuticals. 

Lao, Mio S., and Derek Toth. 1997. “Effects of Ammonium and Lactate on Growth and Metabolism of 
a Recombinant Chinese Hamster Ovary Cell Culture.” Biotechnology Progress 13 (5). AIChE: 688–
91. 

Lattenmayer, Christine, Martina Loeschel, Willibald Steinfellner, Evelyn Trummer, Dethardt Mueller, 
Kornelia Schriebl, Karola Vorauer-Uhl, Hermann Katinger, and Renate Kunert. 2006. 
“Identification of Transgene Integration Loci of Different Highly Expressing Recombinant CHO Cell 
Lines by FISH.” Cytotechnology 51 (3): 171–82. 

Le, Huong, Nandita Vishwanathan, Anne Kantardjieff, Inseok Doo, Michael Srienc, Xiaolu Zheng, Nikunj 
Somia, and Wei Shou Hu. 2013. “Dynamic Gene Expression for Metabolic Engineering of 
Mammalian Cells in Culture.” Metabolic Engineering 20: 212–20. 

Lee, Jae Seong, Lise Marie Grav, Lasse Ebdrup Pedersen, Gyun Min Lee, and Helene Faustrup 
Kildegaard. 2016. “Accelerated Homology-Directed Targeted Integration of Transgenes in 
Chinese Hamster Ovary Cells via CRISPR/Cas9 and Fluorescent Enrichment.” Biotechnology and 
Bioengineering. 

Lee, Jae Seong, Tae Kwang Ha, Jin Hyoung Park, and Gyun Min Lee. 2013. “Anti-Cell Death Engineering 
of CHO Cells: Co-Overexpression of Bcl-2 for Apoptosis Inhibition and Beclin-1 for Autophagy 
Induction.” Biotechnology and Bioengineering, February, 1–13. 

Lee, Jae Seong, Thomas Beuchert Kallehauge, Lasse Ebdrup Pedersen, and Helene Faustrup Kildegaard. 
2015. “Site-Specific Integration in CHO Cells Mediated by CRISPR/Cas9 and Homology-Directed 
DNA Repair Pathway,” 1–11. 

Lee, Min-Young, Hyun-Ju Kim, Myoung-Ae Kim, Hye Jin Jee, Ae Jeong Kim, Yoe-Sik Bae, Joo-In Park, Jay 
H. Chung, and Jeanho Yun. 2008. “Nek6 Is Involved in G 2 /M Phase Cell Cycle Arrest through DNA 
Damage-Induced Phosphorylation.” Cell Cycle 7 (17): 2705–9. 

Leevers, S J, D Weinkove, L K MacDougall, E Hafen, and M D Waterfield. 1996. “The Drosophila 
Phosphoinositide 3-Kinase Dp110 Promotes Cell Growth.” The EMBO Journal 15 (23): 6584–94. 



References  110 

 

Lefloch, Renaud, Jacques Pouysségur, and Philippe Lenormand. 2009. “Total ERK1/2 Activity Regulates 
Cell Proliferation.” Cell Cycle 8 (5): 705–11. 

Lehel, C, Z Olah, G Jakab, and W B Anderson. 1995. “Protein Kinase C Epsilon Is Localized to the Golgi 
via Its Zinc-Finger Domain and Modulates Golgi Function.” Proceedings of the National Academy 
of Sciences of the United States of America 92 (5): 1406–10. 

Li, Xiangzhu, Huifang Zhu, Huizhe Huang, Rong Jiang, Wenjun Zhao, Yanna Liu, Jinghua Zhou, and Feng 
Jin Guo. 2012. “Study on the Effect of IRE1?? On Cell Growth and Apoptosis via Modulation PLK1 
in ER Stress Response.” Molecular and Cellular Biochemistry 365 (1–2): 99–108. 

Li, Yunfeng, Yongsheng Chang, Lifeng Zhang, Qiping Feng, Zhuo Liu, Yongwei Zhang, Jin Zuo, Yan Meng, 
and Fude Fang. 2005. “High Glucose Upregulates Pantothenate Kinase 4 (PanK4) and Thus Affects 
M2-Type Pyruvate Kinase (Pkm2).” Molecular and Cellular Biochemistry 277 (1–2): 117–25. 

Liang, Jiyong, and Joyce M. Slingerland. 2003. “Multiple Roles of the PI3K/PKB (Akt) Pathway in Cell 
Cycle Progression.” Cell Cycle 2 (4): 336–42. 

Liew, Jane C.J., Wen Siang Tan, Noorjahan Banu Mohamed Alitheen, Eng-Seng Chan, and Beng Ti Tey. 
2010. “Over-Expression of the X-Linked Inhibitor of Apoptosis Protein (XIAP) Delays Serum 
Deprivation-Induced Apoptosis in CHO-K1 Cells.” Journal of Bioscience and Bioengineering 110 
(3). The Society for Biotechnology, Japan: 338–44. 

Lim, Sing Fee, Kok Hwee Chuan, Sen Liu, Sophia O H Loh, Beatrice Y F Chung, Chin Chew Ong, and 
Zhiwei Song. 2006. “RNAi Suppression of Bax and Bak Enhances Viability in Fed-Batch Cultures of 
CHO Cells.” Metabolic Engineering 8 (6): 509–22. 

Liu, Ning Qing, Menno ter Huurne, Luan N. Nguyen, Tianran Peng, Shuang-Yin Wang, James B. Studd, 
Onkar Joshi, et al. 2017. “The Non-Coding Variant Rs1800734 Enhances DCLK3 Expression 
through Long-Range Interaction and Promotes Colorectal Cancer Progression.” Nature 
Communications 8 (February): 14418. 

Liu, Qinghua, and Zain Paroo. 2010. “Biochemical Principles of Small RNA Pathways.” Annual Review 
of Biochemistry 79 (January): 295–319. 

Liu, X, M Lei, and R L Erikson. 2006. “Normal Cells, but Not Cancer Cells, Survive Severe Plk1 Depletion.” 
Mol Cell Biol 26 (6): 2093–2108. 

Liu, Zhixian, Qingrong Sun, and Xiaosheng Wang. 2016. “PLK1, A Potential Target for Cancer Therapy.” 
Translational Oncology 10 (1). The Authors: 22–32. 

Lizcano, Jose M., Maria Deak, Nick Morrice, Agnieszka Kieloch, C. James Hastie, Liying Dong, Mike 
Schutkowski, Ulf Reimer, and Dario R. Alessi. 2002. “Molecular Basis for the Substrate Specificity 
of NIMA-Related Kinase-6 (NEK6).” Journal of Biological Chemistry 277 (31): 27839–49. 

Lochmatter, Didier, and Primus-E Mullis. 2011. “RNA Interference in Mammalian Cell Systems.” 
Hormone Research in Pædiatrics 75 (1): 63–69. 

Loh, J E, C H Chang, W L Fodor, and R A Flavell. 1992. “Dissection of the Interferon Gamma-MHC Class 
II Signal Transduction Pathway Reveals That Type I and Type II Interferon Systems Share Common 
Signalling Component(S).” The EMBO Journal 11 (4): 1351–63. 

Lorber, Barbara, Mariko L Howe, Larry I Benowitz, and Nina Irwin. 2009. “Mst3b, an Ste20-like Kinase, 
Regulates Axon Regeneration in Mature CNS and PNS Pathways.” Nature Neuroscience 12 (11): 
1407–14. 

Luca, Antonella De, Monica R Maiello, Amelia D’Alessio, Maria Pergameno, and Nicola Normanno. 
2012. “The RAS/RAF/MEK/ERK and the PI3K/AKT Signalling Pathways: Role in Cancer 
Pathogenesis and Implications for Therapeutic Approaches.” Expert Opinion on Therapeutic 
Targets 16 (sup2): S17–27. 

 



References  111 

 

Luo, Ji, Julie R McMullen, Cassandra L Sobkiw, Li Zhang, Adam L Dorfman, Megan C Sherwood, M Nicole 
Logsdon, et al. 2005. “Class IA Phosphoinositide 3-Kinase Regulates Heart Size and Physiological 
Cardiac Hypertrophy.” Molecular and Cellular Biology 25 (21): 9491–9502. 

Lwa, Teng Rhui, Chuan Hao Tan, Qiao Jing Lew, Kai Ling Chu, Janice Tan, Yih Yean Lee, and Sheng Hao 
Chao. 2010. “Identification of Cellular Genes Critical to Recombinant Protein Production Using a 
Gaussia Luciferase-Based SiRNA Screening System.” Journal of Biotechnology 146 (4). Elsevier 
B.V.: 160–68. 

Ma, Cynthia X., James W. Janetka, and Helen Piwnica-Worms. 2011. “Death by Releasing the Breaks: 
CHK1 Inhibitors as Cancer Therapeutics.” Trends in Molecular Medicine. 

Mader, Alexander, Bernhard Prewein, Katalin Zboray, Emilio Casanova, and Renate Kunert. 2013. 
“Exploration of BAC versus Plasmid Expression Vectors in Recombinant CHO Cells.” Applied 
Microbiology and Biotechnology 97 (9): 4049–54. 

Maekawa, M, T Ishizaki, S Boku, N Watanabe, A Fujita, A Iwamatsu, T Obinata, K Ohashi, K Mizuno, and 
S Narumiya. 1999. “Signaling from Rho to the Actin Cytoskeleton through Protein Kinases ROCK 
and LIM-Kinase.” Science (New York, N.Y.) 285 (5429): 895–98. 

Maguire, Colin T., Bradley L. Demarest, Jonathon T. Hill, James D. Palmer, Arthur R. Brothman, H. 
Joseph Yost, and Maureen L. Condic. 2013. “Genome-Wide Analysis Reveals the Unique Stem Cell 
Identity of Human Amniocytes.” PLoS ONE 8 (1). 

Manning, G, D B Whyte, R Martinez, T Hunter, and S Sudarsanam. 2002. “The Protein Kinase 
Complement of the Human Genome.” Science (New York, N.Y.) 298 (5600): 1912–34. 

Marino, G, M Niso-Santano, E H Baehrecke, and G Kroemer. 2014. “Self-Consumption: The Interplay of 
Autophagy and Apoptosis.” Nat Rev Mol Cell Biol 15 (2). Nature Publishing Group: 81–94. 

Mason, Megan, Bernadette Sweeney, Katharine Cain, Paul Stephens, and Susan T. Sharfstein. 2012. 
“Identifying Bottlenecks in Transient and Stable Production of Recombinant Monoclonal-
Antibody Sequence Variants in Chinese Hamster Ovary Cells.” Biotechnology Progress 28 (3): 
846–55. 

Mayrhofer, Patrick, Bernhard Kratzer, Wolfgang Sommeregger, Willibald Steinfellner, David Reinhart, 
Alexander Mader, Soeren Turan, Junhua Qiao, Juergen Bode, and Renate Kunert. 2014. “Accurate 
Comparison of Antibody Expression Levels by Reproducible Transgene Targeting in Engineered 
Recombination-Competent CHO Cells.” Applied Microbiology and Biotechnology 98 (23): 9723–
33. 

Meinsma, R, and A B P van Kuilenburg. 2016. “Purification, Activity, and Expression Levels of Two 
Uridine-Cytidine Kinase Isoforms in Neuroblastoma Cell Lines.” Nucleosides, Nucleotides & 
Nucleic Acids 35 (10–12): 613–18. 

Mendoza, Michelle C., E. Emrah Er, and John Blenis. 2011. “The Ras-ERK and PI3K-MTOR Pathways: 
Cross-Talk and Compensation.” Trends in Biochemical Sciences 36 (6): 320–28. 

Merry, Callie, Kang Fu, Jingna Wang, I. Ju Yeh, and Youwei Zhang. 2010. “Targeting the Checkpoint 
Kinase Chk1 in Cancer Therapy.” Cell Cycle. 

Métais, Jean-Yves, Thomas Winkler, Julia T Geyer, Rodrigo T Calado, Peter D Aplan, Michael a Eckhaus, 
and Cynthia E Dunbar. 2012. “BCL2A1a Over-Expression in Murine Hematopoietic Stem and 
Progenitor Cells Decreases Apoptosis and Results in Hematopoietic Transformation.” PloS One 7 
(10): e48267. 

Mi, Huaiyu, Xiaosong Huang, Anushya Muruganujan, Haiming Tang, Caitlin Mills, Diane Kang, and Paul 
D. Thomas. 2017. “PANTHER Version 11: Expanded Annotation Data from Gene Ontology and 
Reactome Pathways, and Data Analysis Tool Enhancements.” Nucleic Acids Research 45 (D1): 
D183–89. 



References  112 

 

Mi, Huaiyu, and Paul Thomas. 2009. “PANTHER Pathway: An Ontology-Based Pathway Database 
Coupled with Data Analysis Tools.” In , 123–40. 

Mischak, H, J A Goodnight, W Kolch, G Martiny-Baron, C Schaechtle, M G Kazanietz, P M Blumberg, J H 
Pierce, and J F Mushinski. 1993. “Overexpression of Protein Kinase C-Delta and -Epsilon in NIH 
3T3 Cells Induces Opposite Effects on Growth, Morphology, Anchorage Dependence, and 
Tumorigenicity.” The Journal of Biological Chemistry 268 (9): 6090–96. 

Mohan, Chaya, Yeon-Gu Kim, Jane Koo, and Gyun Min Lee. 2008. “Assessment of Cell Engineering 
Strategies for Improved Therapeutic Protein Production in CHO Cells.” Biotechnology Journal 3 
(5): 624–30. 

Mohan, Chaya, Hye Park Soon, Young Chung Joo, and Gyun Min Lee. 2007. “Effect of Doxycycline-
Regulated Protein Disulfide Isomerase Expression on the Specific Productivity of Recombinant 
CHO Cells: Thrombopoietin and Antibody.” Biotechnology and Bioengineering 98 (3): 611–15. 

Moore, Michael J, Qingqing Wang, Caleb J Kennedy, and Pamela a Silver. 2010. “An Alternative Splicing 
Network Links Cell-Cycle Control to Apoptosis.” Cell 142 (4). Elsevier Ltd: 625–36. 

Moritz, Benjamin, Peter B. Becker, and Ulrich Göpfert. 2015. “CMV Promoter Mutants with a Reduced 
Propensity to Productivity Loss in CHO Cells.” Scientific Reports 5 (1): 16952. 

Murrow, Lyndsay M., Sireesha V. Garimella, Tamara L. Jones, Natasha J. Caplen, and Stanley Lipkowitz. 
2010. “Identification of WEE1 as a Potential Molecular Target in Cancer Cells by RNAi Screening 
of the Human Tyrosine Kinome.” Breast Cancer Research and Treatment 122 (2): 347–57. 

Nehlsen, Kristina, Roland Schucht, Leonor da Gama-Norton, Wolfgang Krömer, Alexandra Baer, Aziz 
Cayli, Hansjörg Hauser, and Dagmar Wirth. 2009. “Recombinant Protein Expression by Targeting 
Pre-Selected Chromosomal Loci.” BMC Biotechnology 9: 100. 

Nicholson, Sandra E, Donald Metcalf, Naomi S Sprigg, Ruth Columbus, Francesca Walker, Anabel Silva, 
Dale Cary, et al. 2005. “Suppressor of Cytokine Signaling (SOCS)-5 Is a Potential Negative 
Regulator of Epidermal Growth Factor Signaling.” Proceedings of the National Academy of 
Sciences of the United States of America 102 (7): 2328–33. 

Nishimiya, Daisuke. 2014. “Proteins Improving Recombinant Antibody Production in Mammalian 
Cells.” Applied Microbiology and Biotechnology. 

Nishimiya, Daisuke, Takashi Mano, Kenji Miyadai, Hiroko Yoshida, and Tohru Takahashi. 2013. 
“Overexpression of CHOP Alone and in Combination with Chaperones Is Effective in Improving 
Antibody Production in Mammalian Cells.” Applied Microbiology and Biotechnology 97 (6). 

Nishimura, Hideki, Hiroyuki Sakagami, Akiyoshi Uezu, Kohji Fukunaga, Makoto Watanabe, and Hisatake 
Kondo. 2003. “Cloning, Characterization and Expression of Two Alternatively Splicing Isoforms of 
Ca2+/Calmodulin-Dependent Protein Kinase Iγ in the Rat Brain.” Journal of Neurochemistry 85 
(5): 1216–27. 

Nizard, Philippe, Frédéric Ezan, Dominique Bonnier, Nolwenn Le Meur, Sophie Langouët, Georges 
Baffet, Yannick Arlot-Bonnemains, and Nathalie Théret. 2014. “Integrative Analysis of High-
Throughput RNAi Screen Data Identifies the FER and CRKL Tyrosine Kinases as New Regulators of 
the Mitogenic ERK-Dependent Pathways in Transformed Cells.” BMC Genomics 15 (1): 1169. 

Noguchi, Chiemi, Yoshio Araki, Daisuke Miki, and Noriaki Shimizu. 2012. “Fusion of the Dhfr/Mtx and 
IR/MAR Gene Amplification Methods Produces a Rapid and Efficient Method for Stable 
Recombinant Protein Production.” PloS One 7 (12): e52990. 

Ohya, Tomoshi, Tetsuji Hayashi, Eriko Kiyama, Hiroko Nishii, Hideo Miki, Kaoru Kobayashi, Kohsuke 
Honda, Takeshi Omasa, and Hisao Ohtake. 2008. “Improved Production of Recombinant Human 
Antithrombin III in Chinese Hamster Ovary Cells by ATF4 Overexpression.” Biotechnology and 
Bioengineering 100 (2). 



References  113 

 

Otal-Brun, M, and T E Webb. 1979. “Uridine Kinase Activity in Human Tumors.” Cancer Letters 6 (1): 
39–44. 

Pappano, William N, Qian Zhang, Lora a Tucker, Chris Tse, and Jieyi Wang. 2014. “Genetic Inhibition of 
the Atypical Kinase Wee1 Selectively Drives Apoptosis of P53 Inactive Tumor Cells.” BMC Cancer 
14 (1): 430. 

Park, Hyo Soon, Ik Hwan Kim, Ick Young Kim, Ki Ho Kim, and Hong Jin Kim. 2000. “Expression of 
Carbamoyl Phosphate Synthetase I and Ornithine Transcarbamoylase Genes in Chinese Hamster 
Ovary Dhfr-Cells Decreases Accumulation of Ammonium Ion in Culture Media.” Journal of 
Biotechnology 81 (2–3). Elsevier Science B.V.: 129–40. 

Park, Jin Hyoung, Soo Min Noh, Ju Rang Woo, Jong Won Kim, and Gyun Min Lee. 2016. “Valeric Acid 
Induces Cell Cycle Arrest at G1 Phase in CHO Cell Cultures and Improves Recombinant Antibody 
Productivity.” Biotechnol J 11 (4). WILEY-VCH Verlag: 487–96. 

Parray, Arif Ali, Rafia Anjum Baba, Hina Fayaz Bhat, Lateef Wani, Taseem Ahmad Mokhdomi, Umar 
Mushtaq, Sehar Saleem Bhat, et al. 2014. “MKK6 Is Upregulated in Human Esophageal, Stomach, 
and Colon Cancers.” Cancer Investigation 32 (8): 416–22. 

Patil, Mallikarjun, Navjotsingh Pabla, and Zheng Dong. 2013. “Checkpoint Kinase 1 in DNA Damage 
Response and Cell Cycle Regulation.” Cellular and Molecular Life Sciences. 

Pellegrini, S, J John, M Shearer, I M Kerr, and G R Stark. 1989. “Use of a Selectable Marker Regulated 
by Alpha Interferon to Obtain Mutations in the Signaling Pathway.” Molecular and Cellular 
Biology 9 (11): 4605–12. 

Penttila, M, M Ward, H Wang, M Valkonen, and M Saloheimo. 2004. Increased production of secreted 
proteins by recombinant eukaryotic cells. US20040186070 A1, issued 2004. 

Peradziryi, Hanna, Nicholas S Tolwinski, and Annette Borchers. 2012. “The Many Roles of PTK7: A 
Versatile Regulator of Cell-Cell Communication.” Archives of Biochemistry and Biophysics 524 (1): 
71–76. 

Pilbrough, Warren, Trent P. Munro, and Peter Gray. 2009. “Intraclonal Protein Expression 
Heterogeneity in Recombinant CHO Cells.” PLoS ONE 4 (12). 

Prashad, Kamal, and Sarika Mehra. 2014. “Dynamics of Unfolded Protein Response in Recombinant 
CHO Cells.” Cytotechnology 67 (2): 237–54. 

Raab, David, Marcus Graf, Frank Notka, Thomas Schödl, and Ralf Wagner. 2010. “The GeneOptimizer 
Algorithm: Using a Sliding Window Approach to Cope with the Vast Sequence Space in 
Multiparameter DNA Sequence Optimization.” Systems and Synthetic Biology 4 (3): 215–25. 

Raingeaud, J, A J Whitmarsh, T Barrett, B Dérijard, and R J Davis. 1996. “MKK3- and MKK6-Regulated 
Gene Expression Is Mediated by the P38 Mitogen-Activated Protein Kinase Signal Transduction 
Pathway.” Molecular and Cellular Biology 16 (3): 1247–55. 

Read, Renee D., Tim R. Fenton, German G. Gomez, Jill Wykosky, Scott R. Vandenberg, Ivan Babic, Akio 
Iwanami, et al. 2013. “A Kinome-Wide RNAi Screen in Drosophila Glia Reveals That the RIO 
Kinases Mediate Cell Proliferation and Survival through TORC2-Akt Signaling in Glioblastoma.” 
Edited by Anders I. Persson. PLoS Genetics 9 (2): e1003253. 

Rehberger, Bernd, Claas Wodarczyk, Britta Reichenbächer, Janet Köhler, Renée Weber, and Dethardt 
Müller. 2013. “Accelerating Stable Recombinant Cell Line Development by Targeted Integration.” 
BMC Proceedings 7 (Suppl 6): P111. 

Reinhart, David, Christian Kaisermayer, Lukas Damjanovic, and Renate Kunert. 2013. “Benchmarking 
of Commercially Available CHO Cell Culture Media for Antibody Production.” BMC Proceedings 7 
(Suppl 6): P13. 

 



References  114 

 

Reisman, Harold B. 1993. “Problems in Scale-Up of Biotechnology Production Processes.” Critical 
Reviews in Biotechnology 13 (3): 195–253. 

Richardson, Elizabeth, Simon R. Stockwell, He Li, Wynne Aherne, Maria Emanuela Cuomo, and Sibylle 
Mittnacht. 2012. “Mechanism-Based Screen Establishes Signalling Framework for DNA Damage-
Associated G1 Checkpoint Response.” PLoS ONE 7 (2). 

Ries, Carola H, Sabine Hoves, Michael A Cannarile, and Dominik Rüttinger. 2015. “CSF-1/CSF-1R 
Targeting Agents in Clinical Development for Cancer Therapy.” Current Opinion in Pharmacology 
23 (August): 45–51. 

Robishaw, J D, and J R Neely. 1985. “Coenzyme A Metabolism.” The American Journal of Physiology 
248 (1 Pt 1): E1-9. 

Rompay, A R Van, A Norda, K Lindén, M Johansson, and A Karlsson. 2001. “Phosphorylation of Uridine 
and Cytidine Nucleoside Analogs by Two Human Uridine-Cytidine Kinases.” Molecular 
Pharmacology 59 (5): 1181–86. 

Ronda, Carlotta, Lasse Ebdrup Pedersen, Henning Gram Hansen, Thomas Beuchert Kallehauge, Michael 
J. Betenbaugh, Alex Toftgaard Nielsen, and Helene Faustrup Kildegaard. 2014. “Accelerating 
Genome Editing in CHO Cells Using CRISPR Cas9 and CRISPy, a Web-Based Target Finding Tool.” 
Biotechnology and Bioengineering 111 (8): 1604–16. 

Rouiller, Yolande, Arnaud Périlleux, Natacha Collet, Martin Jordan, Matthieu Stettler, and Hervé Broly. 
2013. “A High-Throughput Media Design Approach for High Performance Mammalian Fed-Batch 
Cultures.” MAbs 5 (3): 501–11. 

Rutkowski, D. Thomas, Stacey M. Arnold, Corey N. Miller, Jun Wu, Jack Li, Kathryn M. Gunnison, 
Kazutoshi Mori, Amir A Sadighi Akha, David Raden, and Randal J. Kaufman. 2006. “Adaptation to 
ER Stress Is Mediated by Differential Stabilities of Pro-Survival and pro-Apoptotic MRNAs and 
Proteins.” PLoS Biology. 

Sakurai, Kumi, Indrani Talukdar, Veena S. Patil, Jason Dang, Zhonghan Li, Kung Yen Chang, Chih Chung 
Lu, et al. 2014. “Kinome-Wide Functional Analysis Highlights the Role of Cytoskeletal Remodeling 
in Somatic Cell Reprogramming.” Cell Stem Cell 14 (4): 523–34. 

Samali, A, S Gupta, and A Deepti. 2011. Manipulation of hsp70 and ire1alpha protein interactions. 
WO2011154908 A1, issued 2011. 

Sampson, Josephina, Laura O’Regan, Martin J.S. Dyer, Richard Bayliss, and Andrew M. Fry. 2017. 
“Hsp72 and Nek6 Cooperate to Cluster Amplified Centrosomes in Cancer Cells.” Cancer Research, 
July. 

Sampson, Timothy R., and David S. Weiss. 2014. “Exploiting CRISPR/Cas Systems for Biotechnology.” 
BioEssays 36 (1): 34–38. 

Sarbassov, Dos D., Siraj M. Ali, and David M. Sabatini. 2005. “Growing Roles for the MTOR Pathway.” 
Current Opinion in Cell Biology. 

Scheeff, Eric D., Jeyanthy Eswaran, Gabor Bunkoczi, Stefan Knapp, and Gerard Manning. 2009. 
“Structure of the Pseudokinase VRK3 Reveals a Degraded Catalytic Site, a Highly Conserved Kinase 
Fold, and a Putative Regulatory Binding Site.” Structure 17 (1). Elsevier Ltd: 128–38. 

Schewe, Denis M, and Julio A Aguirre-Ghiso. 2008. “ATF6alpha-Rheb-MTOR Signaling Promotes 
Survival of Dormant Tumor Cells in Vivo.” Proceedings of the National Academy of Sciences of the 
United States of America 105 (30): 10519–24. 

Schiedner, Gudrun, Nikos Gaitatzis, Sabine Hertel, Corinna Bialek, Helmut Kewes, Christoph Volpers, 
and Gero Waschütza. 2010. Cells and Culture. Edited by Thomas Noll. Dordrecht: Springer 
Netherlands. 

 



References  115 

 

Schiedner, Gudrun, Sabine Hertel, Corinna Bialek, Helmut Kewes, Gero Waschütza, and Christoph 
Volpers. 2008. “Efficient and Reproducible Generation of High-Expressing, Stable Human Cell 
Lines without Need for Antibiotic Selection.” BMC Biotechnology 8 (January): 13. 

Schiedner, Gudrun, Sabine Hertel, and Stefan Kochanek. 2000. “Efficient Transformation of Primary 
Human Amniocytes by E1 Functions of Ad5: Generation of New Cell Lines for Adenoviral Vector 
Production.” Human Gene Therapy 11 (15): 2105–16. 

Schmittgen, Thomas D, and Kenneth J Livak. 2008. “Analyzing Real-Time PCR Data by the Comparative 
C(T) Method.” Nature Protocols 3 (6): 1101–8. 

Schröder, M. 2008. Endoplasmic Reticulum Stress Responses. Cellular and Molecular Life Sciences : 
CMLS. 

Scott, Rebecca W., and Michael F. Olson. 2007. “LIM Kinases: Function, Regulation and Association 
with Human Disease.” Journal of Molecular Medicine 85 (6): 555–68. 

Seki, Yoh-Ichi, Katsuhiko Hayashi, Akira Matsumoto, Noriyasu Seki, Jun Tsukada, John Ransom, Tetsuji 
Naka, Tadamitsu Kishimoto, Akihiko Yoshimura, and Masato Kubo. 2002. “Expression of the 
Suppressor of Cytokine Signaling-5 (SOCS5) Negatively Regulates IL-4-Dependent STAT6 
Activation and Th2 Differentiation.” Proceedings of the National Academy of Sciences of the 
United States of America 99 (20): 13003–8. 

Senapedis, William T, Caleb J Kennedy, Patrick M Boyle, and Pamela a Silver. 2011. “Whole Genome 
SiRNA Cell-Based Screen Links Mitochondria to Akt Signaling Network through Uncoupling of 
Electron Transport Chain.” Molecular Biology of the Cell 22 (10): 1791–1805. 

Sharma, Sonia, and Anjana Rao. 2011. “RNAi Screening: Tips and Techniques.” Nature Immunology 10 
(8): 799–804. 

Shioi, T, P M Kang, P S Douglas, J Hampe, C M Yballe, J Lawitts, L C Cantley, and S Izumo. 2000. “The 
Conserved Phosphoinositide 3-Kinase Pathway Determines Heart Size in Mice.” The EMBO 
Journal 19 (11): 2537–48. 

Singleton, Katherine R., Trista K. Hinz, Emily K. Kleczko, L. A. Marek, Jeff Kwak, Taylor Harp, Jihye Kim, 
Aik Choon Tan, and Lynn E. Heasley. 2015. “Kinome RNAi Screens Reveal Synergistic Targeting of 
MTOR and FGFR1 Pathways for Treatment of Lung Cancer and HNSCC.” Cancer Research 75 (20): 
4398–4406. 

Sioud, Mouldy. 2011. “Promises and Challenges in Developing RNAi as a Research Tool and Therapy.” 
In Therapeutic Oligonucleotides, Methods and Protocols, edited by Henrik Nielsen, 703:173–87. 
Methods in Molecular Biology. Totowa, NJ: Humana Press. 

Skene, J H, and M Willard. 1981. “Characteristics of Growth-Associated Polypeptides in Regenerating 
Toad Retinal Ganglion Cell Axons.” The Journal of Neuroscience : The Official Journal of the Society 
for Neuroscience 1 (4): 419–26. 

Starega-Roslan, Julia, Jacek Krol, Edyta Koscianska, Piotr Kozlowski, Wojciech J. Szlachcic, Krzysztof 
Sobczak, and Wlodzimierz J. Krzyzosiak. 2011. “Structural Basis of MicroRNA Length Variety.” 
Nucleic Acids Research 39 (1): 257–68. 

Stein, B, H Brady, M X Yang, D B Young, and M S Barbosa. 1996. “Cloning and Characterization of MEK6, 
a Novel Member of the Mitogen-Activated Protein Kinase Kinase Cascade.” The Journal of 
Biological Chemistry 271 (19): 11427–33. 

Stiefel, Fabian, Simon Fischer, Alexander Sczyrba, Kerstin Otte, and Friedemann Hesse. 2016. “MiRNA 
Profiling of High, Low and Non-Producing CHO Cells during Biphasic Fed-Batch Cultivation Reveals 
Process Relevant Targets for Host Cell Engineering.” Journal of Biotechnology 225 (May): 31–43. 

Strange, Kevin, Jerod Denton, and Keith Nehrke. 2006. “Ste20-Type Kinases: Evolutionarily Conserved 
Regulators of Ion Transport and Cell Volume.” Physiology (Bethesda, Md.) 21 (February): 61–68. 



References  116 

 

Strotbek, Michaela, Lore Florin, Jennifer Koenitzer, Anne Tolstrup, Hitto Kaufmann, Angelika Hausser, 
and Monilola a. Olayioye. 2013. “Stable MicroRNA Expression Enhances Therapeutic Antibody 
Productivity of Chinese Hamster Ovary Cells.” Metabolic Engineering 20 (October). Elsevier: 157–
66. 

Sugawara, Taichi, Daiki Nakatsu, Hiroaki Kii, Nobuhiko Maiya, Atsuhiro Adachi, Akitsugu Yamamoto, 
Fumi Kano, and Masayuki Murata. 2012. “PKCδ and ε Regulate the Morphological Integrity of the 
ER–Golgi Intermediate Compartment (ERGIC) but Not the Anterograde and Retrograde 
Transports via the Golgi Apparatus.” Biochimica et Biophysica Acta (BBA) - Molecular Cell 
Research 1823 (4): 861–75. 

Sung, Yun Hee, Jae Seong Lee, Soon Hye Park, Jane Koo, and Gyun Min Lee. 2007. “Influence of Co-
down-Regulation of Caspase-3 and Caspase-7 by SiRNAs on Sodium Butyrate-Induced Apoptotic 
Cell Death of Chinese Hamster Ovary Cells Producing Thrombopoietin.” Metabolic Engineering 9 
(5–6): 452–64. 

Szegezdi, Eva, Susan E Logue, Adrienne M Gorman, and Afshin Samali. 2006. “Mediators of 
Endoplasmic Reticulum Stress-Induced Apoptosis.” EMBO Reports 7 (9): 880–85. 

Takemoto-Kimura, Sayaka, Natsumi Ageta-Ishihara, Mio Nonaka, Aki Adachi-Morishima, Tatsuo Mano, 
Michiko Okamura, Hajime Fujii, et al. 2007. “Regulation of Dendritogenesis via a Lipid-Raft-
Associated Ca2+/Calmodulin-Dependent Protein Kinase CLICK-III/CaMKIγ.” Neuron 54 (5): 755–
70. 

Takemoto-Kimura, Sayaka, Hisashi Terai, Maki Takamoto, Shogo Ohmae, Shoko Kikumura, Eri Segi, 
Yoshiki Arakawa, Tomoyuki Furuyashiki, Shuh Narumiya, and Haruhiko Bito. 2003. “Molecular 
Cloning and Characterization of CLICK-III/CaMKI??, A Novel Membrane-Anchored Neuronal 
Ca2+/Calmodulin-Dependent Protein Kinase (CaMK).” Journal of Biological Chemistry 278 (20): 
18597–605. 

Tastanova, Aizhan, Alexandra Schulz, Marc Folcher, Anne Tolstrup, Anja Puklowski, Hitto Kaufmann, 
and Martin Fussenegger. 2016. “Overexpression of YY1 Increases the Protein Production in 
Mammalian Cells.” Journal of Biotechnology 219: 72–85. 

Templeton, Neil, Abasha Lewis, Haimanti Dorai, Elaine A. Qian, Marguerite P. Campbell, Kevin D. Smith, 
Steven E. Lang, Michael J. Betenbaugh, and Jamey D. Young. 2014. “The Impact of Anti-Apoptotic 
Gene Bcl-2Δ Expression on CHO Central Metabolism.” Metabolic Engineering 25. 

Terada, N., H. R. Patel, K. Takase, K. Kohno, A. C. Nairn, and E. W. Gelfand. 1994. “Rapamycin Selectively 
Inhibits Translation of MRNAs Encoding Elongation Factors and Ribosomal Proteins.” Proceedings 
of the National Academy of Sciences of the United States of America 91 (24): 11477–81. 

Teschendorf, Christian, Kenneth H Warrington, Dietmar W Siemann, and Nicholas Muzyczka. 2002. 
“Comparison of the EF-1 Alpha and the CMV Promoter for Engineering Stable Tumor Cell Lines 
Using Recombinant Adeno-Associated Virus.” Anticancer Research 22 (6A): 3325–30. 

Thompson, Barry J, and Erik Sahai. 2015. “MST Kinases in Development and Disease.” The Journal of 
Cell Biology 210 (6): 871–82. 

Tigges, Marcel, and Martin Fussenegger. 2006. “Xbp1-Based Engineering of Secretory Capacity 
Enhances the Productivity of Chinese Hamster Ovary Cells.” Metabolic Engineering. 

Ting, A T, F X Pimentel-Muiños, and B Seed. 1996. “RIP Mediates Tumor Necrosis Factor Receptor 1 
Activation of NF-KappaB but Not Fas/APO-1-Initiated Apoptosis.” The EMBO Journal 15 (22): 
6189–96. 

Tirasophon, Witoon, Ajith a. Welihinda, and Randal J. Kaufman. 1998. “A Stress Response Pathway 
from the Endoplasmic Reticulum to the Nucleus Requires a Novel Bifunctional Protein 
Kinase/Endoribonuclease (Ire1p) in Mammalian Cells.” Genes and Development 12 (12): 1812–
24. 



References  117 

 

Toker, Alex, and Sandra Marmiroli. 2014. “Signaling Specificity in the Akt Pathway in Biology and 
Disease.” Advances in Biological Regulation 55 (18): 28–38. 

Toussaint, Cécile, Olivier Henry, and Yves Durocher. 2016. “Metabolic Engineering of CHO Cells to Alter 
Lactate Metabolism during Fed-Batch Cultures.” Journal of Biotechnology 217 (January). Elsevier: 
122–31. 

Tran, Nham, Murray J Cairns, Ian W Dawes, and Greg M Arndt. 2003. “Expressing Functional SiRNAs in 
Mammalian Cells Using Convergent Transcription.” BMC Biotechnology 3 (21): 21. 

Tsai, Yi-Shan, Hui-Chiu Chang, Lea-Yea Chuang, and Wen-Chun Hung. 2005. “RNA Silencing of Cks1 
Induced G2/M Arrest and Apoptosis in Human Lung Cancer Cells.” IUBMB Life 57 (8): 583–89. 

Tso, Prudence H., Lisa Y. Yung, Yingchun Wang, and Yung H. Wong. 2011. “RGS19 Stimulates Cell 
Proliferation by Deregulating Cell Cycle Control and Enhancing Akt Signaling.” Cancer Letters 309 
(2). Elsevier Ireland Ltd: 199–208. 

Tummala, Seshu, Michael Titus, Lee Wilson, Chunhua Wang, Carlo Ciatto, Greg Thill, Donald Foster, et 
al. 2013. “Evaluation of Exogenous SiRNA Addition as a Metabolic Engineering Tool for Modifying 
Biopharmaceuticals.” Biotechnology Progress 29 (2): 415–24. 

Ultanir, Sila K, Smita Yadav, Nicholas T Hertz, Juan A Oses-Prieto, Suzanne Claxton, Alma L Burlingame, 
Kevan M Shokat, Lily Y Jan, and Yuh-Nung Jan. 2014. “MST3 Kinase Phosphorylates TAO1/2 to 
Enable Myosin Va Function in Promoting Spine Synapse Development.” Neuron 84 (5): 968–82. 

Urano, F, X Wang, A Bertolotti, Y Zhang, P Chung, H P Harding, and D Ron. 2000. “Coupling of Stress in 
the ER to Activation of JNK Protein Kinases by Transmembrane Protein Kinase IRE1.” Science (New 
York, N.Y.). 

Uto, Katsuhiro, Daigo Inoue, Ken Shimuta, Nobushige Nakajo, and Noriyuki Sagata. 2004. “Chk1, but 
Not Chk2, Inhibits Cdc25 Phosphatases by a Novel Common Mechanism.” The EMBO Journal 23 
(16): 3386–96. 

Verma, Gaurav, and Malabika Datta. 2012. “The Critical Role of JNK in the ER-Mitochondrial Crosstalk 
during Apoptotic Cell Death.” Journal of Cellular Physiology. 

Villacrés, Carina, Venkata S Tayi, Erika Lattová, Hélène Perreault, and Michael Butler. 2015. “Low 
Glucose Depletes Glycan Precursors, Reduces Site Occupancy and Galactosylation of a 
Monoclonal Antibody in CHO Cell Culture.” Biotechnology Journal 10 (7): 1051–66. 

Walsh, Gary. 2014. “Biopharmaceutical Benchmarks 2014.” Nature Biotechnology 32 (10): 992–1000. 

Wang, Xiao Zhong, Heather P. Harding, Yuhong Zhang, Ethel M. Jolicoeur, Masahiko Kuroda, and David 
Ron. 1998. “Cloning of Mammalian Ire1 Reveals Diversity in the ER Stress Responses.” EMBO 
Journal 17 (19): 5708–17. 

Wang, Yuli, Stuart J. Decker, and Judith Sebolt-Leopold. 2004. “Knockdown of Chk1, Wee1 and Myt1 
by RNA Interference Abrogates G 2 Checkpoint and Induces Apoptosis.” Cancer Biology and 
Therapy 3 (3): 305–13. 

Wang, Zesong, Xuhui Ma, Li Fan, Won Jong Rhee, Tai Hyun Park, Liang Zhao, and Wen Song Tan. 2012. 
“Understanding the Mechanistic Roles of 30Kc6 Gene in Apoptosis and Specific Productivity in 
Antibody-Producing Chinese Hamster Ovary Cells.” Applied Microbiology and Biotechnology 94 
(5): 1243–53. 

Watanabe, Hiroyuki, Masato Kubo, Kosuke Numata, Katsumasa Takagi, Hiroshi Mizuta, Seiji Okada, 
Takaaki Ito, and Akihiro Matsukawa. 2006. “Overexpression of Suppressor of Cytokine Signaling-
5 in T Cells Augments Innate Immunity during Septic Peritonitis.” Journal of Immunology 
(Baltimore, Md. : 1950) 177 (12): 8650–57. 

Weerdt, Barbara C M Van De, and René H. Medema. 2006. “Polo-like Kinases: A Team in Control of the 
Division.” Cell Cycle. 



References  118 

 

Widmann, B., F. Wandrey, L. Badertscher, E. Wyler, J. Pfannstiel, I. Zemp, and U. Kutay. 2012. “The 
Kinase Activity of Human Rio1 Is Required for Final Steps of Cytoplasmic Maturation of 40S 
Subunits.” Molecular Biology of the Cell 23 (1): 22–35. 

Williams, Gareth H, and Kai Stoeber. 2012. “The Cell Cycle and Cancer.” The Journal of Pathology 226 
(2): 352–64. 

Wilson, Clive, Hugo J. Bellen, and Walter J. Gehring. 1990. “Position Effects on Eukaryotic Gene 
Expression.” Annual Review of Cell Biology 6 (1): 679–714. 

Wlodkowic, D, and W Telford. 2011. “Apoptosis and beyond: Cytometry in Studies of Programmed Cell 
Death.” Methods in Cell Biology, no. i: 115–47. 

Wu, Suh-Chin. 2009. “RNA Interference Technology to Improve Recombinant Protein Production in 
Chinese Hamster Ovary Cells.” Biotechnology Advances 27 (4). Elsevier Inc.: 417–22. 

Wurm, Florian M. 2004. “Production of Recombinant Protein Therapeutics in Cultivated Mammalian 
Cells.” Nature Biotechnology 22 (11): 1393–98. 

Xiang, Ruo Lan, Yan Li Yang, Jin Zuo, Xin Hua Xiao, Yong Sheng Chang, and Fu De Fang. 2007. “PanK4 
Inhibits Pancreatic β-Cell Apoptosis by Decreasing the Transcriptional Level of pro-Caspase-9.” 
Cell Research 17 (11): 966–68. 

Xie, Mingqi, and Martin Fussenegger. 2015. “Mammalian Designer Cells: Engineering Principles and 
Biomedical Applications.” Biotechnology Journal 10 (7): 10051018. 

Yang, Eun Jin, Joo Heon Yoon, Do Sik Min, and Kwang Chul Chung. 2004. “LIM Kinase 1 Activates CAMP-
Responsive Element-Binding Protein during the Neuronal Differentiation of Immortalized 
Hippocampal Progenitor Cells.” Journal of Biological Chemistry 279 (10): 8903–10. 

Yang, William C., Jiuyi Lu, Chris Kwiatkowski, Hang Yuan, Rashmi Kshirsagar, Thomas Ryll, and Yao-Ming 
Huang. 2014. “Perfusion Seed Cultures Improve Biopharmaceutical Fed-Batch Production 
Capacity and Product Quality.” Biotechnology Progress 30 (3): 616–25. 

Yang, William C., Jiuyi Lu, Ngan B. Nguyen, An Zhang, Nicholas V. Healy, Rashmi Kshirsagar, Thomas 
Ryll, and Yao Ming Huang. 2014. “Addition of Valproic Acid to CHO Cell Fed-Batch Cultures 
Improves Monoclonal Antibody Titers.” Molecular Biotechnology 56 (5). Humana Press Inc.: 421–
28. 

Yang, Yuansheng, Mariati, Janet Chusainow, and Miranda G S Yap. 2010. “DNA Methylation 
Contributes to Loss in Productivity of Monoclonal Antibody-Producing CHO Cell Lines.” Journal of 
Biotechnology 147 (3–4). Elsevier B.V.: 180–85. 

Yap, Timothy A, Michelle D Garrett, Mike I Walton, Florence Raynaud, Johann S de Bono, and Paul 
Workman. 2008. “Targeting the PI3K–AKT–mTOR Pathway: Progress, Pitfalls, and Promises.” 
Current Opinion in Pharmacology 8 (4): 393–412. 

Yin, Min-Jean, Lihua Shao, David Voehringer, Tod Smeal, and Bahija Jallal. 2003. “The Serine/Threonine 
Kinase Nek6 Is Required for Cell Cycle Progression through Mitosis.” Journal of Biological 
Chemistry 278 (52): 52454–60. 

Yoon, S.K., S.O. Hwang, and G.M. Lee. 2004. “Enhancing Effect of Low Culture Temperature on Specific 
Antibody Productivity of Recombinant Chinese Hamster Ovary Cells: Clonal Variation.” 
Biotechnology Progress 20 (6): 1683–88. 

Yoon, Sungpil, Young-Su Yi, Sang Soo Kim, Ju-Hwa Kim, Won Sang Park, and Suk Woo Nam. 2012. 
“SOCS5 and SOCS6 Have Similar Expression Patterns in Normal and Cancer Tissues.” Tumour 
Biology : The Journal of the International Society for Oncodevelopmental Biology and Medicine 33 
(1): 215–21. 

 



References  119 

 

Zahn-Zabal, M, M Kobr, P a Girod, M Imhof, P Chatellard, M de Jesus, F Wurm, and N Mermod. 2001. 
“Development of Stable Cell Lines for Production or Regulated Expression Using Matrix 
Attachment Regions.” Journal of Biotechnology 87 (1): 29–42. 

Zboray, K., W. Sommeregger, E. Bogner, a. Gili, T. Sterovsky, K. Fauland, B. Grabner, et al. 2015. 
“Heterologous Protein Production Using Euchromatin-Containing Expression Vectors in 
Mammalian Cells.” Nucleic Acids Research, 1–14. 

Zeng, Y, K C Forbes, Z Wu, S Moreno, H Piwnica-Worms, and T Enoch. 1998. “Replication Checkpoint 
Requires Phosphorylation of the Phosphatase Cdc25 by Cds1 or Chk1.” Nature 395 (6701): 507–
10. 

Zhang, J.-H. 1999. “A Simple Statistical Parameter for Use in Evaluation and Validation of High 
Throughput Screening Assays.” Journal of Biomolecular Screening 4 (2): 67–73. 

Zhang, Jitao David, Cindy Koerner, Stephanie Bechtel, Christian Bender, Ioanna Keklikoglou, Christian 
Schmidt, Anja Irsigler, et al. 2011. “Time-Resolved Human Kinome RNAi Screen Identifies a 
Network Regulating Mitotic-Events as Early Regulators of Cell Proliferation.” Edited by Stein 
Aerts. PLoS ONE 6 (7): e22176. 

Zhang, Lin, Mara C. Inniss, Shu Han, Mark Moffat, Heather Jones, Baohong Zhang, Wendy L. Cox, James 
R. Rance, and Robert J. Young. 2015. “Recombinase-Mediated Cassette Exchange (RMCE) for 
Monoclonal Antibody Expression in the Commercially Relevant CHOK1SV Cell Line.” 
Biotechnology Progress 31 (6). John Wiley and Sons Inc.: 1645–56. 

Zhang, Xinmin, Duncan T Odom, Seung-Hoi Koo, Michael D Conkright, Gianluca Canettieri, Jennifer 
Best, Huaming Chen, et al. 2005. “Genome-Wide Analysis of CAMP-Response Element Binding 
Protein Occupancy, Phosphorylation, and Target Gene Activation in Human Tissues.” Proceedings 
of the National Academy of Sciences of the United States of America 102 (12): 4459–64. 

Zhang, Yuqiang, Huaiqiang Hu, Ting Tian, Luping Zhang, Dongmei Zhao, Qianqian Wu, Yingwei Chang, 
et al. 2015. “Mst3b Promotes Spinal Cord Neuronal Regeneration by Promoting Growth Cone 
Branching out in Spinal Cord Injury Rats.” Molecular Neurobiology 51 (3): 1144–57. 

Zhao, Junpeng, Yajuan Yao, Changlei Xu, Xiaohua Jiang, and Qunyuan Xu. 2009. “Expression of the 
Neural Specific Protein, GAP-43, Dramatically Lengthens the Cell Cycle in Fibroblasts.” 
International Journal of Developmental Neuroscience 27 (6): 531–37. 

Zhu, Jianwei. 2011. “Mammalian Cell Protein Expression for Biopharmaceutical Production.” 
Biotechnology Advances, September. Elsevier Inc. 

Zumbansen, Markus, Ludger M Altrogge, Nicole Ue Spottke, Sonja Spicker, Sheila M Offizier, Sandra Bs 
Domzalski, Allison L St Amand, Andrea Toell, Devin Leake, and Herbert a Mueller-Hartmann. 
2010. “First SiRNA Library Screening in Hard-to-Transfect HUVEC Cells.” Journal of RNAi and Gene 
Silencing : An International Journal of RNA and Gene Targeting Research 6 (1): 354–60. 

  



Appendix  120 

 

6 Appendix 

6.1 Supplementary material 
 

Table 23  ̶  Individual experimental conditions of siRNA transfection optimization with design of Experiment (DoE), unique 
conditions written in normal letters and replicates of the center point are written in italic and marked with an asterisk 

Experimental 
label 

Cell concentration 
(viable cells / mL) 

Amount ScreenFect® A 
(µL / well) 

Total siRNA 
concentration (nM) 

N1 3.0 x 105 0.1 10 

N2 3.0 x 105 0.2 10 

N3 3.0 x 105 0.4 10 

N4 3.0 x 105 0.6 10 

N5 3.0 x 105 0.8 10 

N6 3.0 x 105 0.1 20 

N7 3.0 x 105 0.2 20 

N8 3.0 x 105 0.4 20 

N41 * 3.0 x 105 0.4 20 

N42 * 3.0 x 105 0.4 20 

N43 * 3.0 x 105 0.4 20 

N44 * 3.0 x 105 0.4 20 

N45 * 3.0 x 105 0.4 20 

N46 * 3.0 x 105 0.4 20 

N9 3.0 x 105 0.6 20 

N10 3.0 x 105 0.8 20 

N11 3.0 x 105 0.1 40 

N12 3.0 x 105 0.2 40 

N13 3.0 x 105 0.4 40 

N14 3.0 x 105 0.6 40 

N15 3.0 x 105 0.8 40 

N16 3.0 x 105 0.1 60 

N17 3.0 x 105 0.2 60 

N18 3.0 x 105 0.4 60 

N19 3.0 x 105 0.6 60 

N20 3.0 x 105 0.8 60 

N21 6.0 x 105 0.1 10 

N22 6.0 x 105 0.2 10 

N23 6.0 x 105 0.4 10 

N24 6.0 x 105 0.6 10 

N25 6.0 x 105 0.8 10 

N26 6.0 x 105 0.1 20 

N27 6.0 x 105 0.2 20 

N28 6.0 x 105 0.4 20 

N29 6.0 x 105 0.6 20 

N30 6.0 x 105 0.8 20 

N31 6.0 x 105 0.1 40 

N32 6.0 x 105 0.2 40 

N33 6.0 x 105 0.4 40 
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N34 6.0 x 105 0.6 40 

N35 6.0 x 105 0.8 40 

N36 6.0 x 105 0.1 60 

N37 6.0 x 105 0.2 60 

N38 6.0 x 105 0.4 60 

N39 6.0 x 105 0.6 60 

N40 6.0 x 105 0.8 60 

 

Table 24  ̶  Summary of all 763 siGENOME™ SMARTpool™ siRNAs used.to transfect CAP®-SEAP Minipool 6D6 cells in the 
high-throughout, high-content siRNA screening 

Gene Symbol 
Catalog 

Number 
Locus ID Accession ID 

siRNA 

Number 

Screening 

Plate 

ADRBK1 M-004325-01 156 NM_001619 1 1 

ADRBK2 M-004326-00 157 NM_005160 2 1 

AKT1 M-003000-01 207 NM_005163 3 1 

AKT2 M-003001-01 208 NM_001626 4 1 

AKT3 M-003002-01 10000 NM_005465 5 1 

CDC42BPA M-003814-02 8476 NM_003607 6 1 

CDC42BPB M-004075-01 9578 NM_006035 7 1 

CIT M-004613-00 11113 NM_007174 8 1 

DMPK M-004637-00 1760 NM_004409 9 1 

MASTL M-004020-03 84930 NM_032844 10 1 

FLJ25006 M-004624-00 124923 NM_144610 11 1 

GRK4 M-004625-00 2868 NM_005307 12 1 

GRK5 M-004626-00 2869 NM_005308 13 1 

GRK6 M-004627-01 2870 NM_002082 14 1 

GRK7 M-004628-00 131890 NM_139209 15 1 

STK32B M-004618-00 55351 NM_018401 16 1 

LATS1 M-004632-00 9113 NM_004690 17 2 

LATS2 M-003865-00 26524 NM_014572 18 2 

MAST2 M-004633-00 23139 NM_015112 19 2 

PDPK1 M-003017-01 5170 NM_002613 20 2 

STK32C M-004615-00 282974 NM_173575 21 2 

PKN3 M-004647-00 29941 NM_013355 22 2 

PRKACA M-004649-00 5566 NM_002730 23 2 

PRKACB M-004650-00 5567 NM_002731 24 2 

PRKACG M-004651-02 5568 NM_002732 25 2 

PRKCA M-003523-03 5578 NM_002737 26 2 

PRKCB1 M-003758-04 5579 NM_002738 27 2 

PRKCD M-003524-01 5580 NM_006254 28 2 

PRKCE M-004653-00 5581 NM_005400 29 2 

PRKCG M-004654-01 5582 NM_002739 30 2 

PRKCH M-004655-01 5583 NM_006255 31 2 

PRKCI M-004656-01 5584 NM_002740 32 2 

PRKCL1 M-004175-02 5585 NM_002741 33 3 

PRKCL2 M-004612-02 5586 NM_006256 34 3 
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PRKCQ M-003525-01 5588 NM_006257 35 3 

PRKCZ M-003526-02 5590 NM_002744 36 3 

PRKG1 M-004658-02 5592 NM_006258 37 3 

PRKG2 M-004659-00 5593 NM_006259 38 3 

PRKX M-004660-01 5613 NM_005044 39 3 

PRKY M-004661-02 5616 NM_002760 40 3 

GRK1 M-004662-00 6011 NM_002929 41 3 

ROCK1 M-003536-01 6093 NM_005406 42 3 

ROCK2 M-004610-01 9475 NM_004850 43 3 

RPS6KA1 M-003025-03 6195 NM_002953 44 3 

RPS6KA2 M-004663-01 6196 NM_021135 45 3 

RPS6KA3 M-003026-01 6197 NM_004586 46 3 

RPS6KA4 M-004664-00 8986 NM_003942 47 3 

RPS6KA5 M-004665-01 9252 NM_004755 48 3 

RPS6KA6 M-004670-00 27330 NM_014496 49 4 

RPS6KB1 M-003616-02 6198 NM_003161 50 4 

RPS6KB2 M-004671-00 6199 NM_003952 51 4 

RPS6KC1 M-005371-01 26750 NM_012424 52 4 

RPS6KL1 M-005372-00 83694 NM_031464 53 4 

SAST M-004672-01 22983 NM_014975 54 4 

SGK M-003027-04 6446 NM_005627 55 4 

SGK2 M-004673-01 10110 NM_016276 56 4 

SGKL M-004162-00 23678 NM_013257 57 4 

STK38 M-004674-00 11329 NM_007271 58 4 

STK38L M-003313-02 23012 NM_015000 59 4 

APEG1 M-007687-01 10290 NM_005876 60 4 

ARK5 M-004931-00 9891 NM_014840 61 4 

C14ORF20 M-005310-00 283629 NM_174944 62 4 

TRIB3 M-003754-01 57761 NM_021158 63 4 

TRIB1 M-003633-01 10221 NM_025195 64 4 

CAMK1 M-004940-00 8536 NM_003656 65 5 

CAMK1D M-004946-00 57118 NM_020397 66 5 

CAMK1G M-004941-01 57172 NM_020439 67 5 

CAMK2A M-004942-00 815 NM_015981 68 5 

CAMK2B M-004943-03 816 NM_001220 69 5 

CAMK2D M-004042-02 817 NM_001221 70 5 

CAMK2G M-004536-01 818 NM_001222 71 5 

CAMK4 M-004944-01 814 NM_001744 72 5 

CASK M-005311-01 8573 NM_003688 73 5 

CHEK1 M-003255-02 1111 NM_001274 74 5 

CHEK2 M-003256-05 11200 NM_007194 75 5 

CSNK2A1 M-003475-00 1457 NM_001895 76 5 

CSNK2A2 M-004752-00 1459 NM_001896 77 5 

DAPK1 M-004417-02 1612 NM_004938 78 5 

DAPK2 M-004418-02 23604 NM_014326 79 5 

DAPK3 M-004947-00 1613 NM_001348 80 5 

DCAMKL1 M-004884-01 9201 NM_004734 81 6 
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HUNK M-004214-01 30811 NM_014586 82 6 

KIAA0999 M-004779-02 23387 NM_025164 83 6 

KIAA1811 M-004619-01 84446 NM_032430 84 6 

LOC91807 M-005342-02 91807 NM_182493 85 6 

MAPKAPK2 M-003516-02 9261 NM_004759 86 6 

MAPKAPK3 M-005014-01 7867 NM_004635 87 6 

MAPKAPK5 M-005015-00 8550 NM_003668 88 6 

MARK1 M-004259-02 4139 NM_018650 89 6 

MARK2 M-004260-01 2011 NM_004954 90 6 

MARK3 M-003517-03 4140 NM_002376 91 6 

MARK4 M-005345-02 57787 NM_031417 92 6 

MELK M-004029-01 9833 NM_014791 93 6 

MGC42105 M-005016-01 167359 NM_153361 94 6 

MGC45428 M-005017-01 166614 NM_152619 95 6 

MGC4796 M-005348-00 83931 NM_032017 96 6 

MGC8407 M-005349-01 79012 NM_024046 97 7 

MKNK1 M-004879-01 8569 NM_003684 98 7 

MKNK2 M-004908-01 2872 NM_017572 99 7 

MYLK M-005351-04 4638 NM_005965 100 7 

MYLK2 M-005352-02 85366 NM_033118 101 7 

PASK M-005018-01 23178 NM_015148 102 7 

PHKG1 M-005023-01 5260 NM_006213 103 7 

PHKG2 M-004881-00 5261 NM_000294 104 7 

PIM1 M-003923-00 5292 NM_002648 105 7 

PIM2 M-005359-00 11040 NM_006875 106 7 

PRKAA1 M-005027-01 5562 NM_006251 107 7 

PRKAA2 M-005361-01 5563 NM_006252 108 7 

PRKCM M-005028-00 5587 NM_002742 109 7 

PRKCN M-005029-01 23683 NM_005813 110 7 

PRKD2 M-004197-01 25865 NM_016457 111 7 

PSKH1 M-005365-00 5681 NM_006742 112 7 

PSKH2 M-005366-00 85481 NM_033126 113 8 

SIK2 M-004778-02 23235 NM_015191 114 8 

SNARK M-005374-01 81788 NM_030952 115 8 

SNF1LK M-003959-04 150094 NM_173354 116 8 

SNRK M-004322-00 54861 NM_017719 117 8 

SSTK M-005034-00 83983 NM_032037 118 8 

STK11 M-005035-01 6794 NM_000455 119 8 

STK17A M-005377-00 9263 NM_004760 120 8 

STK17B M-004051-01 9262 NM_004226 121 8 

STK22B M-005379-01 23617 NM_053006 122 8 

STK22C M-004050-01 81629 NM_052841 123 8 

STK22D M-005038-02 83942 NM_032028 124 8 

STK29 M-005381-02 9024 NM_003957 125 8 

STK33 M-005383-02 65975 NM_030906 126 8 

TRAD M-005045-00 11139 NM_007064 127 8 

TRIB2 M-005391-01 28951 NM_021643 128 8 
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TRIO M-005047-00 7204 NM_007118 129 9 

TTN M-005395-00 7273 NM_003319 130 9 

ALS2CR7 M-004685-01 65061 NM_139158 131 9 

CCRK M-004686-01 23552 NM_012119 132 9 

CDC2 M-003224-03 983 NM_001786 133 9 

CDC2L1 M-004687-01 984 NM_001787 134 9 

CDC2L5 M-004688-00 8621 NM_003718 135 9 

CDK10 M-003235-04 8558 NM_003674 136 9 

CDK11 M-004689-00 23097 NM_015076 137 9 

CDK2 M-003236-04 1017 NM_001798 138 9 

CDK3 M-003237-01 1018 NM_001258 139 9 

CDK4 M-003238-02 1019 NM_000075 140 9 

CDK5 M-003239-01 1020 NM_004935 141 9 

CDK6 M-003240-02 1021 NM_001259 142 9 

CDK7 M-003241-01 1022 NM_001799 143 9 

CDK8 M-003242-02 1024 NM_001260 144 9 

CDK9 M-003243-02 1025 NM_001261 145 10 

CDKL1 M-004323-01 8814 NM_004196 146 10 

CDKL2 M-004797-00 8999 NM_003948 147 10 

CDKL3 M-004798-00 51265 NM_016508 148 10 

CDKL5 M-004799-02 6792 NM_003159 149 10 

CLK1 M-004800-00 1195 NM_004071 150 10 

CLK2 M-004801-01 1196 NM_001291 151 10 

CLK3 M-004802-01 1198 NM_001292 152 10 

CLK4 M-004803-00 57396 NM_020666 153 10 

CRK7 M-004031-02 51755 NM_016507 154 10 

DYRK1A M-004805-00 1859 NM_001396 155 10 

DYRK1B M-004806-01 9149 NM_004714 156 10 

DYRK2 M-004730-02 8445 NM_003583 157 10 

DYRK3 M-004731-00 8444 NM_003582 158 10 

DYRK4 M-004732-01 8798 NM_003845 159 10 

ERK8 M-004807-01 225689 NM_139021 160 10 

HIPK4 M-004808-02 147746 NM_144685 161 11 

GSK3A M-003009-01 2931 NM_019884 162 11 

GSK3B M-003010-03 2932 NM_002093 163 11 

HIPK1 M-004809-02 204851 NM_152696 164 11 

HIPK2 M-003266-03 28996 NM_022740 165 11 

HIPK3 M-004810-00 10114 NM_005734 166 11 

ICK M-004811-01 22858 NM_014920 167 11 

MAK M-004813-01 4117 NM_005906 168 11 

MAPK10 M-004324-00 5602 NM_002753 169 11 

MAPK14 M-003512-04 1432 NM_001315 170 11 

MAPK3 M-003592-02 5595 NM_002746 171 11 

MAPK7 M-003513-02 5598 NM_002749 172 11 

MAPK9 M-003505-02 5601 NM_002752 173 11 

NLK M-004763-01 51701 NM_016231 174 11 

PCTK1 M-004313-00 5127 NM_006201 175 11 
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PCTK2 M-004835-01 5128 NM_002595 176 11 

PCTK3 M-004836-02 5129 NM_002596 177 12 

PFTK1 M-004837-01 5218 NM_012395 178 12 

PRPF4B M-004074-03 8899 NM_003913 179 12 

RAGE M-004838-01 5891 NM_014226 180 12 

SRPK1 M-003982-02 6732 NM_003137 181 12 

SRPK2 M-004839-01 6733 NM_182691 182 12 

STK23 M-004840-02 26576 NM_014370 183 12 

ARAF1 M-003563-02 369 NM_001654 184 12 

BRAF M-003460-01 673 NM_004333 185 12 

DUSP1 M-003484-02 1843 NM_004417 186 12 

DUSP10 M-003965-01 11221 NM_007207 187 12 

DUSP2 M-003565-01 1844 NM_004418 188 12 

DUSP4 M-003963-02 1846 NM_001394 189 12 

DUSP5 M-003566-01 1847 NM_004419 190 12 

DUSP6 M-003964-01 1848 NM_001946 191 12 

DUSP8 M-003568-00 1850 NM_004420 192 12 

MAP2K1 M-003571-01 5604 NM_002755 193 13 

MAP2K1IP1 M-003572-02 8649 NM_021970 194 13 

MAP2K2 M-003573-03 5605 NM_030662 195 13 

MAP2K3 M-003509-01 5606 NM_002756 196 13 

MAP2K4 M-003574-02 6416 NM_003010 197 13 

MAP2K5 M-003966-03 5607 NM_002757 198 13 

MAP2K6 M-003967-00 5608 NM_002758 199 13 

MAP2K7 M-004016-01 5609 NM_145185 200 13 

MAP3K1 M-003575-01 4214 XM_042066 201 13 

MAP3K10 M-003576-01 4294 NM_002446 202 13 

MAP3K11 M-003577-02 4296 NM_002419 203 13 

MAP3K12 M-003312-02 7786 NM_006301 204 13 

MAP3K13 M-003579-01 9175 NM_004721 205 13 

MAP3K14 M-003580-03 9020 NM_003954 206 13 

MAP3K2 M-003582-01 10746 NM_006609 207 13 

MAP3K3 M-003301-02 4215 NM_002401 208 13 

MAP3K4 M-003789-02 4216 NM_005922 209 14 

MAP3K5 M-003584-02 4217 NM_005923 210 14 

MAP3K6 M-003969-00 9064 NM_004672 211 14 

MAP3K7 M-003790-05 6885 NM_003188 212 14 

MAP3K8 M-003511-03 1326 NM_005204 213 14 

MAP3K9 M-003585-01 4293 XM_027237 214 14 

MAP4K1 M-003586-01 11184 NM_007181 215 14 

MAP4K2 M-003587-01 5871 NM_004579 216 14 

MAP4K3 M-003588-01 8491 NM_003618 217 14 

MAP4K4 M-003971-02 9448 NM_004834 218 14 

MAP4K5 M-003589-02 11183 NM_006575 219 14 

MAPK1 M-003555-02 5594 NM_002745 220 14 

MAPK11 M-003972-03 5600 NM_002751 221 14 

MAPK12 M-003590-00 6300 NM_002969 222 14 
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MAPK13 M-003591-02 5603 NM_002754 223 14 

MAPK4 M-003593-02 5596 NM_002747 224 14 

MAPK6 M-003594-01 5597 NM_002748 225 15 

MAPK8 M-003514-01 5599 NM_002750 226 15 

MAPK8IP1 M-003595-00 9479 NM_005456 227 15 

MAPK8IP2 M-012462-00 23542 NM_012324 228 15 

MAPK8IP3 M-003596-01 23162 NM_015133 229 15 

PAK1 M-003521-03 5058 NM_002576 230 15 

PAK2 M-003597-02 5062 NM_002577 231 15 

PAK3 M-003614-00 5063 NM_002578 232 15 

PAK4 M-003615-02 10298 NM_005884 233 15 

PAK6 M-004338-02 56924 NM_020168 234 15 

PAK7 M-003973-02 57144 NM_020341 235 15 

PPP2CA M-003598-00 5515 NM_002715 236 15 

PPP2CB M-003599-02 5516 NM_004156 237 15 

PTPN5 M-003600-01 84867 NM_032781 238 15 

PTPRR M-004017-01 5801 NM_002849 239 15 

RAC1 M-003560-02 5879 NM_018890 240 15 

RAF1 M-003601-00 5894 NM_002880 241 16 

ALS2CR2 M-005306-01 55437 NM_018571 242 16 

CDC7 M-003234-02 8317 NM_003503 243 16 

FLJ23074 M-004843-00 80122 NM_025052 244 16 

JIK M-004844-01 51347 NM_016281 245 16 

TNIK M-004542-02 23043 XM_039796 246 16 

KIAA1361 M-004846-01 57551 XM_290796 247 16 

LYK5 M-005343-01 92335 NM_153335 248 16 

MINK M-004861-02 50488 NM_015716 249 16 

MST4 M-003753-01 51765 NM_016542 250 16 

MYO3A M-004862-00 53904 NM_017433 251 16 

MYO3B M-004863-00 140469 NM_138995 252 16 

NEK1 M-004864-00 4750 XM_291107 253 16 

NEK11 M-004865-01 79858 NM_024800 254 16 

NEK2 M-004090-03 4751 NM_002497 255 16 

NEK3 M-004867-01 4752 NM_002498 256 16 

NEK4 M-003519-01 6787 NM_003157 257 17 

NEK6 M-004166-01 10783 NM_014397 258 17 

NEK7 M-003795-02 140609 NM_133494 259 17 

NEK8 M-004866-00 284086 NM_178170 260 17 

NEK9 M-004869-01 91754 NM_033116 261 17 

OSR1 M-004870-01 9943 NM_005109 262 17 

SLK M-003850-02 9748 NM_014720 263 17 

STK10 M-004168-01 6793 NM_005990 264 17 

STK24 M-004872-02 8428 NM_003576 265 17 

STK25 M-004873-00 10494 NM_006374 266 17 

STK3 M-004874-01 6788 NM_006281 267 17 

STK39 M-004875-01 27347 NM_013233 268 17 

STK4 M-004157-01 6789 NM_006282 269 17 
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TAO1 M-004171-02 9344 NM_004783 270 17 

ABL1 M-003100-01 25 NM_007313 271 17 

ABL2 M-003101-01 27 NM_005158 272 17 

ACK1 M-003102-02 10188 NM_005781 273 18 

ALK M-003103-02 238 NM_004304 274 18 

AXL M-003104-02 558 NM_001699 275 18 

BLK M-003105-03 640 NM_001715 276 18 

BMX M-003106-02 660 NM_001721 277 18 

BTK M-003107-01 695 NM_000061 278 18 

TP53RK M-003108-01 112858 NM_033550 279 18 

CSF1R M-003109-02 1436 NM_005211 280 18 

CSK M-003110-02 1445 NM_004383 281 18 

DDR1 M-003111-03 780 NM_001954 282 18 

DDR2 M-003112-03 4921 NM_006182 283 18 

STYK1 M-003113-01 55359 NM_018423 284 18 

EGFR M-003114-01 1956 NM_005228 285 18 

EPHA1 M-003115-02 2041 NM_005232 286 18 

EPHA2 M-003116-01 1969 NM_004431 287 18 

EPHA3 M-003117-02 2042 NM_005233 288 18 

EPHA4 M-003118-01 2043 NM_004438 289 19 

EPHA7 M-003119-01 2045 NM_004440 290 19 

EPHA8 M-003120-02 2046 NM_020526 291 19 

EPHB1 M-003121-01 2047 NM_004441 292 19 

EPHB2 M-003122-01 2048 NM_004442 293 19 

EPHB3 M-003123-02 2049 NM_004443 294 19 

EPHB4 M-003124-01 2050 NM_004444 295 19 

EPHB6 M-003125-01 2051 NM_004445 296 19 

ERBB2 M-003126-01 2064 NM_004448 297 19 

ERBB3 M-003127-02 2065 NM_001982 298 19 

ERBB4 M-003128-02 2066 NM_005235 299 19 

FER M-003129-01 2241 NM_005246 300 19 

FES M-003130-01 2242 NM_002005 301 19 

FGFR1 M-003131-02 2260 NM_000604 302 19 

FGFR2 M-003132-01 2263 NM_000141 303 19 

FGFR3 M-003133-01 2261 NM_000142 304 19 

FGFR4 M-003134-01 2264 NM_002011 305 20 

FGR M-003135-02 2268 NM_005248 306 20 

FLT1 M-003136-02 2321 NM_002019 307 20 

FLT3 M-003137-01 2322 NM_004119 308 20 

FLT4 M-003138-01 2324 NM_002020 309 20 

FRK M-003139-01 2444 NM_002031 310 20 

FYN M-003140-03 2534 NM_002037 311 20 

HCK M-003141-02 3055 NM_002110 312 20 

IGF1R M-003012-04 3480 NM_000875 313 20 

INSR M-003014-01 3643 NM_000208 314 20 

ITK M-003144-02 3702 NM_005546 315 20 

JAK1 M-003145-01 3716 NM_002227 316 20 
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JAK2 M-003146-02 3717 NM_004972 317 20 

JAK3 M-003147-01 3718 NM_000215 318 20 

KDR M-003148-01 3791 NM_002253 319 20 

KIT M-003150-01 3815 NM_000222 320 20 

LMTK2 M-003149-01 22853 NM_014916 321 21 

LCK M-003151-01 3932 NM_005356 322 21 

LTK M-003152-01 4058 NM_002344 323 21 

LYN M-003153-03 2534 NM_002350 324 21 

MATK M-003154-03 4145 NM_002378 325 21 

MERTK M-003155-01 10461 NM_006343 326 21 

MET M-003156-02 4233 NM_000245 327 21 

MST1R M-003157-02 4486 NM_002447 328 21 

MUSK M-003158-01 4593 NM_005592 329 21 

NTRK1 M-003159-01 4914 NM_002529 330 21 

NTRK2 M-003160-01 4915 NM_006180 331 21 

NTRK3 M-003161-01 4916 NM_002530 332 21 

PDGFRA M-003162-03 5156 NM_006206 333 21 

PDGFRB M-003163-02 5159 NM_002609 334 21 

PTK2 M-003164-02 5747 NM_005607 335 21 

PTK2B M-003165-03 2185 NM_004103 336 21 

PTK6 M-003166-01 5753 NM_005975 337 22 

PTK7 M-003167-02 5754 NM_002821 338 22 

PTK9 M-003168-03 5756 NM_002822 339 22 

PTK9L M-003169-01 11344 NM_007284 340 22 

RET M-003170-01 5979 NM_000323 341 22 

ROR1 M-003171-01 4919 NM_005012 342 22 

ROR2 M-003172-01 4920 NM_004560 343 22 

ROS1 M-003173-01 6098 NM_002944 344 22 

RYK M-003174-02 6259 NM_002958 345 22 

SRC M-003175-03 6714 NM_005417 346 22 

SYK M-003176-03 6850 NM_003177 347 22 

TEC M-003177-02 7006 NM_003215 348 22 

TEK M-003178-02 7010 NM_000459 349 22 

TIE M-003179-01 7075 NM_005424 350 22 

TNK1 M-003180-02 8711 NM_003985 351 22 

TXK M-003181-01 7294 NM_003328 352 22 

TYK2 M-003182-01 7297 NM_003331 353 23 

TYRO3 M-003183-02 7301 NM_006293 354 23 

YES1 M-003184-02 7525 NM_005433 355 23 

AAK1 M-005300-00 22848 NM_014911 356 23 

AATK M-005301-01 9625 XM_375495 357 23 

ACVR1 M-004924-01 90 NM_001105 358 23 

ACVR1B M-004925-01 91 NM_004302 359 23 

ACVR2 M-004926-01 92 NM_001616 360 23 

ACVR2B M-004927-00 93 NM_001106 361 23 

ACVRL1 M-005302-02 94 NM_000020 362 23 

ADAM9 M-004504-02 8754 NM_003816 363 23 
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ADCK1 M-005303-02 57143 NM_020421 364 23 

ADCK2 M-005304-01 90956 NM_052853 365 23 

ADCK4 M-005305-01 79934 NM_024876 366 23 

ADCK5 M-018919-00 203054 NM_174922 367 23 

ADK M-004733-02 132 NM_001123 368 23 

ADRA1A M-005419-00 148 NM_000680 369 24 

ADRA1B M-005420-01 147 NM_000679 370 24 

ADRB2 M-005426-01 154 NM_000024 371 24 

AGTR2 M-005429-01 186 NM_000686 372 24 

AK1 M-006811-02 203 NM_000476 373 24 

AK2 M-006812-00 204 NM_001625 374 24 

AK3 M-006700-01 205 NM_013410 375 24 

AK3L1 M-006701-00 50808 NM_016282 376 24 

AK5 M-004897-02 26289 NM_012093 377 24 

AK7 M-007257-00 122481 NM_152327 378 24 

AKAP1 M-011426-01 8165 NM_003488 379 24 

AKAP11 M-009277-01 11215 NM_016248 380 24 

AKAP13 M-008868-01 11214 NM_006738 381 24 

AKAP3 M-009765-01 10566 NM_006422 382 24 

AKAP4 M-008442-00 8852 NM_003886 383 24 

AKAP5 M-011954-00 9495 NM_004857 384 24 

AKAP6 M-008497-01 9472 NM_004274 385 25 

AKAP7 M-013371-00 9465 NM_004842 386 25 

AKAP8 M-009656-01 10270 NM_005858 387 25 

ACVR1C M-004929-01 130399 NM_145259 388 25 

AMHR2 M-005307-01 269 NM_020547 389 25 

ANGPT4 M-007803-00 51378 NM_015985 390 25 

ANKK1 M-004930-01 255239 NM_178510 391 25 

ANKRD3 M-005308-02 54101 NM_020639 392 25 

APPL M-005138-00 26060 NM_012096 393 25 

ASK M-004165-01 10926 NM_006716 394 25 

ASP M-013023-00 83853 NM_031916 395 25 

ATM M-003201-02 472 NM_138293 396 25 

ATR M-003202-04 545 NM_001184 397 25 

AURKB M-003326-02 9212 NM_004217 398 25 

AURKC M-019573-01 6795 NM_003160 399 25 

AVPR1A M-003631-01 552 NM_000706 400 25 

AVPR1B M-005431-00 553 NM_000707 401 26 

AZU1 M-008914-00 566 NM_001700 402 26 

BCKDK M-004932-00 10295 NM_005881 403 26 

BCR M-003875-04 613 NM_004327 404 26 

BDKRB2 M-005436-00 624 NM_000623 405 26 

BLNK M-020353-01 29760 NM_013314 406 26 

BMP2K M-005071-00 55589 NM_017593 407 26 

BMPR1A M-004933-03 657 NM_004329 408 26 

BMPR1B M-004934-01 658 NM_001203 409 26 

BMPR2 M-005309-02 659 NM_001204 410 26 
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BRD2 M-004935-01 6046 NM_005104 411 26 

BRDT M-004938-01 676 NM_001726 412 26 

BUB1 M-004102-00 699 NM_004336 413 26 

BUB1B M-004101-00 701 NM_001211 414 26 

C6ORF199 M-007254-01 221264 NM_145025 415 26 

C7ORF16 M-018324-01 10842 NM_006658 416 26 

C9ORF12 M-006703-02 64768 NM_022755 417 27 

CALM3 M-019939-01 808 NM_005184 418 27 

CAMKK1 M-004912-00 84254 NM_172207 419 27 

CAMKK2 M-004842-01 10645 NM_006549 420 27 

CARD10 M-004395-00 29775 NM_014550 421 27 

CARD14 M-004397-00 79092 NM_024110 422 27 

TNNI3K M-005013-01 51086 NM_015978 423 27 

CARKL M-006815-00 23729 NM_013276 424 27 

CCL2 M-007831-00 6347 NM_002982 425 27 

CCL4 M-007843-01 6351 NM_002984 426 27 

CD3E M-003775-01 916 NM_000733 427 27 

CD4 M-005234-01 920 NM_000616 428 27 

CD7 M-013630-02 924 NM_006137 429 27 

CDADC1 M-007732-00 81602 NM_030911 430 27 

CDC2L2 M-004026-01 985 NM_024011 431 27 

CDK5R1 M-008988-00 8851 NM_003885 432 27 

CDK5R2 M-008885-00 8941 NM_003936 433 28 

CDK5RAP1 M-013297-01 51654 NM_016082 434 28 

CDK5RAP3 M-012957-00 80279 NM_025197 435 28 

CDKN1A M-003471-00 1026 NM_000389 436 28 

CDKN1B M-003472-00 1027 NM_004064 437 28 

CDKN1C M-003244-03 1028 NM_000076 438 28 

CDKN2B M-003245-02 1030 NM_004936 439 28 

CDKN2C M-003246-01 1031 NM_001262 440 28 

CDKN2D M-003247-02 1032 NM_001800 441 28 

CDKN3 M-003879-00 1033 NM_005192 442 28 

CERK M-004061-00 64781 NM_022766 443 28 

RAPGEF4 M-009511-00 11069 NM_007023 444 28 

CHKA M-006704-00 1119 NM_001277 445 28 

CHKB M-006705-00 1120 NM_005198 446 28 

CHRM1 M-005462-01 1128 NM_000738 447 28 

CHUK M-003473-01 1147 NM_001278 448 28 

CINP M-013591-01 51550 NM_032630 449 29 

CKB M-006706-01 1152 NM_001823 450 29 

CKM M-006707-00 1158 NM_001824 451 29 

CKMT1 M-006708-00 1159 NM_020990 452 29 

CKMT2 M-006709-00 1160 NM_001825 453 29 

CKS1B M-004586-01 1163 NM_001826 454 29 

CKS2 M-007678-00 1164 NM_001827 455 29 

PLK3 M-003257-02 1263 NM_004073 456 29 

CNKSR1 M-012217-00 10256 NM_006314 457 29 
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COL4A3BP M-012101-00 10087 NM_005713 458 29 

COPB2 M-019847-01 9276 NM_004766 459 29 

CRKL M-012023-01 1399 NM_005207 460 29 

CSNK1A1 M-003957-03 1452 NM_001892 461 29 

CSNK1D M-003478-00 1453 NM_001893 462 29 

CSNK1E M-003479-01 1454 NM_001894 463 29 

CSNK1G1 M-004666-01 53944 NM_022048 464 29 

CSNK1G2 M-004678-00 1455 NM_001319 465 30 

CSNK1G3 M-004679-02 1456 NM_004384 466 30 

CSNK2B M-007679-00 1460 NM_001320 467 30 

CXCL10 M-007871-00 3627 NM_001565 468 30 

DCK M-006710-00 1633 NM_000788 469 30 

DGKA M-006711-02 1606 NM_001345 470 30 

DGKB M-006712-01 1607 NM_004080 471 30 

DGKD M-006713-03 8527 NM_003648 472 30 

DGKE M-011493-00 8526 NM_003647 473 30 

DGKG M-006715-00 1608 NM_001346 474 30 

DGKI M-006717-01 9162 NM_004717 475 30 

DGKQ M-005079-02 1609 NM_001347 476 30 

DGKZ M-006718-00 8525 NM_003646 477 30 

DGUOK M-006719-02 1716 NM_001929 478 30 

DKFZP434C131 M-004949-00 25989 XM_044630 479 30 

DKFZp434C1418 M-005313-01 285220 NM_173655 480 30 

DKFZP586B1621 M-006808-00 26007 NM_015533 481 31 

DKFZP761P0423 M-025870-00 157285 XM_291277 482 31 

DLG1 M-009415-00 1739 NM_004087 483 31 

DLG2 M-011252-01 1740 NM_001364 484 31 

DLG3 M-009462-01 1741 NM_021120 485 31 

DLG4 M-007882-01 1742 NM_001365 486 31 

DNAJC3 M-012251-00 5611 NM_006260 487 31 

DOK1 M-011254-00 1796 NM_001381 488 31 

DTYMK M-006720-00 1841 NM_012145 489 31 

DUSP22 M-004517-00 56940 NM_020185 490 31 

DUSP7 M-003567-00 1849 XM_037430 491 31 

EDN2 M-017723-01 1907 NM_001956 492 31 

EEF2K M-004950-00 29904 NM_013302 493 31 

EIF2AK3 M-004883-01 9451 NM_004836 494 31 

EIF2AK4 M-005314-00 27104 XM_031612 495 31 

EKI1 M-006721-01 55500 NM_018638 496 31 

RAPGEF3 M-007676-00 10411 NM_006105 497 32 

EPHA5 M-005315-02 2044 NM_004439 498 32 

ERN1 M-004951-01 2081 NM_001433 499 32 

EVI1 M-006530-01 2122 NM_005241 500 32 

FASTK M-005317-02 10922 NM_006712 501 32 

FLJ10074 M-005318-00 55681 NM_017988 502 32 

FLJ10761 M-005078-00 55224 NM_018208 503 32 

FLJ10842 M-007256-00 55750 NM_018238 504 32 
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RFK M-007260-00 55312 NM_018339 505 32 

FLJ12476 M-007726-00 64799 NM_022784 506 32 

FLJ13052 M-006318-00 65220 NM_023018 507 32 

FLJ20574 M-005319-01 54986 NM_017886 508 32 

THNSL1 M-007253-00 79896 NM_024838 509 32 

LRRK1 M-005320-01 79705 NM_024652 510 32 

FLJ23356 M-005321-00 84197 NM_032237 511 32 

FLJ32685 M-004052-02 152110 NM_152534 512 32 

C9ORF98 M-006803-00 158067 NM_152572 513 33 

FLJ34389 M-005326-00 197259 NM_152649 514 33 

FLJ35107 M-007727-00 348825 XM_496631 515 33 

FN3K M-006724-00 64122 NM_022158 516 33 

FN3KRP M-006817-00 79672 NM_024619 517 33 

FRAP1 M-003008-01 2475 NM_004958 518 33 

FRDA M-006691-00 2395 NM_000144 519 33 

FUK M-007255-00 197258 NM_145059 520 33 

FYB M-020174-01 2533 NM_001465 521 33 

GAK M-005005-01 2580 NM_005255 522 33 

GALK1 M-007728-01 2584 NM_000154 523 33 

GALK2 M-006725-00 2585 NM_002044 524 33 

GAP43 M-011663-00 2596 NM_002045 525 33 

GCK M-010819-01 2645 NM_000162 526 33 

GFRA2 M-007914-00 2675 NM_001495 527 33 

GK M-006727-00 2710 NM_000167 528 33 

GK2 M-015091-01 2712 NM_033214 529 34 

GMFB M-019100-00 2764 NM_004124 530 34 

GMFG M-019878-01 9535 NM_004877 531 34 

GNE M-006729-00 10020 NM_005476 532 34 

GSG2 M-005327-00 83903 NM_031965 533 34 

GTF2H1 M-010924-00 2965 NM_005316 534 34 

GUCY2C M-005328-00 2984 NM_004963 535 34 

GUCY2D M-005329-01 3000 NM_000180 536 34 

GUCY2F M-004515-01 2986 NM_001522 537 34 

GUK1 M-006734-01 2987 NM_000858 538 34 

HSPB8 M-005006-00 26353 NM_014365 539 34 

HAK M-005330-02 115701 NM_052947 540 34 

HK1 M-006820-01 3098 NM_000188 541 34 

HK2 M-006735-01 3099 NM_000189 542 34 

HK3 M-006736-00 3101 NM_002115 543 34 

HRI M-005007-00 27102 NM_014413 544 34 

HSMDPKIN M-007691-01 55561 XM_290516 545 35 

ITGB1BP1 M-011927-00 9270 NM_004763 546 35 

IHPK1 M-006737-01 9807 NM_153273 547 35 

IHPK2 M-006738-00 51447 NM_016291 548 35 

IHPK3 M-006739-00 117283 NM_054111 549 35 

IKBKAP M-009371-00 8518 NM_003640 550 35 

IKBKB M-003503-00 3551 XM_032491 551 35 
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IKBKE M-003723-02 9641 NM_014002 552 35 

IL2 M-007967-00 3558 NM_000586 553 35 

ILK M-004499-00 3611 NM_004517 554 35 

ILKAP M-010260-00 80895 NM_030768 555 35 

IMPK M-006740-01 253430 NM_152230 556 35 

INSRR M-005332-00 3645 NM_014215 557 35 

IRAK1 M-004760-02 3654 NM_001569 558 35 

IRAK2 M-004761-00 3656 NM_001570 559 35 

IRAK3 M-004762-00 11213 NM_007199 560 35 

IRS1 M-003015-01 3667 NM_005544 561 36 

ITPK1 M-006741-00 3705 NM_014216 562 36 

ITPKA M-006742-01 3706 NM_002220 563 36 

ITPKB M-006743-02 3707 NM_002221 564 36 

ITPKC M-006744-01 80271 NM_025194 565 36 

KHK M-006745-02 3795 NM_000221 566 36 

MAST3 M-004046-00 23031 XM_038150 567 36 

KIAA1399 M-023172-01 57574 XM_046685 568 36 

KIAA1639 M-005336-00 57729 XM_290923 569 36 

KIAA1765 M-005337-00 85443 XM_047355 570 36 

KIAA1804 M-004063-00 84451 NM_032435 571 36 

LMTK3 M-005338-01 114783 XM_055866 572 36 

KIF13B M-004963-00 23303 NM_015254 573 36 

KIS M-003981-01 127933 NM_144624 574 36 

KSR2 M-005322-01 283455 NM_173598 575 36 

LAK M-005009-01 80216 NM_025144 576 36 

LCP2 M-012120-00 3937 NM_005565 577 37 

LIM M-006930-00 10611 NM_006457 578 37 

LIMK1 M-007730-01 3984 NM_002314 579 37 

LIMK2 M-003311-02 3985 NM_005569 580 37 

LOC115704 M-015901-01 115704 NM_145245 581 37 

LOC149420 M-005011-01 149420 NM_152835 582 37 

LOC340371 M-005340-01 340371 NM_178564 583 37 

SMAD7 M-020068-00 4092 NM_005904 584 37 

MAGI-3 M-009453-01 260425 NM_020965 585 37 

MALT1 M-005936-01 10892 NM_006785 586 37 

MBIP M-021396-00 51562 NM_016586 587 37 

MGC16169 M-005346-00 93627 NM_033115 588 37 

STK32A M-004634-00 202374 NM_145001 589 37 

MGC26597 M-004783-00 206426 NM_152700 590 37 

CSNK1A1L M-004681-01 122011 NM_145203 591 37 

C9ORF96 M-005347-00 169436 XM_291304 592 37 

PIP5KL1 M-008770-00 138429 NM_173492 593 38 

MGC5601 M-007684-01 80724 NM_025247 594 38 

MIDORI M-005350-01 57538 NM_020778 595 38 

MOS M-003859-02 4342 NM_005372 596 38 

MPP1 M-010252-00 4354 NM_002436 597 38 

MPP2 M-009729-00 4355 NM_005374 598 38 
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MPP3 M-010612-01 4356 NM_001932 599 38 

MPZL1 M-015738-01 9019 NM_003953 600 38 

MRC2 M-020064-00 9902 NM_006039 601 38 

MVD M-006748-00 4597 NM_002461 602 38 

MVK M-006749-00 4598 NM_000431 603 38 

NAGK M-006750-00 55577 NM_017567 604 38 

NBEA M-015419-00 26960 NM_015678 605 38 

COASY M-006751-00 80347 NM_025233 606 38 

NME1 M-006821-01 4830 NM_000269 607 38 

NME2 M-005102-01 4831 NM_002512 608 38 

NME3 M-006753-00 4832 NM_002513 609 39 

NME4 M-006494-00 4833 NM_005009 610 39 

NME5 M-006754-00 8382 NM_003551 611 39 

NME6 M-006755-01 10201 NM_005793 612 39 

NME7 M-006756-02 29922 NM_013330 613 39 

NPR1 M-005354-00 4881 NM_000906 614 39 

NPR2 M-005355-01 4882 NM_000907 615 39 

NRBP M-005356-01 29959 NM_013392 616 39 

NRG3 M-026286-00 10718 XM_166086 617 39 

NYD-SP25 M-007733-00 89882 NM_033516 618 39 

P15RS M-007734-01 55197 NM_018170 619 39 

PACE-1 M-005357-00 57147 NM_020423 620 39 

PACSIN1 M-007735-00 29993 NM_020804 621 39 

PAG M-012956-01 55824 NM_018440 622 39 

PANK1 M-004057-02 53354 NM_138316 623 39 

PANK3 M-006758-00 79646 NM_024594 624 39 

PANK4 M-006759-00 55229 NM_018216 625 40 

PAPSS1 M-007736-01 9061 NM_005443 626 40 

PAPSS2 M-006760-01 9060 NM_004670 627 40 

PCK1 M-006796-00 5105 NM_002591 628 40 

PCK2 M-006797-01 5106 NM_004563 629 40 

PDK1 M-005019-00 5163 NM_002610 630 40 

PDK2 M-005020-00 5164 NM_002611 631 40 

PDK3 M-005021-01 5165 NM_005391 632 40 

PDK4 M-019425-00 5166 NM_002612 633 40 

PDXK M-005070-02 8566 NM_003681 634 40 

PFKFB1 M-006761-00 5207 NM_002625 635 40 

PFKFB2 M-006762-01 5208 NM_006212 636 40 

PFKFB3 M-006763-00 5209 NM_004566 637 40 

PFKFB4 M-006764-00 5210 NM_004567 638 40 

PFKL M-006822-00 5211 NM_002626 639 40 

PFKM M-006765-01 5213 NM_000289 640 40 

PFKP M-010253-01 5214 NM_002627 641 41 

PGK1 M-006767-01 5230 NM_000291 642 41 

PGK2 M-006768-01 5232 NM_138733 643 41 

PHKA1 M-019682-00 5255 NM_002637 644 41 

PHKA2 M-007669-00 5256 NM_000292 645 41 
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PI4K2B M-006769-01 55300 NM_018323 646 41 

PI4KII M-006770-01 55361 NM_018425 647 41 

PIK3C2A M-006771-00 5286 NM_002645 648 41 

PIK3C2B M-006772-01 5287 NM_002646 649 41 

PIK3C2G M-006773-00 5288 NM_004570 650 41 

PIK3CA M-003018-01 5290 NM_006218 651 41 

PIK3CB M-003019-02 5291 NM_006219 652 41 

PIK3CG M-005274-02 5294 NM_002649 653 41 

PIK3R1 M-003020-02 5295 NM_181504 654 41 

PIK3R2 M-003021-01 5296 NM_005027 655 41 

PIK3R3 M-019546-00 8503 NM_003629 656 41 

PIK3R4 M-005025-01 30849 NM_014602 657 42 

PIK4CA M-006776-03 5297 NM_002650 658 42 

PIK4CB M-006777-02 5298 NM_002651 659 42 

PINK1 M-004030-01 65018 NM_032409 660 42 

PIP5K1A M-004780-02 8394 NM_003557 661 42 

PIP5K2A M-006778-00 5305 NM_005028 662 42 

PIP5K2B M-006779-02 8396 NM_003559 663 42 

PIP5K2C M-004535-00 79837 NM_024779 664 42 

PITPNM3 M-014699-00 83394 NM_031220 665 42 

PKIA M-012321-00 5569 NM_006823 666 42 

PKIB M-008224-01 5570 NM_032471 667 42 

PKLR M-006780-00 5313 NM_000298 668 42 

PKM2 M-006781-01 5315 NM_002654 669 42 

PKMYT1 M-005026-02 9088 NM_004203 670 42 

PLK1 M-003290-01 5347 NM_005030 671 42 

EXOSC10 M-010904-00 5394 NM_002685 672 42 

PRKWNK3 M-005364-02 65267 NM_020922 673 44 

PRKWNK4 M-005031-01 65266 NM_032387 674 44 

PRPS1 M-006784-00 5631 NM_002764 675 44 

PRPS1L1 M-006804-00 221823 NM_175886 676 44 

PRPS2 M-004877-01 5634 NM_002765 677 44 

PRPSAP1 M-006794-01 5635 NM_002766 678 44 

PRPSAP2 M-006795-01 5636 NM_002767 679 44 

PTPRG M-008069-00 5793 NM_002841 680 44 

PTPRJ M-008476-01 5795 NM_002843 681 44 

PTPRT M-008072-01 11122 NM_007050 682 44 

PXK M-005367-00 54899 NM_017771 683 44 

PYCS M-006785-00 5832 NM_002860 684 44 

RASGRF2 M-024516-01 5924 NM_006909 685 44 

RBKS M-006786-00 64080 NM_022128 686 44 

RFP M-006552-00 5987 NM_006510 687 44 

RIOK1 M-005368-01 83732 NM_031480 688 44 

RIOK3 M-005040-01 8780 NM_003831 689 45 

RIPK1 M-004445-01 8737 NM_003804 690 45 

RIPK2 M-003602-00 8767 NM_003821 691 45 

RIPK3 M-003534-00 11035 NM_006871 692 45 
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RNASEL M-005032-01 6041 NM_021133 693 45 

RP2 M-012350-01 6102 NM_006915 694 45 

SCAP1 M-011505-01 8631 NM_003726 695 45 

SCYL1 M-005373-00 57410 NM_020680 696 45 

SEPHS1 M-007737-00 22929 NM_012247 697 45 

SHC1 M-018841-00 6464 NM_003029 698 45 

SMG1 M-005033-00 23049 NM_014006 699 45 

PLK2 M-003325-03 10769 NM_006622 700 45 

SOCS1 M-011511-01 8651 NM_003745 701 45 

SOCS5 M-017374-00 9655 NM_014011 702 45 

SPA17 M-007677-01 53340 NM_017425 703 45 

SPEC2 M-020826-00 56990 NM_020240 704 45 

SPHK1 M-004172-02 8877 NM_021972 705 46 

SPHK2 M-004831-00 56848 NM_020126 706 46 

SEPHS2 M-007738-00 22928 NM_012248 707 46 

SQSTM1 M-010230-00 8878 NM_003900 708 46 

SRMS M-005376-00 6725 NM_080823 709 46 

ABI1 M-007290-00 10006 NM_005470 710 46 

STK16 M-004054-00 8576 NM_003691 711 46 

PLK4 M-005036-01 10733 NM_014264 712 46 

STK19 M-005378-00 8859 NM_004197 713 46 

STK31 M-005382-00 56164 NM_031414 714 46 

STK35 M-005384-00 140901 NM_080836 715 46 

STK36 M-005039-01 27148 NM_015690 716 46 

STK6 M-003545-09 6790 NM_003600 717 46 

TAF1 M-005041-01 6872 NM_004606 718 46 

TAF1L M-005385-02 138474 NM_153809 719 46 

TAO1 M-004171-02 9344 NM_004783 720 46 

TBK1 M-003788-02 29110 NM_013254 721 47 

TESK1 M-005043-00 7016 NM_006285 722 47 

TESK2 M-005044-00 10420 NM_007170 723 47 

TEX14 M-005386-01 56155 NM_031272 724 47 

TGFBR1 M-003929-01 7046 NM_004612 725 47 

TGFBR2 M-003930-01 7048 NM_003242 726 47 

TJP2 M-009932-01 9414 NM_004817 727 47 

TK1 M-006787-00 7083 NM_003258 728 47 

TK2 M-006788-02 7084 NM_004614 729 47 

TLK1 M-004174-00 9874 NM_012290 730 47 

TLK2 M-005389-02 11011 NM_006852 731 47 

TLR1 M-008086-00 7096 NM_003263 732 47 

TLR3 M-007745-00 7098 NM_003265 733 47 

TLR4 M-008088-00 7099 NM_003266 734 47 

TLR6 M-005156-01 10333 NM_006068 735 47 

TNFRSF10A M-008090-01 8797 NM_003844 736 47 

TOPK M-005390-00 55872 NM_018492 737 48 

TPK1 M-006789-00 27010 NM_022445 738 48 

TRIM M-020821-00 50852 NM_016388 739 48 
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TRPM6 M-005048-01 140803 NM_017662 740 48 

TRPM7 M-005393-02 54822 NM_017672 741 48 

TSKS M-013077-01 60385 NM_021733 742 48 

TTBK1 M-004680-01 84630 XM_166453 743 48 

TTBK2 M-004682-00 146057 NM_173500 744 48 

TTK M-004105-00 7272 NM_003318 745 48 

TXNDC3 M-006791-00 51314 NM_016616 746 48 

UCK1 M-004062-01 83549 NM_031432 747 48 

UGP2 M-007739-02 7360 NM_006759 748 48 

ULK1 M-005049-00 8408 NM_003565 749 48 

ULK2 M-005396-01 9706 NM_014683 750 48 

UMP-CMPK M-004059-00 51727 NM_016308 751 48 

UMPK M-005077-00 7371 NM_012474 752 48 

URKL1 M-006792-00 54963 NM_017859 753 49 

VRK1 M-004683-01 7443 NM_003384 754 49 

VRK2 M-004684-01 7444 NM_006296 755 49 

VRK3 M-005397-01 51231 NM_016440 756 49 

WEE1 M-005050-00 7465 NM_003390 757 49 

WIF1 M-012386-00 11197 NM_007191 758 49 

XYLB M-006793-00 9942 NM_005108 759 49 

YWHAH M-010626-00 7533 NM_003405 760 49 

YWHAQ M-012329-00 10971 NM_006826 761 49 

ZAK M-005068-00 51776 NM_133646 762 49 

ZAP70 M-005398-03 7535 NM_001079 763 49 
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Figure 45  ̶  Contour prediction plots of DoE for optimization of the siRNA transfection on proliferation and viability in 96-
well plates in a culture volume of 120 µL. The plot shows the result of the model with a seeding cell concentration of 6 x 
105 viable cells/mL. Values of the calculated model are displayed as heat-map with red indicating the highest values and 
blue the lowest of viable cell concentration and viability. The axis displays the experimental conditions. Viable cell 
concentration (upper diagram) and viability (lower diagram) of: Left: Non-targeting and Right: Death-inducing siRNA 
samples. The red circle indicates the sweet spot for best combination of the desired outputs. Cells were transfected with 
defined siRNA and transfection agent concentration and incubated for 48 hours. Cell analysis was performed with 
quantitative flow cytometry by staining with Calcein Violet and Propidium Iodide. 

 

Table 25  ̶  Summary of selected 128 siRNAs for the validation screening in CAP®-IgG. The table displays the mean change 
in percent of the respective siRNA transfected biological triplicate to the Non-targeting siRNA transfected samples in CAP®-
SEAP cells. No value is shown if the significance criteria Z-factor larger than zero is not fulfilled.  

siRNA 
target 

NCBI mRNA 
Accession 
number 

Change (%) to Non-targeting siRNA control if Z-factor > 0 

Viable cell 
concentration 

Viability 
Volumetric SEAP 

Productivity 
Specific SEAP 
Productivity 

AKT1 NM_005163     -21.2   

AKT2 NM_001626     -21.8   

CIT NM_007174 35.9       

PRKCE NM_005400     28.4 42.6 

GRK1 NM_002929   -7.2     

PRKCL2 NM_006256 -23.8       

PRKY NM_002760 -29.5       
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ROCK1 NM_005406 -32.4     26.3 

RPS6KA5 NM_004755     -23.4   

CAMK1G NM_020439     -55.4 -56.6 

CAMK2B NM_001220       35.7 

CAMK4 NM_001744       33.0 

CASK NM_003688       17.0 

CHEK1 NM_001274 -58.5 -5.6 -52.8   

CSNK2A2 NM_001896 -24.4       

DAPK3 NM_001348 -28.0 -0.5   56.4 

MAPKAPK2 NM_004759 -21.8   -20.1   

MARK4 NM_031417 -23.6       

MYLK NM_005965 -26.6       

PHKG2 NM_000294 15.3       

PRKCN NM_005813   -18.0     

CDK6 NM_001259 -26.8       

CDK9 NM_001261     -26.1   

CLK2 NM_001291     13.0   

MAPK7 NM_002749 -27.0       

PCTK2 NM_002595 -26.8       

DUSP4 NM_001394 16.2       

PFTK1 NM_012395       -23.9 

RAGE NM_014226 19.6       

MAP2K6  NM_002758     -36.1   

MAP2K7  NM_145185 -26.4 -1.2     

MAP3K12  NM_006301 -24.4       

MAP3K2  NM_006609 -46.8 -4.6 -24.4   

MAP3K3  NM_002401 -19.3 -1.1   29.1 

MAP3K5 NM_005923       12.4 

MAP3K8 NM_005204       20.1 

MAP4K1 NM_007181   -1.1   33.9 

MAPK6 NM_002748     -34.6   

MAPK8IP1 NM_005456     -30.1   

MST4 NM_016542     20.9   

ABL1 NM_007313     14.5   

NEK6 NM_014397     6.6   

NEK7 NM_133494   -0.3 22.5   

NEK8 NM_178170 -27.8   -18.5   

STK24 NM_003576     26.8 35.6 

STK39 NM_013233 -34.6 -14.2     

CSF1R NM_005211 -31.3 -4.1 -30.3   

EGFR NM_005228   -0.8   23.0 

EPHA1 NM_005232 -23.4 -1.2     

EPHA2 NM_004431   -5.6     

EPHA4 NM_004438   -1.8   40.5 

ERBB2 NM_004448 -26.4     40.2 

IGF1R NM_000875     -22.1   
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MST1R NM_002447 -21.9 -2.3     

PTK6 NM_005975 23.6     -27.0 

PTK7 NM_002821     -31.0 -38.4 

PTK9 NM_002822     -21.2 -31.0 

PTK9L NM_007284 40.3     -33.9 

ROS1 NM_002944     -20.8 -33.7 

SYK NM_003177     -23.6   

ADCK5 NM_174922 -27.3 -17.5     

TYK2 NM_003331     -27.1 -21.6 

TYRO3 NM_006293     -22.0 -19.6 

ASK NM_006716 -24.6   -26.2   

ATM NM_138293 -35.6 -1.7   47.4 

BMPR1A NM_004329 24.7       

CD3E NM_000733     -27.0   

CINP NM_032630 -37.0   -23.5   

CKB NM_001823 -30.7     36.4 

CKM NM_001824 -16.5 -4.5 -16.1   

CKMT1 NM_020990 -31.2       

CKMT2 NM_001825 -23.4   -28.4   

COPB2 NM_004766 -77.1 -50.1 -58.5   

CRKL NM_005207   -4.0 7.6   

CSNK2B NM_001320 -24.4   -30.8   

DGKA NM_001345 -35.6   -23.5   

DUSP7 XM_037430       -22.9 

ERN1 NM_001433     -54.6   

FN3KRP NM_024619   -3.0   50.6 

GAP43 NM_002045     32.3   

GUCY2D NM_000180 -24.1   -24.7   

IRS1 NM_005544       28.2 

KIAA1765 NM_033403.1     22.4   

KSR2 NM_173598     -24.3   

CSNK1A1L NM_145203 -32.2 -12.1     

LIM NM_006457     -22.7 -22.9 

LIMK1 NM_002314   -1.3 -39.6 -30.2 

MALT1 NM_006785     -20.7 -14.2 

MVD NM_002461 -24.1   -17.0   

P15RS NM_018170 -42.8   -29.6   

PANK3 NM_024594     -24.6 -25.6 

PANK4 NM_018216 -56.7 -23.3 -34.9   

PAPSS1 NM_005443 20.4       

PCK1 NM_002591   7.8     

PFKFB1 NM_002625     -27.0   

PFKFB2 NM_006212 -32.0       

PI4K2B NM_018323 -32.7       

PI4KII NM_018425       37.9 

PIK3R2 NM_005027 -34.1 -11.9     
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EXOSC10 NM_002685 -28.7   -24.4   

PIK4CA NM_002650 -21.1 -4.0     

PIK4CB NM_002651 -27.4   -29.1   

PIP5K1A NM_003557 -32.2   -27.8   

PKIB NM_032471   -3.9 -26.3   

PKM2 NM_002654   -8.3     

PLK1 NM_005030 -77.8 -16.8 -63.0 37.8 

PRKWNK3 NM_020922 -36.5 -1.0     

RIOK1 NM_031480 -36.6 -4.3 -33.3   

PLK2 NM_006622 -19.8 -2.9 -30.0   

RIPK2 NM_003821     -22.6 -23.1 

SCAP1 NM_003726 -21.0 -3.5 -33.5   

SEPHS1 NM_012247     -30.7 -23.7 

SOCS5 NM_014011     -36.5 -30.4 

SQSTM1 NM_003900 -34.0 -5.5     

STK35 NM_080836 -23.3 -1.2     

STK36 NM_015690 -32.4       

STK6 NM_003600 -36.1 -2.3     

TAO1 NM_004783 -30.9       

TESK2 NM_007170 -12.6   -32.6 -22.9 

TJP2 NM_004817 -25.5 -2.0 -24.5   

TLK2 NM_006852 -26.6 -1.9 -32.7   

TLR4 NM_003266   -1.3 -29.0   

TRIM NM_016388 -33.5 -1.7 -24.1   

TRPM7 NM_017672 -19.3   -24.5   

TTBK1 XM_166453 -24.6 -3.8 -14.6   

TTK NM_003318 -29.9 -1.4 -18.0   

UCK1 NM_031432     -37.3 -34.0 

WEE1 NM_003390 -52.6 -2.8 -56.7   

  Total 71 45 70 39 

 Increase 8 1 10 20 

 Decrease 63 44 60 19 
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Figure 46  ̶  Complete western blot membrane of ERN1-Flag expression with Anti-Flag antibody. Identical protein amounts 
from cell lysates were used based on protein quantification using Micro BCA protein assay kit (Thermo Fisher Scientific). 
The positive control was a HEK293T cell lysate transfected with an A-proliferating-inducing ligand-FLAG plasmid (ALX-840-
607-R100 from Enzo Life Sciences Inc.). CAP®-SEAP mock stable pool was the negative control transfected with an empty 
pCMV6-AC plasmid. The CAP®-SEAP-ERN1 stable cell pool was transfected with an ERN1-FLAG plasmid and underwent 
selection with Puromycin. The ERN1-FLAG protein in this cell lysate recognized by the FLAG antibody is below an unspecific 
endogenous protein from the mock control. The two transiently transfected CAP®-SEAP cell lysates showed a faint but 
distinct double band of ERN1-FLAG protein and the unspecific endogenous protein. 
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Figure 47 - Complete western blot membrane of ERN1-Flag expression with Anti-ERN1 and Anti-β-Actin antibodies. 
Identical protein amounts from cell lysates were used based on protein quantification using Micro BCA protein assay kit 
(Thermo Fisher Scientific). CAP®-SEAP mock stable pool was the negative control transfected with the empty pCMV6-AC 
plasmid. The CAP®-SEAP-ERN1 stable cell pool was generated by transfection of CAP®-SEAP Minipool 6D6 (parental) by 
transfection with an ERN1-FLAG plasmid and subsequent selection with Puromycin. Transiently transfected CAP®-SEAP 
cells were either transfected with the empty pCMV6-AC plasmid or the ERN1-FLAG plasmid via lipofection using  
ScreenFect A or electroporation using the Neon device. ERN1 signals were too weak to be visible on the same 
chemiluminescent blot as β-Actin. The signal of β-Actin shows comparable amounts of protein in each lane. Bold sample 
names indicate these samples were used for Western Blot using solely Anti-Flag antibody (Figure 46). Unspecific high 
molecular weight bands result from unspecific antibody binding.  
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6.2 Content of Figures 

Figure 1 - Introduction of siRNA into the cell by transfection using a cationic lipid agent. The 
siRNA/transfection agent complex is taken up by endocytosis and release from the endosome by the 
proton sponge effect. siRNA is released from the transfection agent and incorporated into the RNA 
induced silencing complex (RiSC) that is responsible for mRNA targeting and subsequent cleavage 
(Fischer et al. 2013, modified). ................................................................................................................ 6 

Figure 2 - Original Phylogenetic tree of kinases build from 478 human genes without atypical kinases 
(Manning et al., 2002). STE: homologs of the yeast STE7, STE11 and STE20 kinase genes; CKI: casein 
kinase I family; AGC: family named after Protein kinase A, G and C; CAMK: calmodulin/calcium 
regulated protein kinase family; CMGC: protein kinase family consisting of CDK, MAPK, GSK3 and CLK 
families; RGC: receptor guanylate cyclase family; TK: tyrosine kinase family; TKL: tyrosine kinase-like 
family. .................................................................................................................................................... 10 

Figure 3 - Schematic overview of the experimental design (DoE) created with MODDE 9.1 used for 
optimization of the siRNA transfection process of CAP®-SEAP Minipool 6D6 cells; seeding cell 
concentration, amount of transfection agent and siRNA concentration were varied in this central 
composite design. The experiments were performed with Non-targeting siRNA and human cell death 
siRNA. Response factors were cell concentration and viability measured  after 48 hours. ................. 19 

Figure 4 - Schematic overview on experimental condition used to validate the robustness of the 
established siRNA transfection conditions. A D-optimal linear model with 3 center points was chosen.
 ............................................................................................................................................................... 20 

Figure 5 - Schematic diagram of the workflow of the established high-throughput high-content siRNA 
screening. Effector or control siRNA together with Alexa Fluor® 647 labeled NT-siRNA were mixed with 
the cationic lipid transfection reagent ScreenFect® A. CAP® cells were added to the complexes and the 
cultures are incubated on a mini orbital shaker at 800 rpm. After desired culture time (CAP®-SEAP 6D6: 
54 hours; CAP®-IgG: 72 hours) cells were analyzed using quantitative flow cytometry and the product 
concentration in the supernatant was quantified either by a biochemical SEAP reporter assay or Protein 
A HPLC. .................................................................................................................................................. 22 

Figure 6 - Layout of 96-well plate for high-throughput high-content siRNA screening. Each control and 
siRNA transfected sample was present as triplicate. The edge wells were filled with water to decrease 
evaporation. Colored wells represent controls, whereas grey colors indicate siRNA knockout samples. 
Two grey scales were used to represent the layout of the triplicates. ................................................. 22 

Figure 7 - Example of Quantitative Flow cytometry analysis of CAP®-SEAP Minipool 6D6 cells – A: Cells 
and debris were detected in forwarded (FSC) and side scatter (SSC), both displayed with peak area. B: 
To discriminate doublets from singlets all events from the gate “All cells” were analyzed using peak 
area of Calcein Violet (5 µg/mL incubated for  20 minutes at 37°C) and FSC peak width. ................... 27 

Figure 8 - Example of CAP®-SEAP Minipool 6D6 cell culture samples stained with Calcein Violet and 
Propidium iodide and analyzed for cellular fluorescence of these two dyes. A: Viable cells from non-
targeting (NT) siRNA control transfection catalyze the non-fluorescent cell-permeable viability dye 
Calcein Violet 450 AM by active cytosolic esterases to its membrane impermeable fluorescent derivate. 
Propidium Iodide is a cell impermeable DNA stain and is not incorporated into viable cells. B: Dead cells 
from AllStars® Cell Death control siRNA transfected cells lost their cytosolic esterase activity to catalyze 
Calcein Violet to its membrane impermeable fluorescent derivate and incorporate Propidium Iodide 
through the disintegrated cell membrane. Samples were measure 54 hours post-transfection. ........ 28 

Figure 9 - Example of CAP®-SEAP Minipool 6D6 cell culture samples were stained with TO-PRO3 (0.25 
µM, incubated for  5 – 10 minutes at room temperature) to assess viability. A: Viable cells do not 
incorporate the membrane-impermeable DNA stain and show no fluorescence, whereas B: Dead cells 
(CAP®-SEAP Minipool 6D6 cells after transfection of AllStars® Cell Death control siRNA) with 
disintegrated membranes are stained by TO-PRO3. ............................................................................. 29 
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Figure 10 - Example of CAP®-SEAP Minipool 6D6 cells 54 hours after Alexa Fluor® 647 labeled Non-
targeting siRNA transfection to determine transfection efficiency. The fluorescently labeled Non-
targeting siRNA was spiked into the non-fluorescent Non-targeting siRNA with 25 % (mol/mol). A: 
Untransfected cells exhibit no fluorescence, whereas B: successfully transfected cells exhibited higher 
fluorescence by uptake of Alexa Fluor® 647 labeled siRNA. ................................................................. 30 

Figure 11 - Example of CAP®-SEAP Minipool 6D6 cells 54 hours post transfection of A: Non-targeting 
siRNA (viable cells exhibit regular DNA content of cells in G0/S/G2 cell cycle and sub-G0) and B: Cell 
Death siRNA (apoptotic cells show reduced DNA content in sub G0). DNA content of cell cultures 
samples was assessed by Nicoletti staining by measurement of Propidium Iodide fluorescence. ...... 31 

Figure 12 - Example of relative quantification of cell cycle distribution by Nicoletti staining followed by 
flow cytometry.  A: CAP®-SEAP Minipool 6D6 cells transfected with Non-targeting siRNA 54 hours’ post-
transfection. Cells exhibit a typical cell cycle distribution with most cells having 1N DNA content, 
whereas B: Anti-Wee1 siRNA transfected CAP®-SEAP Minipool 6D6 cells 54 hours’ post transfection 
exhibit an altered cell cycle distribution with most cells having 2N DNA content. .............................. 31 

Figure 13 - Plasmid map of pCMV6-AC (Catalogue No. PS100020, Origene, Rockville, USA) used as mock 
plasmid. ................................................................................................................................................. 37 

Figure 14 - Plasmid map of pCMV-ERN1-myc-FLAG (Catalogue No. RC215023, OriGene, Rockville, USA) 
used for ectopic expression of ERN1 (NM_001433) in CAP®-SEAP cells. .............................................. 37 

Figure 15 - A novel transfection reagent was identified able to functionally transfect CAP® cells with 
siRNA in PEM Medium (Thermo Fisher Scientific). A: 48 hours after siRNA transfection mRNA has been 
isolation with RNeasy Minikit (Qiagen) and transcribed to cDNA for qPCR analysis using the probe-
based UPL system (Roche Diagnostics) in technical triplicates, indicated by the error bars. The mRNA 
level was normalized to 18s rRNA and related to the untransfected control via the comparative delta 
delta Ct method. B: Secreted SEAP protein concentration in the cell culture supernatant has been 
quantified 48 hours’ post transfection with 50 nM anti-SEAP siRNA. C: Cell death was induced by 
transfection of AllStars® Cell death siRNA targeting several proprietary vital genes 48 hours after 
transfection. The cells were transfected at 5 x 105 viable cells/mL in biological triplicates with 50 nM of 
the respective siRNA. For statistical analysis, an unpaired two-tailed t-test was applied (* p < 0.05). The 
figure was adopted and modified from Fischer et al. (Fischer et al., 2013). ........................................ 40 

Figure 16 - Contour prediction plots of DoE for the optimization of the siRNA transfection on 
proliferation and viability in 96-well plates in a culture volume of 120 µL. The plots show the result of 
the model with a cell concentration of 3 x 105 viable CAP®-SEAP cells/mL at transfection. Values of the 
calculated model are displayed as heat-map with red indicating the highest values and blue the lowest 
of viable cell density and viability. The axis displays the experimental conditions. Resulting viable cell 
concentration (upper diagram) and viability (lower diagram) of: Left: non-targeting and Right: Death-
inducing siRNA samples. Viable cell concentration and viability shall be maximized for non-targeting 
siRNA transfected CAP®-SEAP cells, whereas these two parameters should be minimized for Cell Death 
siRNA. The red circle indicates the sweet spot for best combination of the desired outputs. Cells were 
transfected with defined siRNA and transfection agent concentration and incubated for 48 hours. 25 
% (n/n) of the total siRNA used per well was Alexa Fluor® 647 labeled non-targeting siRNA. Cell analysis 
was performed with quantitative flow cytometry by staining with Calcein Violet and Propidium Iodide.
 ............................................................................................................................................................... 42 

Figure 17 - Coefficient plot of the Design of experiments model to test robustness of the siRNA 
transfection in CAP®-SEAP cells. A D-optimal linear model with 3 center points and 2 blocks was used 
to measure the impact of variation in the setup parameter (SF – ScreenFect® A amount; RNA - Total 
siRNA concentration; cell - seeding cell concentration, $Blo(B2) - Plate to plate variation) on the results 
of the total cell concentration and viability for each siRNA control (non-targeting, cell death and Anti-
SEAP siRNA). .......................................................................................................................................... 44 
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Figure 18 - CAP® cells have been transfected with 40 nM of the indicated siRNAs and 0.4 µL ScreenFect® 
A per well in CAP®-CDM medium. A: Cell concentration and viability have been quantified after 8, 24, 
48 and 72 hours after siRNA transfection. B: 25 % of the total siRNA has been Alexa Fluor® 647 labeled 
non-targeting siRNA to determine the transfection efficiency and the mean intracellular fluorescence. 
(n = 3, ± Standard deviation). SD was small and not visible at all data points. ..................................... 45 

Figure 19 - Volumetric and specific SEAP productivity of functional controls. CAP® SEAP cells have been 
transfected with 40 nM of the indicated siRNA and 0.4 µL ScreenFect® A per well in CAP®-CDM 
medium. A: SEAP concentration in the culture supernatant has been quantified 8, 24, 48 and 72 hours 
after siRNA transfection. B: Amount of secreted SEAP per cell in the time intervals of 24-48 and 48-72 
hours (n = 3, ± Standard deviation). For statistical analysis, an unpaired two-tailed t-test was applied 
(** p < 0.01). .......................................................................................................................................... 46 

Figure 20 - Reliability of the established controls in the high-throughput siRNA screen. CAP®-SEAP 
Minipool 6D6 cells were transfected with ScreenFect® A and the following parameter were quantified 
after 54 hours: A: Viable cell concentration (bin size: 1 x 105 vc/mL); B: Viability (bin size: 5 %); C: 
Volumetric SEAP Productivity (bin size 10 µg/mL),  D: Specific SEAP Productivity (bin size 10 pg/cell) 
and E: Apoptosis (5 %). Viable cell concentration and viability (Calcein Violet) were determined by 
quantitative flow cytometry. SEAP productivity was quantified using a biochemical assay to determine 
the SEAP concentration in the culture supernatant. Apoptosis was assessed by Nicoletti staining with 
propidium iodide with a flow cytometer. UT – untransfected; NT – non-targeting siRNA; Death – cell 
death inducing siRNA, Anti-SEAP – anti-SEAP siRNA control. The histogram shows the frequency of the 
individual values of all  144 control siRNA replicates from 48 screening plates (one biological triplicate 
per plate). The error bars represent the standard deviation of all 144 replicates. .............................. 49 

Figure 21 - Z-factor distribution as a parameter of: A: of the Death-inducing siRNA positive control, for 
viable cell concentration, Viability and Apoptosis rate and B: of Anti-SEAP siRNA positive control 
transfected CAP®-SEAP  Minipool 6D6 cells for Volumetric and specific SEAP productivity. Dots 
represent the Z-factor of each individual screening plate’s positive control siRNA vs. Non-targeting 
siRNA CAP®-SEAP transfected samples. Cells were transfected with siRNA in triplicate during the 
screening and analyzed after 54 hours. The box plot represents the median (center line), 25/75 % of 
the values (box boarders), the mean (diamond) and the standard deviation (whiskers). ................... 51 

Figure 22 - Histogram and box plot summarizing the effect of all tested 763 siRNA mediated gene 
knockdowns on viable cell concentration, viability, volumetric and specific SEAP productivity 54 hours 
after transfection of CAP®-SEAP cells. The histogram displays the mean logarithmic change of the 
effector siRNA sample compared to the Non-targeting siRNA control. All siRNA knockdowns were 
performed in biological triplicate. The box plot represents the median (center line), 25/75% of the 
values (box boarders) the mean (diamond) and 5/95 % of the values (whiskers). .............................. 53 

Figure 23 - Volcano plots of all 763 tested siRNA knockdowns in CAP®-SEAP Minipool 6D6 cells. Each 
data point represents the –log2 transformed p-value of an unpaired two-tailed Students T-Test against 
the logarithmic change of the siRNA sample compared to the Non-targeting siRNA. The test compares 
the significance of an individual siRNA transfected sample to the magnitude of the resulting phenotypic 
change. .................................................................................................................................................. 54 

Figure 24 - Representation of the number and ratio of significant changes induced by siRNA mediated 
gene knockdown compared to the plates Non-targeting siRNA control on A: viable cell concentration; 
B: viability; C: volumetric SEAP productivity; D: specific SEAP productivity and E: apoptosis. Red 
represents the number of siRNA that induced a significant decrease, whereas green represents 
significant increase. Significance criterion: Z-factor > 0. ....................................................................... 56 

Figure 25 - Venn diagram to illustrate the combinatorial effects of siRNA mediated gene knockdown 
on parameter viable cell concentration, volumetric and specific productivity and their combinations. 
A: Significant increase, B: Significant decrease of the three parameters. Significance criterion: Z-factor 
> 0. ......................................................................................................................................................... 59 
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Figure 26 - A representation of the phylogenetic tree of kinases highlighting 56 kinases from the siRNA 
screening in CAP®-SEAP cells that were crucial for proliferation. The mapping was generated by the 
Kinome Renderer http://bcb.med.usherbrooke.ca/kinomerender.php. The original illustration is 
reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com). ................................... 60 

Figure 27 - A representation of the phylogenetic tree of kinases highlighting 46 kinases from the siRNA 
screening in CAP®-SEAP cells that were crucial for volumetric SEAP productivity. The mapping was 
generated by the Kinome Renderer http://bcb.med.usherbrooke.ca/kinomerender.php. The original 
illustration is reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com). ............. 61 

Figure 28 - In silico analysis of screening hits significantly reducing either viable cell concentration or 
volumetric SEAP productivity in CAP®-SEAP Minipool 6D6 cells 54 hours after siRNA transfection. The 
graph shows the percentage of genes in the background list (all 763 genes) and of the two phenotypic 
hit lists. A corresponding list of the most significant genes is shown in Table 20, page 57.................. 63 

Figure 29 - Ingenuity Pathway analysis showing the identified network with the top functions “Post-
translational modification, DNA replication, Recombination and Repair and Cell cycle” with the highest 
score (=37) based on siRNA-mediated gene knockdowns that resulted in significant reduction of viable 
cell concentration in CAP®-SEAP cells. Arrows with solid and dotted lines represent direct and indirect 
interactions respectively. These were either mono- or bidirectional illustrated by a one or double-
ended arrowhead. A green symbol represents a strong phenotype (decrease in viable cell 
concentration) upon gene knockdown. The intensity of the color corresponds to a decrease in viable 
cell concentration. Grey symbols indicate no phenotype upon gene knockdown. White circles display 
genes that were not studied. ................................................................................................................ 65 

Figure 30 - Ingenuity Pathway analysis showing the identified network with the top functions “Amino 
acid metabolism, small molecule biochemistry and post-translational modification” with the 2nd 
highest score (=37) based on siRNA-mediated gene knockdowns that resulted in significant reduction 
of viable cell concentration in CAP®-SEAP cells. Arrows with solid and dotted lines represent direct and 
indirect interactions respectively. These were either mono- or bidirectional illustrated by a one or 
double-ended arrowhead. A green symbol represents a strong phenotype (decrease in viable cell 
concentration) upon gene knockdown. The intensity of the color corresponds to a decrease in viable 
cell concentration. Grey symbols indicate no phenotype upon gene knockdown. White circles display 
genes that were not studied. ................................................................................................................ 66 

Figure 31 - Ingenuity Pathway analysis showing the identified network with the top functions “Post-
Translational Modification, DNA Replication, Recombination, and Repair, Cell Cycle” with a score of 46 
based on siRNA-mediated gene knockdowns that resulted in significant reduction of volumetric SEAP 
productivity in CAP®-SEAP cells. Arrows with solid and dotted lines represent direct and indirect 
interactions respectively. These were either mono- or bidirectional illustrated by a one or double-
ended arrowhead. A green symbol represents a strong phenotype (decrease in volumetric SEAP 
productivity) upon gene knockdown. The intensity of the color corresponds to a decrease in volumetric 
SEAP productivity. Genes in white did not result in a phenotype on proliferation. Grey symbols indicate 
no phenotype upon gene knockdown. White circles display genes that were not studied. ................ 67 

Figure 32 - Pie chart representing the overall number of confirmed significant siRNA mediated effects 
in CAP®-IgG cells. Selected siRNAs were transfected into CAP®-IgG cells with ScreenFect® A and 
cultivated for 72 hours under agitation. An siRNA mediated effect was classified as “confirmed”, if the 
transfection resulted in a significant change (Z-factor > 0) compared to the Non-targeting control in 
the same direction (either increase or decrease). The number next to the pie chart indicates the 
number of confirmed effects and the ratio is shown in brackets. ........................................................ 69 

Figure 33 - Comparison of viable cell concentration changes caused by the 14 most significant siRNA 
mediated gene knockdowns in CAP®-SEAP and CAP®-IgG cells. The cells were transfected with 
ScreenFect® A lipofection and the indicated siRNA pool. CAP®-SEAP cells were cultivated for 54 hours 
and CAP®-IgG for 72 hours under agitation. Gene knockdowns that resulted in a positive Z-factor were 
considered significant and are shown ordered ascending to the resulting viable cell concentration of 
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the CAP®-SEAP cells. The hash key sign (#) mark the two results of CAMK2B and IGF1R that resulted in 
a strong phenotype in both cell lines but were not significant in CAP®-SEAP. The normalized change to 
the Non-targeting siRNA control is shown (n = 3 ± SD). ........................................................................ 70 

Figure 34 - Comparison of the change in volumetric productivity of SEAP or IgG caused by the most 
significant siRNA mediated gene knockdowns in CAP®-SEAP and CAP®-IgG cells. The cells were 
transfected with the indicated siRNAs. CAP®-SEAP cells were cultivated for 54 hours and CAP®-IgG for 
72 hours. Only gene knockdowns that resulted in a positive Z-factor were considered significant and 
are shown ordered ascending to volumetric SEAP productivity of the CAP®-SEAP cells. The normalized 
change to the Non-targeting siRNA control is shown (n = 3 ± SD). ....................................................... 72 

Figure 35 - The mRNA levels of MAPK1, STK24, DAPK3 and ERN1 were quantified in the two cell lines 
CAP®-SEAP Minipool 6D6 and CAP®-IgG at 24 and 144 hours in a batch cultivation in CAP®-CDM at 37°C 
agitated with 160 rpm. The crossing point (Cp) of each mRNA is displayed to estimate the level of gene 
expression. 18s rRNA was used as an indicator for total RNA concentration in the qPCR reaction. In 
total 107 cells from a biological triplicate were pooled to extract total RNA. After cDNA synthesis, 
technical triplicates were quantified using the Roche UPL system on a  Lightcycler 480 (Roche 
Diagnostics, Mannheim, Germany). The error bars represent the standard deviation of three technical 
replicates of the pooled biological triplicates. ...................................................................................... 73 

Figure 36 - CAP®-IgG cells were transfected with siRNA and cultivated for 6 days in batch culture in a 
total culture volume of 6 mL at 37°C, 85 % humidity and an agitation of 160 rpm. Untransfected cells 
were treated with buffer instead of siRNA and transfection agent. Non-targeting, Death-inducing 
(HsDt), Anti-IgG and MAPK1 served as positive control. Cell parameter A: Viable cell concentration and 
B: Viability were assessed daily starting at 48 hours after transfection (n = 3, ± Standard deviation). 
C: IgG concentration in the supernatant was quantified with a Protein A HPLC system (n = 3, ± Standard 
deviation). D: Specific productivity in picogram/cell/day in the respective time interval E: The mRNA 
level of IgG heavy and light chain, MAPK1 (positive control for siRNA transfection and modulation), 
STK24 and DAPK3 were analyzed 48 hours after transfection of the respective siRNA (IgG-HC and IgG 
LC transfected with Anti-IgG siRNA). Identical number of cells were lysed and biological replicates (n=3) 
were pooled, reverse transcribed in a single reaction and quantified as technical replicates (n=3). The 
relative mRNA expression level is normalized 18s rRNA quantity as endogenous control and referenced 
to the Non-targeting control using the delta delta Ct method. For statistical analysis, an unpaired two-
tailed t-test referenced to the Non-targeting siRNA control was applied (*p<0.05; **p<0.01; 
***p<0.001)........................................................................................................................................... 75 

Figure 37 - Transient overexpression of ERN1-FLAG in CAP®-SEAP cells detected with Anti-FLAG 
antibody in Western Blot. Identical protein amounts from cell lysates were used, based on protein 
quantification using Micro BCA protein assay kit (Thermo Fisher Scientific). CAP®-SEAP mock control 
cell lysates showed a single unspecific band, whereas CAP®-SEAP cells transfected with ERN1-FLAG 
expression plasmid transfected cells (either by using ScreenFect A transfection reagent or the Neon® 
for Electroporation) showed a faint but distinct double band. The full western blot image is shown in 
the Appendix  (Figure 46, page 152). A Western Blot with Anti-β-Actin and Anti-ERN1 antibodies 
indicated comparable protein amounts per lane (Appendix, Figure 47, page 153). ............................ 76 

Figure 38 - Cultivation of CAP®-SEAP Minipool 6D6 transfected cells. One day prior to begin of the 
experiment the cells were transfected with Neon® Nucleofector and the two plasmids pCMV6-AC Mock 
und pCMV-ERN1. Untransfected cells were electroporated identically, but with water instead of 
plasmid DNA. A transfection control with pd2EGFP showed 81.3 % transfection efficiency at day 0 and 
74.3 % at day 1 (data not shown). Cultures were analyzed for A: Proliferation, B: Viability, C: Volumetric 
SEAP productivity in the culture supernatant and D: Specific cellular productivity (n = 3, ± Standard 
deviation). For statistical analysis, an unpaired two-tailed t-test was applied (*p<0.05; **p<0.01; 
***p<0.001)........................................................................................................................................... 77 
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Figure 39 - Stable cell pool selection of CAP®-SEAP 6D6 ERN1 and CAP®-SEAP 6D6 mock transfected 
cells. CAP®-SEAP 6D6 cultures were transfected with either plasmid d2EGFP (without G418 resistance 
cassette), pCMV6-AC (mock) or pCMV-ERN1 plasmid. After transfection cells were cultivated with 25 
µg/mL G418. The antibiotic concentration was increased to 50 µg/mL 2 days post transfection and 
splitted when necessary. Total viable cell concentration was calculated using the culture volume. .. 78 

Figure 40 - Western Blot analysis of cell lysates from (left lane) CAP®-SEAP-mock and (right lane) CAP®-
SEAP-ERN1 stable cell pools. Identical protein amounts from cell lysates were used based on protein 
quantification using Micro BCA protein assay kit (Thermo Fisher Scientific). A monoclonal anti-FLAG 
antibody (Sigma-Aldrich, clone M2) was used to detect the FLAG-tagged ERN1 in CAP®-SEAP-ERN1 cells 
in a concentration of 1:1000. The PageRulerTM prestained protein ladder (Thermo Fisher Scientific) was 
used as molecular weight marker and a cell lysate control for FLAG® tag was used as positive control. 
The ERN1-FLAG in CAP®-SEAP ERN1 stable pool was present as double band (upper band was caused 
by unspecificity of the detection antibody). The full blot is shown in Figure 46 in the Appendix (page 
152). A Western Blot with Anti-β-Actin and Anti-ERN1 antibody indicated comparable protein amounts 
per lane (Appendix, Figure 47, page 153). ............................................................................................ 79 

Figure 41 - Cultivation of three stable CAP®-SEAP cell pools: CAP®-SEAP Minipool 6D6 (parental), CAP®-
SEAP mock and CAP®-SEAP ERN1. The cultures were seeded with 1 x 106 viable cells/mL and cultivated 
for seven days in a culture volume of 30 mL. A: Viable cell concentration, B: Viability, C: SEAP 
concentration in the culture supernatant and D: Specific SEAP productivity were assessed (n = 3, ± 
Standard deviation). For statistical analysis, an unpaired two-tailed t-test was applied (*p<0.05). .... 80 

Figure 42 - Schematic PI3K-AKT-ERK1 network. The receptor tyrosine kinase (RTK) dimerizes upon 
binding of a growth factor like insulin or colony stimulating growth factor (CSF). It phosphorylates 
phosphoinositol-3-kinase which phosphorylates membrane embedded phosphoinositol-4,5-
phosphote (PIP2) to phosphoinositol-3,4,5-phosphote (PIP3). The PI3K pathway is negatively regulated 
by phosphatase and tensin homolog (PTEN) which catalyzes the reaction from PIP3 to PIP2. AKT is 
phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) and by mTOR complex. AKT is a 
central regulator and controls proliferation, cell survival and metabolism via several major pathways. 
Activated RTKs catalyze the exchange of Guanosindiphosphat (GDP) bound to Ras with 
Guanosintriphosphate (GTP). Active GTP-Ras activates the Mitogen-activated protein kinase (MAPK) 
pathway via Raf, MAPK2s to extracellular-signal regulated kinase 1/2 (ERK1/2). As a major regulator 
ERK1/2 control various cellular function). The mTOR complex is indirectly regulated by the ERK1/2 and 
PI3K-AKT pathway and inhibits PI3K via the ribosomal protein S6 kinase (RPS6K) .............................. 86 

Figure 43 - Schematic pathway of mTOR network. mTOR is a central regulator in the cell. It receives 
signals from multiple upstream pathways like the ERK, PI3K-AKT or AMPK pathway. Upon activation by 
phosphorylation mTOR phosphorylates the downstream proteins ribosomal protein S6 kinase (RPS6K) 
and 4E binding protein (4EBP1). RPS6K is activated and phosphorylates eukaryotic Elongation factor 2 
(eEF2), ribosomal protein S6 (RPS6) and eukaryotic translation initiation factor 4B (eIF4B). 
Phosphorylated 4EBP1 is no longer able to sequester the elongation initiation factor 4 (eIF4). These 
four activated effector proteins result in increased translation and expression of important proteins, 
ribosomal RNAs for recombinant protein production and increase the global translation. ................ 89 

Figure 44 - Schematic pathway of ERN1 activation as one of the three untranslated protein responses 
(UPR). Misfolded proteins in the endoplasmic reticulum (ER) create ER stress signals sensed by ERN1. 
The protein dimerizes leading to either activation of NF-κB or JNK-pathway activation, which results in 
induction of apoptosis. Alternatively, the cytosolic domain of ERN1 splices Xbp1 mRNA. The spliced 
variant is translated to the transcription factor X-Box binding protein 1 that translocates to the nucleus 
and activates UPR effector genes like chaperones and ER-associated protein degradation pathway. 97 
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Figure 45   ̶ Contour prediction plots of DoE for optimization of the siRNA transfection on proliferation 
and viability in 96-well plates in a culture volume of 120 µL. The plot shows the result of the model 
with a seeding cell concentration of 6 x 105 viable cells/mL. Values of the calculated model are 
displayed as heat-map with red indicating the highest values and blue the lowest of viable cell 
concentration and viability. The axis displays the experimental conditions. Viable cell concentration 
(upper diagram) and viability (lower diagram) of: Left: Non-targeting and Right: Death-inducing siRNA 
samples. The red circle indicates the sweet spot for best combination of the desired outputs. Cells 
were transfected with defined siRNA and transfection agent concentration and incubated for 48 hours. 
Cell analysis was performed with quantitative flow cytometry by staining with Calcein Violet and 
Propidium Iodide. ................................................................................................................................ 138 

Figure 46   ̶  Complete western blot membrane of ERN1-Flag expression with Anti-Flag antibody. 
Identical protein amounts from cell lysates were used based on protein quantification using Micro BCA 
protein assay kit (Thermo Fisher Scientific). The positive control was a HEK293T cell lysate transfected 
with an A-proliferating-inducing ligand-FLAG plasmid (ALX-840-607-R100 from Enzo Life Sciences Inc.). 
CAP®-SEAP mock stable pool was the negative control transfected with an empty pCMV6-AC plasmid. 
The CAP®-SEAP-ERN1 stable cell pool was transfected with an ERN1-FLAG plasmid and underwent 
selection with Puromycin. The ERN1-FLAG protein in this cell lysate recognized by the FLAG antibody 
is below an unspecific endogenous protein from the mock control. The two transiently transfected 
CAP®-SEAP cell lysates showed a faint but distinct double band of ERN1-FLAG protein and the 
unspecific endogenous protein. .......................................................................................................... 142 

Figure 47 - Complete western blot membrane of ERN1-Flag expression with Anti-ERN1 and Anti-β-Actin 
antibodies. Identical protein amounts from cell lysates were used based on protein quantification using 
Micro BCA protein assay kit (Thermo Fisher Scientific). CAP®-SEAP mock stable pool was the negative 
control transfected with the empty pCMV6-AC plasmid. The CAP®-SEAP-ERN1 stable cell pool was 
generated by transfection of CAP®-SEAP Minipool 6D6 (parental) by transfection with an ERN1-FLAG 
plasmid and subsequent selection with Puromycin. Transiently transfected CAP®-SEAP cells were 
either transfected with the empty pCMV6-AC plasmid or the ERN1-FLAG plasmid via lipofection using  
ScreenFect A or electroporation using the Neon device. ERN1 signals were too weak to be visible on 
the same chemiluminescent blot as β-Actin. The signal of β-Actin shows comparable amounts of 
protein in each lane. Bold sample names indicate these samples were used for Western Blot using 
solely Anti-Flag antibody (Figure 46). Unspecific high molecular weight bands result from unspecific 
antibody binding.................................................................................................................................. 143 
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mediated knockdowns resulted in a complex phenotype with at least 2 significantly changed 
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