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Abstract 
Transcriptional regulation is a determinant of stability of recombinant protein 

production in CHO cells. Fundamental studies of recombinant gene transcription in 

relation to chromatin environment and promoter regulation are important for CHO cell 

line development and selection. This study has developed a methodology based on a 

cell/vector system to study recombinant transcription and expression stability of 

different promoters and/or proteins in the similar genomic environment. 

The CHO-FRT mini-pools developed in this project were mini-pools of CHO-S cell 

lines containing Flp Recombination Target (FRT) sites with ß–galactosidase gene, 

under the influence of a SV40 promoter. Continuous culture of these mini-pools for 8 

weeks using a robotic system demonstrated that 20% of the mini-pools studied 

revealed an unstable profile (with 30% loss of protein expression). Two of these mini-

pools with different characteristics, CHO-FRT 1 (low producer/unstable) and CHO-

FRT 108 (high producer/stable), were selected to be used on the study of influence 

of SV40 and CMV promoters in long-term recombinant expression.  

Genes encoding fluorescent proteins were integrated in a site-directed manner under 

the influence of SV40 or CMV promoters. A sub-clonal population of the top 10% 

yellow fluorescent protein (YFP) expressing cells of each mini-pool/promoter 

combination was selected by cell sorting and cultured for 4 weeks. During this period 

protein expression was monitored by flow cytometry and compared between both 

promoters. The results revealed that both SV40 and CMV promoters had an unstable 

expression with different degrees of instability and long-term expressing behaviours. 

For CMV, instability was considerably high displaying a long-term logarithmic loss of 

50-80% of productivity while for SV40 the loss of productivity observed was only 40-

45% with a linear behaviour during long-term culture. 

The vector system generated contained an MS2-RNA tag sequence cloned 3’- of the 

recombinant gene to track the recombinant mRNA by using the MS2/MCP-GFP 

system. This study showed the development of a protocol to measure the 

transcriptional output of recombinant promoters in CHO cells. The results showed 

background signal in CHO cells that requires further optimisation studies to allow the 

direct live cell image quantification of the transcriptional activity of recombinant 

promoters. Although not yet optimised, the successful combination of site-directed 

integration with recombinant mRNA tagging method has the potential to become a 

valuable tool to study the mechanisms of transcriptional activity and stability of 

transcription driven by different promoters in CHO cells. 
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1.1.  Introductory remarks 

The term ‘biopharmaceutical’ was first used in the 1980s and to date it has not been 

well defined. Despite the lack of consistent definition, biopharmaceuticals are known 

as a class of therapeutic products produced by modern biotechnological techniques 

(Rader 2008; Walsh 2002). The majority of biopharmaceuticals are recombinant 

proteins and monoclonal antibodies (mAbs) expressed in heterologous systems 

(Walsh 2002). However the definition also includes gene therapy products and anti-

sense oligonucleotides (Walsh 2002). 

The first recombinant protein approved for medical use was recombinant insulin 

expressed in Escherichia coli  (E. coli) (Johnson 1983). Since then, there has been a 

significant increase in the number of biopharmaceuticals within European Union and 

United States with over 212 products being approved with a market value of $140 

billion in 2013 (Walsh 2014). Table 1.1, ranks the 10 top-selling biopharmaceuticals 

products in 2013.  

 

Table 1.1. The 10 top-selling biopharmaceuticals in 2013. 
(Source of data: Walsh 2014) 

 

 

Rank Commercial-Name Ac0ve-
Ingredient Molecule-Type Expression-

System Company Sales-
($-billion) 

1 Humira Adalimumab mAb CHO.cell.line AbbVie 11.00 

2 Enbrel Etanercept Fusion.protein CHO.cell.line Amgen.
Pfizer.Takeda 8.76 

3 Remicade Infliximab mAb Sp2/O.cell.line Johnson.&.Johnson.Merck.&.Co. 8.37 

4 Lantus Insulin.Glargine Hormone E..coli Sanofi 7.95 

5 Rituxan/.
MabThera Rituximab mAb CHO.cell.line Roche/Genentech.

.Biogen.Idec 7.91 

6 AvasWn Bevacizumab mAb CHO.cell.line Roche/Genentech 6.97 

7 HercepWn Trastuzumab mAb Murine.cell.line Roche/Genentech 6.91 

8 Neulasta PegfilgrasWm Growth.Factor E..coli Amgen 4.39 

9 LucenWs Ranibizumab mAb E..coli Roche/Genentech 4.27 

10 Epogen/.
Procrit EpoeWn.Alfa Growth.Factor CHO.cell.line Amgen.

Johnson.&.Johnson 3.35 
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Most of the approved therapeutic proteins are produced in bacteria, yeast and 

mammalian cell systems (Walsh 2014). Alternative recombinant expression systems 

for the production of therapeutic proteins include insect cell lines (Chang et al. 2003), 

transgenic plants (Goldstein and Thomas 2004) and transgenic animals (Kling 2009). 

The different expression systems will be discussed in more detail in Section 1.2 with 

an emphasis on Chinese Hamster Ovary (CHO) cells due to the use of this 

expression system in this project. 

For over 20 years, CHO cell lines have been the most widely used expression 

systems in the biopharmaceutical industry. Out of the 54 new products approved 

between 2010-2014 18 were produced in CHO cells (Walsh 2014). This popularity is 

mainly due to the accumulation of extensive testing and safety data which allows 

easier approval by the regulatory authorities (Jayapal et al. 2007). 

 

Figure 1.1. Expression systems used to manufacture approved biopharmaceutical 
products. 
Product approvals (1982–2014) in the context of expression systems employed. Each data 

set is expressed as a percentage of total biopharmaceutical product approvals. (Source of 

data: Walsh 2014) 

 

 

One of the main issues of using certain CHO cell lines for the production of 

therapeutic proteins is loss of constant recombinant protein production (Barnes et al. 

2003b). The maintenance or loss of constant production is termed cell line stability or 

instability, respectively (Bailey et al. 2012; Barnes et al. 2003a). The commercial 

consequence of this loss of productivity by the selected cell line can result in 

Source:(Walsh(2014(

CHO 
35.5% 

E.coli 
19.0% 

Yeast 
16.5% 

Others 
8.5% 

Human 
4.0% Non-Human 

16.5% 
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problems for process yields, effective usage of time and money, and regulatory 

approval (Barnes et al. 2003a). 

There are many cellular events that can influence the stability of CHO cell lines 

(Barnes and Dickson 2006; Hussain et al. 2014). However due to the focus of this 

project, the genomic and transcriptional mechanisms that can influence cell line 

stability will be discussed in detail (Section 1.3). Furthermore, recent advances in the 

prediction and prevention of cell line instability at the genomic and transcriptional 

level will be discussed  (Section 1.4). 

 

1.2. Expression Systems 

Most biopharmaceuticals approved for human therapy require specific post-

translational modifications (PTM) such as glycosylation. PTMs affect protein folding, 

stability, trafficking, immunogenicity and activity (Walsh and Jefferis 2006). 

Glycosylation is a well characterised PTM required for production and function of 

many proteins (Walsh and Jefferis 2006). In eukaryotic cells, glycosylation occurs in 

the endoplasmic reticulum (ER) and Golgi apparatus as the protein transits through 

the secretory pathway (Braell et al. 1984).  

This Section will describe the relative advantages and disadvantages of bacterial, 

yeast (Section 1.2.1) and mammalian systems (Section1.2.2) specifically CHO cells 

(Section 1.2.3).  

 

1.2.1. Bacterial and Yeast systems 

Bacterial systems are widely used to express recombinant proteins. The simple 

cultivation method, short generation period, good scale-up potential and high yields 

of recombinant protein are the main advantages of these systems (Baneyx 1999). E. 

coli has been used successfully to express a variety of small therapeutic proteins 

such as insulin, human growth hormone, human tissue type plasminogen activator 

and growth factors (Jensen and Carken 1990; Johnson 1983; Joly et al. 1998; Qiu et 

al. 1998). However, a major disadvantage of the E. coli system is the inability to 

perform complex PTMs, especially glycosylation (Walsh and Jefferis 2006). 

Yeast systems such as Saccharomyces cerevisiae (S. cerevisiae) and Pichia 

pastoris (P. pastoris) are alternatives to bacterial systems due to their ability to 

perform some PTMs. However, the oligosaccharide composition in yeast proteins is 
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different from those in human glycoproteins (Gemmill and Trimble 1999). As a 

consequence, the high mannose content of yeast-directed PTM oligosaccharides can 

affect the overall properties of protein (Walsh and Jefferis 2006). In addition, different 

glycans have been shown to induce inappropriate immunogenicity in therapeutic 

application (Hopkins et al. 2011; Trimble et al. 2004).  

In 2006, a genetically engineered P. Pastoris strain (GlycoFi) was developed that 

was capable of performing glycosylation identical to that in mammalian cells  

(Hamilton et al. 2006; Li et al. 2006).  Although this strain increased the amount of 

sialylated glycans, which lead to an increase of activity and half-life of some 

therapeutic proteins, it failed to produce other types of PTMs (Hamilton et al. 2006; Li 

et al. 2006). In 2009, a PEGylated form of erythropoietin produced in this system was 

reported to be in phase 3 clinical trials (Ratner 2009). However, to date, no product 

using this genetically engineered P. Pastoris has been launched.  

 

1.2.2. Mammalian systems 

In contrast to bacterial and yeast systems, the production of the therapeutic proteins 

using mammalian cells is highly complex and expensive (Walsh and Jefferis 2006). 

Although this can be considered a disadvantage compared with bacterial and yeast 

systems, the ability of mammalian cells to perform PTMs similar to humans makes 

mammalian cell systems the major systems used by industry to produce therapeutic 

proteins (Butler and Spearman 2014). This Section will focus on the human (Section 

1.2.2.1) and non-human (Section 1.2.2.2) mammalian cell lines used to produce 

therapeutic proteins. 

 

1.2.2.1. Human cell lines 

The advantage of using human cell lines for protein expression is the ability to 

produce an authentic human glycan profile (Butler and Spearman 2014). Human 

embryonic kidney cells (HEK293) and human embryonic retinal cells (PER.C6) are 

two mammalian cell lines derived from primary culture. Both cell lines were 

immortalized by transfection with an early region 1 (E1) of adenovirus type 5 (Ad5) 

(Fallaux et al. 1998; Graham 1987; Graham et al. 1977).  

HEK293 cells are well characterised, mainly due to their extensive use for research 

grade recombinant proteins (Pham et al. 2006). The fact that this cell type can grow 

in suspension in serum-free media, and can be easily transfected at a large scale, 
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make them desirable vehicles for the production of therapeutic proteins (Pham et al. 

2006). Nevertheless, to date, only 3 marketed products have been manufactured 

using this cell line (Dietmair et al. 2012; Walsh 2014). 

The PER.C6 cell line was originally used for the production of clinical-grade influenza 

vaccines (Pau et al. 2001). However, the ability to grow in suspension, achieve high 

cell densities (up to 1x107 cell/ml) and perform human PTM makes this cell line a 

very desirable cell line for protein production (Butler and Spearman 2014; Pau et al. 

2001). Furthermore, it has the potential to achieve very high productivities. One of 

the first reports of the use this cell line to produce a therapeutic product reported a 

productivity of 300-500mg/L of an IgG mAb without medium feed addition (Jones et 

al. 2003). Since then a few reports have shown higher productivities with one recent 

report indicating a record of productivity titre of 30g/L when expressing one antibody 

(Butler and Spearman 2014) 

 

1.2.2.2. Non-human cell lines 

Other than CHO cells (discussed in Section 1.2.3), the most commonly used non-

human cell line for the production of therapeutic proteins are baby hamster kidney 

cells (BHK-21) and murine myeloma cell lines (NS0 and Sp2/0). NS0 and Sp2/0 are 

mostly used in the production of mAbs due to their protein yield and capability of 

producing highly sialylated glycan products (Byrne et al. 2007; Yoo et al. 2002). 

Furthermore, NS0 cells have been shown to give good and stable expression over 

an extended period of batch culture (Barnes et al. 2003a). 

BHK-21 cells are mainly used in the production of vaccines (Durocher and Butler 

2009). However, this cell line is also used to produce complicated coagulation factors 

(Butler and Spearman 2014). Factor VIIa and Factor VIII are highly complex 

molecules that required specific PTMs that can be provided by this cell line (Ishaque 

et al. 2007; Nivitchanyong et al. 2007; Soukharev et al. 2002) 

 

1.2.3 CHO cells 

Since the commercialization of the first approved recombinant therapeutic produced 

from a mammalian cell line, (human tissue plasminogen activator-tPA from CHO 

cells) CHO cell lines have dominated the production of therapeutic proteins 

(Deschênes et al. 1998; Wurm 2004). The ability to grow at high cell densities in 

suspension culture with unparalleled adaptability to different conditions (such as 
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serum-free medium) has made this cell line the mammalian “workhorse” for protein 

production (Bandaranayake and Almo 2014). 

 

1.2.3.1. CHO cell History 

Chinese Hamster (Cricetulus griseus) was initially used as animal and cell model for 

genetic analysis. This was due to its low chromosome number (2n=22) and easy 

identification of each chromosome by size (Ono and Sonta 2001; Tjio and Puck 

1958; Yang et al. 2000). 

CHO cells were cultivated and immortalised by mutagenesis in 1957 by Tijo and 

Puck in order to study the chromosomal composition of cells in tissue culture (Tjio 

and Puck 1958). The continuous subculture of the original CHO cells lead to the 

generation of a proline-dependent sub-clone (CHO-Pro-) (Kao and Puck 1967) 

(Figure 1.2). One of the proline-dependant sub-clones was named as the CHO-K1 

cell line, the parental cell line for most of the cell lines used in industry today (Hacker 

et al. 2009; Kao and Puck 1968). Since then, different cell lines have been generated 

either by sub-clone isolation or mutagenesis selection.  

Figure 1.2, shows the genealogy of CHO cell lines derived from the original CHO 

cells cultured by Puck in 1957 to the cell lines that are commonly used in industry 

today such as CHOK1SV, CHO-S, CHO DG44 and CHO-DXB11.  
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Figure 1.2. CHO cell line lineage.  
Bold fonts represent the most widely used CHO cell lines for recombinant protein expression 

studies; Blue lines indicate the process of cell line generation. 

 

 

1.2.3.2. CHO genome and karyotype 

The karyotype of different CHO cell lines has been extensively characterised. CHO 

cells have an unstable karyotype as observed by Puck and Tijo in 1958. Original 

CHO cells had 22 chromosomes with a variation between 21 or 23 chromosomes 

(Tjio and Puck 1958). This natural karyotype instability of CHO cells was later 

confirmed in several karyotype characterisations of different CHO cell lines (Deaven 

and Petersen 1973; Derouazi et al. 2006; Kao and Puck 1969). By comparing the 

karyotype of CHO cell lines with the karyotype of Chinese Hamster, these studies 

showed CHO cell lines to have undergone extensive chromosomal re-arrangement, 

including translocations, homologous recombination and deletions. Table 1.2 shows 

the results obtained from karyotype profiling. 
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Table 1.2. Karyotype characterisation of different CHO cell lines. 
Chromosome nomenclature was defined in conjunction with Chinese hamster karyotype 

(Conserved chromosome – chromosomes observed in Chinese hamster karyotype; Z 

chromosome – chromosomes that are not observed in Chinese hamster karyotype; Derivative 

chromosome - structurally altered chromosomes by one or more rearrangements of different 

chromosomes; Marker chromosome - structurally abnormal with no recognised and defined 

landmark). 

 

 

Although the CHO karyotype has been extensively characterised over the years 

using different cell lines, the first CHO cell genome was only fully sequenced in 2011 

(Xu et al. 2011). The CHO cell line sequenced was CHO-K1 and initial analysis 

showed an assembly of 2.45Gb genomic sequence with 24,383 predicted genes (Xu 

et al. 2011). In 2013, two more groups published the sequence of a total of 9 different 

CHO cell lines from the lineage tree of CHO-K1, CHO-DG44 and CHO-S (Brinkrolf et 

al. 2013; Lewis et al. 2013). From their studies, both groups observed that the CHO-

K1 genome published by Xu et al 2011 was not fully suitable for use as a reference 

genome for other CHO cell lines due to differences in chromosome numbers and 

sequence variations (Derouazi et al. 2006). Both studies recommended the use of 

the genome of female Chinese Hamsters (Cricetulus griseus) as a genome reference 

(Brinkrolf et al. 2013; Lewis et al. 2013). 

Despite the activity of several groups with published sequences of different CHO 

genomes (plus information publicly available at www.chogenome.org) there is not yet 

a full detailed and organised set of information to fully understand the relevant genes 

that give each CHO cell line variant its specific characteristics (Baik and Lee 2014). 

 

1.2.3.3. Gene amplification 

One of the main strategies used to improve recombinant protein productivity is gene 

amplification. The generation of DHFR-deficient cell lines CHO DG44 and CHO-

DXB11 made possible to use the DHFR gene as a selection and amplification marker 

in the expression of recombinant genes. DHFR is responsible for reduction of folate 

Number'of'
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to dihydrofolate and then to tetrahydrofolate (Kaufman et al. 1983). Tetrahydrofolate 

is the precursor in the generation of purines and some amino acids, such as glycine, 

hypoxanthine and thymidine (Kaufman et al. 1983). Due to this fact, the culture 

medium "normal" CHO DG44 and CHO-DXB11 is supplemented with glycine, 

hypoxanthine and thymidine (Pallavicini et al. 1990). The re-introduction of the DHFR 

gene into these cell lines restores glycine, hypoxanthine and thymidine production, 

eliminating the dependence of these nutrients (Florin et al. 2011). The co-cloning of 

the DHFR gene in the same vector as the biopharmaceutical for production, under 

the influence of the same or different promoter, leads to the co-integration of both 

genes into the cell genome bar. This co-integration allows clone selection by growing 

cells in medium deficient in glycine hypoxanthine and thymidine (Kaufman et al. 

1983).  

The major advantage of use of DHFR as a selective marker is that amplification of 

the DHFR gene can be achieved by use of the DHFR inhibitor methotrexate (MTX) 

(Kaufman et al. 1983). MTX is a folic acid analogue that inhibits DHFR by competing 

with the natural substrate (Kaufman et al. 1983). By treating the cell with increasing 

concentrations of MTX, survivor cells express increased amounts of DHFR  

(“amplification” the DHFR gene) (Kaufman et al. 1983). Since the DHFR gene and 

the gene of interest were cloned together, during the DHFR gene amplification 

process, the gene of interest is co-amplified (Pallavicini et al. 1990). 

The influence of gene integration and amplification in CHO DHFR-deficient cell lines 

has been extensively investigated (Pallavicini et al. 1990). In all studies, after gene 

amplification, chromosome abnormalities were observed, especially the appearance 

of additional genetic material in chromosomal arms. The appearance of additional 

genetic material in chromosomes accounts for the most common chromosomal 

abnormalities observed in CHO cells (Derouazi et al. 2006; Kaufman et al. 1983; Kim 

and Lee 1999; Lattenmayer et al. 2006; Yoshikawa et al. 2000b). Nevertheless other 

genomic rearrangement process, such as translocations and deletions have also 

been observed (Ruiz and Wahl 1990). 

There is no general consensus about the best location for amplification to be 

effective. Kim et al (1999) and Yoshikawa et al (2000) observed that integration and 

amplification of recombinant genes near to telomeres lead to a better stability of 

recombinant protein expression (Kim and Lee 1999; Yoshikawa et al. 2000a). In 

contrast, Lettenmeyer et al (2006) and Derouzi et al (2006) observed that stability of 

recombinant expression was greater when amplification occurred in non-telomeric 

regions (Derouazi et al. 2006; Lattenmayer et al. 2006). Also, in both of the latter 
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studies, recombinant genes were localised to chromosomes 1 and 2 (the two largest 

chromosomes) (Lattenmayer et al. 2006), Consequently, the authors suggested that 

the integration of recombinant gene into larger chromosomes was preferential to 

obtain a stable cell line (Lattenmayer et al. 2006).  

 

1.2.3.4. CHO cell line stability 

The word stable in relation to CHO cell lines can be used to describe two different 

situations. According to Barnes et al., stable can be used to describe either the type 

of recombinant expression used in expression system (stable expression) or to 

describe the ability of cell line to maintain a constant protein production in long-term 

culture (stable cell line) (Barnes et al. 2003a). The stable integration of the 

recombinant gene into the CHO genome does not guarantee stable recombinant 

protein expression. Decreased protein yields in CHO cells have been reported to 

occur in long-term culture (Fann et al. 2000; Jun et al. 2006; Kim et al. 1998; 

Pallavicini et al. 1990). 

The production of recombinant proteins is a complex process that involves several 

steps, including gene integration, transcription, posttranscriptional processing, 

translation, posttranslational processing and, for most of therapeutic proteins, 

secretion (Figure 1.3) (Barnes et al 2003). 
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Figure 1.3 Illustration of the recombinant protein expression pathway. 
Each step has several regulation sites that can potentially affect protein expression. (Adapted 

from Barnes et al. 2003) 

 

 

Traditionally transcription has been considered to be the dominant factor that 

controls long-term protein expression (Barnes and Dickson 2006). However, because 

the definition of stability is measured at the protein level, any loss of protein 

production could also arise by the efficiency of each of the individual points of control 

of the stages mentioned above (Barnes and Dickson 2006). 

One of the main reasons for instability in CHO cells is the loss of recombinant genes 

from the host genome, particularly after amplification processes (Fann et al. 2000; 

Jun et al. 2006; Kim et al. 1998). Furthermore, the down-regulation of transcription 

can also occur by transcriptional gene silencing (Holliday and Ho 1998; Paulin et al. 

1998). A description of transcriptional gene silencing and an understanding of the 

causes that can cause this phenomenon are described further in Section 1.3. 

 

1.3. Transcriptional Gene Silencing 

Transcriptional gene silencing, observed without the loss of the gene from the 

genome, can be controlled by regulatory mechanisms that respond to the chromatin 

environment around the transgene (Holliday and Ho 1998; Paulin et al. 1998). The 

control mechanisms of the chromatin environment are related to epigenetic 

regulation that defines the heritable changes in gene expression without a change in 
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DNA sequence (Wolffe and Matzke 1999). Epigenetic is a term that describes how 

cells regulate gene expression in response to the environment (Wolffe and Matzke 

1999). As transcription occurs in the nucleus (a three-dimensional, 

compartmentalised structure) it is important to understand the relationships between 

nuclear structures and recombinant gene expression (Cook 2002). For that reason, 

Section 1.3.1 will describe chromatin structure focusing on the epigenetic events that 

lead to gene silencing. Then, Section 1.3.2 will focus on the nuclear organization and 

its influence on gene transcription. Finally, Section 1.3.3 will focus on the influence of 

compartmentalisation of transcription in transcription factories. While CHO cells are 

the system used in this project, this Section will describe regulatory mechanisms 

elucidated from general mammalian studies due to the shortage of these descriptive 

studies in CHO cells. 

 

1.3.1. Chromatin Structure and Nuclear organisation 

Eukaryotic DNA is compacted and organised in a complex of DNA protein called 

chromatin (Kornberg 1974). Chromatin is a dynamic structure that not only helps the 

package of the genomic DNA into the nucleus as also regulates the DNA 

accessibility to the transcription, recombination, reparation and replication machinery 

(Razin et al 2007). The chromatin structure is based on nucleosome core subunit, 

linker DNA and a linker histone that repeats every 200±40 bp throughout the 

eukaryotic genome (Luger et al 1997). 

The nucleosome core subunit is formed of an octamer of histone proteins that 

consists of two copies of each histone, H2A, H2B, H3 and H4, wrapped by the 145-

147 base pairs of DNA (Figure 1.4-A) (Finch et al 1977, Kornberg 1974, Luger et al 

1997). The histone octamer core is formed by three histone subunits, a main 

tetramer subunit composed of histone H3 and H4, (H3/H4)2 and two smaller dimer 

subunits composed of histone H2A and H2B (H2A/H2B) (Eickbush and Moudrianakis 

1978). Histones are a small basic protein, approximately 11-15 kDa, rich in lysine 

and arginine residues in the N-termini (Razin et al. 2007). These basic residues are 

important for the histone-DNA and histone-histone interactions (Axel et al. 1974; 

Eickbush and Moudrianakis 1978). The H2A/H2B dimers are responsible for the 

interaction with DNA at the entry and exit regions of the nucleosome while the 

(H3/H4)2 tetramer interacts with the central part of the DNA fragment wound around 

the globule (Razin et al. 2007). On the other hand, the C-terminal domain (CTD) of 

the histone is responsible for the histone-histone interactions (Arents et al 1991). The 
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CTD fold is identical between the four histones that form the core nucleosome. This 

domain is constituted by three α-helices domains, two small ones (α1 and α3) of 9 

and 14 residues and a relative long (α2) of 29 residues, connected by short loop/ß-

segments (Figure 1.14-B) (Arents et al 1991). Additional α-helices are also found 

outside of this CTD of some of the histones and are important for the direction of the 

dimerization of H2A with H2B and H3 with H4 (Figure 1.4-B) (Arents et al 1991; 

Cutter and Hayes 2015).  

The linker histones (H1) are a group of proteins that are present on the nucleosomes 

of higher eukaryotic organisms and have been related with various functions (Cutter 

and Hayes 2015). Among various functions, H1 stabilises the wrapped DNA, protects 

DNA from nuclease digestion, promotes the folding and assembly of higher order of 

chromatin structures and regulates gene expression (Cutter and Hayes 2015).  

The existence of higher order of chromatin structure in nuclei still remains to be 

elucidated. In vitro, this structure is very well described as the 30-nm fiber 

(Tremethick 2007) with two main models, solenoid (Robinson et al 2006) and zig-zag 

(Schalch et al 2005). In vivo no higher order structures has been observed, however 

due to highly dynamic composition of chromatin in vivo and the fact different 

structures are observed in different biophysical conditions in vitro, is possible that the 

formation of this 30-nm fibre is variable and highly dynamic in vivo, varying between 

the different cell states during the cell cycle (Maeshima et al 2010, Song et al 2014). 
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Figure 1.4. Nucleosome core and chromatin fiber. 
A – Top: Schematic representations of the histone protein organisation in the nucleosome 

core; Bottom: linear representation of the primary contacts between the core histones protein. 

Core histone dimerisation partners separated by – and dimer-dimer interactions represented 

by : ;B - Schematic representation of the secondary structure of the core histones proteins. 

Each α-helix represented by columns. The 3-helix histone fold domain are inside of the grey 

box area; C – Schematic representation of nucleosome organization along the chromatin. 

(Yellow – histone H1, dark red – histone H2A; light red – histone H2B; green – histone H3; 

blue – histone H4; DNA backbone – orange) (based on: Cutter and Hayes 2015; Venkatesh 

and Workman 2015) 

   

  

 

1.3.1.1. Heterochromatin, Euchromatin and Position effect 

The distribution of chromatin within the nucleus is not homogeneous (Carlberg and 

Molnár 2013). Chromatin can be divided into two distinct regions depending on the 

chromatin density. Heterochromatin is described as the condensed chromatin and is 

normally correlated with gene-poor, transcriptionally inactive and late replication 

regions (Grewal and Moazed 2003; Razin et al. 2007). On the other end, 

euchromatin is described as a less dense chromatin and it is normally related with 

the gene-rich and transcriptionally active regions (Grewal and Moazed 2003; Razin 

et al. 2007). Furthermore, gene-poor heterochromatin is associated with the nuclear 
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periphery, while the gene-rich euchromatin is localised in the internal areas of the 

nucleus (Boyle et al. 2001).  

Most of heterochromatin, called constitutive heterochromatin is transcriptionally 

inactive and is found next to the functional and gene-poor chromosome structures 

such as centromeres and telomeres (Sieger et al. 1971). However, smaller 

heterochromatin regions (facultative heterochromatin) are able to encode genes that 

are physically condensed and transcriptionally repressed (Berlowitz 1974). This 

phenomenon is described as position effect variegation (Wilson et al. 1990). Position 

effect variegation is caused by a variable packaging degree of normal euchromatic 

regions into a transcriptionally inactive heterochromatin-like conformation and is 

typically related to histone hypoacetylation and DNA methylation (Section 1.3.1.2).  

Heterochromatin and euchromatin have been characterised by covalent 

modifications that affect histones and DNA. These covalent modifications, such as 

methylation and acetylation are the basis of epigenetic phenomenon that affect the 

gene transcription and will be discussed in Sections 1.3.1.2 and 1.3.1.3. 

 

1.3.1.2. Histone modification 

Histone covalent modifications play an important role on chromatin organisation. 

Most of these modifications are targeted to the N-termini of histones and ultimately 

regulate gene transcription by affecting the nucleosome stability or chromatin 

condensation (Kouzarides 2007). Traditionally histone modifications have been 

described as acting as platforms that recruit specific transcription factors and 

remodelling complexes (Tessarz and Kouzarides 2014). However, more recently it 

has been shown that these modifications can also alter significantly the function of 

the histone itself by direct affecting the normal histone-histone and histone-DNA 

interactions (Tessarz and Kouzarides 2014). 

There are several types of histone modification including acetylation, methylation, 

ubiquitination, phosphorylation and SUMOlation that affect the gene activation or 

repression (Kouzarides 2007) This Section will focus on acetylation and methylation, 

of lysine of H3 and H4 as at the present they are best described modifications and 

also are considered to have greatest influence on gene expression (Tessarz and 

Kouzarides 2014). 

Histone acetylation is normally associated with transcriptional activation (Lee et al. 

1993). The acetylation of lysine residues in histones H3 and H4 is mediated by 
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histone acetyltransferase (HAT) (Figure 1.5-A) (Jenuwin ans Allis 2001, Lee at al. 

1993).  

Histone lysines residues are positively charged and can form a salt bridge with the 

negatively charged DNA backbone. The acetylation of the lysines in histones not only 

introduces a bulkier side chain to this amino acid but also removes the positive 

charge to this amino acid (Figure 1.5-A) (Tessarz and Kouzarides 2014). This 

alteration on lysine charge and structure disrupts the salt-bridges interactions 

between histone and DNA molecules and also the histone-histone interactions. 

These alterations diminish the binding affinity of the histone with the DNA backbone 

and disrupts of the nucleosome structure (Tessarz and Kouzarides 2014). The 

disruption of the chromatin structures ultimately leads to a more open and 

transcriptionally active DNA (Mellor et al. 2008). Gene activation mediated by histone 

acetylation was observed in mouse embryonic fibroblast, when the acetylation of 

lysine 9 of histone H3 was correlated with to transcriptional gene activation (Mutskov 

and Felsenfeld 2004). In contrast, histone deacetylation, mediated by histone 

deacetylase (HDAC) increases the positive charge of the histone N-termini, 

increasing the affinity of the histone-DNA interaction and stabilise histone 

interactions (Hong et al. 1993, Rundlett et al. 1998). Histone acetylation in 

heterochromatin and euchromatin arises from the balance between the activity of 

HAT and HDAC (Peserico and Simone 2011).  

Histone methylation is normally associated with transcriptional repression, however 

in particular cases it can lead to gene activation (Mellor et al. 2008). In mouse 

embryonic fibroblasts, methylation of lysine 9, 20 and 27 in histone H3, was strongly 

related with transcriptional inactivation of a cluster of genes (Regha et al. 2007). 

Nevertheless, the same study observed that methylation of lysine 4 of histone H3 

lead to gene activation (Regha et al. 2007). 

The mechanisms by which methylation leads to gene activation or repression are 

different to those observed for acetylation (Berger 2007). Whilst acetylation directly 

affects the histone-histone and histone-DNA interactions, histone methylation recruits 

non-histones proteins that affect gene transcription (Berger 2007). For example, 

methylation of lysine 9 of histone H3 can act as a binding site for heterochromatin-

like protein 1 (HP1) (Mutskov and Felsenfeld 2004). HP1 mediates the formation of 

heterochromatin by associating histones methyltransferases (HMT) and DNA 

methyltransferases (DNMT), ultimately leading to gene inactivation (Figure 1.5-A) 

(Smallwood et al. 2007).  
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1.3.1.3. DNA Methylation 

DNA methylation is strongly associated with gene silencing. Methylation of DNA 

normally occurs in cytosine-guanine palindromic (CpG) dinucleotide sequences 

termed as CpG island. (Razin 1998). This CpG islands are often found in the 

promoter regions, leading to gene inhibition if methylated  (Berger 2007; Carvalho et 

al. 2010).  

DNA methylation is mediated by DNMT which introduces a methyl group onto the 

carbon-5 of cytosine leading to the formation of 5-methylcytosine (Carvalho et al 

2010, Osterlehner et al. 2011). Methylated DNA leads to gene silencing either by 

direct inhibition of the promoter to the transcription factors or by recruiting methylated 

DNA-binding proteins, such as methylated DNA complex 2 (MeCP2) (Pradhan et al. 

1999). MeCP2 is a protein that contains a methyl binding domain and this mediates 

the formation of transcriptional repressive chromatin by interacting with HDAC and 

an adapter protein, Sin 3 (Figure 1.5-B) (Vaissière et al. 2008). Furthermore, MeCP2 

also interacts with DNMT leading an increase of DNA methylation and, consequently, 

increased gene silencing (Figure 1.5-B) (Vaissière et al. 2008)  

DNA methylation has been incriminated as one of the major causes for gene 

silencing during recombinant protein expression in CHO cells (Yang 2010; Kim et al. 

2011; Osterlehner et al. 2011). In most of the cases where methylation was the 

cause of gene loss it was observed that methylation promoter regions exhibited 

greatest correlation with transcriptional status (Yang 2010; Kim et al. 2011; 

Osterlehner et al. 2011). The sequence of human CMV (hCMV) promoter, widely 

used in therapeutic production, contains 33 CpG islands that are significantly 

targeted for methylation (Osterlehner et al. 2011). However, methylation in intragenic 

CpG islands can also occur and such modification is also correlated with gene 

silencing (Bauer et al. 2010). 
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Figure 1.5. Histone modifications and DNA methylation. 
A – Lysine charge and structure changes due to methylation and acetylation; B - Histone 

Acetylation, and Histone and DNA methylation mediated by HP1; C – Histone Dacetylation 

and DNA methylation mediated by MeCP2. (based in Tessarz and Kouzarides 2014, 

Vaissière et al. 2008) 

 

 

 

1.3.2. Nuclear organization 

As described in Section 1.3.1, eukaryotic genomes are organised into chromatin 

structures. During mitosis, chromatin is rearranged and compacted into 

chromosomes, and throughout the rest of the cell division cycle, is organised as a 

thread-like structure termed as chromosomes territories (CTs) (Cremer et al. 2001).  

CT distribution along the nucleoplasm is not random and the spatial positioning of 

CTs relative to each other differs between different tissues and cell types. (Cremer et 

al. 2001; Parada et al. 2004). The spatial organisation of CTs has important roles in 

the regulation of genome function and gene expression as this organisation 
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influences the interactions between genes, regulatory elements and transcription 

factories (Fraser and Bickmore 2007). 

Using fluorescence microscopy techniques, especially Fluorescence in situ 

Hybridisation (FISH), chromatin was observed to be heterogeneously distributed 

along the CT and that CT had a preferred distribution in the nucleus (Dostie and 

Bickmore 2011). These observations suggested that gene availability could be 

regulated by three-dimensional chromatin interactions rather than solely on local 

chromatin interactions. (Dostie and Bickmore 2011). The development of techniques 

such as Chromosome Conformation Capture (3C) and all its derivatives (Circular 

Chromosome Conformation Capture (4C), Carbon-Copy Chromosome Conformation 

Capture (5C), Genome-wide Chromosome Conformation Capture (Hi-C) and 

Chromatin Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET)) has 

provided better tools to study chromosome structure and transcription regulation 

through chromatin interactions (Dostie and Bickmore 2011; Sanyal et al. 2011). 

Combinations of FISH and one or more 3C based techniques have been widely used 

to study the gene regulatory actions of CT organisation and chromatin distribution.  

Most active genes are associated in clusters localised in euchromatin (Boyle et al. 

2001; Shopland et al. 2003). Active genes have the ability to relocate substantial 

distance either inside or outside their CT which subsequently leads to the formation 

of chromatin loops (Fraser and Bickmore 2007). Although not absolute, chromatin 

loop formation is often related to transcription activity (Branco and Pombo 2006). 

Branco and Pombo (2006) observed that loop formation activity was decreased by 

inhibiting the transcriptional machinery (Branco and Pombo 2006).   

 

1.3.2.1 Transcription activity and chromatin loop formation 

The exact role of loop formation during transcription activation has not been 

determined. Evidence revealed that loop formation can either be a direct response to 

gene activation and targets active genes towards the transcriptional machinery, or 

can be part of the regulation mechanism that promotes the interactions between 

genes and gene regulators (Fraser and Bickmore 2007). 

While studying gene co-localisation in transcription factories (Section 1.3.3), Osborne 

et al (2004) detected that active genes relocated by looping in order to be transcribed 

(Osborne et al. 2004). Later, Osborne et al (2007) used FISH and 3C techniques to 

study the dynamics of gene induction and observed that genes quickly relocated in 

transcription factories upon transcription activation (Osborne et al. 2007).  
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Chromatin relocation may also have an important role in gene regulation by 

promotion of interactions between genes and chromatin regulator elements. One of 

the best well-characterised examples of gene regulation by long-range interactions is 

the interaction between the ß-globin locus control region (LCR) and the ß-globin 

genes in mouse erythrocyte cells (Carter et al. 2002; Tolhuis et al. 2002). In mouse, 

ß-globin gene locus is located on chromosome 7 and contains four functional ß-

globin genes. The LCR which regulates the ß-globin activation consists of six DNase 

I–hypersensitive sites (HS) and is localised 30-60 kb upstream of the first ß-globin 

gene. Using a modified RNA FISH method called RNA-TRAP (Tagging and 

Recovery of Associated Proteins) (Carter et al. 2002) and 3C (Tolhuis et al. 2002), it 

was observed that LCR and active ß-globin genes were in close interaction by 

looping the 50kb sequence ( Carter et al. 2002; Tolhuis et al. 2002).  

Another example of complex long-range chromatin interaction and loop formation 

was observed in the activation of Hoxd13 gene during the late limb patterning in 

mouse (Montavon et al. 2011). In mammals the HoxD gene cluster contains 13 

genes (Hoxd1 to Hoxd13) that undergo sequential transcriptional activation, in both 

time and space, following their respective positions within the cluster (Tarchini and 

Duboule 2006). Transcriptional activation of Hoxd genes is mediated by the direct 

interaction with two enhancer elements, situated within global control region (GCR) 

and Prox region (Gonzalez et al. 2007). The combined effects of these two 

enhancers situated 180 kb and 50 kb upstream of the hoxd13 has proven to be 

essential for the activation of Hoxd gene (Montavon et al. 2011) 

Supporting these two cases, other long-range chromatin regulatory interactions, 

promoted by chromatin relocation, have also been described between genes and 

enhancers (Li et al. 2012), LCR (Spilianakis and Flavell 2004; Spilianakis et al. 

2005), insulators (Ling et al. 2006) and silencers (Horike et al. 2004; Tiwari et al. 

2008). 

 

1.3.3. Transcription and Transcription factories 

Transcription mediated by RNA polymerase II (RNAP II) is divided in four separate 

phases, pre-initiation, initiation, elongation and termination (Pandit et al. 2008). 

RNAP II is a multi-unit enzyme that despite its structural complexity is not able to 

recognise the target promoter sequence (Sainsbury et al. 2015). To start the 

transcription process and to recognise the promoter sequence, RNAP II interacts 

with several general initiation factors (Trancription factor [TF] IIA, TFIIB, TFIID, TFIIE, 
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TFIIF and TFIIH) at the CTD (Heidemann et al. 2013, Sainsbury et al. 2015). The 

CTD is a very conserved sequence, across fungi, plants and animals, and it 

comprises 25 to 52 tandem repeats of a consensus 7 amino acids 

(Tyr1Ser2Pro3Thr4Ser5Pro6Ser7) (Corden 1990). CTD is not essential for the activity of 

the RNAP II in vitro, however it is essential for transcription in vivo as is the 

phosphorylation patterns of the CTD that dictate which factors associate with RNAPII 

and consequently the stage of the transcription (Phatnani and Greenleaf 2006, 

Heidemann et al 2013). Furthermore, the phosphorylation state of CTD regulates the 

interactions with the RNA processing machinery during the transcription process 

(Pandit et al. 2008). CTD can be predominantly phosphorylated on Ser2 and Ser5 

(Dahmus 1995, Dhamus 2996) and is the CTD phosphorylation pattern that dictates 

which factors associate with RNAPII.  

TFIID is a conserved, multifunctional general transcription factor involved in promoter 

recognition, assembly of the pre-initiation transcriptional complex (PIC) and 

chromatin remodelling (Sainsbury et al 2015). This transcription factor is a central 

component of the transcription machinery and is composed by TBP (TATA box 

binding protein) and 13-14 different TAFs (TBP associated factors). The different 

TAFs that compose the TFIID are the key factors for the identification and binding of 

the TFIID to a specific promoter (Sainsbury et al 2015). Each TAF recognise and 

bind to different specific elements of the core promoter such as the motif ten element 

(MTE), downstream promoter element (DPE) and downstream core elements (DCE) 

regulating the binding of the transcription machinery to specific promoters (Figure 

1.6–1) (Sainsbury et al 2015). TFIID also interacts with TFIIA and TFIIB at the 

promoter in the Bre (TFIIB recognition element) and TATA box motifs present in 

promoter sequence to form the upstream promoter complex that will recruit RNAP II 

and TFIIF at the Inr (transcription initiation site) to form the core PIC (Figure 1.6–2, 3) 

(Pandit et al. 2008, Sainsbury et al 2015). 

During initiation, further transcription factors are recruited including TFIIE and TFIIH 

(Figure 1.6 – 4) that are responsible for the opening of the DNA and the formation of 

the transcription bubble. TFIIH is also responsible for phosphorylation of the Ser5 of 

the CTD to form the initiating RNAP II-Ser5P and consequently, the initiation of the 

transcription process (Nikolov and Burley 1997; Sarah et al. 2015). 

At the end of the initiation stage, the initially transcribing complex pauses and P-

TEFb (positive transcription elongation factor) is recruited into the assembled 

transcriptional machinery (Figure 1.6 – 7) (Nikolov and Burley 1997). P-TEFb is a 

complex of elongation factors that in which its composition has a cyclin dependent 
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kinase 9 (CDK9) that is responsible to phosphorylate Ser2 of the CTD. The 

phosphorylation of the Ser2 of the CTD leads to dissociation of the initially 

transcribing complex and the formation of  the elongating RNAP II-Ser2P. Further 

elongation factors are recruited to the RNAP II leading to the start of the elongation 

stage (Price 2000, Jonkers and Lis 2015).  

Contrary to initiation and elongation, the termination process is not so well 

understood with two models being proposed for this last step (Pandit et al. 2008). 

The allosteric model suggests that the nascent RNA is cleaved downstream of the 

polyadenylation site that could trigger a conformational change of the RNAP II-

Sser2P induction pausing and eventually releasing the mRNA from the complex (Luo 

et al. 2006; West et al. 2008). Alternatively, the torpedo model suggests that the 

nascent RNA becomes exposed to 5’ exonucleases that eventually release the RNA 

from the RNAP II-Ser2P complex  (Figure 1.6 – 8) (Luo et al. 2006; West et al. 2008).  

  



 39 

Figure 1.6. Schematic representation of transcription pre-initiation, initiation, 
elongation and termination phases  

Pre-initiation complex (PIC) assembly from general transcription factors and RNA polymerase 

(identified in image) on promoter DNA (Inr – initiator motif; BreU and BreD – Upstream and 

downstream TFIIB recognition element; TATA – TATA box motif; MTE – motif ten element, 

DPE – downstream promoter element; DCE – downstream core elements). 1 - The TATA 

box-binding protein (TBP) subunit of the TFIID binds to promoter DNA, inducing a bend; 2 - 

The TBP–DNA complex is then stabilized by TFIIB and TFIIA, which flank TBP on both sides; 

3 - The resulting upstream promoter complex is joined by the Pol II–TFIIF complex, leading to 

the formation of the core PIC; 4 - Subsequent  binding of TFIIE and TFIIH complete the PIC; 

5, 6 - In the presence of ATP, the DNA is opened (forming the ‘transcription bubble’) and RNA 

synthesis initiates; 7- The dissociation of initiation factors and the recruit of P-TEFb and other 

elongation factors enables the formation of the Pol II elongation complex, which is associated 

with transcription elongation factors (different coloured circles); 8 – At the end of the 

transcription process, it is prosed that termination can either occur due to conformational 

change of RNAP II-Ser2P that eventually releases the nascent RNA (Allosteric Model) or due 

to 5’ exonuclease cleavage (Torpedo Model). (Adapted from Sainsbury et al. 2015; Pandit et 

al. 2008) 



 40 

  

TATA# Inr#
BreU# BreD#

TAFs#
TBP#

TFIIA# TFIIB#

Pol#II#TFIIF#

TFIIH#

core#

TFIIH#

kinase#

TFIIE#

ATP#

Transcrip7on#

bubble#

Nascent#mRNA#

1.#Unbound#promoter#

2.#Upstream#promoter#complex#

3.#Core#PIC#

4.#Closed#PIC#

5.#Open#PIC#

6.#Ini7a7ng#transcribing##complex#

7.#Elonga7on#complex#

8.#Termina7on#

Upstream#DNA# Downstream#DNA#

Promoter#DNA#

AAAAAAA#

AAAAAAA#

5’#

exo#

MTE#
DPE#

O30# +1# O30#DCE#

Allosteric#

Model#
Torpedo#

Model#

POTEFb#

and#

Elonga7on#factors#
Ini7a7on#factors#



 41 

1.3.3.1. Transcription factories  

In eukaryotes, most of the protein encoding genes are transcribed by RNAP II. In 

1993, Jackson et al (1993) observed that the nascent transcripts were co-localised 

within the nuclear space, suggesting that the transcription units were organised into 

factories where transcripts are synthesised and processed (Jackson et al. 1993). 

Iborra et al (1996) observed that the distribution of RNAP II through the nuclear 

space was not uniform, and most RNAP II molecules were concentrated in 

transcription factories (Iborra et al. 1996). The composition of transcription factories 

remains uncharacterised but it has been described to be a complex of transcription 

factors, splicing factors and multi active RNAP  II which anchor with an, as yet, 

unidentified nuclear scaffold (Iborra et al. 1996; Jackson et al. 1998; Kimura et al. 

1999). Initially Iborra et al (1996) projected the existence of approximately 2,100 

transcription factories in each Hela cell (Iborra et al. 1996). This calculation was later 

confirmed by Jackson et al (1998), that estimated the number of active RNAP II in 

Hela cells was approximately 75,000 per cell (Jackson et al. 1998). The authors 

estimated that active RNAP II were concentrated in approximately 2,400 sites with 80 

nm containing approximately 30 active RNAP II each (Jackson et al. 1998). 

 

1.3.3.2. Transcription factories and transcription initiation 

Although transcription factories have been traditionally described as pre-assembled 

RNAP II clusters, two recent studies have shown some evidence against this idea ( 

(Cisse et al. 2013; Ghamari et al. 2013). Both studies revealed a dynamic formation 

of such clusters during the transcription process and hypothesised that their 

formation was linked to transcription initiation (Cisse et al. 2013; Ghamari et al. 

2013). 

Ghamari et al 2013, showed that transcription initiation and elongation occurred in 

different cell compartments and only the initiation occurred in transcription factories 

(Ghamari et al. 2013). Ghamari and colleagues indirectly marked transcription 

factories by tracking CDK9, a transcription elongation factor that regulates RNAP II 

activity following transcriptional initiation. The authors observed that CDK9 initially 

co-localised in the promoter region with initiating RNAP II-ser5P at the end of the 

initiation process (Ghamari et al. 2013). Using an mCherry tagged CDK9 in 

combination with immunostaining against different proteins involved in transcription 

initiation, elongation and splicing, the authors observed that CDK9 co-localised in the 

promoter region with initiating RNAP II-ser5P but not with elongating RNAP II-ser2P 



 42 

(Ghamari et al. 2013). As Ghamari and colleagues only observed the formation of 

transcription factories during the initiation step, the authors suggested that initiation 

and elongation took place in different nuclear compartments (Ghamari et al. 2013). 

Similar observations were made by Cisse et al 2013. By expressing an α-amanitin-

resistant form of the RNAP II fused to a photoswitchable fluorescent protein 

(Dendra2) in human osteosarcoma cell line U2OS, the authors demonstrated, by 

single molecule light microscopy, that RNAP II clusters (of average 100nm diameter) 

were transiently formed with an average lifetime of 5.1(±0.4) seconds (Cisse et al. 

2013). They also observed that, when transcription was stimulated, both size and 

lifetime of these clusters was considerably increased. By blocking transcription 

elongation using a P-TEFb inhibitor, the authors not only observed the formation of 

RNAP II clusters, but also, that these clusters were considerably more stable (Cisse 

et al. 2013). With this observations the authors demonstrated that RNAP II cluster 

formation was highly correlated to transcription initiation and that it was likely that 

cluster dissolution was linked to the transition from transcription initiation into 

elongation (Cisse et al. 2013). 

Based on the interpretations from these new observations, Buckely and Lis (2014) 

recently proposed a second dynamic model for the origin of transcription factories  

(Figure 1.7) (Buckely and Lis 2014). 
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Figure 1.7. Schematic representation of models for the origins of transcription 
factories. 
A- Static pre-assembled transcription factory model. Upon activation, the gene loops out of its 

chromosome to a preformed transcriptional factory for its expression; B- Dynamic self-

assembling transcriptional factory model. The inactive gene is surrounded by free 

nucleoplasmics RNAP II. Upon on activation, RNAP II dynamic cluster and self-assembled in 

a transcription factory around the active gene leading to its expression. (Adapted from 

Buckley and Lis 2004) 

 

 
 

1.3.3.3. Specialisation of genes for specific transcription factories  

The relative number of transcription factories per cell is substantially lower than the 

number of active genes, suggesting that different genes share the same transcription 

factory (Kimura et al. 1999; Martin and Pombo 2003). This co-localisation of 

transcription of different genes within the same transcription factories has been 

shown for genes localised in the same and different chromosomes (Osborne et al. 

2004; Park et al. 2014; Schoenfelder et al. 2010). 

Using different variants of FISH (RNA, DNA and Immuno FISH) and 3C techniques, 

Osborne et al (2004) observed that in erythroid cells, Hbb-1 (b-like globin) gene 

dynamically shared the same transcription factory with four other genes (Eraf - α-

hemoglobin-stabilizing protein, Uros - uroporphyrinogen III synthetase, Igf2 - insulin-

like growth factor 2; Kcnq1ot1 - long QT intronic transcript) localised in a 40 Mb 

region of the same chromosome (Osborne et al. 2004)). The authors observed that 
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the co-localisation of the genes during transcription occurred at high frequency, 

ranging from 42-60%. (Osborne et al. 2004). Although with much lower frequency 

(7%), Osborne and colleagues also observed that Hbb-1 shared the same 

transcription machinery with Hba (α-globin) that is localised in a different 

chromosome (Osborne et al. 2004). 

Later, further studies using similar techniques revealed evidence that the co-

localisation was probably due to a specialisation of the genes for particular 

transcription factories (Osborne et al. 2007; Xu and Cook 2008, Schoenfelder et al 

2010). Schoenfelder et al. 2010 observed that genes co-localised to the same 

transcription factories shared similar transcription regulatory mechanisms 

(Schoenfelder et al. 2010). The authors evaluated the transcription of Hba and Hbb 

with a set of eight different genes and observed that genes with promoters that had 

conserved motifs for the specific transcription factor Klf1 (Kruppel-like factor 1) were 

observed to share the same transcription factories (Schoenfelder et al. 2010). The 

authors suggested that this observation could be due to different composition of 

transcription factors between the different transcription factories (Schoenfelder et al. 

2010). 

Furthermore, Park et al (2014) observed that the co-localisation and specialisation of 

particular genes in the same transcriptional machinery could have an important role 

the regulation of their expression (Park et al. 2014). The authors studied the 

transcriptional activity of three active Ig genes that form IgM in plasma cells. These 

three genes (Igk, IgH and IgJ gene) are localised in three different human 

chromosomes (chromosome 6. 12 and 5, respectively) (Park et al. 2014). Park et al 

(2014) observed that when antibody synthesis was maximal, the transcription of 

these three genes co-localised in the same transcription factories, often near the 

nuclear periphery (Park et al. 2014). Additionally, the authors observed that after 

transcription, the transcripts frequently shared interchromatin trafficking channels 

suggesting that the predominant peripheral localisation of the transcription of these 

genes was to facilitate the nuclear transcript export (Park et al. 2014). Figure 1.8, 

shows a schematic representation proposed by Park et al (2014) of the transcription 

of these genes in plasma cells. 
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Figure 1.8. Schematic representation of the transcription of plasma cells IgK, IgH and 
IgJ genes in transcription factories. 
IgJ, IgK and IgH genes from chromosomes 5, 6 and 12 sharing a transcription factory. 

Functionally rearranged Ig genes loop out from their specific chromosome territories (Park et 

al. 2014). The resulting Ig gene transcripts that are generated at the boundaries on an 

interchromatin channel traffic for export to the cytoplasm through the nuclear pores. (Adapted 

from Park et al. 2014)  

 

 

1.3.3.3. Visualisation of transcription in real time in living cells 

Imaging of mRNA in vivo using MS2-MCP systems presents a pioneering and 

revolutionary approach, originally developed to track the movement in real-time of 

ASH1 mRNA in yeast cells into the daughter cell or bud during cell division (Bertrand 

et al. 2000). More recently, this system has been used to study the kinetics of the 

transcriptional machinery in living bacteria, yeast, Drosophila and mammalian cells 

(Chubb et al. 2006; Golding et al. 2005; Yao et al. 2006; Yunger et al. 2010).  

Yunger et al 2010 used a combination of Flp-recombinanse site-directed and MS2-

tag/MCP-GFP methods to visualise transcription kinetics in HEK 293 (Yunger et al. 

2010). The author cloned a sequence of tandem bacteriophage sequence repeats 

(MS2) downstream of a recombinant cyclin d1 gene and the sequences underwent 

site-directed integration to a pre-selected genomic location (Yunger et al. 2010). 

When transcribed, the MS2 mRNA sequence formed a loop structure that can be 

specifically recognised and bound by the MS2 coat protein (MCP) (Darzacq et al. 

2007). The presence of the MS2-loop structures upstream the 3’ un-translated region 

(UTR) allows the detection of the recombinant mRNA by the MCP protein fused with 

GFP containing a Nuclear Signal Sequence (MCP-NLS) (Figure 1.9). The 

fluorescently-labelled recombinant mRNA allows visualisation of mRNA at single-
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molecule resolution using live-imaging fluorescent microscopy. Using this approach it 

is possible to identify the number of RNAP II recruited and, using FRAP, to measure 

the rate of transcription of the recombinant gene in single living cells (Yunger et al. 

2010). 

 

Figure 1.9. Schematic representation of the use of MS2/MCP method to visualise  
transcriptional in living cells. 
A- Schematic representation of the recombinant mStrawberry production in a cell; B- 

Representation of the final genomic region after site-directed integration of the recombinant-

promoter/mStrawberry cassette; C- Schematic representation of the detection of the nascent 

recombinant mRNA tagged with the MS2 loop tag by the MCP-GFP protein. (Based on 

Yunger et al 2010) 

 

 

 

1.4. Prevention of transcriptional instability in CHO cells 

Multiple strategies have been developed to improve CHO cell line stability due to 

commercial pressures for predictability of recombinant protein productivity. The next 

Section will describe some of those strategies used in CHO cell systems to prevent 

the effects of transcriptional silencing. 
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1.4.1. Early detection of CHO cell line instability  

The identification of stable/unstable cell lines in the early stages of cell line 

development is a major challenge for industry. One of the strategies used to predict 

unstable cell lines is the evaluation of early methylation of the recombinant promoter 

(Osterlehner et al. 2011). The authors quantified the methylation of cytosine 179 (C-

179) of the hCMV-MEI promoter/enhancer at early stages of cell line development 

and observed that the cell lines that contained methylated C-179 later had a unstable 

profile (Osterlehner et al. 2011). Ostherlehner et al (2011) suggested a quantification 

method based on a methylation-specific qPCR to predict cell line instability 

(Osterlehner et al. 2011).  

Apoptosis was identified as a possible cause or effect of cell line instability and is 

being related as a natural response of the host cell against the stress induced by the 

high expression of the recombinant gene (Dorai et al.2012).  Apoptosis can be 

measured in the cell by quantification of apoptotic markers such as caspase-3 and 

Annexin V (Elmore 2007). Dorai et al (2012) observed that unstable cell lines had a 

higher caspase-3 activity when compared to stable cell lines (Dorai et al. 2012). This 

difference was observed in the early stage of cell line development and the authors 

suggested that this apoptotic marker can be used to predict the production instability 

of CHO cell lines (Dorai et al. 2012). 

The use of mass spectroscopy analysis by Matrix-Assisted Laser 

Desorption/Ionization-Time of Flight (MALDI-TOF) has also been reported as a 

strategy to identify high producer cell lines (Feng et al. 2011). The identification of 

high producers and stable cell lines was performed based on the analysis of 

recombinant protein on the cell surface. The authors suggested, despite lack of 

quantitation in MALDI-TOF, this method could be used to identify stable producing 

cell lines in relation to the intensity of specific proteins on the cell surface (Feng et al. 

2011).  

 

1.4.2. New Hosts 

As discussed in Section 1.2.3.2, CHO cells have a natural ability for genomic 

rearrangements. This phenomenon ultimately leads to the formation of 

heterogeneous populations of cells with different functional properties within the 

same cell line (Davies et al. 2013). This was recently demonstrated by Davies et al 

(2013) when the authors cloned 100 cell lines from CHOK1SV parental cell line 

(Davies et al. 2013). Davies and colleagues observed that the selected cell lines 
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were highly heterogeneous in terms of growth and productivity (Davies et al. 2013). 

Based on this high heterogeneity of cells within a cell population it was possible to 

select for new cell lines that have the desirable productivity. This was the approach 

that Pybus et al (2014) used to produce a CHO-DG44 host library (Pybus et al. 

2014). The authors used a selective pressure approach to generate a library of cells 

with the desirable attributes for manufacturing therapeutic proteins (Pybus et al. 

2014). Pybus and colleagues described that the new cell lines had a decreased 

doubling time during subculture and increased productivity when compared with the 

CHO-DG44 parental cell line (Pybus et al. 2014). These cell lines currently 

commercially available as Apollo™ expressing system (FUJIFILM Diosynth 

Biotechnologies). 

Besides selecting for desirable clones from a pool of parental cells, other approaches 

to improve the host cells involve the potential to use genome editing tools such as 

zinc-fingers nucleases (ZFNs), Transcription activator-like effector nucleases 

(TALENs), rAAV vectors and clustered regularly interspaced short palindromic 

repeats  (CRISPR-Cas 9) (Cheng and Alper 2014). The ability to edit the genome of 

CHO cells at any specific genomic location will allow further diversification of CHO 

hosts cell available for production, and with the increasing availability of precise 

genome data this approach is now fully possible (Cheng and Alper 2014; 

Kuystermans and Al-Rubeai 2015). Ultimately, editing the genome of CHO could 

allow the generation of tailor-made CHO cell hosts for specific biological purposes 

e.g. glycosylation, optimal metabolic properties, capacity to handle specific products 

(Cheng and Alper 2014; Kuystermans and Al-Rubeai 2015).  

Use of genome editing tools is still in early stages for CHO cells, however three 

different types of genetic engineered CHO hosts are commercially available; CHO 

GS knocked-out (K.O.) (Sigma-Aldrich, Lonza and Horizon Discovery); CHO DHFR 

K.O. (Sigma-Aldrich); CHO Fut-8 KO cell line (Lonza). 

 

1.4.3. Synthetic promoters 

Recombinant promoters are essential for the initiation and regulation of the 

transgene expression in CHO cells (Ho and Yang 2014). Developing novel 

recombinant promoters for specific, active and stable recombinant gene expression 

in CHO cells has become an important approach for the optimisation of the 

productivity and stability in CHO cells. Traditionally, therapeutic proteins are 

expressed using viral promoters such as SV40, RSV and CMV promoters (Pontiller 
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et al. 2008). Besides these viral promoters, mammalian elongation factor 1 alpha 

promoters (EF1α) have also been used to express recombinant products in CHO 

cells (Ho et al. 2015; Kim et al. 2002). Although these promoters usually lead to a 

constitutive high expression of the recombinant protein, a number of problems such 

as gene silencing and induction of cellular stress reactions have been associated 

with them (Pontiller et al. 2008).  

Recently a series of reports developing novel synthetic recombinant promoters for 

CHO cells have been published using different approaches from generating libraries 

of modified versions of existing promoters (Brown et al. 2014; Lianchun et al. 2013; 

Mariati et al. 2014a; Mariati et al. 2014b) to the identification of novel genomic 

regulatory elements from CHO (Chen et al. 2013; Pontiller et al. 2008; Pontiller et al. 

2010). 

Brown et al 2014, generated a library of 140 synthetic promoters using bioinformatic 

tools to identify transcription factor regulatory elements (TFREs) from 10 common 

viral promoter sequences (Brown et al. 2014). The authors used the identified TFREs 

as building blocks to randomly produce promoters of multiple sequences of TFREs. 

These sequences were cloned into a promoter-less vector that contained the minimal 

hCMV-IE1 core promoter and screened for promoter strength by quantifying the 

expression of SEAP and GFP proteins (Brown et al. 2014). The authors identified 

that 57% of the new promoters developed had higher expression than the “standard” 

CMV promoter, with the strongest promoter exhibiting 2.2 fold increase of 

productivity (Brown et al. 2014)  

On the other hand, the identification of genomic regulatory elements has not yet 

been so successful. The strategy used by Pontlier et al was to clone random 

genomic sequences from a CHO genomic library into promoter-less vectors and 

screen for producing cells (Pontiller et al. 2008; Pontiller et al. 2010). Towards the 

same end, Chen et al (2013) used a prompter trap (Chen et al. 2013). The authors 

randomly integrated a promoter-less vector with a reporter gene into the genome of 

CHO cells and then selected for expressing clones (Chen et al. 2013). Both 

strategies succeeded in identifying regulatory elements from the CHO genome that 

could regulate recombinant expression. However, both strategies failed to identify a 

strong promoter (Chen et al. 2013; Pontiller et al. 2008; Pontiller et al. 2010). In both 

studies, none of the generated promoters were as effective as SV40 promoter (Chen 

et al. 2013; Pontiller et al. 2008; Pontiller et al. 2010).  



 50 

The fact that the CHO genome has just recently become available opens new 

opportunities to identify regulatory CHO specific regulatory elements. Analysing the 

CHO genome information using a bioinformatics approaches similar to those used by 

Brown et al (2014) will possibly allow the identification of strong and stable regulatory 

elements specifically to be used in CHO cells. 

 

1.4.4. Modification of gene integration site  

The inclusion of chromatin regulatory elements such as Ubiquitous Opening 

Elements (UCOEs) and Scaffold/Matrix Attachment Regions (SMARs) in the 

expression vectors is one of the strategies used to improve cell line stability ( Barnes 

and Dickson 2006). UCOEs are transcriptional active chromatin elements that 

increase histone acetylation, leading to gene activation (Zhang et al. 2010). Nair et al 

(2011) evaluated the influence of one human and one mouse UCOEs on the 

production of Factor VIII in BHK11 cells driven by different promoters (Nair et al. 

2011). The authors observed the influence of each UCOE in the maintenance of 

long-term expression was dependent on the UCOE/Promoter combination (Nair et al. 

2011). In CHO cells, the use of UCOE elements upstream to the recombinant 

promoter leads to an increase of the selection for high expressing clones (Benton et 

al. 2002; Betts and Dickson 2015; de Poorter et al. 2007; Hou et al. 2014; Ye et al. 

2010). The ability of UCOEs to maintain long-term expression has recently been 

shown by Betts and Dickson (2015) where the authors observed that the long-term 

productivity of recombinant CHO-DG44 cell lines was retained in the presence of the 

selection marker (Betts and Dickson 2015). 

An increase in the number of selected high producing cells was also observed when 

a ß-globin Matrix-Attachment Region (MAR) element was incorporated into 

expression vectors (Kim et al. 2004). S/MARs are chromatin regulatory elements that 

enhance the formation of chromatin loops, acting as an anchor to the nuclear matrix 

and stabilising the loop (Mirkovitch et al. 1984). Recently, Ho et al 2015 evaluated 

the influence of two MARs, iMAR (human interferon ß MAR element) and cMAR 

(chicken lysonzyme MAR element) in recombinant expression regulated by SV40, 

EF1α and CMV promoters (Ho et al. 2015). The author observed that the influence of 

each MAR was different on the expression recombinant driven by each promoter (Ho 

et al. 2015). For SV40 promoter, both iMAR and cMAR led to an increase of 

expression, while no significant increase of expression was observed for EF1α and 

CMV promoters. Furthermore, Ho and colleagues also suggested that the influence 
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of MARs in maintaining long-term expression was also promoter-dependent. Both 

MARS maintained the stable long-term stable expression observed for SV40 

promoter but failed to prevent the loss of productivity observed for EF1α and CMV 

promoters (Ho et al. 2015). 

Another strategy to modify the gene integration site utilised Artificial Chromosome 

Expression technology (Kennard et al. 2009). This technology involves in the 

generation of a new CHO cell host that contains a pre-engineered artificial 

chromosome, which contains multiple recombination acceptor sites. This artificial 

chromosome allows the targeted integration of single or multiple genes for specific 

locations that were designed to improve the epigenetic environment. This strategy is 

reported to eliminate the random integration into the native CHO genome and is 

claimed to increase protein expression yields (Omasa et al. 2009)  

 

1.4.5. Targeting gene integration site 

Targeting recombinant gene sequences to genomic transcriptionally-active loci offers 

a powerful approach for obtaining good expressing cell lines. One of the strategies 

recently described to target the recombinant gene is the use of PiggyBac transposon 

which mediates transgene integration. (Matasci et al. 2011). PiggyBac transposons 

are class II transposable elements derived from insect Trichoplusia ni and specifically 

targets the TTAA tetranucleotides sites in the genome  (Fraser et al. 1996). Although 

it is not directly targeting to any specific active region in CHO cells, the use of this 

strategy for gene integration leads to the generation of cell lines with greater 

expression cell lines and greater stability (Matasci et al. 2011). The authors 

suggested that this is may be due to the ability of the method to integrate the 

functional transgene through transposition, compared to the traditional random 

integration of the plasmid  that often results in transgene disruption and inactivation 

(Matasci et al. 2011).  

The major strategy used to target recombinant genes to specific loci is through the 

use of site-specific recombinant systems (Kim et al. 2012). The most promising site-

specific systems used in mammalian cells are the Cre/loxP system from bacteria 

(Kito et al. 2002) and the Flp/FRT system from yeasts (O'Gorman et al. 1991; Sauer 

1994). Both systems are based in homologous recombination between two DNA 

fragments catalysed by a specific enzyme. To target the gene, the enzyme 

recognises a small homologous sequence present in both host genome and gene 

sequence (Sauer 1994). Because this project used the Flp/FRT recombination the 
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next Section will describe this system in more detail and the strategies that can be 

used to integrate recombinant genes in a site-directed manner. 

 

1.4.5.1 Flp/FRT recombination system 

The Flp/FRT recombination system is a site-specific gene recombination mediated 

by the Flp-recombinase. Flp-recombinase is an enzyme that recognise and catalyses 

gene recombinations that are targeted by Flp-Recombinase Target (FRT) sequence 

(O'Gorman et al. 1991, Sauer 1994).  

The minimal FRT site consists of a 34 base-pair (bp) sequence, which has two 

inverted 13 bp sequences separated by an 8 bp asymmetric spacer (O'Gorman et al. 

1991). However the typical FRT site also contains a third 13 bp sequence upstream 

to the minimal FRT site as it improves the recombination process in vivo (Lyznik et 

al. 1993; Schlake and Bode 1994). 

The 8 bp spacer is the key essential sequence for the correct recombination as this 

small sequence is involved in DNA-DNA pairing that occurs during the DNA strand 

exchange (Schlake and Bode 1994). Furthermore, it is the assymteric sequence of 

this spacer that determines the correct direction of site alignment, which will 

consequently lead to either inversion or excision (O'Gorman et al. 1991; Schlake and 

Bode 1994). 

Flp/FRT systems rely on a three vector strategy, consisting of a cloning vector, an 

expression vector and the pOG44 vector (O'Gorman et al. 1991). The cloning vector 

that encodes a FRT sequence and a reporter gene, is used to generate the FRT 

host. The expression vector contains a multiple cloning site for the insertion of the 

recombinant gene and a FRT sequence to target the vector towards the FRT site on 

the FRT host cell. The pOG44 vector transiently expresses the Flp-recombinase 

which mediates gene recombination. Both expression and pOG44 vectors are co-

transfected into the CHO FRT host in order to integrate the recombinant gene. 

There are two Flp/FRT based strategies to target the insertion of the recombinant 

gene. The Flp/FRT site-specific gene integration uses one FRT sequence upstream 

to the gene of interest (Figure 1.10-A) (Huang et al. 2007; Merrihew et al. 1995). In 

contrast, in the Flp-recombinase Mediated Cassette Exchange (Schlake and Bode 

1994) the gene of interest is flanked with two FRT sites which allows the exchange of 

recombinant gene in the same genome location (Figure 1.10-B). 
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The Flp/FRT recombination system has been successfully used in different 

mammalian cell lines. In CHO cells, there are reports using both Flp/FRT strategies 

to express different types of recombinant genes such as, polyclonal antibodies 

(Huang et al. 2007, Nehlsen et al. 2009, Wilberg et al 2006), erythropoietin (EPO) 

(Soo and Lee 2008; Zhou et al. 2010), human tissue-type plasmid activator (tPA) 

(Zhou et al. 2010) and secreted alkaline phosphatase (SEAP) (Zhou et al. 2010) 

 

Figure 1.10. Flp/FRT site-specific recombination methods. 
A – Flp/FRT site-specific gene integration [based on (Zhou et al. 2010)]; B – Flp-

Recombinase Mediated Cassette Exchange [based on Schlake 1994)] (Orange line – cloning 

vector; Red – FRT site; Green line – chromatin; Blue line – expression vector; Brown circle – 

Flp-recombinase). 

 

 

The site-directed method used in this project is based on the FLP-In™ system (Life 

Technologies). Flp-In™ is a commercially available site-directed system that follows 

a Flp/FRT site-specific gene integration approach To assess protein expression after 

cell line selection, the cloning vector pFRT/LacZeo encodes ß-galactosidase as a 

reporter gene. The gene of interest is integrated under the influence of CMV 

promoter by the expression vector (pcDNA5/FRT). The last main component, pOG44 

vector transiently expresses Flp-recombinase that recognise both FRT sites and 

mediates the gene integration (Flp-In™ system manual).  

To complement this system, Life Technologies also developed different mammalian 

cell lines (CHO, HEK293 and BHK) that allow the integration of the gene of interest 

to a pre-determined genomic location.  Life Technologies claims that their proprietary 
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CHO host cell line encodes a single FRT integrated into a stable active locus that 

ensures a high and stable expression of recombinant gene (CHO Flp-In™ Manual). 

1.5. Summary and project aims 

The expression of recombinant protein involves the co-ordination of many cellular 

events, which together can effect production of functional protein. These cellular 

processes include transcriptional and translational regulation, protein folding and 

protein secretion. Whilst high productivity cell lines are an important consideration 

from an industrial perspective, it is also vital that this high productivity is maintained 

during the production process.  

Although the selection and development of new CHO cell hosts, the optimisation of 

vectors, selection methods and cell culture medium have lead to major 

improvements on protein yield, there are still fundamental questions that arise in 

order to optimise the overall productivity.  

One of the biggest concerns of the biopharmaceutical industry is the loss of 

recombinant gene expression in long-term cultures, described as cell line instability. 

This phenomenon arises from regulatory problems of gene expression control 

mechanism during the expression of recombinant genes. Although the fundamental 

mechanism that regulates gene transcription has been largely described for 

mammalian cells, the regulation of these mechanisms during recombinant gene 

expression is not fully described. Understanding the fundamental biology behind the 

regulation of recombinant gene transcription in CHO is one of the important steps on 

the pursuit of high and constant productivity. 

Based on the position effect theory (Wilson et al. 1990), it is believed that different 

recombinant promoters will have different transcriptional activity in the same genomic 

locus. Also, that these promoters will vary in stability of expression during long-term 

culture when under the influence of the same genomic environment. Following these 

two principles, the overall aim of this project is to study transcriptional activity and 

stability of recombinant promoters in CHO cells. 

Therefore, the aims for this project are: 

a) Generate a cell/vector system to enable the study of recombinant promoters 

in CHO cells; 

b) Generate a methodology to evaluate recombinant promoter activity in CHO 

cells when promoters were localised in the same genomic environment; 
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c) Characterise the activity of two widely-used recombinant promoters in CHO 

cells, SV40 and CMV promoters, in the same genomic environment; 

d) Study the long-term expression of both promoters by evaluating the influence 

of each promoter in long-term expression of recombinant proteins in CHO 

cells; 

e) Determine the transcriptional activity of each promoter in CHO cells in vivo. 

 

To achieve the objectives in this project, Chapter 3 shows the generation and 

characterisation of a library of CHO cells that contain FRT sequences to target 

different promoters/recombinant gene cassettes. These cells were generated by 

integration of the Flp site-directed integration (based on the Flp-In™ system) in CHO-

S cells and express ß-galactosidase under the influence of SV40.   

Due to the possible impact that this project could have in the bioprocessing industry, 

the methodology used to generate these cell lines was intended to be as close as 

possible to the industry standards within the academic resources. Because of the 

nature of the industry protocols for the achievement of high expression cell lines, it is 

possible that the cell lines generated have multiple FRT sequences within their 

genome. The possible presence of multiple FRT sequences, represent a possible 

caveat of these cell lines as the ideal platform for the target of promoters/genes to 

the same genomic location. For that reason it was imperative that in Chapter 3, a full 

cell line stability characterisation was performed to understand the nature of each cell 

line and to support the analyses of the results Chapters 4 and 5. 

Chapter 4 shows the development of the methodology to study and characterise the 

recombinant promoters in CHO cells. Fluorescent proteins were integrated into the 

CHO-FRT cells developed in Chapter 3, in a site-directed manner, under the 

influence of SV40 and CMV promoters. The activity of the promoters was evaluated 

by quantifying the expression of the fluorescent proteins whilst the influence of the 

each promoter in the long-term expression, in these cell lines, was evaluated by 

monitoring the expression of the fluorescent proteins throughout a long-term culture.  

Based on the nature and previous characterisation of both SV40 and CMV promoters 

it is expected that the expression driven by SV40 promoter is lower than CMV 

promoter but possibly more stable (Du et al. 2013; Kim et al. 2011; Ho et al. 2015; 

Mariati et al. 2014b; Osterlehner et al. 2011; Spencer et al. 2015; Williams et al. 

2005; Yang et al. 2010). However, due to the possible multiple presence of FRT 

sequences, it is possible that the expected differences between promoters could be 

diluted by the generation of heterogeneous populations on the resulting cell lines. 
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Finally, Chapter 5 shows the strategy used to quantify the transcriptional activity of 

both promoters in CHO cells in vivo. The vector system that was developed 

contained a MS2 RNA tag sequence cloned downstream of the recombinant gene 

that can be used to quantify the transcriptional output of the recombinant gene in 

single living cells using fluorescent microscopy. Because there are no reports of the 

use of MS2 RNA tag technology in CHO cells, it is imperative to firstly certify that this 

technology can be successfully used in CHO cell. If successfully implemented, it 

would be expected that the transcription rate of CMV promoter in vivo is considerably 

higher than SV40 promoter in the similar conditions. 
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2.1. Materials 

2.1.1 Sources of chemicals and reagents 

All chemical reagents were of the highest grade and obtained from standard sources. 

The materials used, and their suppliers, are listed in Appendix 1. 

 

2.1.2. Source of DNA plasmid vectors 

2.1.2.1. Flp-InTM system 

Complete Flp-InTM system was purchased from Life Technologies. The major 

components of this system are the pFRT⁄lacZeo, the pCDNA5/FRT and the pOG44  

vectors (Appendix 2). 

The pFRT/lacZeo vector encodes a lacZ-ZeocinTM fusion gene, whose expression is 

under control of a SV40 promoter and a FRT sequence downstream to the ATG 

initiation codon of the lacZ-ZeocinTM fusion gene. 

The pCDNA5/FRT vector contains a FRT sequence to target the insertion of the 

recombinant gene in a site-directed manner. The vector contains a multicloning site 

for integration gene of interest under the control of human cytomegalovirus (CMV) 

promoter and the hygromycin resistance gene for the selection of the positively 

integrated cell lines. 

The pOG44 plasmid encodes the Flp recombinase gene used to mediate the 

homologous recombination of the FRT sequences. 

 

2.1.2.2. Other vectors 

The vectors pRSET/YFP and pRSET/mStrawberry were kindly donated by Dr. Luis 

Stephano (Faculty of Sciences, The Autonomous University of Baja California). The 

vector pGEM-MS2(11) was kindly provided by Dr. Mark Ashe (Faculty of Life 

Sciences, University of Manchester). pMS2-GFP was generated by Dr. Robert 

Singer and was acquired from Addgene (plasmid # 27121). p901-GFP was 

generated in the Dickson laboratory by Alexandra Croxford. (Vector maps in 

Appendix 2) 

2.1.3 Preparation and sterilisation of solutions 

All solutions were prepared in milliQ water (ddH2O) unless otherwise stated. If 

necessary, solutions were sterilised by autoclaving in a LTE Scientific Series 250 
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autoclave or, in cases for which autoclaving was not suitable, by filtration through a 

0.22 µm sterile filter. 

 

2.1.4 pH measurements 

Measurements of pH were made using a digital Corning pH meter 120 with a glass 

electrode. The pH was adjusted using hydrochloric acid or sodium hydroxide, as 

appropriate, unless otherwise stated. 

 

2.1.5. Bacterial cells and culture medium 

E. coli DH5α or E. coli XL1-Blue were used for the propagation of plasmids. The 

medium used to grow these cells was Luria Bertuni broth (1% (w/v) Tryptone; 0,5% 

(w/v) Yeast Extract; 0.5% (w/v) Sodium Chloride). Solid Luria-Bertuni (LB) medium 

was prepared using the above constituents supplemented with 1.5% (w/v) of agar. 

Both media were autoclaved before use and supplemented with 100 µg/ml filter-

sterilised ampicillin, when required. For solid LB medium, ampicillin was added when 

medium temperature (following autoclaving) was below 55ºC. 

 

2.1.6 Mammalian cell lines and culture medium 

Chinese Hamster Ovary S (CHO-S) cell line was routinely cultivated in CD CHO 

medium (Life Technologies) supplemented with 1x GlutaMax (Life Technologies). For 

the selection of transfected cells, the medium was supplemented with Zeocin (Life 

Technologies) or Hygromycin (Life Technologies), 0.5mg/ml final concentration for 

either, depending on the selection marker introduced by the transfected vector. For 

the maintenance of selected cell lines the medium was supplemented with 

0.25 mg/ml Zeocin or Hygromycin, depending on the selection method used. 

 

2.2 Generation and purification of plasmids  

This Section focuses on the molecular biology methods used to generate, purify and 

characterise plasmid DNA used in this project 
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2.2.1. Generation of competent E. coli cells 

An aliquot of E. coli DH5α cells or XL1-Blue was quickly thawed by hand. A 10 µl 

sample of E. coli was placed in 5 ml of SOB medium (2% (w/v) Tryptone; 0.5% (w/v) 

Yeast Extract; 10mM Sodium Chloride; 2.5mM Potassium Chloride; 20mM 

Magnesium Sulphate) and incubated overnight at 37ºC, shaking at 230rpm. The 

culture was added to 195ml of SOB medium and incubated at 37ºC (again at 

230rpm) until the OD600nm reached 0.6. Bacterial cells were harvested by 

centrifugation of the culture at 1000 g for 15 min. at 4 ºC and then the pellet was 

gently resuspended in 60ml ice-cold Transformation Buffer (Huang et al. 2007) (10 

mM PIPES 15 mM CaCl2 –2H20 250 mM KCl, 55 mM MnCl2, pH 6.8) The cells were 

incubated for 10 min. on ice and then centrifuged again at 1000 g for 15min. at 4ºC. 

The supernatant was discarded and the pellet was then gently resuspended in 15ml 

ice-cold TB. 7% (v/v) of DMSO was added to the cell suspension, which was then 

incubated on ice for 10 min. The resultant cell suspension was aliquoted into ice-cold 

empty sterile microfuge tubes (100 µl per tube) and snap-frozen in liquid nitrogen. 

The cell aliquots were stored in -80ºC until use.  

 

 2.2.2. Transformation of competent E. coli cells 

An aliquot containing 100 µl of competent E. coli cells (Section 2.2.1) was thawed on 

ice (about 15 min). 100-300 ng of plasmid was transferred to the aliquot tube and 

gently swirled to mix. The mixture was incubated on ice for 30 min, heat-shocked at 

42 ºC for 40 sec. and then incubated on ice for at 5-10 min. In a sterile environment 

as described in Section 2.2.1, 700ul LB broth was added to the cell mixture and 

incubated for 1 hour at 37 ºC shaking at 230 rpm for allow recovery. 50 µl cell culture 

was spread on a warm LB agar plate containing ampicillin and plates were incubated 

overnight at 37 ºC. The colonies obtained were analysed and the plate was kept for 

no more than 3 weeks at 4 ºC. 

For the transformation of competent cells with DNA vector resulting from a ligation 

reaction, 5µl ligation reaction mix was added to each 100 µl aliquot of competent 

cells. After the heat-shock process, performed as mentioned above, 500µl SOC 

medium was added to the cell mixture and this was incubated for 2 hour at 37 ºC. 

200 µl cell incubation was spread on a warm LB agar plate (containing ampicillin) 

and plates were incubated (lid up) for 1 hour to allow the absorption of excess 

recovered cell medium, with subsequent overnight incubation (lid down) at 37 ºC. 
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2.2.3. Mini and Maxi-preparation of plasmid DNA 

Mini-preparation of plasmid DNA was used for analysis of plasmids resulting from 

ligation reactions. A colony obtained on the LB agar plate after transformation 

(Section 2.2.2) was added to a 50 ml sterile Falcon tube containing 6 ml LB medium 

(supplemented with ampicillin, 100mg/ml) and then cultured overnight at 37 ºC 

shaking at 230 rpm. The cell culture was centrifuged in a 1.5 ml microcentrifuge tube 

(4x 1.5 ml) for 1 min at 13000 x g and the plasmid was then purified from the pellet 

using the Qiagen Plasmid Mini Kit (Quiagen).  

To prepare plasmid DNA for transfection, a colony from a LB agar plate was added 

to 200 ml of LB medium with ampicillin (100mg/ml) and this mixture was cultured 

overnight at 37 ºC shaking at 230 rpm. The cell culture was centrifuged in 50 ml 

sterile Falcon tubes (4x 50 ml) for 15 min at 5000 x g. The plasmid DNA was purified 

and sterilised from the cell pellet using the Qiagen HiSpeed Plasmid Maxi Kit 

(Qiagen) 

A sample of purified plasmid DNA obtained was used for DNA quantification using a 

NanoDropTM 1000 (Thermo Scientific). 

 

2.2.4. Restriction digestion of plasmid DNA 

100-300 ng plasmid DNA was digested by 10 U of appropriate restriction enzyme in 

a reaction mixture with 1X final concentration of appropriate restriction enzyme buffer 

in a final volume of 20 µl. The reaction mixture was incubated for 2 h at 37 ºC. 

To digest plasmid DNA for cloning processes, 1µg plasmid DNA was incubated with 

20 U of each restriction enzyme in a 50 µl mixture containing 1X final concentration 

of the appropriate restriction enzyme buffer. The reaction mixture was incubated for 2 

h at 37 ºC 

 

2.2.5. Polymerase Chain reaction (PCR) 

The primers used for PCR reactions (Table 2.1) were reconstituted in ddH2O to stock 

solutions of 100 µM. Prior to use primers were diluted to working solutions with a final 

concentration of 10 µM. 

For each PCR reaction, in a 0.2 ml thin-wall PCR tubes, 100 ng plasmid DNA 

(Section 2.2.3) was mixed with 5 µl 10X BioTaq polymerase buffer (Bioline), 2 µl 

MgCl2 solution (Bioline), 1 µl 100 mM dNTP mix (Bioline), 1.5 µl forward primer and 
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1.5 µl reverse primer working solutions, 1 µl BioTaq polymerase (Bioline) and ddH2O 

was added up to a final volume of 50 µl. Reaction mixes were made quickly, vortex-

mixed and pulse-centrifuged before placing the tubes in a T-3000 Thermal Cycler.  

Mixtures were incubated for 5 minutes at 94°C for denaturation followed by 35 cycles 

of denaturation for 30 seconds at 94°C, annealing for 30 seconds at X°C (where X < 

70 ºC and is typically the Tm of the primer pair – 2 ºC; Table 2.1), and elongation for 

1 minutes at 72°C. A final elongation step for 10 minutes at 72°C was performed 

before storing the samples at 4 ºC until further use.  

Table 2.1. Primers used in PCR reactions. 

Primer Sequence 

SV40 forward 5’-CCCAGATCTGGCAGCTGTGGAATGTGTG-3’ 

SV40 reverse 5’-CCCGCTAGCTAGCCTCCAAAAAAGCCTCC-3’ 

GFP forward 5’-CCCGGATCCATATGGCCAGCAAAGGGGAAG5-3’ 

GFP reverse 5’-CCCCTCGAGTTATTACTTGTACACAGCTCATCC-3’ 

 

2.2.6. Ligation of PCR products into pCR2.1 cloning vector 

PCR products were cloned into the pCR2.1 vector using the TA Cloning Kit 

(Invitrogen). The ligation reactions contained 2 µl fresh PCR reaction (Section 2.2.5), 

2 µl pCR2.1 vector (Invitrogen), 1 µl 10x T4 Ligation Buffer (Roche), 1 µl (10U) T4 

DNA ligase (Roche) and 4 µl ddH2O in a 0.2 ml thin-wall PCR tube. Reactants were 

incubated overnight (up to 16h) at 14 ºC in a T-3000 Thermal Cycler and then used 

to transform competent E. coli cells (Section 2.2.2). 

 

2.2.7 Purification of linearised DNA fragments or PCR products 

DNA linearized by restriction digestion with one restriction enzyme (Section 2.2.4) or 

PCR reaction products (Section 2.2.5) were purified using the QIAquick PCR 

Purification Kit (Quiagen) following the manufacturer’s protocol. Purified fragments 

were eluted in ddH2O for use in ligation reactions (Section 2.2.10) 
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2.2.8. Agarose Gel Electrophoresis of DNA Fragments 

Agarose gel electrophoresis was used to separate DNA fragments through their size 

and consequently analyse restriction digestion results. The agarose gel was 

prepared by dissolving 1% (w/v) agarose in TBE buffer (0.09 M Tris, 0.09 M 

OrthoBoric Acid, 0.2 mM EDTA). To help the dissolution of the agarose into the TBE 

buffer, the mixture was boiled in a microwave. The agarose solution was cooled, until 

it was comfortable to touch the container against the hand (approximately 50 ºC) and 

then Ethidium Bromide or Safer Green fluorescence Dye was added to a final 

concentration of 0.01% (v/v). The agarose mixture was poured into a gel bed mould 

with the appropriate comb until set. 

For electrophoresis, the gel was transferred to a running cell tank and immersed in 

TBE buffer. Before loading, the samples were mixed with Sample Loading Buffer 

(Bioline) to a 1X final concentration. DNA HyperladderTM 1kb (Bioline) and the 

samples were loaded into wells and electrophoresis was performed at 100V until the 

blue dye of the Sample Loading Buffer (Bioline) reached the end of the gel 

(approximately 50-70 min). DNA fragments were visualized and analysed by UV light 

using a UV transilluminator.  

 

2.2.9. Purification of DNA Fragments from Agarose gels 

Purified DNA fragments were isolated following restriction digestion (Section 2.2.4) 

and agarose gel electrophoresis (Section 2.2.8) for use in ligation reactions (Section 

2.2.10). The selected DNA fragments were cut from agarose gels using a razor blade 

on a UV transilluminator and purified using the QIAquick Gel Extraction Kit (Quiagen) 

according to the manufacturer’s protocol. The purified DNA fragments were eluted in 

ddH2O. 

 

2.2.10 Ligation of DNA fragments with vectors 

All ligation reactions were performed at three different molar ratios 3:1, 1:1 and 1:3 

with the amount of vector kept constant (150-250ng). Ligation reactions were 

performed in a 0.2 ml thin-wall PCR tube by mixing the DNA fragment and vector 

with the correct molar ratio with 1 µl 10X T4 ligase buffer (Roche), 1 µl (10U) T4 DNA 

ligase (Roche) and ddH2O up to a final volume of 10 µl. Ligation mixes were 

incubated overnight (up to 16 hours) at 14ºC in a T-3000 Thermal Cycler then used 

to transform competent E. coli cells (Section 2.2.2). 
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2.3. Construction of mammalian expression vectors for site-
directed integration. 

Figures 2.1 - 2.5 summarise strategies and methods used to create mammalian 

expression vectors used in this project. More detailed plasmid maps of vectors 

generated are included in Appendix 2. 
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Figure 2.1. Schematic representation of the strategy used to create pS/FRT plasmid. 
SV40 promoter was amplified by PCR as described in Section 2.2.5 using the pFRT/LacZeo 

SV40 promoter as template sequence and SV40 Forward and SV40 reverse primers (Table 

2.1). The amplified SV40 promoter was ligated into pCR2.1 vector (Section 2.2.6) and 

transformed into competent E.coli cells (Section 2.2.2). Positive clones containing SV40 

promoters were screened by mini-preparation (Section 2.2.3), restriction digestion with BglII 

and NheI (Section 2.2.4) and agarose gel electrophoresis (Section 2.2.5). BglII and NheI 

restriction sites were not present in the pFRT/lacZeo vector but were added to the 5’ and 3’ 

(respectively) of the amplified SV40 promoter sequence by the primers used for amplification. 

1 µg of each pCR2.1-SV40pr and pcDNA5/FRT were digested with BglII and NheI restriction 

enzymes (Section 2.2.4), separated by agarose gel electrophoresis (Section 2.2.5) and the 

selected bands were purified from the gel (Section 2.2.6). The SV40 promoter fragment and 

the linearised pcDNA5/FRT vector were ligated (Section 2.2.10) and transformed into 

competent E.coli cells (Section 2.2.2). Positive clones were screened by mini-preparation 

(Section 2.2.3), restriction digestion with BglII and NheI (Section 2.2.4) and agarose gel 

electrophoresis (Section 2.2.5). (The size and proportion of the Figures are not represented at 

scale) 
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Figure 2.2. Schematic representation of the strategy used to create pcDNA5/FRT-GFP 
and pS/FRT-GFP plasmids. 
Methods and strategy used to create pcDNA5/FRT-GFP and pS/FRT-GFP vectors are 

detailed in the legend of the Figure 2.1. The GFP sequence was amplified from vector p901-

GFP using the primers GFP forward and GFP reverse (Table 2.1) and inserted into 

pcDNA5/FRT and pS/FRT vectors. The restriction enzymes used for screening and cloning 

were BamHI and XhoI and were added to the 5’ and 3’ (respectively) ends of the amplified 

GFP sequence by the primers used for amplification. (The size and proportion of the Figures 

are not represented at scale) 
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Figure 2.3. Schematic representation of the strategy used to create pcDNA5/FRT/MS2 
and pS/FRT/MS2 plasmids. 
1 µg each of pGEM-MS2(11), pcDNA5/FRT and pS/FRT were digested with BamH I and 

EcoR V restriction enzymes (Section 2.2.4), separated by agarose gel electrophoresis 

(Section 2.2.5) and the required bands were purified from the gel (Section 2.2.6). The 11x 

MS2-loops (MS2(11)) DNA fragment and the linearised pcDNA5/FRT and pS/FRT vectors 

were ligated (Section 2.2.10) and transformed into E.coli competent cells (Section 2.2.2). 

Positive clones containing MS2(11) sequence were screened by mini-preparation (Section 

2.2.3), restriction digestion with BamHI and EcoRV (Section 2.2.4) and agarose gel 

electrophoresis (Section 2.2.5). The same process was repeated to clone a second MS2(11) 

sequence into the pcDNA5/FRT/MS2(11) and pS/FRT/MS2(11) vectors with the difference 

that Eco53KI and NotI restriction enzymes were used for the cloning process. For the 

screening process for positive clone containing 22x MS2-loops (MS2(22)) sequence, BamH I 

and Not I restriction enzymes were used. (The size and proportion of the Figures are not 

represented at scale) 
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Figure 2.4. Schematic representation of the strategy used to create pcDNA5/FRT/MS2-
YFP and pS/FRT/MS2-YFP plasmids. 
1 µg of each pRESET/YFP, pcDNA5/FRT/MS2 and pS/FRT/MS2 were digested with Nhe I 

and Hind III restriction enzymes (Section 2.2.4), separated by agarose gel electrophoresis 

(Section 2.2.5) and the required bands were purified from the gel (Section 2.2.6). The YFP 

fragment and the linearised pcDNA5/FRT/MS2 and pS/FRT/MS2 vectors were ligated 

(Section 2.2.10) and transformed into E.coli competent cells (Section 2.2.2). Positive clones 

containing YFP sequence were screened by mini-preparation (Section 2.2.3), restriction 

digestion with NheI and HindIII (Section 2.2.4) and agarose gel electrophoresis (Section 

2.2.5). (The size and proportion of the Figures are not represented at scale) 
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Figure 2.5. Schematic representation of the strategy used to create pcDNA5/FRT/MS2-
YFP and pS/FRT/MS2-YFP plasmids. 
The methods and process used to clone mStrawberry into pcDNA5/FRT/MS2 and 

pS/FRT/MS2 vectors are described in the legend of Figure 2.4. (The size and proportion of 

the Figures are not represented at scale) 
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2.4. Mammalian Cell Culture 

All cell culture material, media and additives were sterilised either by the 

manufacturer prior to purchase or by filtration through a 0.22 µm sterile filter. To 

guarantee a sterile environment the entire cell culture procedure was performed 

within a sterile laminar flow cell culture cabinet. 

 

2.4.1. CHO Cell Host Revival 

A vial of cryopreserved CHO cells was removed from liquid nitrogen and thawed 

quickly in a water bath at 37 ºC with gently swirling. Immediately, the vial contents 

were transferred to a 50 ml sterile Falcon tube containing 20 ml CD CHO medium 

supplemented with 1X Glutamax and this mixture was centrifuged for 5 minutes at 

160 x g. The supernatant was removed by gently pouring to a container and the 

pellet of cells was resuspended in 10 ml fresh warm CD CHO medium supplemented 

with 1X Glutamax.  

For CHO-S cell lines, the 10 ml of resuspended cells were transferred to a 125 ml 

vented capped Erlenmeyer flasks containing 10 ml CD CHO medium supplemeneted 

with 1X Glutamax. The cell culture was then incubated at 37 ºC with 5 % CO2
 and 

shaking (130 rpm). 

For ß-galactosidase- and fluorescent protein-expressing cell lines, 10 ml of cells 

were transferred to a T75 cm2 flask containing 10 ml CD CHO medium supplemented 

with 1X Glutamax and incubated in at 37 ºC with 5% CO2 for 48 hours. The cells 

were then transferred to a 125 ml vented capped Erlenmeyer flasks containing 10 ml 

of CD CHO medium supplemented with 1X Glutamax and incubated at 37 ºC with 5 

% CO2
 and shaking (130 rpm). 

 

2.4.2. CHO Cell Culture Maintenance 

CHO-S cells were routinely cultured in 125 ml vented capped Erlenmeyer flasks at 

37 ºC with 5 % CO2
 ,shaking at 130 rpm. Cells were sub-cultured at an initial cell 

density of 0.2x106 cells/ml every 3 or 4 days into a final volume of 30 ml CD CHO 

medium supplemented with 1X Glutamax. At each sub-culture, cell density and cell 

viability was determined by light microscopy and trypan blue exclusion (Section 

2.4.3), for seeding the new culture at the required initial cell density. 
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For ß-galactosidase- and fluorescent protein-expressing CHO cell lines, the cells 

were routinely cultured in a similar process to CHO-S cell lines but with medium 

supplemented with 0.25 mg/ml of the appropriate selective marker (Zeocin for ß-

galactosidase-expressing cell lines and Hygromycin for fluorescent protein-

expressing cell lines). 

 

2.4.3. Measurement of CHO Cell Number and Viability 

Measurement of Cell Number and viability was performed either by light microscopy 

and trypan blue exclusion or by using the Countess® Automated Cell Counter (Life 

Technologies).  

For light microscopy, the cell suspension sample was diluted 1:1 with 0,5% (v/v) 

trypan blue in PBS and placed into a Neubauer haemocytometer. Under light 

microscopopic observation, live cells, with intact plasma membranes, were observed 

as bright white, while dead cells had dark blue nuclei due to the uptake of trypan blue 

through their compromised plasma membrane. Both live and dead cells were 

counted in 4 fields of 0.1 mm3 and then used to calculate the total and viable cell 

density. 

The Countess® Automated Cell Counter (Invitrogen) using the same trypan blue 

exclusion method to analyse the cell viability with the difference being that the cells 

are counted by the Countess® Automated Cell Counter. For this method, the cell 

suspension was diluted 1:1 with 0,4% (v/v) trypan blue in PBS and placed into a 

Countess® Cell Counting Chamber Slide (Invitrogen). The slide was then introduced 

into the Countess® Automated Cell Counter and density and viability readings were 

recorded. 

 

2.4.4. Cryopreservation of CHO Cells 

To prepare cells for cryopreservation, a sample of culture containing approximately 

1.0x107 cells in exponential phase of culture was centrifuged for 5 min. at 160 x g. 

The supernatant was removed and the pellet was gently resuspended in 1 ml of 

freezing medium (90% [v/v] CD CHO + 1X Glutamax, 10% [v/v] DMSO). The cell 

suspension was quickly transferred to 1.6 ml CryoPure Tubes (Sarstedt) and 

immediately frozen slowly within a polystyrene box or within a 5100 Cryo 1°C 

Freezing Container at -80 ºC for at least 48 h before transfer to liquid nitrogen for 

long-term storage. 
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2.4.5. Batch Culture Analysis 

To perform a batch culture, cells were seeded at an initial cell density of 0.2x106 

cells/ml a total volume 30 ml culture medium in a 125 ml vented capped Erlenmeyer 

flask. The cells were incubated at 37 ºC with 5 % CO2
 and shaking (130 rpm) and 

total cell density and cell viability was monitored daily using the Countess® 

Automated Cell Counter (Section 2.4.3). The cell culture was continued until cell 

viability reach <40%. 

 

2.5. Generation and Characterisation of CHO-FRT mini-pools 

2.5.1. Generation of CHO-FRT mini-pools 

2.5.1.1. CHO-S Zeocin resistance test 

CHO-S cells in the exponential phase of culture were diluted to a final cell density of 

5.0x103 cells/ml in 6x 1 ml of CD CHO supplemented with 1X GlutaMax. Zeocin was 

added to generate final concentrations from 0-1.0 mg/ml. 200 µl of each preparation 

was added to 3 wells of a 96 well plate and incubated for 10 days at 37 ºC with 5% 

CO2 in a static incubator. CHO-S cell growth in different culture conditions was 

analysed and compared by light-microscopy in a Cellomics® ArrayScan® VTI HCS 

Reader (Thermo Scientific). 

 

2.5.1.2. pFRT7lacZeo vector linearisation 

Prior to use in transfections, pFRT/lacZeo vector was linearised with Sca I restriction 

enzyme as recommended by the manufacturer. 15 µg maxi-prep of pFRT/lacZeo 

plasmid DNA was incubated with 50 U of ScaI – HF restriction enzyme (New 

England Biolabs), in a 250 µl mixture containing 1X final concentration CutSmart 

buffer and ddH2O. The reaction mixture was incubated for 2 h at 37 ºC  

 

2.5.1.3. Ethanol precipitation of linearised DNA 

Before transfection, the linearised DNA was purified and sterilised. The linearised 

DNA (Section 2.5.1) was incubated with a 1/10 reaction volume of sodium acetate 

(3M, pH 5.5) and 2.5 vol. reaction volume of ice-cold ethanol for 2 h at -80 ºC. The 

mixture was centrifuged for 30 min. at 4 ºC in a microcentrifuge at 16000 g and the 
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supernatant was discarded. The pellet was rinsed with 300 µl 70% (v/v) ethanol and 

then incubated for 10 minutes on ice. The mixture was re-centrifuged using the same 

conditions as above. Under sterile conditions in a laminar flow cell culture cabinet, 

the supernatant was removed and the pellet was air-dried for 10-20 min. The final 

DNA pellet was resuspended in 110 µl autoclaved ddH20. A 10 µl sample was 

quantified using a NanoDropTM 1000 (Thermo Scientific) and analysed in an agarose 

gel (Section 2.2.8).  

 

2.5.1.4. Transfection of CHO cells by electroporation 

CHO-S cells were transfected with linearised plasmid prepared as described in 

Section 2.4. For a transfection reaction, 1.0x107 cells were harvested from mid-

exponential culture by centrifugation at 160 g for 5 min. The supernatant was 

removed and the cells were resuspended in 700 µl fresh CD CHO supplemented with 

1X Glutamax. The resuspended cells were transferred to a 0.4 cm path length 

electroporation cuvette (Bio-Rad) and 3 µg of plasmid DNA was added to the cuvette 

and mixed by gentle swirling. The cells were electroporated using a Gene Pulser 

Xcell Electroporation System (Bio-Rad) at 0.3 kV and 950 µF for a time of 16-18 ms. 

The cell mixture was removed from the cuvette and gently resuspended in 20 ml 

warm CD CHO supplemented with 1X Glutamax. Cells were transferred to a T75 cm2 

flask and incubated overnight at 37ºC with 5% CO2. A negative control was 

performed in parallel, in which the transfection was performed with sterile water 

instead of plasmid. 

 

2.5.1.5. Clone selection and amplification 

On the day following electroporation, cells from plasmid and negative control 

transfections were diluted to a final concentration of 5.0x103, 1.0x103 and 0.25x103 

cell/ml in selective medium (CD CHO supplemented with 1x GlutaMax and 0.5 mg/ml 

Zeocin). 200 µl portions of cell suspension were added to each well of 96 well plates 

(14 plates for the plasmid transfections [3 plates for 5.0x103 cell/ml, 4 plates for 

1.0X103 cell/ml and 7plates for 0.25x103 cell/ml dilution] and 2 plates for the control). 

The plates were wrapped in foil and incubated in static conditions at 37ºC with 5% 

CO2 for 10 days. After 10 days of incubation, the wells were examined for the 

presence of single colonies by light microscopy. Colony growth, as well as the 

appearance of new colonies, was monitored daily (for at least 15 days). When the 

well confluency was 60-100%, cells were transferred to a 24 well plate with a final 
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volume of 1 ml selective medium. The mini-pools were progressively scaled-up from 

24 to 12 to 6 well plate and then from a 6 well plate to T25 cm2 to T75 cm2 flask, 

when confluence of each stage was 65-90% to final volumes of 2, 4, 7, and 15 ml of 

selective medium. When the T75 cm2 flask stage was reached, clone-derived cells 

were maintained for a maximum of 4 weeks by passaging into freshT75 cm2 flasks 

with a final volume of 20 ml of selective medium every 5-6 days. At this stage each 

mini-pools was frozen (at least 2 vials per clone) as described in Section 2.4.4 and a 

1.5 ml sample of cell culture sample was lysed as described in Section 2.5.2.1.1 for 

analysis of β-galactosidase expression (Section 2.5.2.1). 

 

2.5.1.6. Mini-pool adaptation to suspension culture 

The cell density and viability of cell cultures in T75 cm2 flask was calculated using the 

Countess® Automated Cell Counter (Section 2.3.3). When viable cell density was 

greater than 1.0x106 cells/ml and cell viability was more than 85%, 15 ml of cell 

culture was transferred to a 125 ml vented capped Erlenmeyer flask containing 15 ml 

of fresh warm selective medium and incubated at 37 ºC with 5 % CO2
  and 130 rpm. 

Viable cell density and cell viability were monitored daily and when a cell density and 

viability of above 1.3x106 cells/ml and 90%, respectively, was reached, cells were 

passaged and maintained as described in Section 2.4.2. Two vials of two 

consecutive early passages were frozen as described in Section 2.3.4 and 1,5 ml cell 

culture sample was lysed as described in Section 2.6.1 

 

2.5.2. Initial characterisation of CHO-FRT mini-pools 

To select the suspension-adapted CHO-FRT mini-pools to be used for the long-term 

stability study (Section 2.5.3) CHO-FRT mini-pools were initially characterised in 

terms recombinant protein expression (Section 2.5.2.1) and cell growth (2.5.2.2). 

 

2.5.2.1. Determination of ß-galactosidase protein expression 

The method used to determine the expression of ß-galactosidase was an enzymatic 

assay based on the ß-galactosidase activity assay for mammalian cells described by 

Eustice et al. 1991 that uses chlorophenolred-ß-D-galactopyranoside (CPRG) as the 

enzyme substrate. 
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The ß-galactosidase activity was normalized between mini-pools either to cell 

number, to mini-pools in the T75 cm2 flask stage, or to total cell protein in mini-pool 

extracts for the mini-pools adapted to suspension culture.  

 

2.5.2.1.1 Cell extract preparation 

A 1.5 ml cell culture sample, for which viable cell density and viability were previously 

determined using the Countess® Automated Cell Counter (Section 2.4.3.), was 

transferred into a 1.5 ml microfuge tube and centrifuged in a microcentrifuge at 

13000 x g for 1 min. The supernatant was discarded and the pellet was resuspended 

in 250 µl of Triton Lysis Buffer (TLB) (100 mM K2HPO4, 10 mM KH2PO4 and 0.2 % 

[v/v] Triton X-100, pH 7-8). The cell pellet was then frozen at -80 ºC until use. To 

maximise cell lysis, before use, the extracts were thawed at room temperature and 

then subjected to two rounds of snap-freeze/thawing in liquid nitrogen. 

 

2.5.2.1.2. ß-galactosidase activity quantification 

The β-galactosidase activity was measured kinetically using CPRG as substrate. The 

degradation of CPRG by the β-galactosidase leads to the formation of galactose and 

chlorophenol red. The formation of chlorophenol red was monitored by measuring 

the rate of increase of absorbance of the reaction solution at 575nm.  

Before the assay the substrate was freshly prepared by mixing 200 µl of 5x Z buffer 

(350 mM Na2HPO4, 158 mM NaH2PO4, 50 mM KCl, 10 mM MgSO4, pH 7-8), 1 µl 0.5 

M CPRG, 1.4 µl β-mercaptoethanol and 800 µl ddH2O for each ml of assay substrate 

needed. The assay substrate was then warmed at 37 ºC before use.  

Cell extracts were thawed at room temperature after freeze/thawing as described in 

Section 2.6.1. A 10 µl sample of each cell extract was added to a well in a 96 well 

plate and this was mixed with 190 µl warmed assay substrate. The plate was 

immediately introduced into the BioTek Powerwave 340 plate reader that was 

previously warmed at 37 ºC and the measurement of the absorbance at 575 nm of 

each well was initiated immediately. The kinetic assay was completed by incubation 

of the plate at 37 ºC for 1 hour, into the plate reader, and the absorbance of each 

well was measured every minute at 575 nm, with shaking of the plate between each 

read. A negative control for ß-galactosidase activity of CHO-S cell line and an assay 

negative control using the TLB instead of cell lysate were performed in each plate. 
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The ß-galactosidase activity was calculated in units (U) (1 U = 1 µmol of substrate 

degraded per minute). At 575nm Chlorophenol Red formed has an extinction 

coefficient (ε575nm) of 75000 M-1cm-1. The Beer-Lambert Law was used to calculate 

the amount of chlorophenol red formed during the enzymatic reaction and 

consequently the amount of substrate degraded. The amount of chlorophenol red 

was calculated as follows. 

A= εlc 

A - Absrobance (at 575 nm) 

ε - Extinction coefficient Chlorophenol red (ε575nm = 75000 M-1cm-1) 

l – laser path length (The path length for 200 µl of reaction volume in the 96 well 

plate is 0.6 cm) 

c – Concentration of Chlorophenol Red in solution (M) 

 

2.5.2.1.3. Cell protein quantification 

Protein quantification was performed using the Bio-Rad Protein Assay. This protein 

assay based on the Bradford method and was performed in 96 well plates. 

Bovine serum albumin (BSA, 100 µg/ml stock) was used to generate a range of serial 

dilutions of BSA standards The cell extract samples (Section 2.5.2.1.1) were diluted 

20x in ddH2O and 50 µl of diluted cell extract and BSA standards were transferred to 

96 well plates. 200 µl Bio-Rad solution, previous prepared according to the manual, 

was added to each well and incubation was performed for 5 min. The absorbance at 

570 nm was measured in a BioTek Powerwave 340 plate reader.  

 

2.5.2.2 Cell growth characterisation 

CHO-FRT cell growth were characterised by performing a batch culture analysis 

(Section 2.3.5). The cell growth rate (µ) during exponential phase (day 2-5) was 

calculated as follows.  

µ = (ln[X]-ln[Y])/T 

µ - Cell growth rate (day-1) 

X- Viable cell density at day 5 (cell/ml) 

Y- Viable cell density at day 2 (cell/ml) 

T - Time in culture (day) 
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2.5.3. Characterisation of the stability of CHO-FRT mini-pools 

The stability of CHO-FRT mini-pools was characterised throughout a continuous 

culture the CHO-FRT mini-pools for a period of over 60 generation (Bayle 2012) 

(Section 2.5.3.1). Batch cultures analyses (Section 2.5.3.2) were performed before 

(early stage) and after (late stage) the period of culture for the comparison of CHO-

FRT mini-pool characteristics. Day 4 cell samples from each batch culture study 

were collected for analysis and comparison of ß-galactosidase activity (Section 

2.5.2.2), gene copy number (Section 2.5.3.3) and mRNA (Section 2.5.3.4). 

 

2.5.3.1 Long-Term continuous culture of CHO-FRT mini-pools 

CHO-FRT mini-pools were continuously cultured for 62 days using the Sonata Robot 

System (TAP Biosciences). Cells were sub-cultured every 4 days to an initial cell 

density of 0.2x106 cells/ml into a final volume of 30 ml of appropriate maintenance 

medium (CD CHO, 1X Glutamax, 0.25 mg/ml Zeocin) in 125 ml vented capped 

Erlenmeyer flasks at 37 ºC with 5 % CO2. At the time of each sub-culture, cell 

density, cell viability and cell diameter were determined and calculated using the 

Cedex Automated Cell Counter (Roche).  

 

2.5.3.2 Early and late stage batch culture 

Early and late batch culture were performed as described in Section 2.4.5, with cells 

initially seeded using the automated system Sonata Robot (Tap Biosystems) and cell 

density and cell viability were monitored daily using the Cedex Automated Cell 

Counter (Roche). 

 

2.5.3.3 Determination of ß-galactosidase gene copy number 

The ß-galacosidase gene copy number was determined by quantitative PCR (qPCR) 

(Section 2.5.3.3.3). Genomic DNA was isolated from CHO-FRT mini-pools (Section 

2.5.3.3.1) and qPCR reaction standards and samples were prepared as described in 

Section 2.5.3.3.2.  
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2.5.3.3.1. Isolation of genomic DNA 

CHO-FRT genomic DNA was isolated using TRIzol® Reagent (Life Tecnhologies), 

following the protocol suggested by the manufacturer.  5-10x 106 CHO cells from day 

4 (exponential phase) of batch culture (Section 2.5.3.2) were harvested by 

centrifugation for 4 minutes at 200 x g at room temperature. The supernatant was 

removed and the pellet was resuspended in 1 ml TRIzol® Reagent by pipetting until 

fully homogeneous. Homogenized solutions were stored at -80°C until further 

processing and analysis.  

When required homogenized extracts were thawed and incubated for 5 minutes at 

room temperature. 200 µl of chloroform was added to each extract and tubes were 

vigorously shaken by hand for 15 seconds. After 3 minutes incubation at room 

temperature, mixtures were centrifuged for 15 minutes at 13000 x g at 4°C. The 

upper aqueous phase was transferred to a sterile 1.5 ml microcentrifuge tube for 

RNA extraction (Section 2.5.3.4.1) and the remaining lower interphase and organic 

phase containing cell protein and genomic DNA were used for genomic DNA 

isolation. 

The genomic DNA was separated from the cell protein by precipitation. 300 µl of 

100% ethanol were added to the lower interphase and organic phases and mixtures 

were mixed by inversion of tubes several times (at least 5x). After 3 minutes 

incubation at room temperature, the mixtures were centrifuged at 2000 x g for 5 

minutes at room temperature to pellet the DNA. The supernatant containing the cell 

protein was discarded and the genomic DNA pellet was washed with 1 ml of sodium 

citrate/ethanol solution (0.1 M sodium citrate, 10% [v/v] ethanol, pH 8.5). The mixture 

was incubated for 30 minutes at room temperature during which time, it was mixed 

by inversion every 5 minutes. The mixture was centrifuged at 2000 x g for 5 minutes 

at 4ºC, the supernatant was discarded and the genomic DNA pellet was washed 

again with 1 ml of sodium citrate/ethanol solution by repeating the same process. 1.5 

ml of 75% (v/v) ethanol were added to the final genomic DNA pellet and this was 

incubated for 15 minutes at room temperature. After incubation, the tubes were 

centrifuged at 2000 x g for 5 minutes at 4 ºC, the supernatant was discarded and the 

pellet was air-dried for 15 minutes at room temperature. Finally, the genomic DNA 

pellet was resuspended in 100 µl of autoclaved ddH2O and kept at -20 ºC until 

needed. 
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2.5.3.3.2. Preparation of Standard curve and DNA Samples 

The pFRT/LacZeo vector was diluted to a final concentration of 1,000,000 – 457 

copies per 5µl reaction, in a background (10ng/µl) of genomic DNA isolated from 

non-transfected CHO-S cells following the process described in Section 2.5.3.3.1. 

Background DNA was used to ensure the efficiency of the PCR reaction was the 

same for all samples. Stock dilutions were made, aliquoted and stored at -80 ºC, for 

use for future assays.  

Before the qPCR reaction (Section 2.5.3.3.3.) CHO-FRT genomic DNA was 

quantified using a NanoDropTM 1000 (Thermo Scientific) and diluted to a final 

concentration of 10 ng/µl in ddH2O 

 

2.5.3.3.3 Quantitative PCR (qPCR) 

5 µl of each standard solution, CHO-S genomic DNA and diluted sample were added 

in triplicate wells to a MJ white 96 well plate. 15 µl of a master mix (10 µl 2x 

SensiMixTM SYBR No ROX, 2.5 µl 10 µM pFRT/LacZeo forward primer [Table 2.2], 

2.5 µl 10 µM pFRT/lacZeo reverse primer [Table 2.2]) was added to each well and 

the plate was sealed with clear plastic caps. Before the PCR reaction, the plates and 

centrifuged for 1 minute at 900 x g. To monitor possible abnormalities between PCR 

reactions a standard curve was performed in every plate assayed. 

PCR reactions were performed using a Chromo 4 thermocycler with the following 

settings: 10 minutes at 95°C, followed by 35 cycles of denaturation for 10 seconds at 

95°C, annealing for 10 seconds at 56°C, elongation for 20 seconds at 72°C, 

denaturation (of any primer dimers) for 1 second at 76°C. A final elongation step was 

performed for 10 minutes at 72°C, and a melting curve was generated to check the 

quality of the amplified product. 

Table 2.2. Primers used in qPCR for CHO-FRT gene copy-number analysis 
Primers were designed using the primer3web software (http://primer3.ut.ee)  

Target gene Forward Reverse 

pFRT/lacZeo 5’-TGGAGGCTACCATGGAGAAG-3’ 5’-GTGCTGCAAGGCGATTAAGT-3’ 

ß-actin 5’-ACTGCTCTGGCTCCTAGCAC-3’ 5’-CATCGTACTCCTGCTTGCTG-3’ 
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2.5.3.3.4 Analysis of qPCR results 

Data from qPCR products (Section 2.5.3.3.3) was quantified using Opticon Monitor 

analysis software according to the manufacturer’s instructions. The fluorescence 

threshold was manually set at 0.05 and the cycle at which samples reached this 

fluorescence was recorded (Ct value). The standard curve was generated by ploting 

log [gene copies] against Ct value. Gene copy number was calculated compared to 

the standard curve and was normalised against the expression of ß-actin in each 

sample. The melting curve was assessed to check the quality of the PCR product; a 

pure product produced a single peak at 80-90°C. 

 

2.5.3.4. ß-galactosidase mRNA analysis 

ß-galacosidase mRNA in CHO-FRT mini-pools was determined and analysed by 

qPCR reaction (Sections 2.5.3.3.3 and 2.5.3.3.4). Table 2.3 shows the primers used 

for the quantification of ß-galactosidase mRNA by qPCR. The RNA was extracted 

from CHO-FRT mini-pools and, before qPCR reaction, samples were treated and 

prepared as follows 

 

Table 2.3. Primers used in qPCR for CHO-FRT mRNA analysis. 
Primers were designed using the primer3web software (http://primer3.ut.ee)  

Target  mRNA Forward Reverse 

pFRT/lacZeo 5’-CTGGCGTAATAGCGAAGAGG-3’ 5’-GACAGTATCGGCCTCAGGAA-3’ 

ß-actin 5’-TGTGACGTTGACATCCGTAAA-3’ 5’-GCAATGATCTTGATCTTCATG-3’ 

 

2.5.3.4.1. RNA extraction 

The RNA was extracted from the upper aqueous (Section 2.5.3.3.1) phase 

containing RNA, described in Section 2.5.3.2.1. The RNA was precipitated by adding 

500 µl isopropanol to the aqueous phase. This mixture was incubated for 10 minutes 

at room temperature, and then centrifuged for 10 minutes at 13000 x g at 4°C. The 

supernatant was aspirated and discarded and the RNA pellet was washed with 1 ml 

75% (v/v) ethanol by vortex. After centrifugation for 5 minutes at 5000 x g at 4°C, the 

pellet was air-dried for 5-10 minutes. The pellet was dissolved in 30 µl of RNase-free 
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dd.H2O (Bioline) and incubated for 10 minutes at 55-60°C to improve solubility. The 

resuspended RNA was stored at -80°C until required. 

 

2.5.3.4.2. DNase treatment of RNA 

RNA was treated with DNase I to remove any possible genomic DNA in the sample. 

RNA content of samples (Section 2.5.3.2.1) was quantified using a NanoDrop® ND-

1000 UV-Vis Spectrophotometer. 1 µg RNA, 1µl 10x reaction buffer (Kwaksa et al. 

2005), 1 µl DNase I (Sigma-Aldrich) and RNase-free ddH2O (Bioline) up to a total 

mixture volume of 10 µl, were mixed in a 1.5 ml microcentrifuge tube. The mixture 

was incubated for 15 minutes at room temperature after which, 1 µl stop solution 

(Sigma-Aldrich) was added to inactivate DNase I. Samples were heated for 10 

minutes at 70°C to denature the DNase I and unfold the RNA. Samples were kept at 

4°C and immediately used for the cDNA synthesis (Section 2.4.3.4.3). 

 

2.5.3.4.3. cDNA synthesis 

cDNA was generated using a cDNA synthesis kit (Bioline). Samples of quantified 

DNase-treated RNA (Section 2.5.3.4.2) were mixed with 1 µl oligo (dT) 18 primer and 

1 µl 10 mM dNTP. The mixtures were incubated for 10 minutes at 65°C followed by 2 

minutes incubation on ice (whilst the subsequent reaction mix was prepared). 4 µl 5x 

RT buffer, 1 µl RNAse inhibitor, 0.25 µl reverse transcriptase and 4.75 µl DEPC-

treated water were added to each sample and the resulting mixtures were incubated 

for 60 minutes at 42°C. The reaction was terminated by incubation of the mixture for 

15 minutes at 70°C, followed by a incubation on ice for at least 5 minutes. The 

resulting cDNA was aliquoted and stored at -20°C until used in further analytical 

procedures. 

 

2.5.3.4.4 Preparation of Sample and ‘Check’ sample 

The cDNA samples obtained (Section 2.5.3.4.3) were quantified using a NanoDrop® 

ND-1000 UV-Vis Spectrophotometer and diluted in ddH2O to a final concentration of 

10 ng/µl.  One sample was dedicated as the ‘check’ sample. This sample was run on 

all plates to normalise the total cDNA content in each well. The ‘check’ sample was 

diluted in ddH2O to final concentrations of 20, 10 and 5ng/µl, aliquoted and stored at 

-80 ºC until been used.  
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2.6. Characterisation of activity and stability of SV40 and CMV 
promoters 

SV40 and CMV promoter activities were charactersised by measurement of  

expression of fluorescent proteins from copies of their genes that had been 

integrated into the genome of CHO-FRT mini-pools in a site-directed manner through 

use of pS/FRT and pcDNA5/FRT or pS/FRT/MS2 and pcDNA5/FRT/MS2 vectors 

(Section 2.3). The stability of these promoters was characterised by evaluation of the 

expression of these fluorescence proteins at stages during long-term culture. 

 

2.6.1. Generation and characterisation of CHO-SV40-GFP and CHO-CMV-
GFP polyclonal cell lines 

CHO-SV40-GFP and CHO-CMV-GFP were generated by site-directed integration of 

pS/FRT-GFP and pcDNA5/FRT-GFP vectors (Section 2.3) into CHO-FRT mini-pools 

(Section 2.6.1.1). Transfectants were selected in a polyclonal manner (Section 

2.6.1.2) and GFP expression was measured by Flow Cytometery (Section 2.6.1.3). 

The stability of GFP expression in cell lines was characterised by monitoring GFP 

expression during continuous culture of the cell lines in long-term culture (Section 

2.6.1.4).  

 

2.6.1.1. Site-directed integration of pS/FRT-GFP and pcDNA5/FRT-GFP vectors 

into CHO-FRT mini-pools 

Site-directed integration of pS/FRT-GFP and pcDNA5/FRT-GFP vectors into CHO-

FRT mini-pools was performed by co-transfecting each of these vectors with pOG44 

(Section 2.1.4), using FreeStyle™ MAX Reagent (Life Technologies). Two days prior 

to transfection, CHO-FRT cells were seeded at 0.2x106 cell/ml (Section 2.4.2) in CD 

CHO medium supplemented with 1X GlutaMax. On the day of the transfection, viable 

cell density and cell viability were measured (Section 2.4.3) and, if cell viability was 

greater than 95%, 10.0x106 cells were added 125 ml vented capped Erlenmeyer 

flasks in a total volume of 30 ml of CD CHO medium supplemented with 1X 

GlutaMax. 

15 µg pOG44:(pS/FRT-GFP or pcDNA5/FRT-GFP) vector DNA in a 9:1 (w/w) ratio 

were added to a 1.5 ml tube containing 1.2 ml CD CHO supplemented with 1X 
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GultaMax. 18 µl FreeStyle™ MAX Reagent were added to the mixture, the tube was 

gently inverted twice for mixing and incubated for 10-20 minutes (no longer than 20 

minutes) at room temperature. After the incubation period, the mixture was slowly 

added into the CHO-FRT cell suspension whilst gently swirling the flask and cells 

were incubated for 48 hours at 37 ºC with 5 % CO2
  and 130 rpm. 

 

2.6.1.2. Selection of CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell lines 

After the 48 hour incubation period, 0.5 ml and 1.0 ml of transfected cells were added 

to a T75 cm2 flask containing 19.5 ml and 19.0 ml (respectively) of Hygromycin 

selective medium (CD CHO, 1X GlutaMax, 0.5 mg/ml Hygromycin B). Cells were 

incubated at 37 ºC with 5 % CO2 for a period of 4 weeks for selection of site-directed 

integrated cell lines. Typically, the flasks to which 0.5 ml of transfectants had been 

added were the ones used for adaptation to suspension culture. The flasks seeded 

with 1.0ml of transfectants were processed as back-up flasks. 

The viable cell density of the selected cells was calculated (Section 2.4.3) after the 

selection period, and when greater than 1.0x106 cells/ml with a cell viability greater 

than 80%, the cells were adapted to suspension culture. For the suspension adaption 

process, 10 ml selected cell stocks were cultured in a 125 ml vented capped 

Erlenmeyer flask containing 20 ml Hygromycin selective medium at 37 ºC with 5 % 

CO2
  and 130 rpm. The cells were cultured for 2 passages (Section 2.4.2), after 

which 10 vials were frozen as stocks (Section 2.4.4). After the second passage, cells 

were maintained in Hygromycin maintenance medium (CD CHO, 1X GlutaMax, 0.25 

mg/ml Hygromycin B) (Section 2.4.2). 

 

2.6.1.3. Measurment of GFP fluorescence by Flow Cytometry  

CHO-SV40-GFP and CHO-CMV-GFP cells were harvested and 1.0x106 cells were 

resuspended in 400 µl PBS. The GFP fluorescence intensity was measured using a 

CYAN ADP flow cytometer, using a 488nm excitation laser. The voltage applied to 

the photomultiplier tube was adjusted according to the manufacturers instructions, to 

ensure the histogram plots were within range. Fluorescence data were acquired 

using a 530/30nm bandpass filter and analysed using Summit V4.3 software. Live 

cells were gated using a forward scatter versus side scatter log plot and single cells 

were gated using a forward scatter versus pulse width plot. GFP fluorescence 

intensity of each cell line was calculated by measuring the median of level of 
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fluorescence (530/30 Log) in the flow cytometry histograms plots. Analysis of the flow 

cytometry histograms was performed using the FlowJo X 10.0.7r2 software. The 

auto-fluorescence of the CHO-FRT mini-pool was measured in every experiment as 

a control for non-expressing cells. 

 

2.6.1.4. Long-Term continuous culture of CHO-SV40-GFP and CHO-CMV-GFP 

polyclonal cell lines 

CHO-SV40-GFP and CHO-CMV-GFP cell lines were continuously cultured for 60 

days as described in Section 2.4.2. Cells were sub-cultured with a 3/4 day regime at 

an initially cell density of 0.2x106 cells/ml into a final volume of 25 ml of hygromycin 

maintenance media (CD CHO, 1X Glutamax, 0.25 mg/ml hygromycin) in 125 ml 

vented capped Erlenmeyer flasks at 37 ºC with 5 % CO2 at 130 rpm. At each sub-

culture, cell density and cell viability a calculated using the Countess® Automated 

Cell Counter (Section 2.4.3). 

 

2.6.2. Generation and characterisation of CHO-SV40-YFP and CHO-CMV-
YFP polyclonal cell lines 

CHO-SV40-YFP and CHO-CMV-YFP were generated by site-directed integration of 

pS/FRT/MS2-YFP and pcDNA5/FRT/MM2-YFP vectors (Section 2.3) into CHO-FRT 

mini-pools (Section 2.6.2.1). Transfectants were selected on a polyclonal basis 

(Section 2.6.2.2) and YFP expression was measured by Flow Cytometry (Section 

2.6.2.3). A “Top 10%” high YFP expressing population was selected by 

Fluorescence-activated cell sorting (FACS) (Section 2.6.2.2) to generate the top 10% 

cell lines. The stability of YFP expression in the polyclonal and top 10% cell lines was 

characterized by monitoring YFP expression during continuous culture of cell lines in 

a long-term culture study (Section 2.6.2.4). 

 

2.6.2.1. Site-directed integration of pS/FRT/MS2-YFP and pcDNA5/FRT/MS2-

YFP vectors into CHO-FRT mini-pools 

Site-directed integration of pS/FRT/MS2-YFP and pcDNA5/FRT/MS2-YFP vectors 

into CHO-FRT mini-pools was performed by co-transfecting each of these vectors 

with pOG44 using FreeStyle™ MAX Reagent (Life Technologies) (Section 2.6.1.1) 
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2.6.2.2. Selection of CHO-SV40-YFP and CHO-CMV-YFP polyclonal and top 10% 

YFP expressing cell lines 

CHO-SV40-YFP and CHO-CMV-YFP polyclonal cell lines were selected using 

methods described in Section 2.6.1.2. The “top 10% high” expressing population was 

selected by Fluorescence-activated cell sorting (FACS) using the BD FACSAria™ 

Fusion.  

A 5 ml sample of CHO-SV40-YFP and CHO-CMV-YFP polyclonal cells at day 4 of 

batch culture was collected and cell density and viability were calculated (Section 

2.4.3). Cells were diluted to a viable cell density of 5-10x106 cell/ml in 4 ml 

hygromycin maintenance medium (CDH CHO, 1X GlutaMax, 0.25 mg/ml Higromycin) 

supplemented with 10mM of HEPES. Cells were filtered to remove possible clumps 

using a 50 µm BD™ Medimachine Filcon, Sterile, Cup-Type and transfer to a sterile 

5 ml collection tube.  

The sort of the cells with the top 10% of YFP fluorescence was measured using a 

488nm excitation laser. One sample was used to adjust the voltage applied to the 

photomultiplier tube, according to the manufacturer’s instructions, and live cells were 

gated using a forward scatter versus side scatter log plot and single cells were gated 

using a forward scatter versus pulse width plot. The auto-fluorescence of the cells 

was measured using a sample of parental CHO-FRT mini-pool. YFP fluorescence 

histograms were acquired and analysed using the BD FACSDiva™ software and the 

Top 10% high expressing population was gated. 2.5x105 cells were sorted and 

collected into a 5 ml collecting tube containing 0.5 ml of hygromycin maintenance 

medium. 

The collected cells were diluted in a total volume of 7 ml hygromycin maintenance 

medium and placed in a T25 cm2 flask. The cells were incubated for seven days at 

37 ºC with 5 % CO2 at 130 rpm with the T25 cm2 flask placed vertically to allow a 

horizontal wave formation during the incubation period. After this incubation period, 

the cells were diluted in a total volume of 25 ml hygromycin maintenance medium in 

a 125 ml vented capped Erlenmeyer flask. The cells were cultured at 37 ºC with 5 % 

CO2
 and 130 rpm, passaged twice (Section 2.4.2), after which 10 vials were frozen 

for stock (Section 2.4.4). 
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2.6.2.3. Measurement of YFP fluorescence by Flow cytometry  

A 1 ml sample of cell culture was collected, cell density and viability was calculated 

(Section 2.4.3). YFP fluorescence intensity was measured using the BD Accuri™ C6 

flow cytometer according to the manufacturer’s instructions. YFP was excited using a 

488nm excitation laser and fluorescence data was acquired using a 530/30nm 

bandpass filter and analysed using the BD Accuri™ C6 software. Live cells were 

gated using a forward scatter versus side scatter log plot and single cells were gated 

using a forward scatter versus pulse width plot. YFP fluorescence intensity of each 

cell line was calculated by measurement of the median of fluorescence of the YFP 

expression population of the flow cytometry histograms. The analysis of the flow 

cytometry histograms was performed using the FlowJo X 10.0.7r2 software. The auto-

fluorescence of the parental CHO-FRT mini-pool was measured in every experiment 

as a control for non-expressing cells. 

 

2.6.2.4. Long-Term continuous culture of CHO-SV40-YFP and CHO-CMV-YFP 

polyclonal cell lines 

CHO-SV40-YFP and CHO-CMV-YFP polyclonal and top 10% cell lines were 

continuously culture for 32 as described in Section 2.6.1.4.2. YFP expression of 

these cell lines was monitored by measurement of YFP fluorescence (Section 

2.6.2.3) at every passage. 

 

2.7. Characterisation of transcriptional activity of SV40 and 
CMV promoters 

The transcriptional activity of SV40 and CMV promoters was measured in CHO-

SV40-mStrawberry and CHO-CMV-mStrawberry cell lines by live fluorescent 

microscopy cell imaging based on the method described by Yunger et. al. (2013). 

 

2.7.1. Generation and characterisation of CHO-SV40-mStrawberry and 
CHO-CMV-mStrawberry polyclonal cell lines 
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2.7.1.1. Generation and selection of CHO-SV40-mStrawberry and CHO-CMV-

mStrawberry polyclonal cell lines  

CHO-SV40-mStrawberry and CHO-CMV-mStrawberry polyclonal cell lines were 

generated by site-directed integration of pS/FRT/MS2-mStrawberry and 

pcDNA5/FRT/MS2-mStrawberry vectors into CHO-FRT mini-pools as described in 

Section 2.6.1.1.  

 

2.7.1.2. Measurement of mStrawberry fluorescence by Flow Cytometry  

mStrawberry fluorescence was measured and analysed using the BD Accuri™ C6 

flow cytometer and the FlowJo X 10.0.7r2 software as described in Section 2.6.2.3. 

mStrawberry was excited using a 488nm excitation laser and fluorescence data was 

acquired using a 585/40 nm bandpass filter. 

 

 2.7.2. Preparation of CHO-SV40-mStrawberry and CHO-CMV-
mStrawberry cells for fluorescent microscopy 

Prior to fluorescent microscopy studies, pMS2-GFP vector was transiently 

transfected into CHO-SV40-mStrawberry and CHO-CMV-mStrawberry cells using 

FreeStyle™ MAX Reagent (Section 2.7.2.1).  

 

2.7.2.1. Transient transfection of pMS2-GFP vector 

CHO-SV40-mStrawberry and CHO-CMV-mStrawberry cell lines were seeded at 

0.5x106 cell/ml in 30 ml of CD CHO medium supplemented with 1X GlutaMax and 

incubated for 24 hours at 37 ºC with 5 % CO2
 and 130 rpm. Cell Density and cell 

viability were calculated (Section 2.4.3) and cells were diluted to 1.0x106 cell/ml in 30 

ml of CD CHO medium supplemented with 1X GlutaMax in a 125 ml vented capped 

Erlenmeyer flasks. 

18µg of pMS2-GFP DNA vector and 18 µl of FreeStyle™ MAX Reagent were added 

to two separate 1.5 ml tubes containing 0.6 ml CD CHO medium supplemented with 

1X GlutaMax and incubated at room temperature for 5 minutes. The diluted DNA 

vector was added to the tube containing the FreeStyle™ MAX Reagent mixture and 

the final mixture was incubated for 30 minutes at room temperature. The mixture was 

added dropwise whilst gently swirling cell suspensions in the 125 ml vented capped 
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Erlenmeyer flasks previously prepared. The cells were incubated at 37 ºC with 5 % 

CO2
 and 130 rpm for 24 hours. 

 

2.7.3. Live Cell Imaging 

After the 24 hours incubation, 1ml of the transiently transfected CHO-SV40-

mStrawberry and CHO-CMV-mStrawberry cells were diluted in 9 ml of fresh CD CHO 

medium supplemented with 1X GlutaMax. 2 ml of diluted cells were added to a 35 

mm glass bottom cell culture dish (Greiner) pre-coated with poly-D-lysine and 

incubated for 24 hours at 37 ºC with 5 % CO2 prior to live cell microscopy studies. 

Images were collected on a Leica TCS SP5 AOBS inverted confocal using a (100x/ 

1.49 Apo TIRF) objective (and 3x confocal zoom). The confocal settings were as 

follows, pinhole 1 airy unit, scan speed 1000Hz unidirectional, format 1024 x 1024. 

Images were collected using the following detection mirror settings; FITC 494-530nm 

and Texas red 602-665nm using the 488nm (20%) and 594nm (100%) laser lines 

respectively. When acquiring 3D optical stacks the confocal software was used to 

determine the optimal number of Z sections. Only the maximum intensity projections 

of these 3D stacks are shown in the results. 

 

2.8 Statistical analysis 

 

All data presented is represented as a mean ± range when biological replicates (n) 

n=2 or mean ± standard deviation (SD) when n> 2, unless otherwise. 

 

Range =  Higher value – lower value 

Standard Deviation (SD) =  (√[Σ{x-m}2]/{n-1}) 

x: observed value 

m: mean of n observations 

n-1: degrees of freedom 

 

The correlation coefficient (r value) was calculated in the plots using Microsoft Excel. 
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Chapter 3. Generation and stability 

characterisation of CHO-FRT mini-

pools 
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The main aim of this project is to describe transcriptional activity and stability of 

recombinant promoters in CHO cells. To fully achieve this, it is important to study the 

impact of promoter type on the stability of recombinant gene expression when in the 

same genomic environment. This first Chapter of results describes the work 

undertaken to generate the CHO cell lines that have been used to address the aim 

of the project.  

The first aim of this Chapter is to generate a set of CHO cell lines to be used as host 

cells in the work described in Chapter 4 and 5. It is intended that these cell lines 

shall enable the integration of recombinant promoters and/or genes towards specific 

genomic locations in a site-directed manner. This Chapter describes the generation 

of the cell lines and the validations performed at each step of cell line generation in 

order to monitor the appropriate properties of each cell line (Section 3.2). 

Due to the possible impact that this project could have in the bioprocessing industry, 

the methodology used on the generation of the cell lines was intended to be as close 

as possible to the industry standards within the academic resources. For that 

reason, due to the nature of the industry protocols for the achievement of high 

expression cell lines, the experimental protocol described in this chapter can 

introduce caveats that can impact the overall propose of the project. For instance, 

even though appropriate measures to reduce the high-copy of recombinant genes 

integrated within the host genome were taken it is still highly possible the formation 

of multiple copy number cells lines. Furthermore, as will be discussed in the Section 

3.2, the single cell selection method used does not fully guarantees that all the cell 

lines selected is originated from a single cell. For that reason, it is possible that some 

cells lines generated can have a low degree of initially heterogeneity and so cannot 

be considered clonally-derived cells lines but instead, mini-pools of cells with low 

degree of heterogeneity. Nevertheless, due to the low degree of initially 

heterogeneity of each mini-pool, the mini-pools generated using this selection 

process have different and distinctive phenotypes. Because of these reason, it is 

essential to characterise these mini-pools with a special focus on the long-term 

stability of the mini-pool, before using them as hosts cells in Chapters 4 and 5.  

Figure 3.1 illustrates the steps and rational used to generate and characterise CHO-

FRT mini-pools. Due to the large number of mini-pools selected, at the end of each 

step of the generation and characterisation process, the data was analysed and a 

smaller number of mini-pools was rationally progressed to the following step. This 

rational selection based on the data of each step, allowed to minimise the number of 
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mini-pools characterised without considerably affecting the phenotype variation of 

cells lines originally obtained.  

The genomic environment has a strong impact on the promoter status and activity 

and stability of promoter-driven transcription (Section 1.7).  The majority of studies 

that report on expression stability of recombinant mammalian cell lines engineered to 

produce therapeutics proteins, utilises cells generated by random integration of 

recombinant vectors into the genome of the host cell (Bailey et al. 2012; Ho et al. 

2015; Kim et al. 2001; Yoshikawa et al. 2000b). Due to the different genomic 

environments resulting from random integration, it is inappropriate to directly 

compare the expression and stability of expression of different recombinant 

promoters, unless the nature and consequences of the specific genomic can be 

predicted and assigned. For a truly comparison, ideally, a set of CHO mini-pools with 

different phenotypes but that allow the site-directed integration of recombinant 

promoters to pre-determined genomic locus should be used. With such panel of cell, 

the potential for direct comparison of expression and stability of different 

recombinant promoters becomes possible and would open the potential to 

interrogate the mechanisms by which different genomic environments characteristics 

interacts with each promoter. Unfortunately, the mini-pools generate this Chapter do 

not fully fulfilling these ideal characteristics. However, due the different phenotyoes 

observed and the fact the site-directed integration can be used, allow to suggest that 

these mini-pools still represent a step forward for this type of comparative studies, 

when compared to traditional methods. 

To keep track of each mini-pool at different stages of development, throughout this 

Chapter each CHO-FRT mini-pool is named by the number (n) that was given during 

the mini-pool selection process (CHO-FRT n). 

 

  



 97 

 

Figure 3.1. Overview of the strategy and rational used for generation and 
characterisation of CHO-FRT mini-pools.  
This Figure illustrates the sequence of steps used to generate the CHO-FRT mini-pools and 

the characteristics that were assessed at each step of this process. 
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3.1. CHO-S cell line characterisation 

This Section characterises cell growth (Section 3.1.1) and Zeocin resistance 

(Section 3.1.2) of the parental CHO-S cell line (CHO-S), for comparison with CHO-

FRT mini-pools. Also, as Zeocin is the antibiotic used for the selection of cells that 

have stably integrated the pFRT/lacZeo vector, it is important to characterise Zeocin 

resistance of this cell line to determine the antibiotic concentration for mini-pool 

selection process and limit the selection of false positive cells. 

 

3.1.1. CHO-S cell growth characterisation 

Viable cell density and cell viability were measured during batch culture (Figure 3.2). 

Batch culture revealed four phases - an initial lag phase (day 0-2), an exponential 

growth phase (day 2-5), a stationary/slow decrease phase (day 5-7) and a decline 

phase (day 7-8).  

CHO-S had a log growth rate of 0.25 day-1 during exponential phase, reaching a 

maximal viable cell density of 9.0x106 cell/ml at day 5. During the stationary phase a 

slight decrease of viable cell density was observed but cell viability was maintained 

above 95%. In the decline phase, a dramatic drop of the viable cell density from 

7.0x106 cell/ml to a 0.3x106 cell/ml was observed over a period of a single day, after 

which the culture was stopped. During the culture period, the percentage of viable 

cells in culture was maintained above 95% throughout the lag, exponential and 

stationary phases of culture. 

The results obtained were similar to previous data from the Dickson laboratory (Page 

2012). Page observed that CHO-S cells in batch culture had a duration of culture of 

10 days and achieved a maximum cell density of approximately 9.0x106 cell/ml at 

day 7. The results shown in Figure 3.2 are also very similar to data reported by 

Benton et al (2002) and Kleman et al (2008) where cells were cultured in similar 

conditions (Benton et al. 2002, Kleman et al.2008). Benton et al (2002) characterised 

CHO-S growth in an early stage cell line and reported a maximum viable cell density 

of 9-11x106 cell/ml during an 8 day batch culture (Benton et al. 2002). Similar data 

were reported by Kleman et al (2008) who characterised CHO-S cell growth across a 

6 week period of prolonged culture (Kleman et al. 2008). Kleman and colleagues 

only showed viable cell density during the initial lag and exponential phases but in 

his study reported a maximum cell density of 9-11x106 cells/ml (Kleman et al. 2008). 
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Compared with results obtained with other CHO host cell lines, under the conditions 

of culture in the current project, CHO-S had a shorter overall period of culture than 

CHO-K1 (9-10 days) and CHO-DG44 (18 days) (SIgma-Aldrich). However, during 

culture CHO-S achieved considerable greater maximum cell densities compared to 

maximum densities of 6-7x106 cell/ml and 2-3x106 cell/ml for CHO-K1 and CHO-

DG44, respectively (Sigma-Aldrich). 

 

3.1.2. CHO-S resistance to Zeocin  

CHO-S cell proliferation in the presence of Zeocin was monitored by light 

microscopy (Figure 3.3).  The results revealed that 500 µg/ml was the minimal 

concentration of Zeocin in which no cell growth was observed after 10 days of 

culture (Figure 3.3-D). This result is in accordance to previous reports (400-

500µg/ml) of the use of Zeocin for selection in COS, HEK and CHO cell lines 

(Bennett et al. 1998, Delacote et al. 2007). 



 100 

Figure 3.2. CHO-S growth characterisation in batch culture.  
The growth of CHO-S cell line was characterised by daily monitoring the viable cell density  (        

) and cell viability (          ) during a batch culture as described in Section 2.4.5. Viable cell 

density and cell viability were measured daily and calculated as described in Section 2.4.3. 

Values are means ± Range (n=2). 
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Figure 3.3. CHO-S Zeocin resistance characterisation. 
The Zeocin resistance assay was performed as described in Section 2.4.6. CHO-S cells were 

seeded at initial cell density of 5.0x103 cell/ml in 96 well plates. CHO-S growth was monitored 

over a maximal period of 10 days, in the presence of a range of concentrations of Zeocin (A – 

Contro(-); B – 0.125 mg/ml; C – 0.250 mg/ml; D – 0.500 mg/ml).  
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3.2. Generation and initial characterisation of CHO-FRT mini-
pools 

This Section describes the generation of the CHO-FRT mini-pools and the 

characterisation of these mini-pools at each step of cell line development. Firstly, this 

section 3.2.1 explains the mini-pools selection and mini-pool amplification 

processes. Then, the ß-galactosidase expression and growth properties of CHO-

FRT mini-pools are characterised in Sections 3.2.2 and 3.2.3 and related in Section 

3.2.4 to the identification of different phonotypical patterns.  

 

3.2.1. Mini-pool selection and amplification 

The CHO-S cells were transfected by electroporation with pFRT/lacZeo 

(Section 2.5.1.4). Transfectants were subjected to a serial limiting dilution cloning 

process (0.25, 1.0 and 5.0x103 cells/ml) following the methods described in Section 

2.5.1.5. A total of 15 positive wells (wells containing small clusters of cells) were 

identified by light-microscopy after 15 days of selection, with the majority of them, 

14, from the plates seeded at 5.0x103 cell/ml. In order to obtain a higher number of 

colonies, a second transfection was performed. Using the results obtained for the 

first transfection and mini-pool selection, in this second experiment, transfectants 

were only seeded at an initial cell density of 5.0x103 cell/ml. A total of 34 positive 

wells were observed after 10 days of selection and 73 additional wells were 

identified after 15 days of selection leading to a total of 107 positive wells identified 

from this second transfection and selection process. 

Although serial limiting dilution method was used, the cells cannot be considered 

clonally-derived cell lines. The definition of clonal-derived cell line has been a long-

time discussed issue. Limiting dilution methods relay on statistical probability to 

claim achievement of monoclonality and this often is accomplished by the 

performance of multiple repeat rounds of this process (Evans et al 2015). For 

monoclonality to be achieved by only one round of limiting dilution, it is necessary 

visual confirmation by light microscopy imaging to confirm that at the time of plating, 

only a single cell was presented within the well (Evans et al 2015). Since the limiting 

dilution method described in Section 2.5.1.5 only shows one round of limiting and no 

visual confirmation of the presence of a single cell at the time of plating, it is not 

possible to guarantee that the cell lines generated using this method are monoclonal 

cell lines. However, due to the nature of the limiting dilution method used that 
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confers a low heterogeneity of the cells that generate each cell line, we can describe 

each positive well as mini-pools (Wolfel et al 2013). 

The cells from each mini-pool were sequentially passaged from 96 well plates to a 

24, 12, 6 well plates, T25 and T75 cm2 flasks in order to increase cell biomass. A 

total of 82 mini-pools were successfully expanded to the T75 cm2 flask stage and 

used for the suspension adaption process. 

The 40 mini-pools that did not successfully expand to the T75cm2 flask stage 

stopped growing either in 6 well plate or T25 cm2 flask stage. The majority of these 

mini-pools that failed to thrive originated from the second transfection and they were 

only identified after 15 days of selection. The fact that they were only observed at 

late stages of selection could indicate a slow growing phenotype, and may relate to 

their inability to show continued selection and growth during subsequent expansion. 

The slow growing phenotype of these mini-pools could be due to an incomplete 

adaption of the mini-pools to the presence of Zeocin in the medium. As the lacZ-

Zeocin gene is inserted randomly into the cell genome, if was integrated to a locus 

with low transcriptional activity or in a locus that undergoes silencing, the cells may 

reveal a low degree of resistance to Zeocin and, consequently, a slow growing 

phenotype in the presence of this selection marker. Another possible explanation is 

the loss of resistance to Zeocin due gene silencing or to the loss of the lacZ-Zeocin 

gene during the amplification process. As discussed in Section 1.5.3, CHO cells are 

known to exhibit a natural genomic instability that in some cases can led to gene 

silencing and gene disruption. 

All the 82 CHO-FRT mini-pools in T75 cm2 flask stage were used for adaption to 

suspension cultures (Section 2.5.1.6). 22 CHO-FRT mini-pools successfully adapted 

to suspension culture with the remaining 60 mini-pools failing to grow in suspension 

after three attempts of this adaption process.  

 

3.2.2 ß-galactosidase activity of CHO-FRT mini-pools 

The ß-galactosidase activity of CHO-FRT mini-pools was analysed with a ß-

galactosidase kinetic assay that uses CPRG as the enzyme substrate (Section 2.5). 

Other substrates, such as the commonly used ONPG, have been also been used to 

assay ß-galactosidase activity in mammalian cells. However, CPRG has been 

reported to be more sensitive than ONPG, for detection of ß-galacatosidase activity 

due to its higher affinity for this enzyme (Eustice et al. 1991). Due to the fact that 

most of the reports use ONPG as substrate, the results described in Sections 3.3.2 
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and 3.3.3 cannot be directly compared to previous reports of the use of ß 

galactoasidase in CHO cells. 

Two endogenous ß-galactosidases have been reported in mammalian cells, a 

lysosomal ß-galactosidase and a senescence-associated ß-galactosidase (SA-b-

galactosidase), with optimal pH’s of 4 and 6.0, respectively, and both are reported to 

be inactive at pH’s greater than 7 (Kurz et al. 2000). The recombinant ß-

galactosidase to be expressed in CHO-FRT cells is encoded by the gene lacZ from 

E. coli with an optimal pH of 7.5 (Watson et al. 2008). The CPRG assay is performed 

at pH 7-8, so in this assay, the ß-galactosidase activity measured should arise from 

the activity of the recombinant ß-galactosidase. 

Figure 3.4 shows the increase in absorbance at 550 nm, measured on the ß-

galactosidase activity reaction of the CHO-S host cell line (Figure 3.4 – A) and of 

three different CHO-FRT mini-pools that can exemplify a low, medium and high rate 

of ß-galactosidase activity (Figure 3.4 – B, C and D). Distinct ß-galactosidase 

activities are easily identified between mini-pools based on rate at which absorbance 

at 550nm increased during the reaction period. Also, no (or very little) endogenous 

ß-galactosidase activity was observed when this assay was performed on the non-

transfected CHO-S cell line. 
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Figure 3.4. ß-galactosidase assay exploratory assessment. 
The degradation of CPRG by ß-galactosidase leads to the formation of 

chlorophenol red that can be monitored by measuring the absorbance of the 

enzymatic reaction at 550nm. A 1.5 ml cell culture sample was harvested (Section 

2.5.1) and the assay was performed as described Section 2.5.3. (A – Host cell line [CHO-S]; 

B - Low ß-galactosidase activity [CHO-FRT 112]; C – Medium ß-galactosidase activity [CHO-

FRT 113]; D – High ß-galactosidase activity [CHO-FRT 46]). The ß-galactosidase activity was 

calculated by using the slope of each graph (bold number in line equation) to calculate the 

rate of degradation of substrate (Section 2.5.3). ß-galactosidase is presented in unites (U) (1 

U = 1 µg of substrate degraded per minute). 
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3.2.2.1. ß-galactosidase activity of CHO-FRT mini-pools at T75 cm2 flask 
stage 

Figure 3.5 ranks ß-galactosidase expression per 106 cells for the adherent CHO-

FRT mini-pools. The normalisation of ß-galactosidase activity per amount of protein 

in the cell extract may be a more appropriate method to normalise the ß-

galactosidase activity analysed in each extract as it allows a more accurate 

comparison of the ß-galactosidase expression between mini-pools. However, due to 

the high number of cell extracts handled in this initial screen as an intermediate step 

of the mini-pool generation process, the values were normalised per cell. 

Nevertheless, as all cell extractions were performed in a similar manner, these 

normalisation towards cell number will have limited affect on relative ß-galactosidase 

expression of mini-pools and it remains a valid method for the direct comparison of 

ß-galactosidase expression between the mini-pools.  

All CHO-FRT mini-pools expressed the ß-galactosidase, yet the amounts produced 

vary between mini-pools. Most of mini-pools expressed relative low amounts of ß-

galactosidase, when compared to the highest expresser mini-pool. Approximately 

75% of the mini-pools produced less then half of the amount of ß-galactosidase 

produced by the highest expresser (mini-pool 46) and approximately 60% of the 

mini-pools expressed less then a quarter of ß-galactosidase of mini-pool 46. Further 

discussion and analysis of the ß-galactosidase activity in CHO-FRT mini-pools will 

be made in Section 3.2.3.2 on the analysis of the ß-galactosidase activity of at the 

stage of suspension adaption of CHO-FRT. 
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Figure 3.5. ß-galactosidase analysis of CHO-FRT mini-pools in T75 cm2 flask stage 
ß-galactosidase analysis was performed as described in Section 2.5. A T75ml cell culture 

sample of each mini-pool was harvested as described in Section 2.5.1 and the ß-

galactosidase assay was performed as described in Section 2.5.3. The ß-galactosidase 

activity results for each mini-pool was calculated as unite (U) per cell. 
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3.2.2.2. ß-galactosidase activity of CHO-FRT mini-pools at suspension-adapted 

stage. 

Figure 3.6 shows the activity of ß-galactosidase per µg cell of protein of the CHO-

FRT mini-pools that were adapted into suspension culture. Similar to the profile of 

data observed for the same mini-pools at T75cm2 flask stage, 70% of the mini-pools 

produced less then half of the amount of ß-galactosidase of the highest expresser 

(CHO-FRT 54) and approximately 40% of the mini-pools produce less then a quarter 

of the amount of ß-galactosidase produced by the CHO-FRT 54. 

Similar distribution patterns for the distribution of cell productivity were previously 

reported from external studies (Liu et al. 2014; Porter et al. 2010)) and in previous 

observations in the Dickson laboratory (Page 2012). These studies did differ in terms 

of the percentages of cells that expressed half and a quarter of the amount of protein 

expressed compared the highest producer mini-pool. Although the CHO mini-pool 

used (and the selection process and product) is different in the current study from 

those previously reported, all the highlighted studies exhibited only a small 

percentage of cell lines that revealed a high expressing phenotype. In CHO-S 

transfected to express a model Ig4 antibody, Page (2012) generated a profile in 

which approximately 90% of the selected cell lines expressed less then a quarter of 

the high expressing selected cell line (Page 2012). 

Figure 3.7 correlates the ß-galactosidase activity of the CHO-FRT mini-pools in 

adherent and suspension stages. No direct correlation between the ß-

galactoasidase activities is observed between these two stages of these mini-pools. 

This lack of correlation can be observed with a change of profile of CHO-FRT 46 

from the highest CHO-FRT expressing mini-pool in adherent stage (Section 3.2.2.1) 

to a relative medium expressing mini-pools when cultured in suspension (Figure 

3.6). Similar results were observed by Porter et al (2010) in a study that tracked the 

productivity of the Top 10 high expressing cell lines during GS selection and cell line 

amplification (Porter et al. 2010). Porter et al (2010) observed that the cell lines that 

were ranked as high expressing cells at suspension stage were marked as medium 

and poor expressing cells at the previous stages of cell line development (Porter et 

al. 2010). The author suggested that the main differences observed are due to 

differences of environment of which cells are cultured. For instance, Porter et al 

2010 observed that the biggest changes in the cell ranking occurred when the 

environment of culture or culture method were drastically changed from adherent to 

suspension culture and also when cells were analysed in suspension cultured with 

and without feed (Porter et al. 2010). It is possible that these shifts of environment 
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interfere on the cell genome and epigenetic environment leading to possible 

genomic instability and consequently gene silencing.   
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Figure 3.6. ß-galactosidase activity in suspension adapted CHO-FRT mini-pools. 
The ß-galactosidase analysis was performed as described in Section 2.5. A 1.5 

ml mid-exponential culture sample (day 4) of each CHO-FRT mini-pool was harvested as 

described in Section 2.5.1 and the total protein of each lysate was quantified as described in 

Section 2.5.2. The ß-galactosidase assay was performed as described in Section 2.5.3 and 

the ß-galactosidase activity of each CHO-FRT mini-pool was calculated as U per µg of total 

protein of lysate.  
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Figure 3.7. Correlation between the ß-galactosidase activity of mini-pools at adherent 
and suspension stages. 
Adherent CHO-FRT ß-galactosidase activity (Section 3.3.1) was plotted against the ß-

galactosidase activity of the same mini-pool adapted to suspension culture (Section 3.3.2), A- 

U/cell vs U/cell; B- U/cell vs U/cell; protein. R2 – correlation coefficient. 
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3.2.3. Characterisation of the growth of CHO-FRT mini-pools  

CHO-FRT mini-pool growth patterns in batch culture showed the same 4 stage 

profile observed for CHO-S cell line. Figure 3.9 shows that, as was observed for the 

distribution of ß-galactoasidase activity, the growth characteristics of CHO-FRT mini-

pools varied from mini-pool to mini-pool. Most of the mini-pools had a similar or 

higher growth rate than the CHO-S cell line (Table 3.2), and CHO-FRT mini-pools 

achieved a range of maximum cell density from 5 x106-13x106 cell/ml. For four of the 

CHO-FRT mini-pools (CHO-FRT 1, 42 108 and 119) the maximum cell density was 

50% less than that observed for CHO-S, ranging from 1.6-2.8x106 cell/ml (Table 

3.2).  

Such variability has been previously reported in NS0 myeloma and CHO cells 

(Barnes et al. 2006; Kim et al. 1998). Both studies analysed clone variability of 

selected cells after limiting dilution cloning and observed that even after two or three 

rounds of limiting dilution cloning the variability of the growth properties in the 

selected cell lines was considerably greater in both expression systems. These 

authors proposed that although such variability could be due to a metabolic burden 

upon the cells associated with production of recombinant protein, it might also have 

been caused by genomic differences between cell lines due to the different gene 

integration locus or to a natural phenotype drift in culture (Barnes et al. 2006; Kim et 

al. 1998). 
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Figure 3.8. Batch culture analysis of CHO-FRTmini-pools.  
CHO-FRT mini-pool batch culture analysis was performed as described in Section 2.4.5. 

Each CHO-FRT mini-pool was cultured with an initial cell density of 0.2x106 cell/ml and cell 

density was measured daily as described in Section 2.4.3. (       CHO-FRT;         CHO-S) 
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Table 3.1 CHO-FRT cell growth rate and maximum cell density 
CHO-FRT mini-pool batch culture analysis was performed as described in Section 2.4.5. The 

growth rate of each mini-pool was calculated as described in Section 2.4.6. Maximum cell 

density is the highest viable cell density achieved by each CHO-FRT during batch culture 

(Section 2.4.4). 

 

 

  

CHO-FRT 1 2 5 8 12 22 24 26 27 37 38 40 42 43 46 50 54 65 81 93 108 113 CHO-S 

log cell growth rate 0.23 0.38 0.20 0.31 0.31 0.27 0.31 0.25 0.33 0.27 0.31 0.28 0.17 0.36 0.31 0.31 0.27 0.34 0.28 0.31 0.22 0.15 0.25 

Maximum cell density 
(106 cell/ml) 2.8 9.6 11.6 11.6 5.1 4.8 10.0 7.0 9.2 7.2 8.2 7.6 1.9 11.2 7.2 13.2 7.2 7.6 4.8 11.0 3.4 3.9 9.0 
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3.2.4. Correlation between ß-galactosidase activity and cell growth rate 
of CHO-FRT mini-pools  

This section describes the ß-galactosidase activity and growth properties of CHO-

FRT mini-pools analysed in Sections 3.4 and 3.5.2. The ultimate objective of this 

analysis is to allow a rational decision of which CHO-FRT mini-pools to be used on 

the study described in Section 3.3.  

Figure 3.9 exhibits the correlation between ß-galactosidase activity and growth rate 

of CHO-FRT mini-pools. No direct relationship was observed between these two 

characteristics. Most of the mini-pools express relatively low amounts of ß-

galactosidase varying slightly on the growth properties. However it is possible to 

identify six outliers mini-pools that can be grouped in three different pairs with similar 

phenotypes. CHO-FRT 54 and 38 (Figure 3.9 – green circle) have a high expression 

and medium cell growth rate phenotypes while oppositely CHO-FRT 42 and 113 

(Figure 3.9 – red circle) revealed a distinctive low growth/low expression profile. 

CHO-FRT 1 and 81 (Figure 3.9 – yellow circle) formed a third group of medium 

expression/medium growth mini-pool phenotype. These clusters have the only 

purpose to ease the selection of the cell to progress for the next stage of 

characterisation (Section 3.3).  By clustering these outliers mini-pools in similar 

groups it is possible to perform a more rational decision on which mini-pools to 

progress without losing to much phenotypic diversity observed at this stage.  
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Figure 3.9. ß-galactosidase expression and cell growth rate of CHO-FRT mini-pools. 
CHO-FRT ß-galactosidase activity (Section 3.4.2) was plotted against the growth rate of the 

mini-pool in batch culture (Section 2.5). Most of the cell express relatively low amounts of  ß-

galactosidase varying only on growth properties. Six mini-pools can be easily identified as 

outliers and grouped in three groups with different characteristics of ß-galactosidase 

expression and growth properties; (R2 – correlation coefficient;          High ß-galactosidase 

expressing mini-pools;       Medium ß-galactosidase expressing mini-pools;     Low ß-

galactosidase expressing and low cell growth mini-pools;    CHO-FRT 1;    CHO-FRT 2;    

CHO-FRT 5; ✕ CHO-FRT 8;    CHO-FRT 12;    CHO-FRT 22; + CHO-FRT 24;    CHO-FRT 

26;   CHO-FRT 27;    CHO-FRT 37;    CHO-FRT 38;  ✕ CHO-FRT 40;    CHO-FRT 42;    

CHO-FRT43; + CHO-FRT 46;   CHO-FRT 50;    CHO-FRT 54;      CHO-FRT 65;     CHO-FRT 

81;  ✕ CHO-FRT 93;     CHO-FRT108;     CHO-FRT113) 
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3.3. Long-term stability of selected CHO-FRT mini-pools  

This Section describes the stability of CHO-FRT mini-pools during a long-term 

culture study where the mini-pools were continuously cultured throughout a period of 

67 days (Section 2.5.3.1). To identify possible phenotype drifts, several 

characteristics of CHO-FRT such as, growth properties (Section 3.3.2) and ß-

galactosidase activity (Section 3.3.3), gene copy number and mRNA (Section 3.3.4) 

of CHO-FRT were analysed over the period of culture. During this Section, the terms 

“early stage” and “late stage” will be used to refer to cells of the same mini-pool but 

analysed before and after, respectively, the long-term stability study. Also, although 

in this Section different cell characteristics are evaluated during the stability study, 

the expression “stable mini-pool” will be used to refer to cells that retain >70% of 

their initial protein expression during prolonged culture (Bailey et al. 2012). 

Due to the technical challenges of performing a long-term culture study with all the 

CHO-FRT mini-pools, based on the analysis of Section 3.2.4, ten CHO-FRT mini-

pools (CHO-FRT 1, 5, 22, 43, 46, 50, 54, 65, 81 and 108) were selected for stability 

characterisation. This selection of mini-pools of different phenotypes was undertaken 

in order to maximise the heterogeneity of the mini-pools used and minimise the risk 

of missing mini-pools representative of particular phenotypes. However, despite 

representing a very distinctive outlier phenotype (Figure 3.9) due to their 

considerably poor expression and growth characteristics CHO-FRT 42 and 113 were 

not selected for this study. 

 

3.3.1. CHO-FRT long-term viable cell density 

Figure 3.10 shows the viable cell density of CHO-FRT mini-pools at day 4 of culture 

during the long-term culture study. The Figure reveals that the number of viable cells 

in culture was maintained relatively constant in most of the mini-pools examined. 

Nevertheless, there was a considerable variability in growth of these mini-pools, with 

maximal achievable cell densities varying between 4.5x106 cell/ml for CHO-FRT 1 

and 9.0x106 cell/ml for CHO-FRT 50. Cell viability was maintained above 95% 

throughout study, except at day 39 (as commented upon below). 

At day 39 of culture it was necessary to perform an unscheduled passage due to a 

technical problem on the robotic system. During the night of the 38th day of culture, 

the robot shut down its shaking mechanism leaving the cells deposited on the 

bottom of the culture flasks for several hours. When the viable cell density was 
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measured, this had dropped to values between 1.0-2.0x106 cell /ml and so a 

decision was made to passage the cultures one day earlier that planned. Passaging 

the cells gave fresh medium to accelerate recovery from this potentially stressed 

situation and also to dilute dead cells in the culture, minimising the release of 

proteases and apoptotic factors that could affect the recovery process of the healthy 

cells (Goswami et al. 1999). 

Most of the mini-pools took at least 8 days to recover from this incident. CHO-FRT 1 

took 12 days for cell density and cell viability to return to healthy levels, whereas 

CHO-FRT 5 took 4 days to fully recover. As previously discussed in Section 3.2.4, 

CHO cell lines have a variability of cell phenotypes in their cell population with 

different productivity and cell growth properties (Barnes et al. 2006; Davies et al. 

2013; Kim et al. 2001; Kim et al. 1998). It is possible that in a process similar to the 

“natural selection”, the cells that survived this event had a more robust phenotype, 

associated with more rapid growth and, consequently this event could have changed 

many features of the overall population of cell lines. Based on these facts, a possible 

explanation for the significant phenotype change in CHO-FRT 5 is that perhaps the 

initial heterogeneity of cell population in this mini-pool was considerably greater 

compared to the others CHO-FRT. A greater heterogeneity gives a greater pool of 

cells, increasing the possibility of the existence of more rapidly growing cells that 

were selected by this event. 

On day 16 of culture the robot also had a technical failure that did not allow the robot 

arm to work, so on that day, CHO-FRT cells were passaged manually. The incident 

was minor and did not have any influence on the cell behaviour and phenotype. 

Although these incidents may have introduced stress factors that were not 

envisaged in the original long-term stability study, the results obtained in this study 

are still valid as the incidents were consistent to all the mini-pools.  
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Figure 3.10. CHO-FRT viable cell density variation during long-term culture. 
CHO-FRT mini-pools were cultured for a period of 67 days as described in Section 2.6. Each 

CHO-FRT mini-pool was cultured at an initial cell density of 0.2x106 cell/ml and passaged 

with a four day period regime using a robotic system; Values are means ± Range (n=2). (     

Viable cell density;      Cell viability) 
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3.3.2. Characterisation of the growth of CHO-FRT mini-pools at early and 
late stages 

Figure 3.11 shows growth profiles obtained in batch culture of CHO-FRT mini-pools 

assessed early and late in continuous culture. All the CHO-FRT mini-pools revealed 

an batch culture of 8 days similar to that observed for CHO-S, with the exception of 

CHO-FRT 54 analysed at early stages that had a batch culture of 9 days. Also, all 

CHO-FRT mini-pools revealed a similar viable cell density profile in batch culture 

(Figure 3.11). Due to a technical problem with the robotic system used, it was not 

possible to count the viable cell density of the 6th day of culture during the early 

batch culture analysis.  

Nevertheless, CHO FRT mini-pools showed a general increase of growth rate, an 

effect that was more noticeable in CHO-FRT 1, 22 and 46 where an increase greater 

than 0.1 d-1 was observed (Table 3.3). This general increase of growth rate was also 

observed by Kim et al (1998) in a study that described the stability of CHO-DG44 

clonally derived cell lines expressing a chimeric antibody (Kim et al.1998). 
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Figure 3.11. Batch culture properties of CHO-FRT mini-pools at early and late stages. 
CHO-FRT mini-pool batch culture analysis was performed as described in Section 2.6. CHO-

FRT cells were cultured in the Sonata robotic system and seeded with an initial cell density of 

0.2x106 cell/ml. Cell density and cell culture viability was measured daily as described in 

Section 2.6; Values are mean ± Range (n=2) (Viable cell density:    Early stage;     Late stage. 

Cell viability;    Early stage;      Late stage) 
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Table 3.2 CHO-FRT cell growth rate and maximum cell viable density at early and late 
stages. 
Early and Late CHO-FRT mini-pools batch culture analyses were performed as described in 

Section 2.6. The growth rate of each mini-pool was calculated as described in Section 2.4.6. 

Maximum cell density is the highest viable cell density achieved by each CHO-FRT during 

batch culture (Section 2.6). Values are average (n=2) 

 

 

 

  

CHO-FRT 1 5 22 43 46 50 54 65 81 108 

Early 
stage 

Log cell growth rate 
(day 2-5) 0.24 0.33 0.24 0.29 0.25 0.30 0.26 0.23 0.20 0.25 

Maximum cell density 
(106 cell/ml)  5.93 9.71 11.67 11.41 9.94 12.32 7.99 7.27 5.96 8.31 

Late 
stage 

Log cell growth rate 
(day 2-5)  0.31 0.37 0.36 0.35 0.38 0.36 0.32 0.30 0.28 0.33 

Maximum cell density 
(106 cell/ml)  5.55 13.15 12.36 10.31 13.25 11.81 8.69 7.22 5.92 9.16 
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3.3.3. CHO-FRT ß-galactosidase expression, gene copy number and 
mRNA stability 

Figure 3.12-A, reveals the stability profile of CHO-FRT mini-pools in relation to ß-

galactosidase expression. The results obtained for CHO-FRT mini-pools revealed 

that most of the CHO-FRT mini-pools analysed have a stable profile with the 

exception of CHO FRT 1, 22 and 81 that had an unstable profile with a drop greater 

than 40% of ß-galactosidase expression.  

The majority of studies that analyse and describe protein expression stability report a 

greater proportion of instable cell lines between similar cell lines (Chusainow et al. 

2009; Fann et al. 2000; Jun et al. 2006; Kim et al. 1998). There are considerable 

differences in the system used in this study compared to other reports. In this study 

a non-secreted small protein was used as a gene reporter and its transcription is 

regulated by the SV40 promoter, while other reports used antibodies or other 

complex and secreted proteins under the influence of CMV promoter. The use of a 

weaker promoter in the current study, one that is less sensitive to methylation and 

transcriptional silencing (Ho et al. 2015) with a small, simple non-secreted protein, is 

felt to decrease possible complications from translation and secretory processes that 

could have an influence on the overall cell line stability. In addition the use of the 

robotic system improved the quality of cell culture handling, and had been verified to 

produce close reproducibility between replicate flasks. 

Based on the results obtained with ß-galactosidase enzyme activity, the number of 

CHO-FRT mini-pools subsequently analysed in terms of gene copy number and 

mRNA was limited due to the technical challenges that arise with both techniques 

when dealing with a high number of samples. To make sure that all the different cell 

phenotypes were analysed, six CHO-FRT mini-pools were selected covering the 

three different phenotypes based on their stability of ß-galactosidase activities 

(Figure 3.12-A). Two unstable mini-pools (CHO-FRT 1 and 22) were selected as well 

four stable mini-pools, two high producing mini-pools (CHO-FRT 54 and 108) and 

two low producing mini-pools (CHO FRT 5 and 50). 

Figures 3.12-B and 3.12-C show, that contrary of what was observed during protein 

expression analysis, gene-copy number and mRNA were maintained for most of 

CHO-FRT mini-pools with the exception of CHO-FRT 54 (defined as high producing 

and stable for ß-galactosidase activity). 

CHO-FRT 1 and 22, had an unstable profile at the level of ß-galactosidase protein 

expression, but both mini-pools were stable as assessed by gene-copy number and 
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mRNA. Therefore, since no instability was observed in both genomic and 

transcription stages and the protein that is used as reporter agent is a non-secreted 

ß-galactosidase, is possible to propose that the instability observed in this two mini-

pools can either occur during the translation process or due an increase of protein 

degradation in later stages of the mini-pools. 

In contrast, CHO-FRT 54 revealed an unstable profile at recombinant gene copy 

number with a loss of recombinant mRNA present in this mini-pool. Despite this 

recombinant gene loss, the CHO-FRT 54 mini-pool maintained protein expression 

during long-term culture. Since the same amount of protein activity was detected 

despite the decrease of mRNA it is possible to suggest that in early stages of this 

mini-pool, translation was the limiting factor that limited greater ß-galactosidase 

expression. 
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Figure 3.12. Early and Late stage analysis of ß-galactosidase activity, gene copy 
number and mRNA in CHO-FRT mini-pools. 
The ß-galactosidase activity (A) analysis was performed as described in 

Sections 2.5. A day 4 batch culture sample was harvested as described in Section 2.5.1 

and the total protein of each lysate was quantified as described in Section 2.5.2. The ß-

galactosidase assay was performed as described in Section 2.5.3 and the ß-galactosidase 

activity of each CHO-FRT mini-pool was calculated U per µg of total protein of lysate; The ß-

galactosidase gene copy number (B) and mRNA (C) analysis was performed as 

described in Section 2.6 an 2.7. A culture sample from day 4 of batch culture was 

harvested as described in Section 2.6.1 and genomic DNA and total mRNA were extracted as 

described in Sections 2.6.2 and 2.7.1. Gene copy number and mRNA quantification were 

performed by qPCR as described in Sections 2.6.3 and 2.7.2. Values are mean ± Range 

(n=2) (    Early stage;     Late stage) 
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3.3.4. Correlation between ß-galactoaisdase activity, gene copy number 
and mRNA in early and late CHO-FRT mini-pools  

This Section addresses the correlations between ß-galactosidase activity, gene copy 

number and mRNA at early and late stages of the CHO-FRT mini-pools analysed in 

Sections 3.3.4. The main objective of these correlations was to identify differences 

and similarities of stability phenotypes of the CHO-FRT mini-pools. 

Figure 3.13-A relates the ß-galactosidase activity with the ß-galactosidase gene 

copy number in both early and late stages of CHO-FRT mini-pools but showed no 

correlation between activity and gene copy number. This has been previously 

observed in the Dickson laboratory (Betts and Dickson 2015). This study observed 

no direct correlation between the number of recombinant gene copies and the 

recombinant protein expression when expressing GFP and EPO in CHO-K1, CHO-S 

and CHO-DG44 cell lines. However, the authors showed that when UCOEs were 

used, there was a good correlation between gene copy and expression of 

recombinant protein (Betts and Dickson 2015). 

In contrast a good correlation was observed between ß-galactosidase activity and 

mRNA (Figure 3.13-B) despite a lack of correlation between ß-galactosidase gene-

copy number and mRNA (Figure3.13-C).  Similar observations were reported by 

Betts and Dickson (2015) when expressing GFP in CHO-DG44 cells (Betts and 

Dickson 2015). The authors observed that despite a lack of correlation between 

protein production and gene copy number, there was a good correlation between 

mRNA and the amount of protein produced (Betts and Dickson 2015). The 

combination of the observations made in this study with the results described by 

Betts and Dickson (2015) suggest that the genomic locus and the influence of its 

environment on the recombinant gene have a pivotal influence on the overall cell line 

productivity (Betts and Dickson 2015). 
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Figure 3.13. Correlation between ß-galactosidase activity, gene copy number and 
mRNA stability in CHO-FRT mini-pools. 
ß-galactosidase expression for each CHO-FRT mini-pool (Section 3.7.3) were plotted against 

the ß-galactosidase gene copy number (A) and mRNA (B) stability results (Section 3.7.4). 

Numbers against symbols indicate a specific mini-pool. ß-galactosidase gene copy number 

and mRNA stability results were also compared (C); R2 – correlation coefficient. (     Early 

stage;     Late stage) 
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3.4. Discussion  

The first objective of this Chapter was to generate a set of CHO cell lines that enable 

the integration of different recombinant promoters and/or genes into cell line-specific 

genomic locations. The results described in Section 3.2 revealed that this objective 

was achieved as twenty-two CHO-FRT mini-pools containing FRT and ß-

galactosidase sequences in their genome were generated. These CHO-FRT were 

generated by stable integration of sequences of the vector pFRT/LacZeo vector (that 

encodes ß-galactosidase gene, as gene reporter, and a FRT sequence) into the 

genome of CHO-S cells. The integration of FRT sequences offers the possibility of 

integration, in a site-directed manner, of different recombinant promoters and/or 

genes to pre-determined genomic locus.  

The CHO-FRT mini-pools generated had considerably different phenotypes. 

Although the nature of the selection method does not confer a single-clone 

characteristic to the cell line, the low heterogeneity origin of these mini-pools, awards 

distinctive phenotypical characteristics to each mini-pool generated (Wolfel et al 

2013). The majority of the selected mini-pools had good growth properties when 

compared to the CHO-S host cell line (Section 3.2.4). Most of the mini-pools 

expressed ß-galactosidase relatively poorly (Section 3.2.3). Nevertheless, a 

heterogeneous population of mini-pools with different growth properties and ß-

galactosidase expression was obtained. When both characteristics were related 

(Section 2.3.5), it was possible to observed the formation of a major population of 

mini-pools with similar poor ß-galactosidase expression but slightly varying on their 

growth properties. Besides this major group of cells, three pairs of outliers mini-pools 

were observed with two pairs having medium and high ß-galactosidase expression 

characteristics and the third pair with very poor expressing and growing phenotype.  

In addition to generation of CHO-FRT mini-pools, a second objective of this Chapter 

was to characterise the stability profile of these mini-pools during a long-term culture. 

As the main intention of these mini-pools is to be used as host cells for the study of 

the stability of recombinant promoters, it was imperative to characterise the stability 

of CHO-FRT mini-pools before inserting any promoter and/or gene. 

The results in Section 3.3 show that this objective was achieved as a full 

characterisation of different parameter of the CHO-FRT mini-pools was performed 

during long-term culture. In terms of ß-galactosidase activity, most of the CHO-FRT 

mini-pools revealed a stable expression profile, with the exception of three mini-pools 

that showed a drop of ß-galactosidase activity greater than 30% (Section 3.3.4). As 
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discussed in Section 3.3.4, the CHO-FRT that revealed an unstable profile did not 

show any loss in both recombinant gene-copy number and mRNA. Since a decrease 

of protein production occurred without a loss of recombinant gene and mRNA, it was 

proposed that, for these mini-pools, instability occurred either due to a change at a 

mRNA translation process or due to an increase in rates of protein degradation. 

CHO-FRT mini-pools showed a good correlation between the ß-galactosidase 

activity and ß-galactosidase mRNA present in their cell (Section 3.3.5). On the other 

hand, in these cells, no correlation between ß-galactosidase activity and gene copy 

number and between ß-galactosidase gene-copy number and mRNA was observe 

(Section 3.3.5). 

From the results described in Section 3.3 it is possible to conclude that the final goal 

of this Chapter was also achieved as four CHO-FRT mini-pools with different 

phenotypes and stability profiles were selected to be used in experiments to be 

described in Chapters 4 and 5 (CHO-FRT 108 [good expressing/stable mini-pool]; 

CHO-FRT 1 [poor expressing/unstable mini-pool]; CHO-FRT 22 [medium-good 

expressing/highly unstable mini-pool]; CHO-FRT 54 [medium-good expressing/stable 

mini-pool]). 

Despite the fact that both objectives for this Chapter were achieved, this mini-pools 

will introduce a caveat for further studies. None of the CHO-FRT cell generated has 

just a single FRT site in its genome. Ideally, in Chapter 4 and 5, more than one CHO-

FRT mini-pools containing one FRT sequence should be used. The existence of 

more than one FRT sequence in the CHO-FRT mini-pools, means that when a site-

directed is used to target genes to the FRT sites, the population of cells that will be 

selected will be heterogeneous. This heterogeneity occurs due to the inefficiency of 

the FRT site-integration method used and also due to the selection process that does 

guarantee that all the FRT sites of the cell are integrated. This possibility had been 

expected and, in an attempt to minimise it, a limited amount of DNA was used in 

transfections when generating the CHO-FRT mini-pools. Yet, due to the nature of the 

transfection process and the selection methodology used, all the mini-pools 

generated have more than one gene copy.  

Although the presence of a possible heterogeneous population can influence the 

results described in Chapters 4 and 5, CHO-FRT mini-pools can still be used to study 

the transcriptional activity and stability of recombinant promoters. For instance, the 

non-random integration of the second recombinant promoter that will be studied 

results that although heterogeneous, the heterogeneity of the cells obtained is limited 
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compared to random integration as the amount of FRT sites is also limited in each of 

the CHO-FRT sites. Furthermore, Chapter 4 and 5 uses fluorescent proteins as 

second gene reporters. By using cell sorting selection methods, it is possible to 

select specific sub-populations of the pool of selected cell and study the expression 

behaviour of those sub-populations when different promoters are used. This strategy 

will be further described and discussed in Chapter 4. 
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Chapter 4. The influence of SV40 and 

CMV promoters on the long-term 

recombinant protein expression in 

CHO cells 
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The main goal of this Chapter is to describe a methodology that can be used to 

study the influence and the behaviour of recombinant promoters on the stability of 

recombinant protein expression in CHO cell lines. Ideally, to understand the impact 

of the promoter on the stability of recombinant gene expression, the promoters used 

should be in the same genomic environment. In an attempt to achieve similar 

genomic environment, fluorescent proteins (GFP and YFP) under the influence of 

two promoters (SV40 and CMV), within a common expression cassette, have been 

integrated (in a site-directed manner to the FRT sites) into the genome of CHO-FRT 

mini-pools generated in this study (Chapter 3).  

SV40 and CMV promoters are commonly used for the expression of recombinant 

proteins in mammalian systems and have been extensively characterised (Foecking 

and Hofstetter 1986; Ho et al. 2015; Zarrin et al. 1999). Also, fluorescent proteins 

have been widely used to screen and evaluate relative promoter strength in different 

cellular systems (Alper et al. 2005; Chalfie et al. 1994; Lissemore et al. 2000). By 

using two of the major well-characterised recombinant promoters (in combination 

with fluorescent proteins which offer convenient expression screening) this Chapter 

also aims to validate the methodology used as a general protocol that could be 

extended to study and characterise the activity and stability of novel synthetic 

promoters for use in CHO cells. 

The main process used to screen and characterise novel and synthetic recombinant 

promoters is via transient transfection (Brown et al. 2014) or stable integrative 

transfections (Mariati et al. 2014a). However, both processes cannot accurately 

characterise recombinant promoters. Transient expression is a methodology that 

gives a quick output of relative promoter strength, but does not consider the genomic 

environment that can influence the activity and stability of the promoter. On the other 

hand, stable integrative expression can characterise both the activity and stability of 

recombinant promoter expression. Nevertheless, due to the fact that recombinant 

promoters are generally randomly integrated, the genomic environment that 

influences each promoter varies, limiting true comparisons of different promoters. 

The work describes in this chapter attempts to show an alternative characterisation 

method that uses the CHO-FRT mini-pools developed in the work described in 

Chapter 3 and the FRT site-direct integration methods. As discussed in Section 3.4, 

the CHO-FRT mini-pools have some caveats that make them not the ideal cells to 

be used for these types of comparative studies. The presence of multiple gene FRT 

sites, the inefficiency of the FRT-site directed integration process and the mini-pool 

origin of this cells, possibly introduces heterogeneity of genomic environments that 
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influences the activity recombinant promoters and the heterogeneity of phenotypes 

in the overall cell culture population.  

However, because site direct-integration methods are used for the integration of the 

recombinant promoters, the heterogeneity of genomic environments of the polyclonal 

populations observed is limited. This limited number of FRT sequence, specially in 

mini-pools with low FRT sites such as CHO-FRT 1, possibly diminished the influence 

of a totally random integration. Although not ideal, this possible limited heterogeneity 

can represent a small improvement of the currents methods used to characterise 

and compare the activity of stably integrated recombinant promoters. 

Figure 4.1 shows a flow chart of the structure of this Chapter. Two linked but 

independent studies where undertaken to measure the expression of GFP (Section 

4.1) and YFP (Section 4.2) under the control of SV40 and CMV promoters during a 

long-term culture period. The study described in Section 4.1 was initially performed 

and solely looked to the expression of GFP under the influence of the two 

recombinant promoters on polyclonal populations. Because the results of this 

analysis of the polyclonal population were not conclusive, based on the results 

obtained, the study described in Section 4.2 was performed to analyse and compare 

the expression of recombinant proteins between polyclonal population and in a high 

expressing sub-population of the polyclonal cell line. For this second study new 

polyclonal cell lines were generated expressing YFP, which gene construct also 

contained an MS2 loop mRNA tag. This MS2 mRNA tag was introduced in this cell 

lines to allow similar fluorescent microscopic studies to the ones described in 

Chapter 5 if a full methodology had been developed. Finally, based on the two 

previous sections, Section 4.3 characterises and discusses the influence of SV40 

and CMV promoters on the recombinant expression profile during log-term culture. 

Throughout this Chapter the terminology “SV40-GFP”, “CMV-GFP”, “SV40-YFP” and 

“CMV-YFP” will be used as abbreviations to define the expression of the fluorescent 

proteins (GFP or YFP) under the influence of the defined recombinant promoter 

(SV40 or CMV). These abbreviations can also be preceded by the abbreviation 

“CHO” and/or followed by the numbers 1, 22, 54 and 108 (e.g. CHO-SV40-YFP, 

SV40-YFP 108 or CHO-SV40-YFP 108) which refer to the analyses of the 

recombinant promoter/fluorescence protein combination integrated in a specific 

CHO-FRT mini-pool (Section 3.3).  
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Figure 4.1. Overview of the strategy used to characterise SV40 and CMV promoter 
activity.  
This Figure illustrates the sequence of steps used in this study to characterise SV40 and 

CMV promoters using CHO-FRT mini-pools. 
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4.1 Expression of GFP in CHO-SV40-GFP and CHO-CMV-GFP 
polyclonal cell lines 

This Section describes the initially work that was undertaken to study the expression 

of recombinant proteins under the influence of SV40 and CMV promoters using GFP 

as a reporter protein. CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell lines 

were generated by site-directed integration of pS/FRT-GFP and pcDNA5/FRT-GFP 

vectors (Section 2.3), into the FRT sites existent in CHO-FRT mini-pools. Firstly, this 

section analyses the SV40-GFP and CMV-GFP expression in CHO-FRT 1, 22, 54 

and 108 mini-pools (Section 4.1.1). After this early GFP expression analysis, the 

GFP expression in CHO-SV40-GFP 1, CHO-CMV-GFP 1, CHO-SV40-GFP 108 and 

CHO-CMV-GFP 108 was analysed during a long-term culture (Section 4.1.2) in an 

attempt to characterise the stability of SV40 and CMV promoters in these cell lines. 

Because the results of this section were not conclusive due to the fact that only 

relate to one transfection event, a second similar experiment was designed in 

Section 4.2. Nevertheless, the results obtained on the Section 4.1 were essential for 

the design of the experiments of Section 4.2, where recombinant expression was not 

only analysed in polyclonal populations but also in high expressing sub-populations 

of the polyclonal cell lines (Section 4.2).  

 

4.1.1. Analysis of GFP expression in CHO-SV40-GFP and CHO-CMV-GFP 
polyclonal cell lines 

Figure 4.2 and 4.3 shows the flow cytometry histograms of CHO-SV40-GFP (Figure 

4.2) and CHO-CMV-GFP (Figure 4.3) polyclonal cell lines at the first and second 

culture passage after cell line selection (Section 2.6.1). Figure 4.4 shows GFP 

expression for CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell lines (Figure 

4.4-A) and the quantification of GFP expression population in both CHO-SV40-GFP 

and CHO-CMV-GFP polyclonal cell lines (Figure 4.4-B) analysed in Figures 4.2 and 

4.3.  

The use of flow cytometry in this study brings an advantage to understanding the 

dynamics of recombinant expression in a cell line. This technique not only allows the 

quantification of the overall cell line protein expression but can also show the 

heterogeneity of the cell population. Other quantitative methods, such as western 

blot, ELISA or enzymatic assays, only measure the overall protein expression by the 
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cell population, offering limited assessment of the possible existence of non-

expressing cells or cells with differing specific productivities. 

In a flow cytometry histogram, the analysis of the distribution of the cell population 

along the GFP fluorescence axis (x axis) reflects the heterogeneity of the cell 

population. In addition, the height of these histograms (y axis) illustrates the relative 

number of cells that have a particular GFP expression phenotype. Combining these 

two characteristics enables evaluate the GFP intensity of the GFP expressing 

population by calculating the median of the distribution of GFP expressing cells and 

the and an assessment of the heterogeneity of the cell population, by identification of 

the abundance of particular GFP expressing cell phenotypes within the 

heterogeneous cell population.  

CHO-SV40-GFP polyclonal cell lines had a very similar profile of GFP expression for 

all cell lines analysed. The CHO-SV40-GFP histograms showed the presence of a 

single GFP-expressing cell population with relative low heterogeneity (Figure 4.2). 

This low heterogeneity can be observed by the relatively narrow distribution of cells 

in this population. A minor non-expressing cell population was also observed in all 

cell lines, being more pronounced in CHO-SV40-GFP 22 cell line (Figure 4.2.B). 

Despite a similar pattern of cell line histograms, the CHO-SV40-GFP 108 cell line 

showed the highest GFP intensity whilst the lowest GFP intensity was observed in 

the CHO-SV40-GFP 22 cell line (Figure 4.4-A). For CHO-SV40-GFP 1 and 54 the 

quantification of GFP intensity revealed that both cell lines expressed similar 

amounts of GFP (Figure 4.4-A).  

After the first passage of CHO-SV40-GFP cell lines, the non-expressing GFP 

population disappeared in all the cell lines (Figure 4.2) that consequently led to an 

increase of GFP expressing population (Figure 4.4-B). Coupled with these 

observations, the GFP expressing population profile revealed a small shift of the 

main population towards higher GFP intensity (Figures 4.2) that reflected on a small 

increase of GFP expression in all CHO-SV40-GFP cell lines (Figure 4.4-A)  

In contrast, the flow cytometry histograms for CHO-CMV-GFP cell lines differed 

between cell lines with distinct profiles observed for each cell line (Figure 4.3). 

Compared to CHO-SV40-GFP polyclonal cell lines (Figure 4.2), CHO-CMV-GFP 

revealed a general increase of heterogeneity in the cell line, shown by an increase in 

cell distribution along the x axis in the histograms for these polyclonal cell lines 

(Figure 4.3). 
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The CHO-CMV-GFP 108 cell line had a relatively high GFP expression profile with 

little presence of non-expressing and low GFP-expressing cells (Figure 4.3-D). 

Consequently, CHO-CMV-GFP 108 revealed the highest GFP intensity (Figure 4.4-

A) and expressing population (90% of cells expressed GFP) (Figure 4.4-B). In 

contrast, CHO-CMV-GFP 22 cell line revealed a low-GFP expressing profile with 

only 20% of the cells expressing GFP (Figure 4.4-B). This fact underpins the overall 

low GFP intensity of this cell line (Figure 4.4-A).  

CHO-CMV-GFP 1 (Figure 4.3-A) and CHO-CMV-GFP 54 (Figure 4.3-C) showed the 

presence of a mixture of GFP-expressing and non-GFP-expressing cells. In both cell 

lines 70% of the cells were expressed GFP (Figure 4.4-B). Despite these data, the 

GFP intensity in CHO-CMV-GFP 1 was greater than CHO-CMV-GFP 54 (Figure 4.4-

A) showing that the GFP-expressing cells in CHO-CMV-GFP 1 cell line expressed 

greater amounts of GFP than the CHO-CMV-GFP 54 cell line. 

After the first passage, CHO-CMV-GFP 1 and CHO-CMV-GFP 108 revealed an 

increase of relatively high-expressing cells (Figure 4.3-A and D) that led to and 

increase of GFP intensity in both cell lines (Figure 4.4-A). In contrast, CHO-CMV-

GFP 22 and CHO-CMV-YGFP 54 (Figure 4.3- B and C) cell line maintained their 

GFP expressing population profile (Figure 4.4-B) and  GFP intensity (Figure 4.4-A). 

Some of the observations presented for the cell lines were not expected. For 

instance, because the expression of GFP is regulated by the SV40 promoters in the 

CHO-SV40-GFP polyclonal cell lines it was expected that these cell lines ranked 

similarly CHO-FRT mini-pools in Figure 3.13. Because CHO-FRT 1 was the mini-

pool in Section 3.3.4 that had the lower ß-galactosidase expressing profile it was 

expected that the GFP fluorescence in CHO-SV40-GFP 1 would be considerably 

lower than other CHO-SV40-GFP.  

Another unpredicted result was that CMV-GFP fluorescence was considerable lower 

than SV40-GFP fluorescence in CHO-FRT 1, 22 and 54 mini-pools. CMV promoter is 

described to be a considerably stronger promoter than SV40 (Foecking and 

Hofstetter 1986; Ho et al. 2015) and so it was expected that CMV-GFP fluorescence 

would be considerably greater than SV40-GFP fluorescence in all the CHO-FRT 

mini-pools. 

As the results observed in this Section are the outcome of one transfection, is 

possible that these unpredicted observations could be limited by a possible variation 

of transfection the site-directed integration process efficiency of each cell line. Due to 

this fact, further experiments were undertaken on the generation of the CHO-SV40-
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YFP and CHO-CMV-YFP polyclonal cell lines in the same manner that will be 

described in Section 4.2.1.  

Nevertheless, because at the time of experiment there was no predictability of the 

behaviour of the GFP expressing population in this cell lines, a full characterisation 

of the long-term expression of both SV40-GFP and CMV-GFP in CHO-FRT 1 and 

108 was performed. It was necessary to reduce the number of mini-pools used in 

this long-term characterisation due to the costs involved in this type of studies.  

CHO-FRT 1 and CHO-FRT 108 were chosen because both mini-pools revealed the 

greatest SV40-GFP and CMV-GFP expression, with expression being greater for 

both constructs in CHO-FRT 108. These initial observations were in accordance with 

the characterisation of CHO-FRT 1 and 108 (Chapter 3), where both mini-pools 

revealed different stability and gene copy number profiles. In Section 3.3, CHO-FRT 

1 was characterised as a low expressing, slightly unstable mini-pool with a low copy-

number, while CHO-FRT 108 was characterised as a high expressing stable mini-

pool with a considerable number of gene copies.   
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Figure 4.2. Flow cytometry histograms of CHO-SV40-GFP polyclonal cell lines.  
CHO-FRT mini-pools were transfected with pS/FRT-GFP vector and selected as described in 

Section 2.6.1. After selection, at the first and second passages of these cell lines, 1.0x106 

cells were harvested and re-suspended in 400 µl PBS and analysed in CYAN ADP flow 

cytometer, using a 488nm excitation laser (Section 2.6.1.3). Fluorescence data was acquired 

using a 530/30nm band-pass filter and cell line histograms were analysed using the FlowJo X 

10.0.7r2 (Section 2.6.1.3). The auto-fluorescence of the CHO-FRT mini-pool was measured 

in every experiment as a control for non-expressing cells and used to determine the positive 

GFP expressing population. A- CHO-SV40-GFP 1; B- CHO-SV40-GFP 22; C- CHO-SV40-

GFP 54; D- CHO-SV40-GFP 108. (        CHO-FRT;        1st passage;      2nd passage) 
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Figure 4.3. Flow cytometry histograms of CHO-CMV-GFP polyclonal cell lines.  
CHO-FRT mini-pools were transfected with pcDNA5/FRT-GFP vector and selected as 

described in Section 2.6.1. The resulting cells were treated and analysed similarly to figure 

4.2. (A- CHO-CMV-GFP 1; B- CHO-CMV-GFP 22; C- CHO-CMV-GFP 54; D- CHO-CMV-

GFP 108).(      CHO-FRT;     1st passage;      2nd passage) 
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Figure 4.4. Analysis of GFP expression and GFP expressing population in CHO-SV40-
GFP and CHO-CMV-GFP polyclonal cell lines. 
A- The GFP expression in each CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell line at 

the first and second passage of culture after selection. The GFP expression was calculated 

by measuring the median level of GFP fluorescence intensity (530/30 Log) of the GFP 

expressing population of the histograms in Figure 4.2. B- Quantification of the GFP 

expressing cells in each CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell line at the first 

and second passage of culture after selection. The percentage of the GFP expressing cells in 

each cell line was calculated using the Summit V4.3 software (Section 2.6.1.3) Data are 

mean ± SD (three technical replicates) (     SV40-GFP 1st Passage;      SV40-GFP 2nd 

Passage;     CMV-GFP 1st Passage;      CMV-GFP 2nd Passage) 
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4.1.2. SV40-GFP and CMV-GFP long-term expression in CHO-FRT mini-
pools 

Figure 4.5 shows the flow cytometry histograms obtained during long-term culture of 

polyclonal cell lines CHO-SV40-GFP 1 (Figure 4.5-A), CHO-SV40-GFP 108 (Figure 

4.5-B), CHO-CMV-GFP 1 (Figure 4.5-C) and CHO-SV40-GFP 108 (Figure 4.5-D). 

Similar to the analyses of the long-term culture of CHO-FRT mini-pools (Section 3.3), 

in this analysis the terms “early stage” and “late stage” are used to define the cell 

lines at the start (day 0) and at the end  (day 60), respectively, of long-term culture.  

In both CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell lines, the cell 

population profile was maintained during the period of culture with the presence of a 

stable GFP expressing population (Figure 4.5). For the CHO-CMV-GFP 1 polyclonal 

cell line (Figure 4.5-C) the small non-expressing population observed at day 0 and 

day 18 of culture was no longer detectable by day 32.  

The preservation of the cell population profiles of CHO-SV40-GFP and CHO-CMV-

GFP was reflected by the maintenance of GFP intensity during the period of culture 

(Figure 4.6-A). Based on the comparison of GFP expression at early and late stages, 

both CHO-SV40-GFP and CHO-CMV-GFP cell lines appeared to be stable as no 

decrease of GFP expression was observed (Figure 4.6-B).  

Several reports have shown a considerable loss of CMV-driven recombinant protein 

expression in CHO cells (Du et al. 2013; Kim et al. 2011; Mariati et al. 2014b; 

Osterlehner et al. 2011; Spencer et al. 2015; Williams et al. 2005). Furthermore, a 

direct comparison of expression of GFP under the control of SV40 and CMV 

promoters during long term culture has described SV40 as a stable promoter and 

CMV as an unstable promoter (Ho et al. 2015). Using a definition of stability that a 

stable cell line was one that maintained 70% of its initial expression (Bailey et al. 

2012), the authors described SV40 promoter as having a positive influence towards 

stable recombinant production (Ho et al. 2015). In contrast, the authors described 

CMV promoter as an unstable promoter as they observed a loss greater than 50% of 

initial expression. (Ho et al. 2015).  

From Figures 4.4 and 4.6 it is clear that CHO-SV40-GFP and CHO-CMV-GFP 

polyclonal cell lines do not reflect the expected relative differences of SV40 and 

CMV promoter strengths and stability (Ho et al. 2015). As the results are the 

outcome of one transfection, it is not possible to make absolute conclusions from the 

observations. This approach was repeated in Section 4.2 using YFP and 
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consequently, the reinforcement obtained form both studies allows a more detailed 

discussion will be further discussed in Sections 4.2.2 and 4.2.4 .  
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Figure 4.5. Flow cytometry histograms of CHO-SV40-GFP and CHO-CMV-GFP 
polyclonal cell lines over long-term culture.  

CHO-SV40-GFP 1 (A) and CHO-SV40-GFP 108 (B) polyclonal cell lines and CHO-CMV-

GFP 1 (C) and CHO-CMV-GFP 108 (D) polyclonal cell lines were continuously cultured for 

60 days as described in Section 2.6.1.4. At day 0, 18, 32, 46 and 60 of the long-term culture, 

a cell culture sample was harvested and 1.0x106 cells of cells were re-suspended in 400 µl of 

PBS. The re-suspended cells were analysed in CYAN ADP flow cytometer, using a 488nm 

excitation laser (Section 2.6.1.3) and fluorescence data was acquired using a 530/30nm 

bandpass filter. Cell line histograms were analysed using the FlowJo X 10.0.7r2 software 

(Section 2.6.1.3).(      CHO-FRT;        Day 0;       Day 18;        Day 32;      Day 46;       Day 60) 
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Figure 4.6. GFP expression in CHO-SV40-GFP and CHO-CMV-GFP polyclonal cell lines 
during long-term culture.  

CHO-SV40-GFP 1 (          ), CHO-SV40-GFP 108 (          ), CHO-CMV-GFP 1 (          ) and 

CHO-CMV-GFP 108 (          ) cell lines were continuously cultured for 60 days as described 

in Section 2.6.1.4. At day 0, 18, 32, 46 and 60 of the long-term culture, GFP fluorescence 

intensity of each cell line was analysed (A) in CYAN ADP flow cytometer (Section 2.6.1.3) 

and calculated by measuring the median of level of fluorescence (530/30 Log) using the 

Summit V4.3 software. To characterise the stability of each cell lines, the GFP fluorescence 

intensity at early and late stages (B) of the each cell line were compared. Data are mean ± 

Range (n=2) (    CHO-SV40-GFP early stage;    CHO-SV40-GFP late stage;   CHO-CMV-

GFP early stage;      CHO-CMV-GFP late stage) 
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4.2. Characterisation of the influence of SV40 and CMV 
promoters on the stability of YFP expression in CHO-SV40-
YFP and CHO-CMV-YFP polyclonal cell lines 

This Section characterises the influence of SV40 and CMV promoters on the stability 

of YFP expression in CHO-SV40-YFP and CHO-CMV-YFP cell lines. These cell lines 

were generated in the same manner as the CHO-SV40-GFP and CHO-CMV-GFP 

cell lines (Section 4.1). The only difference was that pS/FRT/MS2-YFP and 

pcDNA5/FRT/MS2-YFP vectors (Section 2.3) were used for the site-directed 

integration process.  

Firstly, this Section describes the selection by FACS of the top 10% high expressing 

population of CHO-SV40-YFP and CHO-CMV-YFP cell lines and compares the YFP 

expression in both polyclonal and top 10% cell lines (Section 4.2.2). Similar to the 

studies described in Section 4.1, the influence of the SV40 and CMV promoters in 

the stability of recombinant expression was characterised by measuring the 

expression SV40-YFP and CMV-YFP during long-term culture (Section 4.2.3).  

The top 10% cell lines were selected as an attempt to diminish the impact of possible 

site-directed integration inefficiency that can consequently lead to multiple cassette 

insertions due to the presence of multiple FRT site in CHO-FRT mini-pool. This 

second round of selection for high-expressing cells was based on three assumptions: 

(1) Since the Flp-In system was used YFP integration would not be a random 

process (Gronostajski and Sadowski 1985)  

(2) Due to inefficiency of the Flp-recombinase, site-directed integration would not be 

100% efficient for all the selected cells, but there would be cells in the polyclonal cell 

population with YFP integrated in all FRT sites (Buchholz et al. 1996);  

(3) Due to a limited number of FRT targets, the cells with higher YFP expression 

would have greater numbers of YFP integrations for each site.  

Based on these assumptions, by selecting the top 10% high expressing population in 

both polyclonal cell lines, the variability of cell genotypes should be diminished, as 

cells with similar high-expressing phenotype will probably have similar genotype 

composition. Furthermore, the use of FACS as a second selection method for high-

expressing cells has been successfully used to study CHO productivity and long-term 

recombinant stability (Du et al. 2013; Spencer et al. 2015; Tornøe et al. 2002). 
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Although this method to select for high expressing populations has been successfully 

used in previous studies, this method has some caveats. It is possible that a 

stringent selection threshold for high expressing cells not only improves the likelihood 

of isolating high producing cells but also for cells that do not have an intrinsic high 

expressing profile but are perturbed above steady state at the time of selection 

(Pilbrough et al 2009).  

To diminish the influence of the efficiency of the site-directed integration and to give 

statistical significance to the characterisation of both SV40 and CMV promoters, in 

this Section, two independent transfections were made to specifically integrate SV40-

YFP and CMV-YFP constructs in CHO-FRT 1 and CHO-FRT 108 mini-pools, 

generating two independent cell lines for each construct/cell line combination 

(Section 4.2.2). From each independent cell line, two biological replicates were 

generated leading to a total of four biological samples used for the characterisation of 

these promoters (Section 4.2.4). To help the comparison and analysis of the results, 

the two independent cell lines are named with a “.1” or “.2” after the name of the cell 

line that generated (e.g. CHO-CMV-YFP 108.1 and CHO-CMV-YFP 108.2). In this 

Section, the histograms shown for each independent cell line are from just one of the 

biological replicate as no notable differences of cell line histograms were observed 

between biological replicates. The biological replicates for each independent cell line 

can be found in Appendix 3. 

 

4.2.1. Characterisation of YFP expressing cell population in CHO-SV40-
YFP and CHO-CMV-YFP polyclonal and Top 10% cell lines 

Figure 4.7 shows the flow cytometry 530/30 Log vs Side scatter plots of CHO-SV40-

YFP and CHO-CMV-YFP cell lines from which the top 10% cell population was 

selected by FACS (Section 2.6.2.2). Figure 4.8 shows the resulting cytometry 

histograms after the polyclonal and top 10% selection of the same cell lines.  

Figures 4.7 and 4.8 appear to show different YFP expressing values for the same 

cell line. The fluorescent of the cells of the polyclonal cell lines and the top 10% sub-

population measures during cell sorting using BD FACS Aria does not correspond to 

the same values of the fluorescence of the same population in the BD Accuri due to 

differences in voltage used in both instruments. The voltage on the BD FACS Aria 

machine used was tuned in each sort shown in Figure 4.7 to ease the selection of 

the top 10% sub-population. On the other hand, BD Accuri analyser voltage is set-up 

by the manufacture, not allowing any cell line specific voltage tuning. Because the 
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voltage used during sorting was difference of the standard voltage of the BD Accuri 

analyser, the fluorescence values measured of the same cell lines are different in 

Figure 4.7 and 4.8.  

Similar to what was observed for the expression of SV40-GFP and CMV-GFP, the 

histograms in Figure 4.8 show that the SV40-YFP and CMV-YFP have different 

profiles of cell population from different CHO-FRT host cells.  

CHO-SV40-YFP 1.1 and CHO-SV40-YFP 1.2 revealed the biggest difference in YFP-

expressing population (Figure 4.8-A). Both CHO-SV40-YFP cell lines revealed well-

defined populations but with opposite characteristics. In CHO-SV40-YFP 1.1 the cells 

expressed medium amounts of YFP compared with CHO-SV40-YFP 1.2 that 

expressed high amounts of YFP. On the other hand, both CHO-SV40-YFP 108 cell 

lines revealed very similar profiles with a high heterogeneous population and an even 

distribution of cells expressing different amounts of YFP (Figure 4.8-B). 

CHO-CMV-YFP 1.1 and CHO-CMV-YFP 1.2 revealed different flow cytometry 

histogram profiles with CHO-CMV-YFP 1.1 showing a low/medium YFP-expressing 

phenotype population while CHO-CMV-YFP 1.2 displayed a more heterogeneous 

population with most of the cells displaying a non-YFP-expressing profile (Figure 4-8-

C). In CHO-CMV-YFP 108 polyclonal cell lines both CHO-CMV-YFP 108.1 and CHO-

CMV-YFP 108.2 revealed similar, low-expressing profiles (Figure 4.9-C). In this cell 

lines, with the main cell population concentrated in a very distinctive peak of 

relatively low or non-YFP-expressing cells.  

The variations of cell line distribution for these cell lines were not expected, 

especially as the same promoter/YFP cassette had been integrated in a site-directed 

manner. It is possible these variations could result from differences in efficiency of 

site-directed integration between different independent transfections. The Flp-

recombinase encoded in the vector pOG44 supplied in the Flp-In system has a 

mutation in the codon for amino acid 70 (changing from Phe to Leu) (Buchholz et al. 

1996). This mutation destabilises Flp-recombinase so that it is more sensitive to 

temperature, a feature that decreases Flp-recombinase activity at 37 ºC (Buchholz et 

al. 1996). Based on low Flp-recombinase activity combined with the fact that 

FreeStyle™ MAX efficiency in CHO-S cells is 60% (FreeStyle™ manual) is possible 

that overall site-directed integration efficiency was considerably low. A low efficiency 

in CHO-FRT mini-pools, that have more than one FRT site, will likely lead to a high 

variability of cells with different amounts of YFP integrated in different locations in the 

polyclonal cell population. 
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Furthermore, variability of cell line histogram profiles from the same combination of 

promoter/fluorescence protein have also been observed for HEK293 and CHO cells 

by Eyquem et al (2013) and Tornøe et al (2002), respectively (Eyquem et al. 2013; 

Tornøe et al. 2002). Eyquem and colleagues studied GFP expression in HEK-293 

cells under the influence of two recombinant promoters (spleen focus forming virus – 

SFFV; eukaryotic elongation factor 1 alpha with the first intron - EEF1A1+intron) in 

specific genomic locations (SH6, FUT8, or DMD21 locus) that had been targeted 

using meganuclease (Eyquem et al 2013). In that study, the authors observed that 

the cell histogram profiles were dependent on the genomic locus/promoter 

combination, with the same promoter leading to different expression of GFP in 

different loci and also different promoters. The authors also observed that the 

insertion of more than one GFP gene copy in the same locus could influence the 

histogram profile (Eyquem et al. 2013). As CHO-FRT 1 and CHO-FRT 108 mini-

pools have more than one FRT site and possibly more than one gene copy per locus, 

it can be suggested that the high variability observed of cell phenotypes in these cells 

was a result of similar factors coupled with the multitude of different gene copy 

numbers/genomic locus combinations in the cells of the CHO-SV40-YFP polyclonal 

cell lines. 

Another study, using site-directed integration in a CHO Flp-In cell line to evaluate the 

activity of synthetic promoters, showed that differences in cell line histograms can be 

observed between independent transfections (Tornøe et al. 2002). The differences 

reported by the authors were minor compared to the ones reported in this Section. 

However, Tornøe et al (2002) observed minor differences after two rounds of FACS 

selection for the top 10% high expressers (Tornøe et al. 2002), highlighting the 

strong influence of the variability of the site-directed integration efficiency in these 

observations. 

The flow cytometry histograms obtained for the CHO-SV40-YFP and CHO-CMV-YFP 

Top 10% cell lines exhibited very similar profiles. All these cell lines showed a well-

defined population of relatively high expressing cells. However, in both CHO-SV40-

YFP 108 (Figure 4.8-B) and CHO-CMV-YFP 108 (Figure 4.8-D) top 10% cell lines a 

small number of cells expressing lower amount were observed increasing the 

heterogeneity of these cell lines. Nevertheless, contrary to observations made for 

polyclonal cell lines, no non-expressing cells were present in the top 10% cell lines. A 

well-defined high expressing population was also observed by Tornøe et al (2002). 

However, the authors also showed the presence of non-expressing cells in cell lines 

generated by FACS selection (Tornøe et al. 2002).   
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Figure 4.7. CHO-SV40-YFP and CHO-CMV-YFP Top 10% sub-population selection by 
FACS.  
CHO-FRT mini-pools were transfected as described in Section 2.6.2.1 and polyclonal pools 

selected as described in Section 2.6.2.2. A 5 ml day 4 culture sample of CHO-SV40-YFP and 

CHO-CMV-YFP polyclonal cells at early stages of the cell line was harvested and prepared 

as described in Section 2.6.2.2. Prepared cell samples were analysed using the BD 

FACSAria™ Fusion and the cell line GFP fluorescence vs. side scatter plots were acquired 

using the BD FACSDiva™ software. The Top 10% high expressing cell population were gated 

(black square) and 2.5x105 cells were sorted and collected into a 5 ml collecting tube 

containing 0.5 ml of maintenance medium (Section 2.6.2.2). (A- CHO-SV40-YFP 1; B- CHO-

SV40-YFP 108; C- CHO-CMV-YFP 1; D- CHO-CMV-YFP 108). 
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Figure 4.8. YFP expression in CHO-SV40-YFP and CHO-CMV-YFP polyclonal and top 
10% cell lines.  
A 1 ml sample of culture was collected and YFP fluorescence intensity was measured using 

the BD Accuri™ C6 flow cytometer, as described in Section 2.6.2.3. The YFP was excited 

using a 488nm excitation laser and fluorescence data was acquired using a 530/30nm 

bandpass filter and analysed using the BD Accuri™ C6 software. The auto-fluorescence of 

the CHO-FRT mini-pool was measured in every experiment as a control for non-expressing 

cells. (A – CHO-SV40-YFP polyclonal; B– CHO-SV40-YFP Top 10%; C – CHO-CMV-YFP 

polyclonal; D– CHO-CMV-YFP Top 10%); (     CHO-FRT;      Polyclonal;       Top 10%) 
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4.2.2. YFP expression in CHO-SV40-YFP and CHO-CMV-YFP polyclonal 
and Top 10% cell lines 

Figure 4.9 shows the quantification of SV40-YFP and CMV-YFP expression in both 

polyclonal and top 10% cell lines. Similar to what was observed for SV40-GFP and 

CMV-GFP expression in Section 4.1.2, the expression of SV40-YFP and CMV-YFP 

was similar in both CHO-FRT 1 and CHO-FRT 108 mini-pools after polyclonal 

selection. As discussed in Section 4.1.2, such results were not expected as SV40 

and CMV promoters to have different strengths and site-directed integration was 

used to incorporate the promoter/fluorescent protein cassette.  

The variation in efficiency of the Flp-In system for CHO-FRT mini-pools, discussed in 

Section 4.2.1, could in part explain these observations, however it would not explain 

the similarity in YFP fluorescence for SV40-YFP and CMV-YFP in both CHO-FRT 

mini-pools. One possible explanation for the similarity in expression after polyclonal 

selection could be the result of early promoter silencing during the selection process. 

The period of selection of the polyclonal cell lines was 4 weeks and the initial cell 

density of transfectants was low (1.6-0.8x105 cell/ml) (Section 2.6.1.2). A low initial 

cell density means that for the cells to reach the optimum cell density to be cultured 

in suspension (approximately 1.0x106 cell/ml), they needed to grow for a relatively 

high number of generations during which the promoter could be silenced.  

Early gene silencing was described by Spencer et al (2015) when GFP was 

expressed under the control of a CMV promoter. The authors observed that gene 

silencing occurred as early as 17 generations after clonal selection (Spencer et al. 

2015). The authors integrated a single-copy of the CMV-GFP construct using a 

lentiviral system and selected 55 high-GFP-producing clones by FACS but after the 

clonal expansion process the majority of the clones had significantly less GFP 

expression, with 3 of the clones showing no GFP expression (Spencer et al. 2015). 

The authors concluded that the loss of GFP expression was a result of histone 

modifications rather than DNA methylation. The degree of promoter methylation was 

quantified in two of the clones that completely lost GFP expression and no promoter 

methylation was observed (Spencer et al. 2015). 

Besides possible gene silencing occurred during the selection methods, is also 

possible that the similar recombinant expression of the polyclonal cell lines is due to 

the fact that these cell lines achieved a steady state of expression during selction 

process (Pilbrough et al 2009). This basal steady state was describe by Pilbrough 
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and colleagues in polyclonal cell lines and was mainly attributed for non-heritable 

genotypic fluctuations (Pilbrough et al 2009).  

Unsurprisingly, the top 10% selection generated cell lines that exhibited a significant 

increase of YFP expression. This increment appears to vary depending on the nature 

of promoter used (Figure 4.9). For the SV40-YFP expression, the increment 

observed was 2-fold for CHO-SV40-YFP 1 and 3.5-fold for CHO-SV40-YFP 108 

while for the CMV-YFP expression the increment observed was 6-fold in CHO-CMV-

YFP 1 and 15-fold in CHO-CMV-YFP 108. In contrast to the finding with the 

polyclonal cell lines, with the top 10% cell lines the CMV-YFP expression was 

significantly greater than SV40-YFP (Figure 4.9).  

Although the results described in Figure 4.9 appear to reflect the expected 

differences in promoter strength previously described for these two promoters 

(Boshart et al. 1985; Foecking and Hofstetter 1986; Ho et al. 2015; Zarrin et al. 

1999), is also possible that these observations could not only be due to differences in 

strength but also an due to state of each cell selected by FACS sorting selection 

process. When using FACS as a method for selecting high expressing cells, 

Pilbrough and colleagues observed that this method not only selected high 

expressing cells but also selected cells that were above steady state (Pilbrough et al 

2009). The authors described these cells as cells that have a stochastic gene 

expression that can lead to mountainous fluctuations of gene expression and 

consequently masking their natural expression profile by appearing to have higher 

levels of gene expression (Pilbrough et al 2009). Based on this observations, it is 

possible that the instead of selecting cells that are naturally high expressing cells 

with possible similar number of YFP gene copies (as previously assumed in Section 

4.2), this methods also selected lower expressing cells that were perturbed above 

steady state at the time of selection masking the really difference between the 

strength of the promoters. 
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Figure 4.9. Expression of YFP under the influence of both SV40 and CMV promoters in 
polyclonal and Top 10% cell lines. 

The median YFP fluorescence was calculated using the BD Accuri™ C6 software based on 

the cell line histograms of Figure 4.8. Data are mean ± SD (n=4). The significance of YFP 

expression between polyclonal and top 10% cell lines was determined using an independent 

two-tailored t-test (* - p< 0.05, ** - p<0.01). The significance of the YFP expression regulated 

by SV40 and CMV promoter in the same CHO-FRT mini-pools was determined using an 

independent two-tailed t-test (# - p< 0.01, ## - p< 0.01).(    SV40-YFP polyclonal;     SV40-

YFP top 10%;     CMV-YFP polyclonal;     CMV-YFP top 10%) 
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4.2.3.  Characterisation of YFP expressing cell populations in CHO-
SV40-YFP and CHO-CMV-YFP polyclonal and Top 10% cell lines during 
long-term culture 

This Section analyses expression profiles of early and late stages of both polyclonal 

(Figure 4.10) and top 10% (Figure 4.11) CHO-SV40-YFP and CHO-CMV-YFP cell 

lines. Similar to the analyses of the long-term culture of CHO-FRT and GFP 

expressing cell lines, in this analysis the terms “early stage” and “late stage” will be 

used to define the cell lines at the start of long term culture (day 0) and after 32 days 

of culture, respectively. 

Only CHO-SV40-YFP 1.2 (Figure 4.10-A), CHO-SV40 108.1 (Figure 4.10-B) and 

CHO-CMV-YFP 1.1 (Figure 4.10-C) polyclonal cell lines revealed changes in cell 

population during long-term culture with the appearance of non-expressing cells. At 

late stages, the non-expressing cells in CHO-SV40 108.1 and CHO-CMV-YFP 1.1 

polyclonal cell lines formed the dominant cell population of the cell lines, while in 

CHO-SV40-YFP 1.2 polyclonal cell line, the dominant cell population was from the 

high YFP-expressing cells. This was evidenced by the presence of the same 

distinctive peak of high expressing cells in both early and late stage cells.  

In contrast to observations for polyclonal cell lines, in the top 10% cell lines, the 

change in histogram profiles during the long-term culture were promoter-dependent. 

For instance, for the expression of SV40-YFP, all the top 10% maintained their 

histogram profile with the exception of CHO-SV40-YFP 108.2 top 10% which 

revealed a decrease of the main high YFP-expressing population, leading to an even 

distribution of medium-expressing and high- expressing cells (Figure 4.11-B).  

On the other hand, all CHO-CMV-YFP top 10 % cell lines revealed an unstable cell 

population with almost all the cell lines showing a shift of main cell population from 

high-expressing cells to low YFP-expressing and non-expressing cells at late stages 

(Figure 4.11- C, D). Only CHO-CMV-YFP 1.2 top 10% cell line revealed a lower 

degree of cell population instability, as despite an appearance of low-expressing 

cells at later stages, the main cell population maintained a relatively high expressing 

profile.  

No studies have been published describing the variation of cell populations during 

long-term culture using the SV40 promoter. However, for the CMV promoter the 

variations in cell population have been described previously in CHO and HEK293 

cell lines (Du et al. 2013; Eyquem et al. 2013). When analysing the heterogeneity 

and instability of mAb-expressing CHO cells, Du et al (2013) observed shifts of 
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populations from high-expressing to non-expressing cells in histogram profiles of 

monoclonal cell lines (Du et al. 2013). The authors observed that high-expressing 

populations could be partially maintained after two rounds of FACS selection for the 

top 10% cell line. Their observations made for the top 10% cell population differ from 

the ones observed in Figure 4.11. The fact that Du et al (2013) did two rounds of 

FACS selection for the top 10% cell population from monoclonal cell lines could 

explain the differences observed. Furthermore, the observation of stable population 

could be masked by the short period of which the cells are maintained in culture as 

the author’s evaluation was restricted only 20 days after FACS selection (Du et al. 

2013). 

Similar changes cell line population during long-term culture were also observed for 

site-integrated genes in HEK293 cells (Eyquem et al. 2013). Using meganucleases 

to integrate a single-copy of GFP to three specific genomic locations, Eyquem and 

colleagues observed that when just one copy of the GFP was inserted, the histogram 

profile of the cells was maintained during a long-term culture (Eyquem et al. 2013). 

However, insertion of more than one gene copy into a single locus or multiple loci 

could either lead to the selection of cell lines with a stable cell population profiles, or 

shift the cell population towards a non-expressing profile (Eyquem et al. 2013). The 

authors did not have an explanation for these observations but suggested similar 

studies should be performed in different cell lines in order to understand which 

factors might account for, and predict, stable and unstable cell line profiles (Eyquem 

et al. 2013).  

Based on the observations made in this Section for the top 10% cell lines, is possible 

to suggest that the variation of cell line populations during a long-term culture 

appears to be promoter- dependent. However due to the mix population nature of the 

top 10% sub-population (discussed in Section 4.2.2), the variation of the cell line 

population observed during long-term culture is influenced by the these mix 

population nature that could mask this apparent promoter dependency.  
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Figure 4.10. Flow cytometry histograms of CHO-SV40-YFP and CHO-CMV-YFP 
polyclonal lines at early and late cell line stage. 
CHO-SV40-YFP 1 and CHO-SV40-YFP 108 and CHO-CMV-YFP 1 and CHO-CMV-YFP 108 

polyclonal cell lines were continuously cultured for 32 days as described in Section 2.6.2.4. A 

1 ml culture sample at early and late stage of each cell line was collected and YFP 

fluorescence intensity was measured using the BD Accuri™ C6 flow cytometer, as described 

in Section 2.6.2.3. The YFP was excited using a 488nm excitation laser and fluorescence 

data was acquired using a 530/30nm bandpass filter and analysed using the BD Accuri™ C6 

software. The auto-fluorescence of the CHO-FRT mini-pool was measured in every 

experiment as a control for non-expressing cells. (A – CHO-SV40-YFP 1 polyclonal; B– 

CHO-SV40-YFP 108 polyclonal; C – CHO-CMV-YFP 1 Polyclonal; D– CHO-CMV-YFP 108 

polyclonal). (     CHO-FRT;     Early stage;      Late stage) 
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Figure 4.11. Flow cytometry histograms of CHO-SV40-YFP and CHO-CMV-YFP top 10% 
cell lines at early and late cell line stages. 
CHO-SV40-YFP 1 and 108 and CHO-CMV-YFP 1 and 108 top 10% cell lines were 

continuously cultured for 32 days as described in Section 2.6.2.4. A 1 ml culture sample at 

early and late stages of each cell lines was collected and YFP fluorescence intensity was 

measured using the BD Accuri™ C6 flow cytometer, as described in Section 2.6.2.3. The 

YFP was excited using a 488nm excitation laser and fluorescence data was acquired using a 

530/30nm bandpass filter and analysed using the BD Accuri™ C6 software. The auto-

fluorescence of the CHO-FRT mini-pool was measured in every experiment as a control for 

non-expressing cells. (A– CHO-SV40-YFP 1 Top 10%; B– CHO-SV40-YFP 108 Top 10%; C– 

CHO-CMV-YFP 1 Top 10%; D– CHO-CMV-YFP 108 Top 10%).(     CHO-FRT;     Early stage;      

Late stage) 
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4.2.4. Stability of YFP expression in CHO-SV40-YFP and CHO-CMV-YFP 
polyclonal and Top 10% cell lines 

Figure 4.12 shows YFP expression in CHO-SV40-YFP and CHO-CMV-YFP 

polyclonal (Figure 4.12-A) and top 10% (Figure 4.12-C) cell lines during long-term 

culture and compares SV40-YFP and CMV-YFP expression at early and late stages 

of culture for polyclonal (Figure 4.12-B) and top 10% (Figure 4.12-D) cell lines.  

Similar to what was described for SV40-GFP and CMV-GFP in (Section 4.1.2), the 

expression of SV40-YFP and CMV-YFP in the polyclonal cell lines was maintained 

during long-term culture (Figure 4.12-A,C). Based on the maintenance of expression 

in polyclonal cell lines alone, both promoters could be characterised as stable in 

CHO cells (Figure4.12-B, D). As discussed in Section 4.1.2, these observations 

contradict what has been previously described for both promoters, especially for 

CMV for which loss of CMV-driven recombinant expression in CHO cells has been 

widely reported (Du et al. 2013; Kim et al. 2011; Mariati et al. 2014a; Osterlehner et 

al. 2011; Spencer et al. 2015; Williams et al. 2005). 

The non-expected results of GFP and YFP expression in polyclonal cell lines 

(Figures 4.6, 4.9, and 4.12) permit to determine that these polyclonal cell lines were 

not appropriate to study the activity and stability of these promoters. On the other 

hand, as observed in Figure 4.9 for the comparison between the activity of SV40 and 

CMV, Figure 4.12 appear to show that the top 10% expressing population also 

reflects the expected differences in promoter stability. 

Based on Bailey’s definition of stability (Bailey et al. 2012), in the top 10% sub-

population, SV40-YFP expression appears to be slightly unstable in CHO-FRT cells 

while CMV-YFP appears to have a considerable unstable profile. SV40-YFP 

expression was considered slightly unstable because although only approximately 

40-45% of SV40-YFP expression was loss in both CHO-FRT mini-pools used (Figure 

4.12-B), these value relatively closed to threshold of Bailey’s definition of stability 

(Bailey et al. 2012). In contrast, CMV-YFP expression was considered unstable in 

both CHO-CMV-YFP 1 and 108 top 10% cell lines as approximately 50% and 80%, 

respectively, of the initial YFP expression was lost during the culturing period (Figure 

4.12-D).  

These observations in relation of the stability of these promoters are slightly different 

to those observed by Ho et al (2015) (Ho et al. 2015). In their study, Ho and 

colleagues described SV40 promoter as stable with an average loss of expression of 

22% while CMV promoter as unstable with an average loss of expression of 80% (Ho 
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et al. 2015). Although the retention of expression observed in this study is similar to 

the observations of Ho et al (2015) for the CMV promoter, they differ for the SV40 

promoter. The values presented by Ho and colleagues for each promoter were 

calculated by averaging the retention rates of 18 clonal cell lines while in Figure 4.12-

B they are cell line specific. Despite described as stable promoter, Ho et al (2015) 

also observed instability when SV40 promoter was used, with 7 of the 18 cell lines 

using SV40 promoter revealing unstable characteristics (Ho et al. 2015). 

As YFP expression was monitored at several time points during this study it was 

possible to evaluate the change in SV40-YFP and CMV-YFP expression during long-

term culture (Figure 4.12-A,C). Figure 4.12-A and Figure 4.12-C reveal that SV40 

and CMV appear to have different patterns of loss of expression during long-term 

culture. When SV40 promoter was used, the drop of YFP expression during long-

term culture appears to happen constantly during the culturing period as (Figure 

4.12-A). On the other hand in both CMV-YFP top 10% cell lines the drop of CMV-

YFP expression observed was logarithmic with the majority of the loss of CMV-YFP 

expression occurring during the first 4 days of the culture period (Figure 4.12-C). 

A similar pattern for the loss of recombinant expression for CMV in CHO cells was 

also observed by Pilbrough et al (2009). The authors co-expressed mAbs with 

fluorescent protein to monitor the cell line productivity and for clonal selection using 

FACS (Pilbrough et al 2009). Similar to the observation in Figure 4.12-C, Pilbrough 

and colleagues observed the loss of productivity of each cell line had a logarithmic 

behaviour with the majority of the loss occurring in the first 20 days after selection 

and that cells need between 30 to 50 days after selection to reach a steady 

expression state (Pilbrough et al. 2009). The authors related this logarithmic loss of 

expression not to the gene silencing but to the stochastic gene expression of these 

cells. Pilbrough and colleagues suggested that when cells are selected for high 

expressing cells, is possible that some of the cells selected as high expressing cells 

could be actually just average expressing cells that at the time of selection were at 

above steady state masking their natural expressing nature (Pilbrough et al. 2009).  

Although the expression of SV40-YFP and CMV-YFP appear to be unstable in CHO-

FRT 1 and 108 mini-pools, is not possible to conclude that these unstable profiles 

are purely due to the nature of the promoter. Due to the FACS selection method 

used to select these high expressing sub-populations and the similarity of the results 

observed by Pilbrough et al (2009), is likely that the differences in instability 

described in Figure 4.12 are mainly due to the stochastic variation of gene 

expression, as reported by Pilbrough et al (2009). Nevertheless, based on these 
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observations is possible to suggest that the fact CMV is stronger promoter than SV40 

(Boshart et al. 1985; Foecking and Hofstetter 1986; Ho et al 2015; Xu et al. 2001; 

Zarrin et al. 1999), possibly increases the number of events that influence the 

stochastic gene expression. These increment of number of events could exacerbated 

the variation of gene expression when CMV is used, possibly explaining the 

differences of the degree of instability the behaviour of the YFP expression observed 

for both promoters during the long-term.  
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Figure 4.12. YFP expression of CHO-SV40-YFP and CHO-CMV-YFP polyclonal and 
top10% cell lines during long-term culture. 
CHO-SV40-YFP and CHO-CMV-YFP polyclonal and top 10% cell lines were continuously 

cultured for 32 days as described in Section 2.6.2.4. YFP fluorescence intensity of each 

SV40-YFP (A) and CMV-YFP (C) cell lines was measured at days 4, 11, 18, 25 and 32 of 

culture using a BD Accuri™ C6 flow cytometer (Section 2.6.2.3) and the median of YFP 

fluorescence was calculated using the BD Accuri™ C6 software. To characterise the stability 

YFP expression of each SV40-YFP (B) and CMV-YFP (D) cell line, the median YFP 

expression at early and late stages was compared. Data are mean ± SD (n=4). The difference 

in YFP expression between early and late stages was determined using an independent two-

tailored t-test (* - p< 0.05, ** - p<0.01), R2/R2 – correlation coefficient (linear), R2/R2 – 

correlation coefficient (logarithmic) (        SV40-YFP 1 polyclonal ;        SV40-YFP 1 top 10%;      

SV40-YFP 108 polyclonal;       SV40-YFP 108 top 10%;        CMV-YFP 1 polyclonal;       

CMV-YFP 1 top 10%;       CMV-YFP 108 polyclonal;       CMV-YFP 108 top 10%;      SV40-

YFP early stage;     SV40-YFP late stage;      CMV-YFP early stage;     CMV-YFP late stage) 
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4.3 Discussion 

The main goal of the work reported in this Chapter was to develop a methodology 

that combined the use of site-directed integration methods and fluorescent proteins 

to study the influence of recombinant promoters on the stability of recombinant 

protein expression in CHO cell lines. Furthermore, this Chapter also aimed to 

endorse this methodology as a possible alternative for this type of studies by using 

two of the most well-characterised recombinant promoters, SV40 and CMV.  

SV40 and CMV promoters are two of the most well characterised recombinant 

promoters with strengths that have been previously characterised (Boshart et al. 

1985; Foecking and Hofstetter 1986; Ho et al. 2015; Xu et al. 2001; Zarrin et al. 

1999). As these previous studies used either transient or stable transfections, the 

results observed neglect the influence of the different genomic environment in which 

the both promoters are inserted. The methodology described in this chapter 

attempted to overcome the influence of the genomic by using FRT-site directed 

integration methods to target the insertion of the recombinant gene under the 

influence of SV40 or CMV promoters to the same genomic location. 

The results presented in this chapter can not demonstrate with 100% certainty that 

this methodology can be used to characterised different promoters due to the nature 

of the CHO-FRT mini-pools used. Despite FRT-site directed integration is used, the 

CHO-FRT mini-pools generated in Chapter 3 contain multiple FRT sequences that 

potentially offer targets for integration of recombinant promoter/fluorescent protein 

expression cassette (Chapter 3.8). Furthermore the mini-pool nature of CHO-FRT 

mini-pools (Chapter 3.8) increasing the factors that could contribute for the existence 

of heterogeneous populations. These two non-ideal characteristics introduce some 

caveats that can undermine the certainty of the similarity of the genomic location 

where both promoters were inserted, reducing the advantages of the use of site- 

directed integration. 

These non-ideal characteristics can be demonstrate by the analysis of the 

expression of the GFP and YFP in polyclonal cell lines. In both cases, differently of 

what was expected, no considerably differences were observed between both 

promoters. The inefficiency of the Flp-FRT site directed integration method used 

coupled with the multiple FRT sites does not guarantees that the after selection all 

the FRT sites were successfully integrated with recombinant promoter-gene combo. 

This critical factor could help to explain the lack of consistency and the heterogeneity 

of cell population obtained in polyclonal cell lines.  
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Although the existence of multiple FRT sequences in CHO-FRT mini-pools was 

identified as a potential caveat for the correct characterisation of recombinant 

promoter (Section 3.8), it can bring an advantage, in comparison to the use of a 

single cell line with a single FRT site (Tornøe et al 2002), if full integration of the 

recombinant promoter/fluorescent protein cassette is guaranteed. The site-directed 

integration in multiple cell lines to target the recombinant promoter towards the same 

multiple genomic locations will allow a comparison of the results of the same 

genomic environment but will dilute the influence of the environment of a specific 

locus.  

Assuming that due to a limited number of FRT targets, the cells with higher YFP 

expression would have greater numbers of YFP integrations for each site, (Section 

4.2) the selection of top 10% expressing population was performed in an attempt to 

select fully or high YFP integrated cell lines. As Figure 4.8 reveals, this second round 

of selection was successful on diminishing the cell line heterogeneity and increasing 

the overall cell line productivity. As no YFP gene copy number assessment was 

performed after site-directed integration, it is not possible to evaluate if the second 

round of selection was successful in guaranteeing that all the FRT sites present in 

CHO-FRT sites were integrated with promoter/YFP cassettes. Despite the expected 

differences in YFP expression observed between cell lines and promoters it still 

possible to that due to the multiple number of FRT sites, still exists heterogeneity of 

number of YFP copies in cell lines studied. Because of this possible heterogeinity, 

although Figure 4.9 appear to reveals that YFP expression in this top 10% cell lines 

reflect the expected differences in promoter strength (Ho et al. 2015), is not possible 

to guarantee that this method can prove with 100% certainty that CMV is stronger 

than SV40 promoters in the same genomic environment. 

Despite still non-ideal, the results of the top 10% cell lines lead to interesting 

observations that show that this methodology allows to study the behaviour of both 

recombinant promoters during long-term culture. The data presented in this study 

shows that both promoters have distinct influence on the maintenance of the long-

term recombinant expression (Section 4.2.4). The results presented in this Chapter, 

suggest that SV40 promoter is a slightly unstable (Figure 4.12-A, B) while in similar 

conditions, CMV appears to be highly unstable (Figure 4.12-C, D). The loss of 

expression for SV40 promoter happens gradually during the long-term culture with a 

linear correlation (Figure 4.12-A). On the other hand, for CMV promoter, this loss of 
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expression has a logarithmic behaviour with most of the expression been lost in the 

first third of the long-term culture period (Figure 4.12-C). 

The instability of CMV promoter in recombinant expression in CHO cells has been 

extensively reported either for gene reporters, such as GFP, or expression of 

complex proteins, such as antibodies, (Du et al. 2013; Kim et al. 2011; Mariati et al. 

2014b; Osterlehner et al. 2011; Spencer et al. 2015; Williams et al. 2005; Yang et al. 

2010). Most of these studies identified DNA methylation as the main cause for 

recombinant gene silencing under the control of a CMV promoter (Kim et al. 2011; 

Mariati et al. 2014b; Osterlehner et al. 2011; Williams et al. 2005; Yang et al. 2010. 

However histone modifications (Spencer et al. 2015) and increase of non-expressing 

cells in the culture population (Du et al 2013) have also been reported as causes of 

loss of recombinant expression.  

Strangely, although the SV40 promoter has been extensively characterised and has 

been described as a stable promoter (Ho and Yang 2014), there are limited studies 

that report on the influence of this promoter on long-term recombinant expression. 

Just recently, the influence of the SV40 promoter on the long-term expression in 

CHO was reported for the first time in 2015 (Ho et al. 2015). Ho and colleagues 

observed that recombinant expression regulated by SV40 was maintained during 

long-term culture in the majority of the cell lines studied (Ho et al. 2015). Despite 

characterise it as stable promoter, Ho et al (2015) also observed instability for SV40 

promoter with 39% of the cell lines used in his study revealing unstable 

characteristics. 

Due to the similarity between the results described in Figure 4.12 for CMV promoter 

and the observation of the instability reported by Pilbrough et al (2009), it is possible 

that the main cause of instability is the stochastic gene expression fluctuation 

discussed in Section 4.2.4. If the stochastic gene fluctuations is considered the main 

cause for the instability observed in study, is possible then, to suggest that because 

CMV is stronger promoter than SV40 (Boshart et al. 1985; Foecking and Hofstetter 

1986; Ho et al 2015; Xu et al. 2001; Zarrin et al. 1999) may lead to and increase of 

the number of events that influence the stochastic gene expression in CMV promoter 

(Pilbrough et al 2009). A higher number of events could not only explaining the 

differences of the degree of instability for both promoters as also differences of long-

term YFP expression behaviour observed for both promoters (Pilbrough et al. 2009). 

Nonetheless, it is also possible that different molecular characteristics of both 

promoters would influence the differences in instability observed in this project. For 
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instance, the content of CpG dinucleotide in each promoter (as potential targets for 

methylation) is considerably different with  9 GpG dinucleotides been reported for the 

SV40 promoter (Bryans et al. 1992) and 33 for the CMV promoter (Osterlehner et al. 

2011). This could be evaluated by calculating the methylation pattern of each 

promoter by using techniques such as methyl-assisted qRT-PCR (Yang et al. 2010) 

or bisulfite sequencing (Mariati et al. 2014b; Osterlehner et al. 2011). Nevertheless, it 

is also possible that histone modifications and gene silencing could also have a 

strong impact in these observations (Kim et al. 2011; Spencer et al. 2015) . 

During this project variability and heterogeneity was a recurring finding for different 

cell populations (either with GFP or YFP) after the polyclonal selected cells that have 

undergone site-directed integration (Figure 4.2, 4.3 and 4.8). Besides the inefficiency 

of the site-directed integration and possible early gene silencing during the polyclonal 

selection process that were suggested as causes for this observations (Sections 

4.1.2, 4.2.2 and 4.2.4) is not possible to neglect the natural capacity of CHO cells for 

undergo phenotypic drift and generate heterogeneity even in clonally-derived cell 

lines.  

When studying the functional heterogeneity in CHO cell populations, Davies et al 

(2013) observed that within a cell line, there was a considerably high heterogeneous 

population of cells with different growth properties and productivity (Davies et al 

2013). The author isolated 100 single clones from a commonly-used parental CHO 

cell host, CHOK1SV, and observed that all the resulting clonally-derived cell lines 

had different growth properties (Davies et al. 2013). Furthermore, the transient and 

stable productivity of this clonally-derived cell lines was different when compared to 

the parental cell line (Davies et al. 2013).  

Based on the results this Chapter for the SV40 and CMV promoters and the 

discussion above, its is possible to propose that, although not ideal, the method 

developed in this Chapter can be used as an alternative protocol to study the 

expression of recombinant promoters during long-term culture. 
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The main goal of this Chapter was the implementation of a methodology to 

characterise the transcriptional activity of recombinant promoters in CHO-FRT mini-

pools, by quantification of the transcriptional output of recombinant reporter genes in 

living single cells.  

As Chapter 4 described, SV40 and CMV promoters exhibited different strengths and 

stability characteristics. These characterisations were made on related cell lines that 

expressed a small, non-secreted and non-glycosylated protein and it is possible that 

the differences observed at the protein level would be due to differences of the 

transcriptional activity of each promoters. Quantification of the transcriptional output 

from a recombinant promoter directly would confirm interpretations about the 

strength and stability of recombinant promoters whilst increasing the robustness of 

the methodology for studying genomic environment.  

The methodological approach in this Chapter to quantify the transcriptional output is 

based on combination of Flp-recombinanse site-directed and MS2-tag/MCP-GFP 

methods described in HEK 293 cells by Yunger et al (2013) (Section 1.3.4.3). In 

Yunger et al (2013) a sequence of tandem bacteriophage sequence repeats (MS2) 

were cloned downstream of the recombinant gene and then underwent site-directed 

integration to a pre-selected genomic location (Yunger et al 2013). The use of this 

strategy to quantify transcription in living CHO cells is a novel approach for the study 

of the transcriptional mechanism of recombinant genes in these cells. 

In this Chapter the terminology STRB will be used to refer to mStrawberry 

fluorescent protein. As in Chapter 4, the terminology “SV40-STRB” or “CMV-STRB” 

will be used to distinguish between the promoter/fluorescent protein constructs used. 

Firstly, this Chapter describes the generation of CHO-SV40-STRB and CHO-CMV-

STRB cell lines to be used and then describes the results obtained when the 

methodology developed by Yunger et al (2013) is used in CHO-SV40-STRB and 

CHO-SV40-STRB cells. Figure 5.1, summarises the approach used in this Chapter 

to characterise the transcriptional activity of SV40 and CMV promoters using CHO-

FRT mini-pools.  
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Figure 5.1. Overview of the strategy to characterise the transcriptional activity of SV40 
and CMV promoters. 
This Figure illustrates the steps used in characterisation of the transcriptional activity of SV40 

and CMV promoters using the CHO-FRT mini-pools. 
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5.1 Analysis of mStrawberry expression in CHO-SV40-STRB 
and CHO-CMV-STRB polyclonal cell lines 

As described for CHO-SV40-YFP and CHO-CMV-YFP polyclonal cell lines analysed 

in Chapter 4, CHO-SV40-STRB and CHO-CMV-STRB polyclonal cell lines were 

generated by site-directed integration of the pS/FRT/MS2-mStrawberry and 

pcDNA5/FRT/MS2-mStrawberry vectors, respectively, into the FRT sites within the 

genome of CHO-FRT 1 and CHO-FRT 108 mini-pools. The pS/FRT/MS2 and 

pcDNA5/FRT/MS2 vectors (Section 2.3), encode a 22x MS2-loop sequence between 

the 3’ end of the recombinant gene and the polyadenylation sequence encoded by 

these vectors. 

Figure 5.2 shows flow cytometry histograms for CHO-SV40-STRB and CHO-CMV-

STRB polyclonal cell lines after cell line selection (Section 2.6.1). The mStrawberry 

fluorescence was measured in a BD Accuri™ C6 because the comparison of the 

histograms obtained for the CHO-SV40-STRB and CHO-CMV-STRB with the 

histogram of a non-mStrawberry expressing cell line (CHO-FRT 108 mini-pool) 

presented a rapid and efficient method to measure a relative mStrawberry 

expression in CHO-SV40-STRB and CHO-CMV-STRB and conclude that these cell 

lines successfully express mStrawberry. However, despite allowing identifying 

positive to negative mStrawberry expressing cell lines, due to a lack of sensitivity of 

the BD Accuri™ to accurately quantify the fluorescence of mStrawberry, the 

histograms presented in Figure 5.2 do not correctly represent the mStrawberry 

expressing cell distribution in CHO-SV40-STRB and CHO-CMV-STRB polyclonal 

cell lines 

The BD Accuri™ C6 flow cytometer has a limited set of excitation lasers and filter 

sets. Because of that, the cell lines histograms in Figure 5.2 were obtained using a 

488 nm laser as excitation source and a 584/40 nm filter. mStrawberry excitation and 

emission spectrum reveal that this fluorescent protein has a maximum excitation at 

574 nm and a maximum emission at 596 nm (Shaner et al. 2004). Based on these 

spectrums, Piatkevich and Verkhusha (2011) calculate that a 488 nm excitation laser 

has a 12% excitation efficiency and an effective brightness of 3 (Piatkevich and 

Verkhusha 2011). Comparing with the 568 nm laser, suggested by the authors as 

ideal for mStrawberry, that has a 94% excitation efficiency and an effective 

brightness of 24 (Piatkevich and Verkhusha 2011), is possible to conclude that the 

488 nm excitation laser does not accurately measures the mStawberry fluorescence.  
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Figure 5.2. Analysis of the SV40-STRB and CMV-STRB expression site-directed 
integrated into CHO-FRT mini-pools. 
CHO-FRT 1 and CHO-FRT 108 mini-pools were transfected with pS/FRT/MS2-Strawberry 

and pcDNA5/FRT/MS2-mStrawberry vectors and selected as described in Section 2.6.1. After 

being adapted to suspension culture, a 1 ml culture sample from day 4 of culture was 

collected and analysed in BD Accuri™ C6 flow cytometer, using a 488nm excitation laser 

(Section 2.6.2.3). Fluorescence data was acquired using a 5850/40nm bandpass filter and 

cell line histograms were analysed using the BD Accuri™ C6 Software (Section 2.6.2.3). The 

auto-fluorescence of a CHO-FRT mini-pool was measured as a control for non-expressing 

cells. (     CHO-FRT;    CHO-SV40-STRB 1;   CHO-SV40-STRB 108;     CHO-CMV-STRB 1;     

CHO-CMV-STRB 108) 
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5.2. Live-cell imaging of CHO-SV40-STRB and CHO-CMV-
STRB polyclonal cell lines 

Figures 5.3 and 5.4 show fluorescent microscopy images obtained by live-cell 

imaging fluorescent microscopy of CHO-SV40-STRB 108, CHO-CMV-STRB 108 cell 

lines, as well as CHO-FRT 108 mini-pool used as negative control, transiently 

transfected with pMS2-GFP vector (Section 2.7.2). mStrawberry fluorescence was 

distributed in the cytoplasm of CHO-SV40-STRB 108, CHO-CMV-STRB 108 cell 

lines, whereas GFP fluorescence (MCP-GFP protein) was more highly concentrated 

in the nucleus of cells, presumably due to the presence of the NLS in the MCP-GFP 

encoded by the pMS2-GFP vector (Fusco et al. 2003). 

Based on the method described by Yunger et al, (2013) the transient expression of 

the MCP-GFP protein (encoded by the pMS2-GFP vector) would be expected to lead 

to fluorescent labelling of the active transcription site from which the recombinant 

gene is being transcribed and had been shown to exhibit as bright green dot in the 

nucleus of the cell (Yunger et al. 2013). Figure 5.3 revealed that, in CHO cells, the 

distinctive green-dots described by Yunger et al (2013) were observed in CHOSV40-

STRB 108 and CHOP-CMV-STRB 108 cells expressing MS2-lablled mRNA (Figure 

5.3-A, B) but, crucially, were also observed in CHO-FRT 108 cells that did not 

contain MS2-tagged mRNA (Figure 5.3-C). It is important to stress that the cells used 

as the negative control reproducibly presented strong “positive signals”. The same 

pattern of results were observed when the amount of pMS2-GFP DNA used for 

transient transfection was decreased by 50%, to diminish potential aggregation 

arising in the nucleus due to excess expression (Figure 5.4).  

The results described above were unexpected, as the pMS2-GFP vector that 

encoded the MCP-GFP protein, was the same vector used in the studies of Yunger 

et al (2013) and was obtained from Addgene (plasmid # 27121) as suggested by the 

authors (Yunger et al. 2013). Moreover, because the MCP-GFP presents a critical 

component of this strategy, this vector was not generated in-house.  

The observation of GFP fluorescence foci in the nucleus of cells without MS2-labbled 

mRNA, using the reagents promoted by Yunger et al (2013) presented a major block 

to the method development work undertaken in this aspect of the project. 

Consequently, although the approach appeared to offer great potential insight to 

transcriptional activity from specific promoters, it was not possible to this approach to 

correctly characterise the transcriptional activity of recombinant promoters.   
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In addition to the detection of distinctive green dots, MCP-GFP localisation also 

appeared to be unevenly distributed within the nucleoplasm (Figure 5.5) in both cell 

lines CHO-SV40-STRB 108 and CHO-CMV-STRB 108 (Figure 5.5-A, B). These 

observations were also applicable to the CHO-FRT 108 mini-pool (Figure.5.5-C). In a 

study of mRNA movement in Drosophila embryos, van Gemert et al observed that 

nuclear GFP fluorescence was preferentially localised to nucleoli when MCP-GFP 

containing a NLS was expressed in wild-type cells with absence of MS2-labelled 

mRNA (van Gemert et al. 2009). These observations are similar to those observed in 

Figure 5.5 as the brighter region detected in the nucleus resembled the nucleoli in 

the nucleus of the cell. The authors suggested that although MCP had been defined 

to bind specifically and strongly to MS2 stem-loops it also exhibited a non-specific 

but weaker affinity for other stem-loop structures such as the stem-loop structures of 

ribosomal RNA (rRNA) highly present in the nucleoli of the cell nucleus (van Gemert 

et al. 2009).  

Moreover, it has been shown that MCP-GFP protein can form aggregates (that would 

be fluorescent) in cells that lacked MS2-labelled mRNA (Weil et al. 2010). Based on 

the comments of van Gemert et al (2009) and Weil et al (2010) and the observations 

exemplified by the images in Figures 5.3 and 5.4, it is also possible to suggest that 

generation of interactions with nucleoli, in CHO cells, MCP may also interact with 

other nuclear structures such as Nuclear Bodies, Cajal Bodies or nucleolar caps as 

these structures have been shown to contain different types of RNAs, with tertiary 

structures such as stem-loops (Brasch and Ochs 1992; Shav-Tal et al. 2005; Zimber 

et al. 2004). When studying the dynamics of the nuclear compartments of Hela cells, 

Shav-Tal et al observed that, when cells were transcriptional arrested with 

actinomycin D, nuclear elements segregated into nucleolar caps and that also led to 

the relocalisaton of nucleoplasmic proteins, many of which were RNA binding 

proteins (Shav-Tal et al. 2005). The author tagged RNA binding proteins with GFP 

and observed the formation of several distinct GFP foci within nuclei. Although only 

to limited extent, the authors also observe the formation of distinct GFP foci in non-

actinomycin D-treated cells. As MCP is a RNA binding protein, it is possible that the 

observations illustrated in Figure 5.3 reflect those made by Shav-Tal et al. (2005)  
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Figure 5.3. Formation of MCP-GFP clusters in CHO nucleoplasm. 
CHO-SV40-STRB 108 (A) and CHO-CMV-STRB 108 (B) were transiently transfected with 

pMS2-GFP vector as described in Section 2.7.2 and fluorescence of mStrawberry and MCP-

GFP proteins were detected and analysed on a Leica TCS SP5 AOBS inverted confocal 

microcopy as described in Section 2.7.3. CHO-FRT 108 cells (C) subject to similar treatment 

were also analysed as a control. White arrows highlight the location of GFP fluorescent foci.  
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Figure 5.4. Formation of MCP-GFP clusters in CHO nucleoplasm. 
CHO-SV40-STRB 108 (A) and CHO-CMV-STRB 108 (B) were transiently transfected with 

50% of the pMS2-GFP vector DNA described in Section 2.7.2 and fluorescence of 

mStrawberry and MCP-GFP proteins were detected and analysed on a Leica TCS SP5 

AOBS inverted confocal microcopy as described in Section 2.7.3. CHO-FRT 108 cells (C) 

subject to similar treatment were also analysed as a control. White arrows highlight the 

location of GFP fluorescent foci. 
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Figure 5.5. Unevenly distribution of MCP-GFP in CHO nucleoplasm. 
CHO-SV40-STRB 108 (A), CHO-CMV-STRB 108 (B) and CHO FRT 108 mini-pools were 

treated and analysed as described in Figure 5.3. White arrows highlight the regions of higher 

concentration of MCP-GFP in the nucleoplasma.  
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5.3 Discussion 

The main goal for the studies described in this Chapter was to develop a 

methodology for measurement of the transcriptional activity and the transcriptional 

rate of recombinant promoters in CHO-FRT mini-pools. The data presented indicated 

that all the vectors, transfection and detection methods to implement the 

methodology described by Yunger et al (2013) (Yunger et al. 2013) in CHO-FRT cell 

lines were successfully developed. However, based on the results of this Chapter, it 

can be concluded that the goal was not achieved. The central core of this 

methodology is based on the application of an MS2-tag that can be used to identify 

the location of transcription and the quantification of transcription in real-time, by 

photobleaching the GFP foci coupled to subsequent measurement the rate of the 

formation a new GFP foci (Yunger et al. 2013). 

As discussed in the previous Section, the observation of MCP-GFP foci in both CHO-

SV40-STRB 108 and CHO-CMV-STRB 108 as well as in CHO-FRT 108 mini-pool 

provided a major setback for the potential application of the methodology (at least for 

this CHO cell system). It was suggested that MCP-GFP might identify and bind MS2-

labbled mRNA. However the presence of similar results in CHO-FRT mini-pools 

raises questions about the robustness the use of this strategy in CHO cells and 

ultimately about the accuracy of the results obtained for different promoters.  

Besides attempting to optimise the transfection methods to decrease the expression 

of MCP-GFP, no further studies were made to investigate the cause of the formation 

of the GFP foci in CHO-FRT cells. However based on these results it is possible to 

suggest three experiments to investigate the cause and dynamics of the MCP-GFP 

foci, experiments that could form the basis for possible optimisation strategies of this 

method.  

The first experiment would be a truncation of MCP to investigate if the formation of 

the foci is MCP- or GFP-dependent. If GFP foci were still visible under these 

conditions, this would prove GFP-dependency and so MCP could still be used in this 

method if tagged with a different fluorescent protein or other fluorescent marker. The 

second experiment would involve removal of the NLS from the MCP-GFP construct 

to diminish the concentration of MCP-GFP in the nucleus of the cell. Because MCP-

GFP concentration in the nucleus would be speculated to be less under such 

conditions, considerably less, non-specific MCP-GFP binding would be expected. 

Due to the strength of the binding between MCP and MS2 stem-loop (Bertrand et al. 

2000) the lesser amounts of free MCP-GFP protein in the nucleus would be expected 
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to bind the nascent recombinant mRNA. A major problem of this strategy, and the 

main reason why not it was not applied, is that without the NLS, the concentration of 

free MCP-GFP in the nucleus would be likely to be too low to perform FRAP studies. 

A lack of sufficient free MCP-GFP would lead to non-accurate measurements of the 

rate of transcription as the re-appearance rate MCP-GFP foci would not only be 

dependent on the rate of transcription of the recombinant mRNA but also on the 

availability of free MCP-GFP to bind the nascent transcript. 

If no GFP foci were observed either, when MCP was truncated or NLS was removed, 

the third experiment that could be suggested would be to photobleach MCP-GFP foci 

in all cell lines and compare the rate of re-appearance of the MCP-GFP foci. If the 

presence of MS2-labbled mRNA altered the rate of which these foci re-appeared, the 

dynamics of the formation of the MCP-GFP foci could be further studied to determine 

the influence of the transcription of nascent mRNA in this event and ultimately 

generate a mathematical model could be use to indirectly and accurately measured 

the transcription rate. 

The successful development of this novel approach to visualise and quantify the 

transcriptional activity of recombinant genes in CHO cells in real-time would be a 

major achievement to understand the transcriptional mechanism of recombinant 

genes in these cells. Moreover, the outcome of such methodology would potentially 

be a major step forward on the molecular development of novel promoters and 

regulatory elements that influence the recombinant expression in CHO cells. 
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Chapter 6. Discussion 
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The overall aim of this project was to describe transcriptional activity and stability of 

recombinant promoters in CHO cells. Therefore, in order to achieve this, the specific 

aims of proposed for this project were: 

a) Generate a cell/vector system to enable the study of recombinant promoters 

in CHO cells; 

b) Generate a methodology to evaluate recombinant promoter activity in CHO 

cells when promoters were localised in the same genomic environment; 

c) Characterise the activity of two widely-used recombinant promoters in CHO 

cells, SV40 and CMV promoters, in the same genomic environment; 

d) Study the long-term expression of both promoters by evaluating the influence 

of each promoter in long-term expression of recombinant proteins in CHO 

cells; 

e) Determine the transcriptional activity of each promoter in CHO cells in vivo. 

 

The results in this thesis were presented in three distinct Chapters with the data 

discussed in some detail at the end of each Chapter. To achieve the aims initially 

proposed for this project it was necessary to generate a set of reagents. The first set 

of reagents was the vector system used and the generation strategy for this was 

described in Section 2.2. Final vectors maps are presented in Appendix 2. The 

second set of reagents was a set of CHO-FRT mini-pools and the generation and 

characterisation of these was described in Chapter 3. Using these two sets of 

reagents, Chapter 4 and Chapter 5 showed the application of generated reagents 

towards achievement of the aims of the project. 

Figure 6.1 demonstrates a schematic representation of the alternative method 

developed in this project to evaluate and study the expression of recombinant 

promoters in long-term culture. The combination of site-directed integration with 

CHO-FRT mini-pools, in combination with fluorescent reporter proteins, represents a 

more efficient approach to characterise recombinant promoters in CHO cells. 
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Figure 6.1. Schematic representation of the method developed to characterise the 
strength and stability of recombinant promoters in CHO cells. 
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Based on the results obtain on Chapter 4 it is possible to suggest that aim (a) and (d) 

were, at least, partially achieved. The method developed in Chapter 4, and outlined 

in Figure 6.1, seems to show, to a certain degree, that as previously described, CMV 

promoter leads to high protein expression then the SV40 promoter in CHO cells 

(Section 4.2.2) (Ho et al. 2015). Furthermore, although not totally agreeing with 

previous descriptions for the stability of both promoters, the same method was 

capable to show that these two promoters appear to have different expressing 

behaviours during long term culture. The results in Section 4.2.4 reveal that CMV 

promoter led to considerably unstable long-term expression, as observed by Ho et al. 

(2015), and that the loss of protein expression appears to occur exponentially, with 

the majority of the loss of productivity occurring at early stages of culture (Section 

4.2.4). On the other hand, contrary to what was observed by Ho et al. (2005), SV40 

promoter appear to also lead to an unstable long-term protein expression. However, 

despite these observations, the degree of instability observed for SV40 is lower than 

observed to CMV (Section 4.2.4). Moreover, using this methodology, it was also 

possible to observed that with SV40 promoter, the loss of productive appears occurs 

differently to CMV promoter, occurring gradually during the period of culture (Section 

4.2.4)  

As discussed in Sections 4.3, the method developed in this thesis cannot guarantee 

with 100% certainty that the observations made for different promoters are made in 

the same genomic environment. This factor strongly influences the fully achievement 

of aims b) and c) as the same genomic environments for the comparison of both 

promoters used was not possible as initially aimed. However, because site-directed 

integration is still used and these mini-pools have limited amount of FRT sequences, 

it is possible to suggest that the analysis performed using these mini-pools allows to 

comparison both promoters in similar genomic environments (Section 4.3). 

The final aim of this project was to determine the transcriptional activity of SV40 and 

CMV promoters in CHO cells in vivo. The methodological approach to quantify the 

transcriptional activity of these promoters in vivo was based on the combination of 

site-directed integration in CHO-FRT mini-pools with MS2-tag/MCP-GFP technology 

to allow live cell visualisation of tagged recombinant mRNA. This approach was 

enabled by generation of vectors that contained a MS2 RNA tag sequence 

contiguously cloned 3’- of the recombinant gene. The presence in this tag of specific 

stem-loops, in the recombinant mRNA, can be used to monitor recombinant mRNA 

and quantify the transcriptional output of the recombinant gene in single living cells 

using fluorescent microscopy. 
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As discussed in Section 5.3, the data presented in Section 5.1 and Section 5.2 

indicated that all the vectors, transfection and detection methods necessary to 

implement this methodology in CHO cell lines were successfully developed. 

However, based on the results observed in Figure 5.3 and Figure 5.4, it can be 

concluded that the aim (e) of this project was not achieved.  

The central core of this methodology is based on the application of the MS2-tag that 

can be identified by MCP-GFP protein, a MS2 coat protein tagged with GFP that has 

a strong affinity to bind to the MS2 stem-loops (Valegård et al 1997). Based on this 

strong affinity, it is reported to be possible to identify the location of transcription by 

the formation of foci of GFP on the emergent MS2-tagged mRNA (Yunger et al 2010; 

Yenger et al 2013). The results presented in Figure 5.3 and 5.4 revealed that, in 

CHO cells, this technology gave a strong background artefact with a formation of 

strong GFP foci in control CHO cells which contained no MS2 tagged mRNA. This 

discovery of this artefact strongly compromised any further observations as this 

technology had no further positive controls that could be used to discard possible 

background observations. 

From the discussion above, regarding the achievement of the initial aims of the 

project there are several questions that were established: 

 

6.1. Can the presence of multiple FRT sites affect the 
characterisation of recombinant promoters when using a site-
directed approach? 

Other studies have described promoter strengths to recombinant sequences in CHO 

cells but frequently this is based on random integration and true comparison of the 

strength and stability of promoters requires that promoters have limited influence 

from different genomic environments (Kaufman et al 2008; Mariati et al 2014). 

Ideally, a true comparison would occur with insertion to the same genomic 

environment. Thus, the use of site-directed methods offers a powerful potential 

approach to achieve these ideal conditions.  

Site-directed integration has been previously be used to characterise recombinant 

promoters in CHO cells. Tornøe et al (2002) used a site-directed approach to 

integrate GFP under the influence of three synthetic promoters into CHO Flp-In cell 

line (Life Technologies) and compared GFP expression driven by each promoter 

(Tornøe et al 2002). As the CHO Flp-In cell line only has one FRT site, this approach 
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was able to characterise these synthetic promoters and compare their relative 

strengths. However, because the genomic environment has a strong influence in the 

activity of the recombinant promoter, the results presented using this strategy are 

highly influenced by the unique genomic environment in which the FRT site in is 

located, not representing the actual promoter strength of each of those promoters. It 

is possible that the FRT site in CHO Flp-In cell line has a more adequate genomic 

environment for one promoter favouring its influence on gene expression. Ideally, to 

dilute the influence of a specific genomic environment, this characterisation should 

be performed in a set of different CHO cell lines contained a single FRT site. 

In attempt to fulfil this requirement, in the method proposed in this project, a library of 

CHO-FRT cell lines was generated. However, there remains a caveat to absolute 

certainty on the proposed method due to the fact that all the CHO-FRT mini-pools 

generated in Chapter 3 had multiple copies of the inserted recombinant gene.  

The possibility that gene copies are distributed over multiple FRT sites could result in 

selective insertion of specific promoters to different environments. Consequently, 

whilst the developed method may allow for the characterisation of recombinant 

promoters in the similar genomic environment, there remains the possibility that, 

without direct confirmation of recombination insertion site, there may be 

heterogeneity in assessed mini-pools. This provides reasons to regard aims (b) and 

(c) to be unsuccessful as to be used as described in this project, further verification 

of FRT arrangements and re-insertion of reporter genes are required prior to drawing 

absolute conclusions. 

The existence of multiple FRT sites in the genome of CHO-FRT may ultimately lead 

to the formation of heterogeneous cell populations after the promoter/reporter 

cassette is integrated. Due to the inherent inefficiency of the site-directed integration 

approach used (Buchholz 1996), it is not possible to guarantee that all the FRT sites 

in all the selected mini-pools underwent re-integration. To minimise the impact of 

potential heterogeneity, it was proposed that a second round of FACS selection 

would be used select for high expressing cells present in the selected population 

(Section 4.2). The rational behind this second round of selection was, although not 

guarantying that all the FRT sites in the selected cells had undergone full re-

integration, it would diminishes the heterogeneity of the initial polyclonal cell line and 

possibly selected for fully or high YFP integrated cells. As it was discussed in Section 

4.3, based on the results observed in Section 4.2.3, it is possible that the instead of 

only selecting cells that are naturally high expressing cells with possible high number 

of YFP gene copies, this second round of selection also selected lower expressing 
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cells that were perturbed above steady state at the time of selection. This possible 

selection for high expressing based on the stochastic gene expression fluctuation 

ultimately masks the really difference between the strength of the promoters, 

meaning that this method alone cannot be used to accurately evaluate differences in 

promoter strength. 

Nevertheless, the presence of multiple FRT sites in multiple genomic locations could 

be an advantage to accurately characterise recombinant promoters if the method of 

selection used guarantees full integration in all the FRT sites. In cells with all the FRT 

sites integrated, the strength and stability of the different promoters would be 

evaluated under the influence of a more broaden genomic environment (not 

representing any particular locus) but yet the same for the different promoters, 

When integrated in a FRT site, the promoter/YFP cassette will disrupt the expression 

the ß-galactosidase gene. Therefore, the cell lines that have full YFP integration will 

have no have no ß-galactosidase activity. Based on this, the full integration could be 

achieved by incubating the selected cells with C12FDG (5-

dodecanoylaminofluorescein di-beta-D-galactopyranoside), a ß-galactosidase 

substrate that when degraded in the cell, generates fluorescein (a fluorescent 

product). Using this approach it would be possible to sort the cells that were fully 

integrated (YFP positive/fluorescein negative) by FACS.  

From the discussion above, the answer to the original question is; Yes, multiple FRT 

sites can affect the characterisation of recombinant promoters when using site-

directed integration approach, but if full integration is achieved it would give an 

advantage to the general characterisation of the promoter. 

 

6.2 Judging by the number of FRT sites in CHO-FRT cells, is 
the developed method still suitable for study the long-term 
activity of recombinant promoters in CHO cells? 

The screening and characterisation of recombinant promoters is traditionally made 

by transient or stable integrative expression, however both methods do not 

accurately characterise recombinant promoters (Brown 2014; Mariati 2014). For 

instance, transient expression is a methodology that gives a quick output of relative 

promoter strength, but does not consider the influence of genomic the genomic 

environment. On the other hand, stable integrative expression takes into account the 

influence of the genomic environment in the promoter strength, however due to its 
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random nature it does not allow an accurate comparison of strength between two 

promoters. 

Despite the method described does not allow to accurate evaluate the differences in 

promoter strength, it allows to observed considerably differences in the behaviour of 

the expression driven by the SV40 and CMV promoter during long-term culture. As 

observed in Section 4.2.4, both promoters were described by this method as 

unstable. However the degree and pattern of instability differ between of both 

promoters SV40 was observed to be slightly unstable with a gradual loss of 

expression, while CMV was described as considerably unstable with logarithmic loss 

of expression. 

Although not yet ideal, because the methodology proposed in this project combines 

the use of site-directed integration in CHO-FRT mini-pools combined with a second 

round of selection that allow selection of a specific cell line-subpopulation represents 

an improvement over traditional methodologies used for these type of studies.  

Therefore, the answer to the initial question is; Yes, although not ideal, this easy and 

relatively quick approach can be suitable to study the long-term expression driven by 

different promoters and represents an alternative approach for this type of studies. 

 

6.3. Can in vivo transcription be measured in CHO cells? 

The successful use of this novel approach to directly quantify the transcriptional 

activity of recombinant promoters in CHO cells in vivo would be a major achievement 

and open many possibilities to further elucidate transcription of recombinant genes in 

production CHO cell lines. The application of such know-how using the method 

represented in Figure 6.1 would be a major technological advance for the molecular 

development of novel recombinant promoters and regulatory elements to be used in 

CHO cells. In addition, it would open new approaches to decipher linkages between 

genomic environment, recombinant gene status and transcription from industrially-

relevant systems. 

The developed approach to in vivo quantify transcriptional output of recombinant 

promoters in CHO cells was based on a method applied to HEK293 cells (Yunger et 

al 2013). These authors had previously used a similar strategy to quantify the 

transcriptional output of CMV promoter and human cyclin D1 gene (CCND1) 

promoter in HEK 293 cells (Yunger et al 2010). In both papers, the authors failed to 

provide any negative controls (i.e. cells that did not contain MS2 tagged mRNA) of 
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the live-cell images of the MCP-GFP protein in HEK 293 cells. Apart from these two 

examples published by Yunger and colleagues, to date, no further reports of 

quantification of the transcriptional outputs in mammalian cells has been published 

using this methodology. 

In Section 5.3 it three possible experiments were suggested that could be used to 

address or diminish the influence of MCP-GFP background on the quantification of 

the transcriptional activity in CHO cell. Such experiments would be essential to 

optimise the use of MS2/MCP technology in CHO cells. However, because the 

background artefact observed was strong, this could be laborious and the desired 

outcome might not be achievable. For that reason, alternative approaches may be 

considered to achieve assessment of transcription. 

One possible method that can be suggested is to use a PP7-RNA tag in a similar 

manner as the MS2-RNA tag described in Chapter 5. PP7-stem loops are very well 

characterised and, in a manner analogous to the MS2 stem, can be identified by a 

specific PP7 Coat protein (PCP) (Lim and Peabody 2002). Although PP7-stem loops 

have been used to track the movement of RNA is living cells, its use for quantification 

of transcription in vivo has yet to be reported, so appropriate controls should be put 

in place during the development of this approach. 

Based on the results obtained in Chapter 5 and the discussion above the answer for 

the initial question is; As it stands the available technology appears not to be able to 

measure transcriptional activity in vivo in CHO cells. However, it is possibly that the 

technology presented in this project could accurately preform such sensitive 

measurement if further studies and methods are developed to generate robust and 

solid controls. 

 

6.4. Future Work 

Beside the lines of research that were proposed above in this Chapter and in the 

Discussion Sections of each Chapter of results, there are other avenues of research 

that may be built form the foundations of knowledge and reagents (CHO-FRT mini-

pools and vectors system) generated in this project. As this project purposed to study 

transcriptional stability, the proposed future directions will be focused on this ultimate 

quest of achieving high and stable productivities in CHO cells. 

The vector system developed in this project is unique and versatile as it combines 

multiple features from different technologies. For instance, the vectors generated 
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allow the use of different recombinant promoters in combination with any 

recombinant gene to be targeted to any specific gene location that had been 

previously inserted with the same FRT sequence. Furthermore, the presence of the 

MS2 loops not only gives the potential to quantify transcriptional activity (if optimised) 

as also gives the potential to track mRNA intracellular movement and develop new 

strategies to study recombinant mRNA processing, stability, degradation and 

trafficking within the CHO cell.  

As different promoters have different strengths, they will lead to the generation of 

different amounts of mRNA within the cell. High concentration of recombinant mRNA 

can be advantageous for the achievement for high productivity (Barnes et al 2004), 

however it can also create bottlenecks that ultimately lead to translational silencing. 

(Schoenberg and Maquat 2012). For that reason, by cloning tunable promoters or 

different promoters with different strengths in this vector system, by tracking the 

mRNA using single-cell live-microscopy technics it would be possible to study the 

influence of the promoter on the translational silencing, the optimal mRNA 

concentrations within the cell and mRNA degradation mechanisms. 

The CHO-FRT mini-pools can also be a foundation to different studies focused on 

the transcriptional bottlenecks in CHO cells. In this study, a considerable library of 

CHO-FRT mini-pools were generated with multiple FRT sites, different productivities, 

different stability profiles and different growth rates. This variety of phenotypes from 

mini-pools that were generated in the same manner ultimately represents a toolbox 

that could be used as a basis for several studies to understand the mechanisms in 

CHO cells that regulate different cellular events.  

However, in a era of genomic revolution, the sequencing of the genome of CHO-FRT 

1 and CHO-FRT 108 mini-pools would bring invaluable information about the 

genome of these unique mini-pools and open the possibility for further developments. 

For instance due to random nature of the process used for the generation of CHO-

FRT mini-pools, is likely that the multiple FRT sites in these mini-pools are located in 

more than one genomic locus. As the genomic locations demonstrate differences in 

strengths and stabilities of different promoters, identification of the location of these 

FRT sites could be crucial to understand their genomic environment. This information 

may allow the identification of regulatory mechanisms that interact with each 

promoter and ultimately generate better understating of which mechanisms have 

more influence on generating high productive and/or stable cell lines. 
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Furthermore, by using genome editing tools, such as CRISPR-Cas9, ZFN or 

TALENs, it would be possible to study the influence of multiple genomic locations on 

the overall protein expression and stability. By knocking out several individual 

genomic locus it would be possible to evaluate their impact in the overall cell line 

productivity. Such study would ultimately provide an understanding on how the 

overall cell productive reflects the influence of the individual genomic environments, 

a question of whether they produce summation of the influence of individual 

environments or synergistic or antagonistic effects? 

As was observed in Chapter 3, the FRT sites in the generated mini-pools appeared 

to be in stable genomic locations as no loss of gene copy number was observed 

during the long-term study. For that reason they could be in optimal genomic 

locations for integration of genomic landing pads for the insertion of different 

recombinant genes. By using genome-editing tools, it would be possible to insert a 

reporter gene, flanked by two site-directed target sequences in the same genomic 

locus but in a new CHO host. Although genomic locations in CHO-FRT appear to 

provide, in some cases, a relatively stable expression with SV40 promoters, they 

totally failed when CMV promoter was used. For that reason, if genomic pads were 

inserted in these genomic locations, in an attempt to optimise the stability of what it 

already seem to be relatively stable genomic loci, regulatory elements such as 

S/Mars or UCOE’s could be inserted upstream and downstream of the genomic 

landing pads.  

Finally, the majority of biopharmaceuticals produced in CHO cells are mAbs. These 

therapeutic proteins are encoded by two recombinant genes, heavy chain and light 

and its productivity in CHO cells is dependent on the optimal ratio of expression of 

these two genes  (Schlatter et al 2005). By creating cell lines with two different 

landing pads it would be possible to insert these two genes into two well 

characterised and stable genomic locations and tune their expression with different 

promoters in order to achieve the optimal ratio and consequently optimise 

productivity.  
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Appendix 1 

REAGENTS AND CHEMICALS  

BDH Chemicals Ltd., UK 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

Bio-Rad Laboratories Inc., USA 

Bradford reagent  

Bioline, UK 

Agarose powder  

BIOTAQ™ DNA polymerase 

dNTP Set  

HyperLadder™ I DNA ladder to 10Kbp 

HyperLadder™ V DNA ladder to 500bp 

SensiFast™ SYBR® probe Hi-ROX kit  

Tetro cDNA synthesis kit 

Eurofins Genomics, Germany  

Custom made DNA oligonucleotides  

Sequencing reactions 

Life Technologies™, USA 

CD CHO medium  

Competent E.coli cells (DH5α strain)  

Glutamax 

Hygromycin B 

Trizol® reagent 

Zeocin 

NBS Biologicals, UK 

SafeView™ nucleic acid stain  

New England Biolabs®, UK 

1kB DNA ladder  

Restriction enzymes  
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DNase1 enzyme (1x) 

DNase1 reaction buffer (10x)  

QIAGEN Ltd., UK 

QIAprep Spin Miniprep Kit  

Plasmid Midi Kit 

HiSpeed® Plasmid Maxi kit  

Roche, Switzerland  

Chlorophenol red-ß-D-galactopyranoside (CPRG) 

Restriction enzymes 

T4 DNA ligase 

Sigma-Aldrich Company Ltd., UK 

Ampicilin 

β-mercaptoethanol 

Dimethyl sulfoxide (DMSO)  

Phosphate buffered saline (PBS) 

Sodium dodecyl sulfate (SDS) 

Tris Base  

Tris-HCL 

Trypan blue 

Tween-20 

Thermo Fisher Scientific, USA 

Ethanol  

Ethylenediaminetetraacetic acid (EDTA) 

Glacial acetic acid  

Glycerol  

Glycine  

Isopropanol  

Methanol  

Sodium Chloride  
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Appendix 2 

Figure A2.1. Site-directed integration expression vectors maps. 
A – pcDNA5/FRT B – pS/FRT; C – pcDNA5/FRT/MS2; D– pS/FRT/MS2; E – 

pcDNA5/FRT/MS2-YFP; F – pS/FRT/MS2-YFP; G – pcDNA5/FRT/MS2-mStrawberry; H– 

pS/FRT/MS2-mStrawberry; I – pcDNA5/FRT-GFP; J – pS/FRT-GFP (pCMV – CMV promoter 

sequence; pSV40 – SV40 promoter sequence; FRT – FRT sequence; GFP – GFP gene 

sequence; YFP – YFP gene sequence; mStawberry – mStrawberry gene sequence; MS2 – 

22 MS2 loop gene sequence; Hygromycin – Hygromycin resistance gene sequence; T7 – T7 

forward prime site; BGH pA – BGH polyadenilation sequence; SV40 pA – SV40 

polyadenilation sequence; pUC ori – pUC origin of replication; Ampicillin – Ampicillin (bla) 

resistance gene sequence) 
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Appendix 

Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Appendix 

Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Appendix 

Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Appendix 

Map of pcDNA™5/FRT Vector 

 
Map of 
pcDNA™5/FRT 

The figure below summarizes the features of the pcDNA™5/FRT vector. Note that 
the hygromycin resistance gene lacks a promoter and its native ATG start codon. 
Transfection of the pcDNA™5/FRT plasmid alone into mammalian cells will not 
confer hygromycin resistance to the cells. The complete nucleotide sequence for 
pcDNA™5/FRT is available for downloading from our website at 
www.lifetechnologies.com or by contacting Technical Support (page 10).
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Figure A2.2. Flp-In cloning and Flp-recombinase vector maps. 
A – pFRT/lacZeo; B – pOG44 (pSV40 – SV40 promoter sequence; pCMV – CMV promoter 

sequence; FRT – FRT sequence; ATG – Initiation codon sequence; lacZ-Zeocin – LacZ-

Zeocin fusion gene sequence [LacZ ORF gene (no ATG) sequence + Zeocin resistance gene 

(no ATG) sequence]; SV40 pA – SV40 polyadenilation sequence; pUC ori – pUC origin of 

replication; Ampicillin – Ampicillin (bla) resistance gene sequence; Intron – Synthetic intron 

sequence; FLP – Flp-recombinase gene sequence) 
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Figure A2.3. pMS2-GFP and p901-GFP vector maps. 
A- pMS2-GFP (legend highlighted in figure); B- p901-GFP (hCMV – Human CMV promoter 

sequence; GFP – GFP gene sequence; IRES – Internal ribosome entry site; DHFR – 

Dihydrofolate reducatse gene sequence; pA – polyadenilation sequence; pMB1 ori – pMB1 

origin of replication; bla – Ampicillin (bla) resistance gene sequence). 
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Appendix 3 

Figure A3.1. Flow cytometry histograms of CHO-SV40-YFP and CHO-CMV-YFP 
independent transfections (biological replicates). 
A 1 ml culture sample was collected and YFP fluorescence intensity was measured using the 

BD Accuri™ C6 flow cytometer, as described in Section 2.6.2.3. The YFP was excited using a 

488nm excitation laser and fluorescence data was acquired using a 530/30nm bandpass filter 

and analysed using the BD Accuri™ C6 software. The auto-fluorescence of the CHO-FRT 

mini-pool was measured in every experiment as a control for non-expressing cells. (A – CHO-

SV40-YFP 1 polyclonal and CHO-CMV-YFP 1 Polyclonal (Day 0) ; B– CHO-SV40-YFP 1 

polyclonal and CHO-CMV-YFP 1 Polyclonal (Day 32) l; C – CHO-SV40-YFP 1 Top 10% and 

CHO-CMV-YFP 1 Top 10% (Day 0); D– CHO-SV40-YFP 1 Top 10% and CHO-CMV-YFP 1 

Top 10% (Day 32); E – CHO-SV40-YFP 1 polyclonal and CHO-CMV-YFP 1 Polyclonal (Day 

0) ; F– CHO-SV40-YFP 108 polyclonal and CHO-CMV-YFP 108 Polyclonal (Day 32); G – 

CHO-SV40-YFP 108 Top 10% and CHO-CMV-YFP 108 Top 10% (Day 0); H– CHO-SV40-

YFP 108 Top 10% and CHO-CMV-YFP 108 Top 10% (Day 32), (    CHO-FRT mini-pool;   

Biological replicate 1;      Biological replicate 2 
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