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ABSTRACT 
 
Therapeutic proteins require proper folding and post-translational modifications (PTMs) to 
be effective and biologically active. Chinese hamster ovary (CHO) cells are the most 
frequently used host for commercial production of therapeutic proteins and DHFR-
mediated gene amplification is extensively applied to generate cell lines with increased 
protein production. However, decreased protein productivity is observed unpredictably 
during the time required for scale-up with consequences for yield, time, finance and 
regulatory approval. Ubiquitous Chromatin Opening Elements (UCOEs) are DNA 
elements naturally found upstream of specific housekeeping genes, which are proposed to 
maintain open chromatin structure, supporting stable and high-level transgene expression 
by prevention of transgene silencing. In this study we have examined the interaction 
between UCOE and DHFR-linked amplification in relation to cell expression stability.  
 
CHO-DG44 cell lines were engineered to express erythropoietin (EPO) or a green 
fluorescent protein (GFP) from constructs with or without the inclusion of a UCOE. Cell 
lines were amplified in the presence of 250 nM metotrexate (MTX) and were then grown 
continuously for over 70 days in the presence and absence of MTX. Growth 
characteristics, protein expression, plasmid copy numbers, mRNA expression, karyotype 
and recombinant gene localisation (by fluorescent in situ hybridisation – FISH) were 
assessed for cells at stages throughout the period of long-term culture. In summary the 
inclusion of UCOE elements generated cells that;  

• achieved higher cell densities and exhibited increased production of recombinant 
mRNA/cell and protein yield  

• allowed isolation of greater numbers of high producing clones  
• resulted in greater mRNA recovery/recombinant gene copy 

• retained stable mRNA and protein expression after amplification provided MTX 
was present (but not in the absence of MTX when instability was observed)  

• exhibited a more consistent karyotype and no abnormal chromosomal 
rearrangements. 

It was concluded that the inclusion of UCOEs within expression constructs offer 
significant advantages for certainty of cell line generation (and the number of recovered 
clones for more detailed characterisation/optimisation) and that UCOEs are compatible 
with DHFR amplification protocols. The data suggested that enhanced cell line recovery 
by transcriptional enhancement of selection markers, such as DHFR.  
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1.1. Biopharmaceuticals in Biotechnology 

 

The term biopharmaceuticals refers to proteins used as therapeutics, some of which may be 

genetically engineered. These therapeutic proteins include hormones, therapeutic enzymes, 

monoclonal antibodies, growth factors, blood factors and vaccines. 30 years ago, the first 

biopharmaceutical, “humulin” a recombinant human insulin, has been approved for 

medical use and since then the pharmaceutical biotechnology industry has developed 

rapidly. There are over 200 biopharmaceutical products that have been approved in today’s 

market (Walsh, 2010a). The global biopharmaceutical market value reached $99 billion in 

2009 (R&D-Pipeline-News, 2011) and it is predicted to grow at between 7% and 15% 

annually over the next several years (Walsh, 2010a, Hiller, 2009). The top 10 

biotechnology drugs by global sales are shown in Table 1.1. 

 

The majority of therapeutic proteins display one or more post-translational modifications 

(PTMs) and the functions of these biopharmaceuticals are dependent on particular PTMs. 

The main PTMs associated with therapeutic proteins are glycosylation, carboxylation, 

hydroxylation, amidation, sulfation, disulfide bond formation and proteolytic processing 

(Walsh, 2010b). Among all, glycosylation is one of the most widespread and complex 

PTM process. More than 50% of all proteins are glycosylated in their natural forms (Wong, 

2005, Solá and Griebenow, 2009).  

 

Glycosylation may affect different properties of proteins such as biological activity, 

function, clearance from circulation, and crucially antigenicity (Walsh and Jefferis, 2006). 

Well-defined examples include erythropoietin (EPO) where it has been shown that, 

removal of any of the N-linked sugar chains significantly reduced the biological activity in 

vivo (Delorme et al., 1992). Other studies have shown that the presence of carbohydrates 

can be critical for antibody function as carbohydrate-deficient antibodies lose their ability 

to activate complement and to induce antibody-dependent cellular cytotoxicity (ADCC) 

(Wright and Morrison, 1997). Another example is Interferon-β (IFN-β) which can be 

produced in both Chinese hamster ovary (CHO) cells (Avonex) and Eschericia coli 

(Betaseron). The systems produce glycosylated and unglycosylated variants, respectively. 
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A detailed study of the effect of glycosylation on functional activity of human IFN-β 

showed that the specific activity is 10-fold higher for the glycosylated form in vitro 

(Karpusas et al., 1998, Runkel et al., 1998).  

 
Table.1.1: The top selling biopharmaceutical products. Source: R&D Pipeline 

News (2011) and Walsh (2010a) 

 

Biopharmaceutical Tradename (Company) 
2009 sales 

(US $ billion) 

Expression 

System 

Tumor Necrosis Factor 

(TNF) Blocker 

Monoclonal Antibody 

(mAb) 

Enbrel (Amgen, Wyeth) 6.58 CHO 

TNF blocker mAb Remicade (Centocor, 

Schering-Plough) 

5.93 Confidential 

Humanized mAb Avastin (Genentech) 5.77 CHO 

Chimeric mAb  Rituxan/MabThera 

(Genentech) 

5.65 CHO 

Human TNF Antibody Humira (Abbott, Eisai) 5.48 CHO 

Erythropoietin (EPO) Epogen/Procrit/Eprex/ESPO 5.03 CHO 

Humanized mAb Herceptin (Genentech) 4.89 CHO 

Insulin  Lantus (Sanofi-Aventis) 4.18 E. coli 

Granulocyte colony 

situmulating factor 

Neulusta (Amgen) 3.35 E. coli 

EPO Aranesp/Nespo (Amgen) 2.65 CHO 

 

 

In addition to glycosylation, product stability and biological activity of specific proteins 

can be influenced by several additional PTMs (Walsh, 2010b). Many of the modern 

recombinant insulins are synthesized as proinsulin  and purified followed by proteolytic 

processing (Walsh, 2005). Failure of protein folding and disulfide-bond formation 
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processes can cause degradation (Arolas et al., 2006). The functional activity of salmon 

calcitonin (Forcaltonin; Unigene, Fairfield, NJ, USA) is dependent on amidation (Ray et 

al., 1993), and that of several blood factors is depend on γ-carboxylation and β-

hydroxylation (Kaufman, 1998). It has also been shown that tyrosine sulfation is required 

for full procoagulant activity of factor VIII (Michnick et al., 1994). These PTMs are 

structurally well-defined and have limited and often predictable effects upon the 

therapeutic proteins (Walsh and Jefferis, 2006).  

 

It has been shown so far that the differences of the PTMs in a recombinant protein relative 

to the natural product might influence the therapeutic profile. Therefore, it is important to 

select a suitable expression system when considering production of a potential 

biopharmaceutical (see Section 1.2). The ability to perform specific forms of PTM is 

dependent on expression of the relevant enzymatic pathways and not all systems are 

equally capable of performing the same range of PTMs. Although relatively simple 

proteins, such as insulin and bovine growth hormone, can be successfully produced in E. 

coli (see Section 1.2.1) (Swartz, 2001) or Saccharomyces cerevisiae (S. cerevisiae) (see 

Section 1.2.2)  (Hard et al., 1989) more complex biomolecules, such as monoclonal 

antibodies or highly glycosylated proteins, require the post-translational metabolic 

machinery only available in mammalian cells (see Section 1.2.3) (Butler, 2005).  

 

There have been recent advances in the biopharma industry related to engineering PTMs, 

glycosylation in particular, for the improvement of the therapeutic product (Beck et al., 

2010, Jefferis, 2009). One of the glycoengineering approaches is introduction of additional 

carbohydrates onto the target protein and creates hyperglycosylated variants. An example 

to this is EPO glycosylation analogue, which contains two additional N-linked 

glycosylation sites in contrast to the native molecule. Glycoengineered version of this 

product displayed an increased in vivo activity and substantially extended half-life (Elliott 

et al., 2003, Sinclair and Elliott, 2005). A more recent approach for the glycoengineering 

focuses upon the producer cell line. Notable advances have been recorded in terms of 

engineering yeast (Hamilton and Gerngross, 2007) and plant-based systems (Karg and 

Kallio, 2009) for the production of glycosylated therapeutic proteins. However, there are 
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some other factors that need to be taken into account when choosing an expression system 

for production, including cost-effectiveness and safety requirements.  

 

1.2.  Expression Systems  

 

Choosing which expression system to use is one of the most important decisions for a drug 

developer to make in the context of therapeutic protein production. Several expression 

systems have been developed including transgenic animals (Louis-Marie, 2009) and plants 

(Karg and Kallio, 2009), insect cell lines (Altmann et al., 1999, Marchal et al., 2001) and 

fungal systems (Nevalainen et al., 2005). However, the majority of the approved 

therapeutics is produced in bacterial, yeast and mammalian cell lines (Durocher and Butler, 

2009, Walsh, 2010a, Walsh, 2010b).  

 

Figure 1.1: Percentage of approved biopharmaceuticals in different production 

systems by January 2009. Adapted from Ferrer-Miralles et al. (2009). 

 

 

 

In 2009, among all the recombinant protein-based pharmaceuticals approved by the FDA 

and EMEA, about 39% of them produced using mammalian cells; the remaining portion 

was produced using E. coli (~30%), S. cerevisiae (~19%), hybridomas (~11%), insect cells 
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(~0.7%) and transgenic animals (0.7%, Figure 1.1) (Ferrer-Miralles et al., 2009, Walsh, 

2010a). In this section, the advantages and disadvantages of therapeutic protein production 

in bacterial (Section 1.2.1), yeast (Section 1.2.2) and mammalian cells (Section 1.2.3) will 

be discussed.  

 

1.2.1. Bacteria 

 

Due to ease of genetic manipulation, rapid growth and relatively low cost E. coli is one of 

the earliest and most widely utilized system for the expression of cloned genes (Demain 

and Vaishnav, 2009). The main drawback is that E. coli cannot perform glycosylation and 

have limited capacity to perform other PTMs that are often required for the functional 

characteristics of the protein of interest (see Section 1.1) (Demain and Vaishnav, 2009, Yin 

et al., 2007). Another drawback is that proteins synthesized in E. coli often retain an extra 

methionine residue at the N-terminus, which remarkably affects protein stability and may 

produce immunogenicity (Chaudhuri et al., 1999). New strategies have been employed to 

overcome these problems one of which is secretion of proteins into periplasmic space or 

medium. Advantages of this includes avoidance of N-terminal methionine extension, 

facilitating correct disulfide bond formation enabled by the enzymes in the periplasm of E. 

coli and production of soluble and biologically active proteins (Choi and Lee, 2004, 

Mergulhao et al., 2005, Georgiou and Segatori, 2005). Furthermore, a recent study reported 

generation of N-linked glycoproteins form E. coli, which is promising for the future 

improvements (Guarino and DeLisa, 2011).  Due to their low cost and convenience, the 

expression of heterologous secreted proteins in E. coli is widely employed for laboratory 

and preparative purposes (Georgiou and Segatori, 2005) and also expression of non-

glycosylated therapeutic proteins (Yin et al., 2007).  

 

Other bacterial expression systems that have potential include the Gram-Positive bacilli. 

They are genetically well characterized, easily manipulated, generally regarded as safe 

(GRAS status) and can secrete homologous and potentially heterologous proteins directly 

into the medium (Westers et al., 2004, Demain and Vaishnav, 2009). Bacillus is preferred 

for the production of commercially available enzymes such as proteases and amylases. The 



22 
 

major limitations for using Bacillus have been occurrence of misfolded proteins, instability 

of plasmid, and production of proteases (Westers et al., 2004). Most attempts have focused 

on construction of bacterial strains with reduced protease activity by the deletion of 

extracellular proteases which allowed  production of proteins that are sensitive to 

degradation (Gupta et al., 2002) and greatly improved the production yield (Wong et al., 

1994, Wu et al., 1991). However, optimization of host strains which facilitates correct 

folding is still a challenge in bacilli (Westers et al., 2004).  

 

1.2.2. Yeast 

 

Yeasts share several molecular, genetic and biochemical characteristics with higher 

eukaryotes and are suitable for large-scale production. Compared to mammalian cells yeast 

can grow relatively rapidly with low cost (Yin et al., 2007).  In contrast to E. coli, yeast 

can secrete proteins into the extracellular environment, and potentially produce soluble, 

correctly-folded proteins. Yeasts are known to be able to perform many PTMs such as 

glycosylation, disulfide bond formation and proteolytic processing (see Section 1.1) (Porro 

et al., 2011, Hamilton et al., 2003). There are several yeast species used for production of 

recombinant proteins including S. cerevisiae, Pichia pastoris and Schizosaccharomyces 

pombe (Porro et al., 2011). S. cerevisiae was first engineered to express heterologous genes 

in 1981 (Hitzeman et al., 1981).   Until recently, the main limitation of yeast expression 

system has been the differences of N-linked glycosylation from those of mammalian cells 

and humans. In this respect, advances have been made in glycoengineering of yeast strains 

enabling them to express human-like glycosylated proteins (Hamilton and Gerngross, 

2007). To achieve this, four genes have been knocked out to prevent hyper-mannosylation 

and fourteen additional glycosylation genes have been introduced to the P. pastoris strain. 

Engineered P. pastoris strains, branded as GlycoFi (Merck), are capable of producing 

complex terminally sialylated uniform N-glycans (Hamilton et al., 2003, Hamilton et al., 

2006, Hamilton and Gerngross, 2007). This system has been used for production of full 

length antibodies (Potgieter et al., 2009). 
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1.2.3. Mammalian Cells 

 

When compared to the bacterial and yeast systems discussed above, mammalian cells 

require expensive and complex media. Product yields from mammalian cells have 

significantly increased in the past 30 years, however generation of recombinant cell lines 

remains tedious and time-consuming process. Moreover, recombinant protein expression 

can be unstable with time (Wurm, 2004). Despite this, mammalian cells are still 

predominant systems for production of biopharmaceuticals (Table 1.1) due to their ability 

to carry out correct complex PTMs (see Section 1.2) and secrete these proteins (Andersen 

and Krummen, 2002, Yin et al., 2007).  

 

Among mammalian cells, Mouse myeloma (NS0) and Chinese hamster ovary (CHO) cells 

are the predominant systems for mammalian expression because of the well-characterised 

platform technologies that allow for transfection, amplification and selection of high-

producer clones (Butler, 2005, Andersen and Krummen, 2002). Over the past two decades 

CHO cells have been successfully used for therapeutic protein production and extensive 

testing and safety data has been amassed during this period (Jayapal et al., 2007). This 

accumulated knowledge of CHO cell platform ultimately eases the regulatory approval 

process which ensures that CHO cells are likely to retain as the major workhorse for the 

production of therapeutic protein in the near future. CHO cell lines has been used in my 

project as the host cell type and therefore the next section will be focussed on CHO cells 

after a brief history of both NS0 myeloma and CHO cells.  

 

1.2.3.1. NS0 Cells 

 

The NS0 myeloma cell line originated from mouse plasmocytoma cells (Barnes et al., 

2000). The expression of low levels of Glutamine synthetase (GS) enzyme in NS0 cells 

gives it advantages for the GS system which works as a dominant selectable marker 

(Bebbington et al., 1992). GS enzyme catalyzes the formation of glutamine from glutamate 

and ammonia. GS inhibition and gene amplification can be mediated by methionine 

sulphoximine (MSX). Concentrations of 10-100 µM MSX are required to provide clones 
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that have amplified the transgene complex containing the GS gene and the gene of interest 

(Butler, 2005, Wurm, 2004). Despite the low copy number of genes per cell (4-10 

genes/cell) in GS system, the expression is as high as Dihydrofolate reductase (DHFR) 

system, which characterised by 10-100 fold the number of gene copies. Based on this, 

another advantage of GS system is that the GS-high producer clones can be produced in 

around 3 months, whereas in DHFR system it may take at least 6 months (Butler, 2005).   

 

1.2.3.2. CHO Cells 

 

Before the isolation of CHO cells, Chinese hamsters (Cricetulus griseus) had been used as 

an experimental laboratory species for a significant time. They were particularly useful in 

radiation cytogenetics and tissue culture studies due to their low chromosome number 

(2n=22). The first CHO cells were isolated by Dr. Theodore T. Puck in 1957 (Tjio and 

Puck, 1958). It soon became obvious that these cells had relatively fast doubling times in 

vitro. CHO cells have thereafter been used extensively in numerous biomedical researches. 

After several years of study, sub-clones of CHO cells were isolated which were found to 

require proline for growth, which were later named CHO-K1 (Figure 1.2) (Kao and Puck, 

1967, Kao and Puck, 1968). These cells have been extensively used in industry and several 

sub-clones have been isolated from initial cell lines. Chasin et al. isolated double DHFR 

deficient mutants DXB11 and DG44, which are widely used today as host cell lines for 

recombinant protein expression (Flintoff et al., 1976, Urlaub and Chasin, 1980, Urlaub et 

al., 1983). These cells do not contain DHFR therefore heterologous genes can be co-

transfected into cells with DHFR gene as a selectable amplifiable marker (Section 

1.2.3.2.2). 
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Figure 1.2: Derivation of CHO Subclones.  

 

 

The isolation of different subclones are shown in the chart. Abbreviations: CHO, Chinese 

hamster ovary; DHFR, dihydrofolate reductase; [
3
H]dUrd, tritiated deoxyuridine; EMS, 

Ethyl methanesulfonate. 

 

1.2.3.2.1. CHO Cell Chromosomes 

 

There has been a substantial accumulation of genetic heterogeneity in CHO cell lines 

during their growth, expansion and sub-cloning since the first CHO cells were isolated 

from Chinese hamster in 1956 (Figure 1.2). Karyologic studies have shown a high degree 

of aneuploidy in CHO cell lines. Early characterisation of the CHO-Pro- cell line 

karyotype indicated a modal chromosome number of 21 as compared to 22 chromosomes 

found in Chinese hamster cells (Kao and Puck, 1969).  Trypsin-giemsa banding 



26 
 

karyotyping technique revealed that only 8 of the CHO chromosomes including 

chromosomes 1, 2, 6, 8, 9, 10 and X appeared to be normal compared to Chinese hamster 

chromosomes (Deaven and Petersen, 1973). The remaining chromosomes contained 

deletions, translocations and/or additions, which have been termed “Z” group 

chromosomes. Moreover, cells within a clonal population also displayed chromosomal 

heterogeneity that 24% of the cells contained 19, 20, 22 or 44 chromosomes. Karyotype of 

the CHO-K1 subclone was found to be similar to the parental CHO, although one small 

chromosome was missing therefore containing only 20 chromosomes (Kao and Puck, 

1970).  More recently a karyotype of the DG44 cell line showed that it possesses a modal 

chromosome number of 20. Only 7 of the DG44 chromosomes were found to be normal 

compared to Chinese hamster chromosomes, including two copies of chromosome 1, and 

one copy of each chromosomes 2, 4 5, 8 and 9. The remaining chromosomes were 4 Z-

group chromosomes, 7 derivative chromosomes, which were generated by rearrangements 

within the chromosomes, and 2 marker chromosomes, which contained no recognizable 

landmarks corresponding to the parental cell chromosomes (Derouazi et al., 2006).  

Moreover, recombinant CHO-DG44 cell lines harboured further chromosomal 

rearrangements resulting in an altered karyotype compared to the parental DG44 cell lines 

(Derouazi et al., 2006).   

 

CHO cells have shown to display some unusual chromosome structures including the 

location of telomeric sequences. Telomeric DNA sequences are composed of tandem 

arrays of duplex 5’-TTAGGG-3’ repeats, which are located at the end of eukaryotic 

chromosomes in many eukaryotic organisms. Telomeric DNA maintains the stability and 

integrity of the chromosomes (Bolzan, 2011). However, it was reported that telomeric 

signals were not located at the ends of most of the CHO cell chromosomes. Instead the 

telomeric repeats are located near centromeric regions of the chromosomes (so-called 

interstitial telomeric repeat sequences [ITSs]) (Balajee et al., 1994, Jun et al., 2006). ITSs 

are probably originated from inversions and fusions that occurred during the establishment 

of these cell lines. It was shown that some ITSs might undergo a variety of chromosomal 

aberrations including dicentrics, extended chromosomes, terminal translocation (Balajee et 

al., 1994, Lin and Yan, 2008). Therefore, this tendency of CHO cells to display 
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chromosomal rearrangements may have implications on the stability of both endogenous 

and integrated exogenous DNA within CHO cell chromosomes (Jun et al., 2006). 

 

Recently, sequence information of an amplified CHO cell line engineered to express 

human secreted alkaline phophatase (SEAP) has been reported (Hammond et al., 2011). 

Initial sequencing of this cell line using reference-guided alignment yielded 2.72Gb of 

genomic sequence. Moreover, the draft genomic sequence of the CHO-K1 cell line was 

published, showing ~24,000 predicted genes and ~29,000 transcripts in the 2.45Gb 

assembly (Xu et al., 2011). This is a huge step forward for the development of genome-

scale tools and technologies for further in-depth studies of the CHO cells. Although the 

different CHO cell lines display a large genomic diversity, the CHO-K1 genome can serve 

as a reference for the sequencing analysis of other CHO cell lines.    

 

1.2.3.2.2. MTX-mediated Gene Amplification in CHO Cells 

 

The isolation of DHFR-deficient CHO cells made it possible to use the DHFR gene as a 

selectable and amplifiable marker. DHFR is involved in nucleotide biosynthesis and it 

converts dihydrofolate to tetrahydrofolate. Selective pressure is applied to the cell culture 

with an inhibitor of DHFR (Butler, 2005, Kaufman and Schimke, 1981). Methotrexate 

(MTX) is a folic acid analog that inhibits DHFR activity. Exposure of the cells to gradually 

increased amounts of MTX promotes amplification of DHFR gene copies and co-

transfected gene of interest. After several rounds of increasing concentration of MTX, the 

surviving cells frequently contain several hundred to a few thousand copies of the 

recombinant gene (Kaufman and Goeddel, 1990, Wurm, 2004).  

 

CHO cells can achieve MTX resistance by other mechanisms aside from DHFR 

amplification including a reduced affinity of DHFR enzyme to MTX (Flintoff and Essani, 

1980, Haber and Schimke, 1981) and impairment of MTX transport (Assaraf and Schimke, 

1987, Cavalcanti et al., 1992, Saikawa et al., 1993). To overcome acquiring alternative 

resistance, MTX amplification is generally obtained by gradual increase of MTX 

concentration rather than single step high concentration of MTX.  
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The cytogenic studies in various MTX-amplified cells have revealed two types of 

abnormal chromosome structure, including ‘homologous staining regions (HSRs)’ and 

‘double minute chromosomes (DMs)’ (Omasa, 2002). DMs are described as acentromeric, 

circular chromosome bodies. Due to the unequal distribution of DMs at mitosis, the 

amount of amplified DNA decreases in subsequent generations in the absence of selective 

pressure. Therefore, amplified DNA localized on DMs is considered unstable  (Kaufman et 

al., 1979). HSRs are expanded chromosomal regions which fail to exhibit any banding 

patterns when stained by the trypsin-Giemsa method. In CHO cells, gene amplification is 

usually associated with the formation of HSRs (Kaufman et al., 1983, Wurm et al., 1996, 

Kim and Lee, 1999). HSRs normally exist in host cell chromosome and, consequently, 

recombinant DNA in HSRs is replicated in early S phase along with the host cell DNA and 

is inherited equally into the daughter cells. Therefore, by contrast, HSRs are often 

associated with stable amplified DNA (Nunberg et al., 1978, Kaufman et al., 1983). 

However, several studies have reported loss of integrated plasmid DNA during long-term 

culture in the absence of selective pressure (Fann et al., 2000, Hammill et al., 2000, Kim et 

al., 1998b). In addition, although very high producer cell lines were isolated with MTX 

amplification, the main problem is that MTX amplification is a very long and tedious 

process usually isolation and screening for high producing cell lines may take more than 6 

months. 

 

Several mechanisms have been proposed to be responsible for gene amplification, and for 

CHO cell lines the most frequently proposed mechanisms is the Break-Fusion-Bridge cycle 

model (B-F-B, Figure 1.3) (Kaufman et al., 1979, Kaufman et al., 1983, Kim and Lee, 

1999). This model explains the possibility of the chromosomal aberrations associated with 

gene amplification including dicentric chromosomes, extended arrays of amplified DNA 

and elongated chromosomes (Kaufman et al., 1983, Kim and Lee, 1999, Wurm et al., 

1996).  
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Figure 1.3: Breakage fusion bridge (B-F-B) cycle mechanism 

 

 

 

Suggested mechanism for MTX-induced amplification is depicted above. Adapted from 

Omasa (2002). 

 

In the B-F-B model, genomic rearrangements starts with chromosomal breakage from a 

site that depends on the chromosomal structure (Ma et al., 1993, Ruiz and Wahl, 1990).  

These breaks might occur naturally in the cell, but are almost always repaired by DNA 

repair mechanisms in a normal cell. This indicates that cells that contain unrepaired DNA 

regions probably have mutated DNA repair mechanisms. It has been shown previously that 

in malignant human cells the tumour suppressor gene p53 is mutated (Livingstone et al., 

1992). p53 acts as a cell-cycle checkpoint protein, activates the DNA repair mechanisms 

when DNA is damaged and induces growth arrest by holding the cell cycle at G1/S phase 

until the damage is repaired (Goodsell, 1999). Studies with MTX resistant CHO cell lines 

carrying amplified DHFR genes showed sequestration of p53 within the cytoplasm as 

opposed to nuclear localisation in parental cells, resulting in lack of p53 function. This 

atypical localisation was found to be dependent on the presence of gene amplification, 

suggesting that mutant p53 cells have a tendency for gene amplification events (Ottaggio et 

al., 2000, Ottaggio et al., 2006). 
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These mutations occur spontaneously in all cells in culture, which can be considered 

Darwinian in nature (Wurm et al., 2003), i.e. only cells that do not repair damaged DNA 

and amplified DHFR gene are selected by increasing MTX concentrations. However, it 

should also be noted that MTX is known to be a clastogenic drug and causes chromosomal 

damage and gene mutations (Li and Kaminskas, 1984). Such clastogenic activity was 

reported to be associated with the initiation of gene amplification (Coquelle et al., 1997). 

Blocking DHFR with MTX leads to starvation of cells for DNA precursors, consequently 

this can result in mis-incorporation of uracil into DNA. This can induce the single-strand 

excising activity of repair enzyme and might be responsible for increased recombigenic 

activity (Goulian et al., 1980). Therefore, when added to the cells, MTX could contribute 

to the DNA amplification by increasing the rate of mutations and recombigenic events as 

well as selecting the cells with high DHFR-activity.  

 

It is of particular interest in mammalian cells to examine the role of integration site in 

amplification and genomic stability. Wahl et al. (1984) reported that the chromosomal 

position affects the amplification frequency and the size and the stability of the amplified 

sequence in CHO cells. Gajduskova et al. (2007) have studied human cell lines and found a 

unique site associated with enhanced propensity to amplify and recurrent amplicon 

boundaries. This presumably implicates the expression of a rare folate-sensitive fragile site 

that initiates the amplification process. It was also reported in colorectal cancer cells that a 

small number of regions are associated with an enhanced rate of amplification and 

genomic instability (Bartos et al., 2007). Recently, BAC libraries were used to investigate 

the chromosomal region adjacent to the transgene vector in amplified CHO cell lines 

(Omasa et al., 2009). It has been suggested that endogenous repetitive structures of the 

amplified region on a specific CHO chromosome may promote the gene amplification and 

increase the stability of the inserted gene (Park et al., 2010).  

 

A number of studies reported that expression of recombinant gene was variable between 

different clones from the same transfection following amplification (Jiang et al., 2006, 

Lattenmayer et al., 2007b, Kim et al., 1998a). One reason could be the different response 

of the primary cells to MTX amplification, resulting in variation in copy numbers of 
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integrated plasmid (Wurm and Petropoulos, 1994). Another reason for the differences in 

expression might be the effect of integration locus. Therefore, a high-level of DHFR 

production could be as a result of high expression level from a few plasmid DNAs which 

probably integrated into a locus that favours high transcription rate, or greater level of 

amplification of DHFR plasmids that individually express at low levels (Wurm et al., 

2003).  

 

1.2.4. Summary 

 

It has been shown so far that there are a number of different expression systems that can be 

used for therapeutic protein production. Despite the recent improvements in bacteria and 

yeast cell platforms, mammalian cells, in particular CHO cells remain to be the most 

widely used host cell platform for production of therapeutic proteins that require complex 

post-translational modifications. To increase the productivity of these cell lines gene 

amplification methods, in particular MTX-mediated amplification, are extensively applied. 

One of the problems often encountered, however, is that these cell lines are highly 

unpredictable and display variable levels of recombinant protein. In addition, it is often 

observed that a cell lines display a decrease in recombinant protein production during long 

periods of culture.  As a result a large number of clones need to be screened to achieve 

clones with desirable properties, which may take several months to develop cell lines with 

high and stable recombinant production. The stability of recombinant gene expression and 

phenotypic variability is discussed in the following section. 

 

1.3. Stability of recombinant gene expression  

 

An important consideration in CHO cell line development for commercial production is the 

potential instability of clonal cell lines over long-term culture (Wurm, 2004). It is 

important for commercial production to obtain cell lines that maintain stability of 

production over the long-term culture (i.e. the period to scale-up to manufacture), because 

the loss of productivity may jeopardize the regulatory approval of product (Barnes et al., 

2003).  
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A number of reports have indicated instability for the DHFR-CHO expression system 

during long term culture in the absence of selective agent. Examples of these are instability 

of production of c-myc (Pallavicini et al., 1990), tissue plasminogen activator (Fann et al., 

2000, Weidle et al., 1988), antibodies (Strutzenberger et al., 1999, Kim et al., 1998b, 

Chusainow et al., 2009, Dorai et al., 2011), and DHFR (Kaufman and Schimke, 1981). In 

some cases instability has also occurred in the presence of MTX but not as profoundly as 

when the selective pressure was absent (Chusainow et al., 2009, Fann et al., 2000, Kim et 

al., 1998a). It has been shown that decrease in productivity in this system during the long 

term culture was often related to loss of gene copy number for individual clones (Hammill 

et al., 2000, Fann et al., 2000, Pallavicini et al., 1990, Kim et al., 1998b, Kim et al., 2011). 

The location of integrated plasmid DNA into the CHO cell chromosome is suspected to 

play a role in stability (Section 1.2.3.2.2) (Kim and Lee, 1999). In the absence of selective 

pressure, amplified genes localized on extrachromosomal double minutes are usually lost 

during mitosis (Kaufman et al., 1983). However, amplified genes incorporated into the 

genome are not always stable, because CHO cells express a very unstable karyotype due to 

genomic rearrangements and such events may disrupts the integrity of endogenous genes 

(Section 1.2.3.2.2) (Kaufman and Schimke, 1981, Kim and Lee, 1999, Ruiz and Wahl, 

1990, Weidle et al., 1988). Yoshikawa et al. (2000a) suggested that amplified genes 

located near the telomeric regions of chromosomes are more likely to be stable than those 

integrated in other regions. Furthermore, it has been reported that localization of the 

(TTAGGG)n sequences around the telomeric ends of amplified arrays may be important 

for the stable maintenance of amplified genes (Section 1.2.3.2.1) (Kim and Lee, 1999). 

Recent studies have reported that recombinant CHO-derived cell lines lost their 

productivity during prolonged culture through transcriptional silencing by methylation in 

the absence of MTX (Chusainow et al., 2009, Kim et al., 2011, Yang et al., 2010b). 

Furthermore, another group reported that loss of monoclonal antibody productivity may 

occur as a result of genetic re-arrangement of transgenes (Heller-Harrison et al., 2009). 

They observed a loss of HC-DHFR bi-cistronic transcript with the appaerance of a smaller 

transcript over time. Sequencing of this smaller transcript showed a lack of HC sequence 

but it contained an intact DHFR gene. Therefore, they suggested that despite producing 
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DHFR protein this cell line was no longer expressing HC protein or intact antibody partly 

due to uncoupling of HC-DHFR bi-cistronic transcription unit (Heller-Harrison et al., 

2009). They also reported a gradual loss of antibody production by epigenetic gene 

silencing via methylation of DNA (Heller-Harrison et al., 2009).    

 

Another major aspect that may have relevance to instability for specific cell lines is clonal 

variability (Barnes et al., 2001). This has traditionally been thought to be an aspect of 

genetic heterogeneity in the transfectant pools. However, recent studies have shown that in 

addition to genetic heterogeneity this variation may be due to phenotypic differences 

between cells in each clone (Barnes et al., 2006, Pilbrough et al., 2009). Barnes et al. 

(2006) found that even after three rounds of limiting dilution cloning of the parental NS0 

cells the resulting clones showed a range of growth properties, suggesting that the high 

degree of variation in recombinant cell lines is not only due to added pressure of producing 

a foreign protein. Emerging research in mammalian cells has revealed that genetically-

identical cells can show considerable variation in gene expression even in a common 

environment (Neildez-Nguyen et al., 2008, Raj et al., 2006, Sigal et al., 2006, Raj and van 

Oudenaarden, 2008, Liu et al., 2006). Protein expression is a stochastic process and leads 

to variation in mRNA and protein levels among cells (Raj and van Oudenaarden, 2008). 

Such expression noise can occur in transgenes as well as a wide range of endogenous 

genes, which may also have an indirect effect on transgene expression (Kaufmann and van 

Oudenaarden, 2007). This stochasticity was found to be originated from transcriptional 

bursting, which was visualized in CHO cells using a method similar to fluorescent in situ 

hybridization (Raj et al., 2006). Stochastic events of chromatin remodeling has been 

suggested as a possible mechanism to mediate such regulation by causing genes to switch 

between active and inactive transcriptional states (Becskei et al., 2005, Raj et al., 2006). 

Furthermore, it has been shown that genes coding for essential proteins display lower 

levels of expression noise (switching) than that of genes coding for non-essential proteins 

(Fraser et al., 2004). Recently, Pilbrough et al. (2009) have investigated the degree of 

variation within a recombinant CHO cell clone and suggested that intraclonal expression 

noise could account for the observed clonal variation and the apparent instability of 

expression over time.  
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In summary, mammalian cell lines display a considerable variation and unpredictable 

stability of expression, which remains as major issues in establishing high-producer cell 

lines for large-scale production of recombinant protein. The causes for this substantial 

variation and instability of protein production are discussed in the following section.  

  

1.4. Gene silencing 

 

As discussed in previous Section 1.3, in addition to the loss of transgene copies, instability 

of protein production from recombinant genes in engineered cell lines may arise without 

any loss in recombinant gene copy number due to silencing of the transgene as a result of 

epigenetic gene regulation (Barnes et al., 2001, Bestor, 2000, Kwaks and Otte, 2006, 

Heller-Harrison et al., 2009, Kim et al., 2011, Yang et al., 2010b). The term "epigenetic" 

has been defined as ‘the study of heritable changes in gene expression that do not require, 

or do not generally involve, changes in genomic deoxyribonucleic acid (DNA) sequence’ 

(Wolffe and Matzke, 1999). Epigenetic mechanisms determine phenotype, therefore, 

function and characteristics of cells during differentiation and are necessary in normal cell 

development.  

 

The first part of this Section will include an overview of transcriptional silencing 

mechanisms associated with chromatin structure, modification of DNA and Histone 

proteins. The second part will look at post-transcriptional silencing that involves RNA-

mediated mechanisms. The summary of gene silencing mechanisms can be seen in Figure 

1.4. 

 

1.4.1. Transcriptional gene silencing 

 

1.4.1.1. Chromatin Structure and position effect 

 

In all eukaryotic cells, the DNA double helix is compacted to form a nucleoprotein 

complex (chromatin) in the nucleus (Wolffe, 1998). The fundamental unit of the chromatin 
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is called the nucleosome in which DNA is wrapped around an octamer of core histones 

(composed of two subunits of the histones H2A, H2B, H3 and H4). Core histones are 

characterized by having a histone fold domain which mediates histone-histone and histone-

DNA interactions. Each histone also contains an N-terminal tail region that is rich in basic 

amino acids. N-terminal tails are subjected to PTMs and combinations of these 

modifications have an influence on gene expression (Section 1.1). In addition histone 

modifications mediate the folding of nucleosomal arrays into higher-order structures and 

have an essential role in inter-nucleosomal histone-histone interactions (Quina et al., 

2006). Electron microscopy studies revealed that, at low ionic strengths, these nucleosome 

arrays appear as beads on a string. 

 

Chromatin has a dynamic nature and the structure of chromatin can be altered with 

chromatin modification and remodelling enzymes. The first group of enzymes are the 

histone modifying enzymes, which are responsible for addition or removal of PTMs to 

various histone proteins. The second group of enzymes include ATP-dependent chromatin 

remodelling enzymes, which facilitates the weakening of the interaction between DNA and 

histones and repositioning of the nucleosome in an energy-dependent manner (Smith and 

Peterson, 2004). These enzymes consist of at least three subfamilies, including the 

SWI/SNF family, ISWI complexes and Mi-2 complexes. SWI/SNF complexes are 

associated with transcriptional activation by disrupting nucleosome structures and 

increasing DNA accessibility. They have also shown to promote transcriptional repression 

(Harikrishnan et al., 2005). The ISWI complexes are involved in chromatin assembly by 

moving the nucleosome on linear DNA. The Mi-2 complexes are found to be associated 

with transcriptional repression (Smith and Peterson, 2004). 
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Figure 1.4: Epigenetic regulation of gene expression in mammalian cells 

 

 

 

 

PEV: Position effect variegation, miRNA: micro RNA, miRNP: miRNA ribonucleoprotein 

complex, siRNA: Small interfering RNA, RISC: RNA-Induced silencing complex, RNAi: 

RNA interference.       Various histone modifications. Adapted from Croxford (2008). 
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Electron microscopy studies showed that chromatin isolated at higher ionic strength 

displayed further condensation to form a higher level of organization called 30nm fibres 

that are stabilized by binding of a linker Histone H1 (Hansen et al., 1989). The 

arrangement of nucleosomes and linker DNA into 30nm fibres remains unresolved  

(Woodcock and Ghosh, 2010). Most available data to date suggests a zigzag arrangement, 

with contacts between nucleosomes 1 and 3 and between 2 and 4, with the linker criss-

crosses between each stack of nucleosomes (Schalch et al., 2005). Chromatin architecture 

beyond the 30 nm fibres is still not well understood but there is no doubt that it is further 

condensed into higher level of organization, particularly during the formation of metaphase 

chromosomes (Woodcock and Ghosh, 2010).  

 

Chromatin is organized into two general "functional" forms, euchromatin and 

heterochromatin. Euchromatin corresponds to regions that are generally transcriptionally 

active and less condensed while heterochromatin refers to the transcriptionally inactive and 

highly condensed regions (Vermaak et al., 2003). Over the recent years heterochromatin 

and euchromatin have been further associated with different covalent modifications that 

are present within histones and DNA. These modifications are detailed in the following 

section.  

 

The recombinant mammalian cell lines are generated by transfection of the cells with a 

vector containing the gene of interest and a selectable marker that confers the recipient 

cells a selective advantage (e.g. DHFR, Section 1.2.3.2.2). The integration of transgene 

into host cell chromosomes is generally a random process, and therefore transgenes may be 

inserted into euchromatin or heterochromatin. When transgene is integrated within 

heterochromatin the chromosomal condensation spreads into the integrated transgene, by 

the phenomenon known as position-effect variegation (PEV), and result in silencing of 

integrated DNA (Figure 1.4) (Dobie et al., 1996). PEV is correlated with histone 

hypoacetylation (Section 1.4.1.2) and DNA methylation (Section 1.4.1.3), and as a 

consequence, cell lines containing similar numbers of plasmid copies show variable levels 

of protein expression.  
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1.4.1.2. Histone Modifications 

 

DNA is compacted into a higher order nucleoprotein complex termed chromatin, in which 

the fundamental structural unit is nucleosome (Section 1.4.1.1). Therefore, considerable 

interest has focused on how the genes within chromatin are made accessible to the 

transcriptional machinery and expressed in an organized program. It is thought that the 

covalent modifications of chromatin facilitate the change of its organization and enable 

access of transcriptional factors (Henikoff, 2008). Nucleosome stabilization is associated 

with heterochromatin resulting in transcriptional repression, whereas in euchromatin 

nucleosomes are destabilised and as a result chromatin is in an accessible state. Therefore, 

histone modifications that are related to nucleosome stabilization or destabilisation 

promote the formation of heterochromatin or euchromatin respectively.  

 

N-terminal tails of histone proteins are located outside of the chromatin fibre and targets 

for a variety of post-translational modifications (Figure 1.4, Figure 1.5). These covalent 

modifications function either by disrupting the contact between nucleosome or by 

recruiting non-histone proteins (Kouzarides, 2007). The disruption of chromatin contacts 

occurs via modifications that affect the histone-histone or histone-DNA interactions. For 

example acetylation of the histones structurally alters the chromatin architecture by 

neutralizing the positive charge of the lysine residues (Lee et al., 1993). A number of 

proteins bind to modified histones via specific domains and affects the overall chromatin 

structure indirectly (Gelato and Fischle, 2008). On example is heterochromatin protein 1 

(HP1), a non-histone chromosomal protein, which specifically binds to methylated H3K9 

(Fanti and Pimpinelli, 2008). HP1 correlates the communication between histone methyl 

transferase (HMT) and DNA methyltransferase (Dnmt1) and subsequent formation of 

heterochromatin and transcriptional silencing (Smallwood et al., 2007).  

 

For the purposes of coordination of the regulation of gene expression, histone 

modifications can be divided into two categories: those that are associated with activation 

of transcription and those that correlate with repression of transcription (Figure 1.5). The 

major post-translational modifications, which play essential roles in gene expression, are 
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acetylation, phosphorylation, methylation and ubiquitination and are discussed briefly 

below. 

 

Histone acetylation is a reversible modification controlled by histone acetyltransferase 

(HAT) and histone decetylases (HDAC). It is generally accepted that a high degree of 

histone lysine acetylation leads to activated genomic regions, whereas deacetylation 

mainly results in repression and silencing (Figure 1.5). Histone acetylation can modulate 

gene expression at different levels. Acetylation of the core histone lysine residues directly 

inhibits heterochromatin formation and facilitates accessibility of the transcriptional 

machinery to DNA templates. Secondly, histone acetylation has an influence on the 

interaction of transcription-regulatory proteins with DNA in chromatin and can serve as a 

signal for the binding of these trans-acting factors (Bulger, 2005).  

 

Phosphorylation of histone H3 serine residues is known to be related to chromosome 

condensation during mitosis (Hendzel et al., 1997) and has also been shown to correlate 

with transcriptional activation of immediate-early genes (Figure 1.5) (Thomson et al., 

1999). The finding that the same modification may be involved in opposing physical 

changes in chromatin structure suggested that they act may as binding surfaces rather than 

direct alteration of chromatin (Nowak and Corces, 2004).  

 

Histone proteins can be methylated either at arginine or lysine residues, and methylation of 

histones appears to have multiple effects on chromatin function (Figure 1.5). Methylation 

of H3 on Lysine 4 (K4) (Strahl et al., 1999) and some of the arginine residues in H3 and 

H4 (Chen et al., 1999), for instance, induce transcriptional activation. In contrast, 

methylation of H3 on Lysine 9 (K9) is mostly associated with stable silencing and 

repression of genes as mentioned above. Methylation of H3 on Lysine 27 (K27) and H4 on 

Lysine 20 (K20) are also found to be connected to transcriptional repression (Kouzarides, 

2007).  
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Figure 1.5: The major post-translationl histone modifications and their effect 

on transcriptional states. 

 

 

Ac: Acetylation, P, Phosphorylation, Me: Methylation, Ub: Ubiquitylation. Red circles 

indicate transcriptional repression, whereas black circles display transcriptional 

activation.  

 

Ubiquitylation of histone H2A and H2B plays important roles in modulating many 

processes within the nucleus such as transcription initiation, elongation, silencing and 

DNA repair. From a transcriptional point of view, H2A ubiquitylation is considered to be 

involved in repression, whereas H2B ubiquitylation has roles in both transcriptional 

activation and silencing (Figure 1.5) (Weake and Workman, 2008). 

 

1.4.1.3. DNA Methylation 

 

There is considerable evidence that suggests a strong correlation between DNA 

methylation and gene silencing.  For example, early in mammalian development one of the 

X chromosome is randomly inactivated (Panning and Jaenisch, 1998). This inactivated X 
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chromosome is heavily methylated and this observation implicates a role of methylation in 

gene silencing. Moreover, treatment of cells with 5-azacytidine, which is an inhibitor of 

DNA-methylation, has shown demethylation and reactivation of expression of previously 

methylated genes (Jones et al., 1983). DNA methylation is often associated with silencing 

of sequence duplications in most cases. This normally serves as a defence mechanism 

against invasive DNA pathogens (Garrick et al., 1998, Selker, 1997). However, this 

complicates the gene therapy applications and production of therapeutic proteins from 

recombinant mammalian cells (Bestor, 2000). 

 

DNA methylation usually occurs on carbon 5 of cytosine, to generate 5-methylcytosine 

(5mC), and in higher vertebrates this modification generally takes place in 5’-CpG-3’ 

dinucleotides (Nakao, 2001). DNA methylation in mammalian cells is classified as either 

maintenance or de novo methylation. It is considered that maintenance methylation is 

controlled by DNA methyltransferase (DNMT1), also known as maintenance methylase, 

and de novo methylases (DNMT3a, DNMT3b) are responsible for de novo methylation 

(Okano et al., 1999, Pradhan et al., 1999). Maintenance methylases recognize and modify 

hemi-methylated DNA produced during replication of DNA, therefore preserving the 

methylation pattern of the newly synthesized daughter strands. Moreover, it has been 

reported that DNMT1 works together with HDAC to repress transcription (Figure 1.6c) 

(Kimura and Shiota, 2003). In addition this enzyme also associates with the HP1 protein 

and methylates the DNA that contain methylated H3K9 residues (Figure 1.6d) (Smallwood 

et al., 2007). On the other hand, de novo methylases add methyl groups to unmethylated-

DNA to create new hemi-methylated DNA, which may explain how the methylation 

pattern can be changed (Okano et al., 1999).  

 

Similar to histone modifications, DNA methylation can have downstream influences on 

transcription and chromatin structure. DNA methylation may directly hinder binding of the 

methylation-sensitive transcription factors to DNA (Figure 1.6a, 1.6b), or indirectly, it may 

recruit adaptor proteins, containing methyl binding domains (MBD), which promotes 

transcriptional silencing (Miranda and Jones, 2007). One of the members of the MBD 

protein family is methylated DNA complex 2 (MeCP2), which promotes the formation of 



42 
 

repressed chromatin via interaction with HDAC  and an adaptor protein Sin3 (Figure 1.6c) 

(Nan et al., 1998).  

 

Nearly 60-90% of all CpG sequences are methylated in the vertebrate genome, whereas 

unmethylated CpGs are mainly located in CpG islands. CpG islands are often part of 

functional promoters and other regulatory elements (Antequera and Bird, 1993), and it has 

been shown that transcription is repressed when such elements become hypermethylated 

(Bird and Wolffe, 1999).  

 

1.4.2. Post-Transcriptional Gene Silencing (PTGS) 

 

Although transcription is the initial process in protein expression, it is now clear that post-

transcriptional events also have an important role in final level of protein product in which 

silencing of genes can occur at post-transcriptional level (Figure 1.4). Post-transcriptional 

gene silencing (PTGS) has been found to occur naturally in a number of organisms from 

nematodes to plants to humans (Cogoni and Macino, 2000), and the mechanism has been 

called RNA interference (RNAi).  

 

The initiating factor in RNAi pathways is either long double-stranded RNA (dsRNA, 

which may be viral RNAs or artificially introduced into the cell) or micro RNAs (miRNA, 

which can occur naturally) (Wightman et al., 1993, Tuschl et al., 1999).  RNAi pathways 

are based on two steps. In first step, the trigger RNA (either dsRNA or miRNA primary 

transcript) is processed into short dsRNAs (small interfering RNA [siRNA] or miRNA) by 

the RNaseIII-type enzyme Dicer. Afterwards, siRNA/miRNAs are incorporated into the 

effector complex, RNA-induced Silencing Complex (RISC) or miRNA ribonucleoprotein 

complex (miRNP). RISC mediates the cleavage of target mRNA, whereas miRNP guides 

to translational repression in animals (Hammond et al., 2000, Meister and Tuschl, 2004). 
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Figure 1.6.: Common mechanisms of DNAmethylation and cross-talk between 

DNA methylation and histone modifications 

 

a) Direct inhibition of transcription by blocking the transcrition factor (TF) binding. b) 

Assembling of heterochromatin associated with methylated DNA and deactylaeted histones 

may block the TF binding.  c) Binding of MBD proteins to methylated DNA and subsequent 

recruitment of HDAC promotes the formation of repressed chromatin. d) Binding of HP1 

to the methylated H3K9 residues and subsequent association of DNMT1 promotes the 

methylation of the DNA and mediates the formation of repressed chromatin. Adapted from 

Vaissiere et al. (2008). 
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Furthermore, an association of PTGS with DNA methylation has been shown in plant 

studies (Section 1.4.1.3). These data suggested that interactions between RNA and the 

promoter region leads to methylation of DNA which in turn results in transcriptional 

silencing (Jones et al., 1999). Likewise, deletion of several genes which encode part of the 

machinery responsible for RNAi in yeast, resulted in transcriptional de-repression of 

previously silenced transgenes accompanied by overall loss in methylation H3K9 (Volpe et 

al., 2002). These data indicate that dsRNA can induce transcriptional level repression of 

gene expression as well as PTGS, and these two silencing mechanisms may act in concert. 

 

1.4.3. Summary 

 

This Section has described the epigenetic gene regulation in various organisms. It has been 

demonstrated that chromatin structure, DNA methylation and histone modifications are 

connected in mammalian cells leading up to gene silencing. Interaction between DNA 

methylation and chromatin may result transcriptional silencing, and heterochromatic region 

are usually have high levels of CpG methylation, while unmethylated CpG island is 

enriched in hyperacetylated histones. Additionally, genes can be silenced post-

transcriptionally through an RNAi pathway. These mechanisms are summarized in Figure 

1.4. It was also demonstrated that inactivation of a gene can occur through spreading 

neighbouring heterochromatin (Dobie et al., 1996). In the next section, the elements that 

may prevent the spread of heterochromatin are discussed.  

 

1.5. Nuclear Organization and DNA Regulatory Elements 

 

1.5.1. Nuclear Organization 

 

The previous sections demonstrated the effect of covalent modification of DNA and 

histones on the transcriptional activity of associated genes, through chromatin 

condensation. Recent studies have indicated the possibility that gene expression may also 

be regulated by the spatial organization of the genome in the cell nucleus and interactions 

between DNA and nuclear sub-structures (Schneider and Grosschedl, 2007). The view that 
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chromatin was arranged into discrete nucleosomal domains, separating heterochromatin 

from euchromatin, was first put forward by Heitz in 1929 (Section 1.4.1.1). This theory is 

now seen as potentially implying further mechanisms in the maintenance of transcriptional 

regulation of gene expression. For example, heterochromatin sub-compartments may be 

associated with chromatin remodelling complexes that maintain condensed chromatin 

structure, whereas euchromatin compartments are associated with enzymes and proteins 

that decondense the chromatin. 

 

Over the past decade, the evidence accumulated has supported the notion that nuclear 

architecture may have a functional impact on epigenetic gene regulation. Current models 

of nuclear architecture of mammals acknowledge that individual chromosomes occupy 

distinct regions, termed chromosome territories, which are non-randomly organized in the 

cell nucleus (Cremer et al., 2006). The impact of nuclear position on the regulation of gene 

expression has been examined in recent studies, which have considered whether the 

transcriptional activity of a gene may be associated with its radial position (Küpper et al., 

2007), or may correlate with its position with respect to other genes/chromosomes 

(Noordermeer et al., 2008), and/or relative to its nuclear neighbourhood (Pavan et al., 

2007).  

 

The emerging idea, with the help of recent technological advancements, is that genes tend 

to be taken to different nuclear environments, which are often shared by other genes 

(Fraser and Bickmore, 2007, Sutherland and Bickmore, 2009). Chromosome territories do 

not have rigid boundaries, therefore genes sometimes relocate outside of their expected 

territories. This relocation can occur as a result of a self-organizing process as seen in the 

domain of constituvely high gene expression (Brown et al., 2006) or, in some cases as a 

consequence of the induction of gene expression (Chambeyron and Bickmore, 2004). For 

example, the looping out of genes in Hoxb locus was observed by using the 4C method. It 

was shown that the relocation of the Hoxb gene cluster occurred in synchrony with the 

activation of the gene expression (Chambeyron and Bickmore, 2004). Moreover, the 

repositioning of an interphase chromosome site was visualised by live-cell imaging which 



46 
 

revealed that the interphase chromosome migrated to the nuclear interior site after a 

transcriptional activator was targeted against it (Chuang et al., 2006).    

 

Furthermore, increasing evidence indicates that the nucleus is highly organised into distinct 

structural and functional domains. One example is that microscopic analysis of actively 

transcribed regions in HeLa cell nuclei revealed that the active forms of RNA polymerase 

units are clustered in their own dedicated transcription sites. These sites have subsequently 

been identified as ‘transcription factories’ (Pombo et al., 1999). The standard view of gene 

transcription was that the active genes recruit RNA polymerase and the peripheral 

transcriptional machinery in order to be transcribed. However, recent experimental 

evidence has provided new insights into the organization of the transcriptional machinery 

and suggested that most genes are dynamically relocated and recruited to transcription 

factories (Osborne et al., 2004). Moreover, it was shown that multiple active genes and 

gene clusters tend to be localized together and therefore share the same factory. FISH 

studies have shown that temporarily quiescent alleles of active genes are located away 

from factories, suggesting that genes can move in and out of these active transcription sites 

resulting in activation or repression of their transcription (Osborne et al., 2004). 

 

A new area of study concerns the interactions within the nucleus between regulatory 

elements (Fraser and Bickmore, 2007). These elements are co-localized, probably not 

because they are recruited to a particular nuclear compartment but rather, due to direct 

protein–protein interactions between the loci. These interactions promote or inhibit the 

movement of the genes within other nuclear environments necessary for their activation or 

repression or their ability to directly alter the chromatin structure of the interacting alleles. 

The DNA regulatory elements that are associated with such transcriptional factories are 

discussed further in the following section. 
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1.5.2. DNA Regulatory Elements and their potential use in recombinant gene 

expression 

 

Our current understanding of the chromatin structure of mammals indicates that genes are 

arranged into discrete chromatin domains, which may exist in either a state which is active 

and decondensed or inactive and condensed. There are a number of regulatory elements 

within these gene domains that play a role in the regulation of gene expression (Cockerill, 

2011). These elements include enhancers and Locus Control Regions (LCRs), which tend 

to have a positive effect on transcription.  

 

Enhancers are discrete cis-acting DNA sequences that increase transcription by interacting 

with DNA-binding proteins and the promoter region of the genes (Blackwood and 

Kadonaga, 1998). LCRs are defined as DNA fragments that are able to enhance the 

expression of the genes which are linked in cis, in an integration-site-independent manner 

(Section 1.5.2.1) (Dean, 2006). Boundary and insulator elements are neutral DNA elements 

that demarcate the range over which other regulatory influences act. These elements have 

either an enhancer-blocking activity or they inhibit the spread of heterochromatin 

(Valenzuela and Kamakaka, 2006). Boundary elements tend to be nuclear scaffold/matrix 

attachment regions (S/MAR), which attach DNA to the nuclear matrix in 30-100bp loops 

(Section 1.5.2.2).  

 

As one of the functions of these regulatory elements involve maintaining genes in a 

transcriptionally active state, they may be linked to the transgene with the aim of 

preventing recombinant protein instability due to PEV and gene silencing (Section 1.4). 

This section will discuss the use of LCRs, S/MARs and Ubiquitous Chromatin Opening 

Elements (UCOEs) in recombinant protein production.  
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1.5.2.1. LCRs 

 

In an attempt to locate the regulatory elements that are important in controlling the 

differentially expressed β-like-globin genes, Tuan et al. mapped the DNase I-

hypersensitive (HS) sites located upstream of the transcribed human globin genes (Tuan et 

al., 1985). They found five HS sites which were only present in erythroid cell types, 

suggesting that their sensitivity to nuclease was tissue-specific. Their sequencing data 

revealed that this region, now known as the LCR, contained two or three enhancer core-

like sequences.  

 

Studies performed on transgenic mice showed that placing the LCR in front of a β-globin 

transgene led to an increased expression that was independent of the chromosomal 

integration site (Grosveld et al., 1987). Moreover, the increase in the expression of 

recombinant β-globin was correlated with the copy-number. Festenstein et al. generated 

transgenic mouse lines carrying human CD2 transgene either with or without the additional 

3’LCR sequence (Festenstein et al., 1996). They demonstrated that the transgene 

expression was consistently high no matter even when the transgene was inserted into 

heterochromatin in mice carrying the additional LCR sequence. The LCRs were found to 

be associated with chromatin enriched with acetylation of H3 and H4 and di-methylation 

of H3K4 histone modifications (Kim et al., 2007, Litt et al., 2001), which are hallmarks of 

an active chromatin region (Section 1.4.1.2). In addition to the β-globin LCR, other LCRs 

have been identified, including the growth hormone locus, the TH2 cytokine locus and the 

major histocompatibility locus (Dean, 2006). 

 

The HS sites within β-globin LCR contain binding sites for transcription factors, including 

NF-E2, EKLF and GATA-1, which are important for recruitment of histone acetyle 

transferases HAT to the LCR. Carter et al. investigated the spatial organization of the β-

globin locus by using a modified version of RNA-FISH to tag and they recovered the 

proteins associated with elongating mRNA (Carter et al., 2002). They found that the HS 

sites of LCRs were in close proximity with the actively transcribed β-globin genes, 

demonstrating that two distant cis-regulatory elements, LCR and promoter, were in close 



49 
 

proximity in expressing cells. This suggested that they directly interacted by forming 

chromatin loops. Subsequent investigations have demonstrated that the β-globin locus can 

cluster and form a structure called a chromatin hub, via associations with HS sites (Palstra 

et al., 2003). In erythroid progenitors, prior to β-globin gene expression, a "poised" 

chromatin hub exists where the β-globin genes are in loops that are not in association with 

each other. Upon erythroid differentiation, the remaining HS sites interact and form a fully 

functional chromatin hub which contains all the regulatory elements and the β-globin gene 

that will be actively expressed. The role of transcription factors in active chromatin hub 

formation was investigated in a number of studies and it was shown that erythroid-specific 

transcription factors were required for the formation of the three-dimensional organization 

of the β-globin locus (Drissen et al., 2004, Vakoc et al., 2005). The presence of active 

chromatin hubs supports the theory of gene recruitment to the nuclear regions containing 

transcription factories described in Section 1.5.1. 

 

Since LCRs are shown to confer a position-independent expression of linked transgenes, 

these elements have been used to construct vectors to improve transgene expression 

particularly for the gene therapy applications (Lisowski and Sadelain, 2008). PEV and 

gene silencing can potentially hamper the effectiveness of the gene therapy strategy 

(Section 1.4). May et al. addressed this problem in their study and constructed recombinant 

lentiviruses containing β-globin gene and LCR elements to successfully treat β-thallasemic 

heterozygous mice (May et al., 2000). They showed that lentivirus carrying the β-globin 

gene and LCR yielded higher and stable levels of transgene expression which was in the 

therapeutic range.  

 

In addition to its use in gene therapy, LCR based expression systems have been used for 

recombinant protein production on a few occassions. Examples of these include pre-

erythroid mouse erythroleukemia (MEL) C88 cells which displayed higher levels of 

recombinant hMCP-1 and human calcitonin receptor production when linked with LCR 

(Needham et al., 1996, Needham et al., 1995). However the tissue-specificity of the β-

globin LCR limits its applicability to MEL cells only. Ortiz et al. reported an LCR within 

the T-cell receptor locus which demonstrated a non-tissue specific expression of a linked 
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transgene (Ortiz et al., 1997). Although this LCR is promising, the expression level was 

variable between different tissue types. Subsequently, this LCR was used in CHO cells 

with the aim of improving the expression. The increase was only 2-4 fold, whereas use of 

the chicken lysozyme MAR provided a 20-fold increase which is discussed in Section 

1.5.2.2 (Zahn-Zabal et al., 2001).  

 

The tissue-specificity and relatively large size of LCRs has limited their usefulness and 

applicability in mammalian cell lines. Smaller elements of the LCR have been successfully 

used in viral gene therapy vectors (Ren et al., 2006). However, only modest improvements 

in transgene expression have been observed in CHO cells when these elements were linked 

to the transgene (Izumi and Gilbert, 2000, Otte et al., 2007).  

 

1.5.2.2. S/MARs 

 

S/MARs are genomic DNA sequences in which the chromatin is attached to the nuclear 

matrix/scaffold (Mirkovitch et al., 1984). In a manner analogous to LCRs, S/MARs have 

been shown to be necessary for the formation of chromatin loops where the S/MARs 

function as anchors (Heng et al., 2004). Furthermore, it was shown that the looping of the 

β-globin locus is mediated by a nuclear matrix association, which therefore suggests that 

S/MARs may anchor the active chromatin hub to the nuclear matrix (Ostermeier et al., 

2003). S/MARs do not usually affect the transient expression of transgenes suggesting that 

they do not display any enhancer-like activity (Bode et al., 2000). However, it was reported 

that a specific MAR element also increased transient expression from some expression 

vectors in CHO cells, which related to the presence or absence of elements on the vector 

backbone (Harraghy et al., 2011).  

 

It has been reported that S/MARs bind transcription factors including the special AT-rich 

binding protein 1 (SATB1) and CTCF (Yasui et al., 2002, Yusufzai and Felsenfeld, 2004). 

SATB1 has been shown to recruit the HDAC and ISWI in interleukin-2-receptor α (IL-

1Rα) suggesting that SATB1 functions as a landing platform for several chromatin 

remodelling complexes (Section 1.4.1.1). Therefore, these data suggest that S/MARs affect 
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the local chromatin structure and nucleosome positioning by recruiting chromatin 

remodelling enzymes and mediating chromatin loop formation.   

 

Numerous studies have reported the use of different S/MARs-containing expression 

vectors to improve high and stable levels of recombinant gene expression in mammalian 

systems. These include the chicken lysozyme S/MAR (Girod et al., 2005, Zahn-Zabal et 

al., 2001), the human β-globin S/MAR (Kim et al., 2004, Wang et al., 2008) and the human 

interferon β S/MAR (Kim et al., 2005). Recently, several new SMARs were identified 

from the human genome using a bioinformatic approach (Harraghy et al., 2011, Girod et 

al., 2007). Some of these new S/MARs were found to be more potent than the previously 

known chicken lysozyme S/MAR, opening the prospect for the identification of even more 

potent elements that can improve transgene expression. The performance of several human 

origin S/MAR elements was evaluated in order to increase production of self-inactivating 

(SIN) retroviral vectors (Buceta et al., 2011). They found that one of the S/MAR elements 

was capable of increasing the viral RNA expression using various types of transgenes and 

packaging cells. 

 

In all these studies, incorporating S/MAR elements into the expression vector increased the 

level of protein production and the proportion of cells or cell lines producing recombinant 

protein following transfection. Moreover, S/MAR incorporation into the vector was shown 

to decrease the clonal heterogeneity and reduce the time for scale-up by reducing the 

number of clones that needed to be screened (Girod et al., 2007, Girod et al., 2005). A 

recent study reported that one of these newly identified S/MARs provided persistent 

expression of the transgene and reduced the expression noise by increasing the probability 

of switching the genes to a transcriptionally active state (Galbete et al., 2009). Stable 

transgene expression was maintained in S/MAR-driven expression after 26 weeks of 

culture in the absence of neomycin selection. 

 

Zahn-Zabal et al. (2001) compared the ability to improve stable transgene expression in 

different chromosomal elements (e.g. LCRs, insulators and S/MARs). They reported that, 
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the chicken lysozyme S/MAR was the most effective and increased the transgene 

expression by 20-fold.  

 

S/MAR-containing vector constructs have also been used in combination with MTX-

mediated gene amplification (Kim et al., 2005, Kim et al., 2004). It was shown that the 

S/MAR element enhanced the recombinant protein expression. Moreover, CHO cells 

transfected with the S/MAR containing expression vector displayed a higher frequency of 

colonies that expressed a detectable level of recombinant pretein than those transfected 

with the control vector (Kim et al., 2004). It was also reported that cells with the S/MAR 

expression vector demonstrated enhanced growth characteristics in the presence of MTX 

selection compared to control vectors. These characteristics were exploited to improve the 

mammalian cell expression system by shortening the time required for the MTX gene 

amplification process (Section 1.2.3). It was shown that high producer cell lines with 

uniform growth properties could be generated by a simple two step MTX treatment, rather 

than multi-step treatments of MTX (Kim et al., 2004).  However, these studies did not 

report the stability of recombinant protein production following MTX amplification over 

prolonged culture in the presence or absence of MTX selection.  

 

1.5.2.3. UCOEs 

 

Functional studies were undertaken with a 44kb cosmid clone containing the TATA 

binding protein (TBP) locus to gain insight into the genetic elements responsible for the 

transcriptionally competent structure of housekeeping genes (Harland et al., 2002). The 

TBP locus consists of three functionally distinct genes including TBP, proteosomal C5 

subunit (PSMB1) and programmed cell death-2 (PDCD2) within a 50 kb interval. It has 

been reported that murine fibroblast L-cells transfected with a 44-kb genomic region 

containing the entire TBP gene and extending 12 kb 5’ into the PSMB1 gene maintained a 

constant TBP expression for up to 60 days, even in the absence of drug selective pressure 

(Harland et al., 2002). This led to the suggestion that this 44kb genomic region may 

possess regulatory elements which negate chromatin-mediated gene silencing.  
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These initial studies were extended by additional analysis of the TBP-PSMB1 region and 

the organizationally similar heterogeneous nuclear ribonucleoprotein A2/B1-chromobox 

homolog 3 (HNRPA2/B1-CBX3) locus (Antoniou et al., 2003). Both TBP-PSMB1 and 

HNRPA2/B1-CBX3 regions consist of three closely spaced, ubiquitously expressed genes. 

A structural feature these two regions have in common is that they contain a methylation-

free CpG island extending over two closely spaced, divergently transcribed promoters. It 

was shown that murine fibroblast L cells transfected with transgenes containing TBP-

PSMB1 and HNRPA2/B1-CBX3 exhibited stable protein production and were resistant to 

silencing even when integrated into the centromeric heterochromatin region. Furthermore, 

these properties of dual-promoter regions do not appear to be associated with either LCR 

or insulator function since analysis of these genomic regions failed to reveal clusters of 

DNase I hypersensitive sites characteristic of LCR-type elements. These results suggested 

that expression vectors based on dual-promoter CpG island regions may have significant 

value in biotechnological applications and such CpG island regions have been termed 

Ubiquitous Chromatin Opening Elements (UCOEs) (Antoniou and Crombie, 2000). 

 

UCOEs are defined as being comprised of an extended methylation-free CpG-island, and, 

normally, bi-directional promoters that are divergently transcribed. It has been claimed that 

UCOEs open chromatin or maintain chromatin in an open state in order to facilitate 

reproducible expression of an operably-linked gene in cells of at least two different tissue 

types (Antoniou and Crombie, 2000).  

 

The transgene expression level from vectors with or without inclusion of an 8kb UCOE 

have been analysed in CHO-S cells. It has been shown that vectors containing the UCOE 

element upstream of the GFP transgene provided a higher proportion of positive clones 

with much higher levels of transgene expression following stable transfection and cloning 

(Benton et al., 2002). In the same study, the UCOE vectors were also used for recombinant 

antibody production. The inclusion of UCOE in the expression construct resulted in a 

dramatic increase in production of the recombinant antibody and also allowed for 

screening of a small number of subclones to obtain high-producer suitable candidates for 

scale-up. In another study, vectors combining the 8kb HNRPA2B1-UCOE fragment with 
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the human cytomegalovirus (hCMV) promoter were used for the expression of transgene in 

CHO K1 cells (Williams et al., 2005). It has been shown that UCOE-containing vectors 

provided a substantial increase in the level of recombinant EPO expression and maintained 

the stability of protein expression over 100 generations of continuous culture in 

transfectant pools. They also evaluated a smaller 1.5kb fragment of the HNRPA2B1-

UCOE which conferred improvements in the level of eGFP expression and proportions of 

expressing cells compared to the control vectors (Williams et al., 2005). The effects of the 

UCOE on eGFP expression and stability were further studied in clonal cell lines which 

showed that a large proportion of the clones generated with 8kb UCOE construct displayed 

detectable eGFP expression and that, overall, the UCOE improved the level of transgene 

expression. Also, no decrease was observed in the percentage of high-producer cells after 

38 generations in the absence of drug selection in clones containing UCOE vector 

(Williams et al., 2005). Nair et al. (2011) reported the comparison of use of the 1.5kb 

UCOE and the 3.2kb mouse ribosomal protein S3 (RPS3) gene locus UCOE in expression 

of B-domain deleted factor VIII (BDD-FVIII) using different promoters including hCMV 

in BHK21 cells. They found that the 1.5kb UCOE performed better than the 3.2kb mouse 

RPS3 UCOE in expressing transgene in all promoter combinations.  

 

A comparative study used a cHS4 insulator, a 2.6kb UCOE, an anti-repressor and a 

S/MAR element and tested their effects on protein expression levels (Otte et al., 2007). 

Contradictory to the previous studies, they reported that incorporation of 2.6kb UCOE did 

not resulted in improved transgene expression levels compared to the control. They found 

that vector constructs containing S/MAR and anti-repressor elements resulted in a marked 

increase in reporter gene expression level than control vectors.  

 

A truncated (2.2kb) HNRPA2B1-UCOE (A2UCOE) element has been used by Zhang et al. 

in the construction of lentiviral vectors, for possible gene therapy applications (Zhang et 

al., 2007). It was shown that transgenes regulated by A2UCOE produced high, consistent 

and homogeneous populations of cells both in vitro and in vivo in transgenic mouse 

models. Moreover, transgene expression was observed to be copy-number dependent. In 

contrast, Katsantoni et al. stated that the transgene expression linked with 8kb UCOE 
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element was not copy-number dependent in transgenic mice (Katsantoni et al., 2007). They 

showed that the 8kb UCOE was capable of driving expression of a linked transgene in all 

tissues analysed. However, the transgene expression was not related to copy number, 

suggesting that the transgenes were prone to chromosomal position effects in vivo.  

 

So far, little is known about the molecular mechanisms of UCOE as to how the linked 

transgene expression is improved. It was reported that UCOEs have no effect on the 

transient expression of linked transgenes suggesting that UCOEs do not have enhancer-like 

activity (de Poorter et al., 2007, Zhang et al., 2007). The observations that transgene 

expression is copy number dependent when linked with UCOE, and that protein expression 

is stable even when integrated within centromeric heterochromatin, also indicates that 

UCOEs may provide and maintain an open chromatin environment. The DNA methylation 

and histone modification patterns across the entire HNRPA2B1-CBX3 locus were studied 

to gain some insight into the molecular mechanism of the UCOE elements (Allen and 

Antoniou, 2007). It was found that the CpG island spanning between HNRPA2B1 and 

CBX3 genes was fully unmethylated and the methylation-free DNA extends beyond this 

region to within the central areas of both genes, making a total of ~5kb in length. 

Moreover, it was shown that, although actively transcribed, the DNA of the 3’ half of both 

HNRPA2B1 and CBX3 genes was methylated and this methylated DNA was also 

associated with transcriptionally-permissive hyperacetylated histone H4 and methylated 

histone H3K4, showing that these two functionally opposite epigenetic marks may co-

exist. Therefore, the dominant chromatin opening function of UCOE may be attributed to 

the large region of methylation-free DNA, which may allow transcription factors to bind 

and promote efficient bi-directional transcription. Moreover, transcriptionally active 

histones H3, H4 acetylation and H3K4 methylation modifications were found to be 

distributed across HNRPA2B1 and CBX3 regions. Overall, this study suggested that the 

UCOE function was connected to an extended region of unmethylated DNA in 

combination with a distinct pattern of active histone modification marks.  

 

Furthermore, the expression and DNA methylation status of the 2.2kb truncated A2UCOE 

were investigated within the lentiviral vector system in mouse embryonic carcinoma P19 
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cells in vitro and in transgenic mice in vivo (Zhang et al., 2010). These study demonstrated 

that the promoter region of the A2UCOE-eGFP vector displayed very low level and widely 

scattered DNA methylation in P19 cells, suggesting that the stability of the transgene 

expression from A2UCOE vector was associated with resistance to DNA methylation. 

Similar results were obtained from the in vivo assessment of DNA methylation where 

A2UCOE displayed little or no methylated CpG residues in all mice analysed. These 

observations demonstrated that the molecular basis for the stability of transgene expression 

regulated by UCOE was partly due to its resistance to DNA methylation.  

 

The evidence available to date indicates that UCOEs can potentially reduce the time 

required for the production of stable cell line and consequently may be valuable in the 

biopharmaceutical production of recombinant proteins. 

 

1.6. Summary and Objectives 

 

Recombinant proteins have great importance for therapeutic applications. Due to the 

requirement for glycosylation and other post-translational modifications for the biologic 

activity of therapeutic protein, mammalian cells are currently the preferred system for 

expression. Although there are different mammalian cell types available, CHO cells, 

especially DHFR-deficient DG44 lines are the most frequently used cell lines for the 

market-scale production of therapeutic protein (Section 1.2.3.2). However, clonal 

heterogeneity, instability and loss of gene expression remain as major obstacles to 

predictability with the CHO expression system. This may be due to changes in the 

regulation of transgene expression. Such unpredictability means that a large number of 

clones are screened to isolate stable high producing clones, a process that is tedious and 

time consuming. Therefore, there is a requirement for greater understanding of 

recombinant gene transcriptional events in mammalian cells with the aim of decreasing the 

need for the cumbersome evaluation of large number of clones. In this regard, 

chromosomal elements including LCR, S/MARs and more recently UCOEs have been 

utilised to overcome problems related to gene silencing mechanisms (Section 1.5.2). 
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Although it is widely believed that UCOEs promote an open chromatin configuration, 

thereby improving expression of linked transgene (Section 1.5.2.3), I hypothesize that 

there may be profoundly different regulation when UCOE containing vector cassettes are 

exposed to DHFR-mediated amplification, which is associated with potentially significant 

changes to chromatin structure and organization. 

  

The overall aim of my project is to assess the effect of UCOE on the long term expression 

of recombinant genes in amplified and non-amplified CHO cells in relation to stability 

studies. Improved understanding in this area will provide an enhancement of the efficiency 

of the overall process in recombinant protein production. 

 

Therefore the main specific objectives of my project are to: 

 

1. Determine whether recombinant protein production is more stable over long 

term culture when UCOE is present in the expression construct. 

2. Determine if incorporation of UCOE in vector constructs improves the 

frequency of cell lines that produce high levels of an industrially relevant 

recombinant protein following MTX amplification. 

3. Determine if recombinant protein production is maintained during long-term 

culture in UCOE-containing cell lines which have undergone MTX 

amplification.  

4. Investigate the genetic parameters and their effect on the recombinant protein 

production. 

5. Investigate the site(s) of integration of transgene following MTX amplification 

using specific chromosome paints and FISH. 

6. Determine how the transgene integration changed over time as one indicator of 

protein productivity and stability by using FISH. 

 

The objectives 1, 3 and 4 listed above will be addressed by use of a reporter gene, green 

fluorescent protein (GFP). (It should be noted here that the GFP engineered cell lines had 

been created and amplified in our lab by Dr Alexandra Croxford). Considering the 
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potential limitations of use of an intracellular protein such as GFP I extended the studies to 

use of a recombinant EPO transgene. EPO is an ideal candidate as an industrially relevant 

protein as it requires complex post-translational modifications for biological activity and 

therefore is most suitably produced in a mammalian cell host.  Therefore, objectives 2, 3 

and 4 will also be addressed by using EPO-engineered cells. To address the last two 

objectives (i.e. Transgene localization experiments) I used selected GFP-expressing CHO 

cell lines. The results presented in this thesis fall into three discrete chapters. Chapter 3 

details the effect of UCOE on stability of protein production in amplified GFP-CHO cell 

lines whereas Chapter 4 examines the development and amplification of EPO-CHO cell 

lines and the stability of protein production over long term culture. Finally Chapter 5 

investigates the effect of transgene localization on stability of production. An overall 

summary and discussion is presented in Chapter 6.  
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CHAPTER 2: 

Materials and Methods  
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2.1. Materials and Equipment 

 

2.1.1. Sources of Chemicals, Reagents and Special Equipment 

 

All chemicals and reagents were of the highest grade and obtained from standard sources. 

A full list of the materials used, and their suppliers, is to be found in Appendix 1. 

 

2.1.2. Preparation and Sterilisation of Solutions 

 

All solutions were prepared in miliQ water (ddH2O) unless otherwise stated. All solutions 

used in the processing of RNA were made in 0.05% (v/v) diethylpyrocarbonate (DEPC)-

treated ddH2O. Solutions were sterilised by autoclaving in a LTE Scientific Series 250 

autoclave or by filtration through a 0.2µm filter where autoclaving was not appropriate. 

Solutions were stored at room temperature, unless otherwise stated.  

 

2.1.3. pH measurements 

 

pH was measured by 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. 

 

2.2. Generation and Purification of Plasmids in Bacterial Cells 

 

2.2.1. Bacterial Growth Medium 

 

Luria bertani (LB) broth was used as the bacterial growth medium, unless otherwise stated, 

which consisted of 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 0.5% (w/v) sodium 

chloride and ampicillin at 50µg/ml, where appropriate. The solid medium contained the 

above constituents with the addition of 1.5% (w/v) agar. Ampicillin was added to the LB 

agar once it was below a temperature of 55ºC. 
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2.2.2. Midi-preparation of Plasmid DNA 

 

Midi-preparation was used when relatively large quantities of pure plasmid were required 

for transfection of cells or for further plasmid manipulation. Plasmid was prepared from a 

200ml bacterial culture using the Qiagen® Plasmid Midi Kit (see Appendix 1). The 

protocol for low-copy number plasmids was followed from the Qiagen Plasmid 

purification handbook. 

 

2.2.3. Estimation of Nucleic Acid Concentration 

 

DNA and RNA concentration was estimated using the NanoDrop1000 UV/Vis 

spectrophotometer, according to the manufacturer’s instructions. The purity was assessed 

by using the A260nm/A280nm ratio, where a ratio of 1.6-2.0 was considered pure. 

 

2.2.4. Restriction Enzyme Digestion 

 

DNA was digested in a final volume of 15µl (unless otherwise stated) using the following 

reagents: Required amount of DNA, 10U of each appropriate enzyme and 1× final 

concentration of appropriate restriction buffer. The digestion mixture was incubated at 

37oC routinely for 2 hours, unless otherwise stated.  

 

2.3. Preparation of Mammalian Expression Vectors for Transfection into 

CHO Cells 

 

Linearised p1010-EPO was produced for transfection into CHO cells, by restriction 

digestion of 100µg of vector for 16h at 37ºC with 30U of restriction enzyme Pme I in 1× 

concentration of restriction buffer, in a final volume of 100µl. Linearised p901-EPO was 

produced by digesting 37µg (equimolar to 100µg of p1010-EPO) of vector with SspI as 

described above. Linearised DNA was purified by phenol:chloroform:isoamyl alcohol 

extraction (Section 2.3.1), and resuspended in a final volume of 100µl in ddH2O.  



62 
 

 

2.3.1. Phenol Extraction and Ethanol Precipitation of DNA 

 

The DNA to be purified from solution was mixed with an equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1) for 5 minutes. The mixture was centrifuged 

at 13,000g for 10 minutes at room temperature and the upper aqueous phase removed into 

a fresh tube. The phenol/chloroform/isoamyl extraction was repeated on the aqueous 

phase. 4 volumes of ddH2O and 0.5 volumes of 3M sodium acetate (pH5.2) were added to 

the final aqueous phase. DNA was precipitated by addition of 3 volumes of 100% ethanol, 

the solution was mixed by inversion and the mixture was centrifuged at 13,000g for 10 

minutes. The supernatant was removed and discarded. The pellet was washed with 70% 

ethanol and re-centrifuged as above. The final DNA pellet was air-dried for 5-10 minutes 

and resuspended in 300µl of ddH2O.  

  

2.4. Mammalian Cell Culture 

 

All cell culture media and additives were either sterilised by the manufacturers prior to 

purchase or by filtration through 0.2µm syringe filters. All cell culture procedures were 

performed within sterile laminar flow cabinets. The parental CHO-DG44 cells were 

originally supplied by British Biotech. All transfected cell lines were grown in RPMI 

medium supplemented with L-Glutamine (4mM final) and 10% (v/v) Foetal Bovine Serum 

(FBS) (growth medium) either with or without MTX selection. When MTX selection was 

required MTX was added to a final concentration of 250 nM. 1 x Hypoxanthine & 

Thymidine (HT) solution was added to growth medium for DHFR-deficient non-

transfected parental CHO-DG44 cells. 

 

2.4.1. Cell Harvesting and Maintenance  

 

The anchorage-dependent CHO cells used in this work were cultured routinely in T-75 

flasks at 37° C and 5% CO2. Cells were sub-cultured every 48 to 72 hours. Volumes stated 

below were used for a fully confluent T-75 flask, containing approximately 1-2 x 107 cells. 
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Medium was removed from the cells to be sub-cultured and the cell layers were washed 

with 5ml PBS. 3 ml of trypsin (1 x EDTA in HBSS w/o Calcium or Magnesium) was 

added to the cell layer and agitated by hand, until the cells were detached (approximately 

3-5 minutes). Trypsinisation was stopped by addition of an equal amount of growth 

medium (i.e. containing FBS) and the cells were transferred to a 50ml tube and centrifuged 

at 100g for 5 minutes. The supernatant was discarded and the cell pellet was resuspended 

in 10ml of fresh growth medium and a 0.5ml sample of cells was taken for counting and 

viability measurements (Section 2.4.2). An appropriate volume of cells was diluted in fresh 

growth medium to give a cell density of 1 x 105 viable cells/ml.  

 

2.4.2. Measurement of Cell Number and Viability 

 

The cell suspension (Section 2.4.1) was diluted 1:1 with 0.5% (w/v) trypan blue (prepared 

in PBS) and a portion of this mixture was placed into an Improved Neubauer 

hematocytometer and observed under a light microscope. Viable cells excluded the blue 

dye as they had an intact membrane. Dead cells, having decreased membrane integrity, 

took up the dye and thus appeared blue. Both the total number and number of viable cells 

were counted in 4 fields of view of 0.1 mm3.  

 

The number of cells was calculated by: 

Number of cells/ml = (n x Dilution Factor) x Correction Factor 

Where n is the mean number of cells/0.1 mm3 

 

2.4.3. Cryopreservation of Mammalian Cells 

 

Approximately 1 x 107 cells were harvested (Section 2.4.1) and resuspended in 1ml of 

freezing medium (10% [v/v] DMSO in FBS), and then aliquoted into Corning cryovials. 

The vials were frozen slowly, within a polystyrene box, at -80° C for approximately 24 

hours before transfer to liquid nitrogen.  
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2.4.4. Cell Revival 

 

Vials of frozen cells were removed from liquid nitrogen and thawed quickly by hand. Cells 

were immediately transferred to a T-75 flask containing 19ml of appropriate growth 

medium, pre-warmed to 37° C.  

 

2.4.5. Transfection of CHO Cells 

 

CHO cells were transfected with the appropriate linearised plasmids (See Section 2.3). For 

each reaction approximately 1×107 cells were harvested (Section 2.4.1) and washed in 

50ml of cold PBS. The cells were re-centrifuged, the supernatant removed and the cell 

pellet was resuspended in 950µl of PBS. For any transfection protocol three 

electroporation cuvettes were prepared, two containing 100µl of each type of plasmid and 

one with 100µl of sterile water as a control. A 950µl cell-PBS suspension was added to 

each cuvette and the mixtures were incubated on ice for 5 minutes. Transfection was 

achieved by electroporation, using the BIORAD pulse controller/gene pulser. Two 

consecutive pulses (1500volts, 3µfd) were applied to each DNA/cell mixture. After that 

treatment, cuvettes containing cells were placed on ice for 5 minutes and then limiting 

dilution cloning was performed (Section 2.4.6) 

 

2.4.6. Limiting Dilution Cloning 

 

Following transfection (Section 2.4.5), cells were diluted as below in non-selective 

medium (growth medium with HT supplement): 

I     1ml of transfected cells plus 29 ml of medium (3.3×105 cells/ml) 

II    10ml of dilution I plus 30 ml of medium (8.25×104 cells/ml) 

III  10 ml of dilution II plus 40 ml of medium (1.65×104 cells/ml) 

5 × 96 well plates of each dilution were prepared by the addition of 50µl of the relevant 

cell suspension per well. The plates were wrapped in foil to minimise evaporation of the 

medium and incubated at 37oC and 5% CO2. Approximately 24 hours later 150µl of growth 

medium was added to each well containing transfected cells. Plates were wrapped again in 
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foil and incubated at 37oC and 5% CO2 for about 14 days. The plates were then screened 

by light microscopy to identify wells with single colonies. Selected wells were fed by 

replacing the existing medium with 200µl of fresh growth medium. Cells were monitored 

for growth by light microscopy and transferred to 24-well plates when confluence was 

reached. Once in 24-well plates, cells were fed with growth medium in a final volume of 

1ml and when confluence was reached the cells were transferred to 6-well plates. Cells 

were monitored by light microscopy until confluent and then transferred to T-25 flasks in a 

final volume of 5ml and once confluent again were then transferred to T-75 flasks for 

maintenance (Section 2.4.1). Frozen stocks of obtained clones were created (Section 2.4.3). 

 

2.4.7. MTX-mediated gene Amplification 

 

The strategy for MTX amplification is outlined in Figure 2.1. Initial cell lines were created 

by transfection of DG44 cells (Section 2.4.5) and limiting dilution cloning was performed 

(Section 2.4.6) until cell lines were in 6-well plates. Cell lines were maintained in 6-well 

plates (Section 2.4.1) and EPO production was analysed by ELISA (Section 2.5.8). The top 

ten EPO producing cell lines were scaled up into T-75 flasks and frozen stocks were made 

(Section 2.4.3). Equal number of cells from each cell line were pooled and made up to a 

volume of 50ml with RPMI plus 10% (v/v) FBS to give a final concentration of 1.5×105 

cells/ml. Pooled cells were then diluted in growth medium containing 250nM MTX as 

follows: 

I     Pooled cells in 50 ml medium (1.5×105 cells/ml) 

II   10 ml of dilution I plus 40 ml of medium (3×104 cells/ml) 

III  10 ml of dilution II plus 40 ml of medium (6×103 cells/ml) 

Limiting dilution cloning was then continued as described in Section 2.4.6 until cell lines 

were in 6-well plates. EPO production was assessed by ELISA (Section 2.5.8) and the top 

three cell lines, in terms of EPO production, were scaled up into T-75 flasks and frozen 

stocks were made (Section 2.4.3). 

 



66 
 

2.4.8. Long-term Continuous Culture 

 

Cells were sub-cultured continuously every 48–72 hours as described in Section 2.4.1 for 

up to 80 days in growth medium with or without MTX. Samples for further experimental 

work were taken on days 10 and 80 of long-term culture in CHO-GFP cell lines and days 0 

and 77 of long-term culture in CHO-EPO cell lines.  

 

2.4.9. Batch Culture Analysis 

 

Cells were maintained in T-75 flasks as described in Section 2.4.1. For batch growth 

analysis cells were harvested (Section 2.4.1) in early (days 0-10) and late (day 80) 

generations of long-term culture (Section 2.4.8) and inoculated into 6-well plates. Cell 

number and viability counts were made every 24-48 hours. The cell layer was washed with 

PBS and trypsinized until cells were detached (Section 2.4.1). The medium previously 

removed from the same cell culture was added to deactivate the trypsin solution and 0.5ml 

of that mixture was taken for counting and viability measurement (Section 2.4.2).  

 
For CHO-EPO cell lines, samples of culture medium supernatant were also taken to allow 

determination of recombinant protein production. Samples were stored at -80°C until 

required for Enzyme-Linked Immunosorbent Assay (ELISA, Section 2.5.8). 
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2.5. Analysis of Protein Expression 
 
 
2.5.1. Protein Extraction 

 

Cells on day 3 of culture were harvested as described in Section 2.4.1 at the beginning and 

end of long-term culture (Section 2.4.8). Harvested cells were centrifuged at 100g for 5 

minutes at room temperature. The cell pellet was washed with 5ml of 1  PBS and 

centrifuged at 100g for 5 minutes. The pellet was resuspended in RIPA buffer (0.5% [w/v] 

Sodium deoxycholate, 0.2% [w/v] SDS, 1.0% [v/v] Triton X-100, 125mM Sodium cloride, 

10mM Sodium floride, 10mM Sodium orthovanadate, 10mM Sodium pyrophosphate, 

25mM HEPES, pH 7.5) using 300µl for every 1 107 viable cells. Protease inhibitors, 

PMSF (10mg/ml stock), Aprotinin (1mg/ml stock) and Leupeptin (1mg/ml stock) were 

added (10µl of each for every 1ml of RIPA buffer used per sample). The extracts 

underwent sheering, by passage through a syringe and 21g needle. Then 3.5µl PMSF 

(10mg/ml stock) was added per 1 107 cells and cell lysates were incubated on ice for 30 

minutes and then centrifuged at 11000g at 4° C for 30 minutes. Supernatant were 

transferred to fresh tubes and aliquoted into 100µl portions before storage at -80° C. 

 

2.5.2. Protein Quantitation by Bradford Assay 

 

Standard BSA solution was prepared (100µg/ml) and cell lysates were diluted to an 

appropriate degree for assessment against the standard. For generation of standard curves, 

BSA standard and water were added to the wells in the range of 5 to 60µl up to a total 

volume of 60µl in each well. 1µl of diluted cell lysates and 59µl water were added to the 

other wells. Cell lysates and standards were assayed in duplicate. Biorad reagent, diluted in 

1:3, was added to all wells and the absorbance was measured at 570nm in a plate reader 

after 10-15 minutes. The protein amount in cell lysates was calculated by comparison to 

the standard curve generated with BSA. 
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2.5.3. SDS-PAGE 

 

The Bio-Rad mini gel II lab system was used for SDS-PAGE. The system consisted of a 

12.5% (w/v) separating gel overlaid by a 4% (w/v) stacking gel. The separating gel was 

prepared by mixing 6.2ml Protogel solution (30% [w/v] Acrylamide), 3.75ml separating 

buffer (1.5M Tris, 14mM SDS, pH 8.8) and 5.05ml ddH2O. Stacking gel was prepared by 

mixing 1.6ml Protogel solution, 2.5ml stacking buffer (0.5M Tris, 14mM SDS, pH 6.8) 

and 6ml ddH2O. Polymerisation was initiated by the addition of 0.2 µg/ml final 

concentration of ammonium persulphate and 0.2% (v/v) TEMED. 

 

20µg protein samples (cell lysates, Section 2.5.1) were mixed 1:1 with sample buffer (20% 

[v/v] glycerol, 7mM SDS, 0.025% (w/v) bromophenol blue). β-mercaptoethanol was added 

at a final concentration of 1.75% (v/v) to the sample buffer just before use. Samples were 

then boiled at 100º C for 5 minutes and centrifuged briefly. Electrophoresis was performed 

in an electrode buffer (10mM Tris, 80mM glycine, 1.4mM SDS) and the samples, together 

with protein markers (see Appendix 1), were loaded onto the wells. Electrophoresis was 

performed at 60V until the bromophenol blue dye had reached the separating gel and then 

at 200V until the dye had reached the bottom of the gel. 

 

2.5.4. Protein Transfer and Western Blotting 

 

Seperated proteins from SDS-PAGE were transferred onto nitrocellulose membranes. Gels, 

together with thick filter paper and nitrocellulose membrane, were soaked in blotting 

buffer (25mM Tris, 190mM glycine, 20% [v/v] methanol) for 10 minutes prior to use. The 

transfer was performed on a Bio-Rad Semi-Dry electroblotter at 15V for 45-60 minutes. To 

assess whether proteins were transferred successfully, the membrane was stained with 

Ponsceau Stain (0.5% [w/v] in 1% [v/v] glacial acetic acid). The membrane was blocked in 

3% (w/v) milk in PBS overnight at 4º C with shaking. The primary antibodies were diluted 

in the blocking buffer, the GFP antibody at 1:20000, the DHFR antibody at 1:1000 and the 

ERK antibody at 1:2000 (antibodies are listed in Appendix 1). Membranes were incubated 

with a primary antibody for either 30 minutes at room temperature or overnight at 4º C for 
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the GFP and DHFR, respectively, with shaking. After incubation, membranes were washed 

twice with PBS twice with 3% (v/v) Tween-20 in PBS and twice with PBS for 5 minutes. 

Membranes were incubated for 30-60 minutes in a secondary antibody with dilutions of 

1:5000, 1:1000 and 1:5000 for GFP, DHFR and ERK, respectively, at room temperature 

with shaking (antibodies are listed in Appendix 1). Washing steps were repeated as 

mentioned before. Once the last wash had been drained from the membrane, protein bands 

were detected with an enhanced chemiluminescence (ECL) system according to the 

manufacturer’s instructions. The membranes were exposed to Kodak X-ray film and band 

densities were assessed by densitometric analysis. 

 

2.5.5. Densitometric Analysis 

 

The density of bands on X-ray film was determined using ImageJ software.  

 

2.5.6. Membrane Stripping 

 

Membranes were stripped to allow sequential blotting with different primary antibodies. 

Stripping was performed in a mild stripping buffer (0.1M glycine, pH 2.5) for 30 minutes 

at room temperature with agitation. After stripping, membranes were briefly washed with 

PBS, blocked and incubated with another primary antibody as described in Section 2.5.4. 

ECL detection, exposure (Section 2.5.4) and densitometric analysis (Section 2.5.5) were 

performed, as before. 

 

2.5.7. Detection of GFP fluorescence by Flow Cytometry 

 

Cells on day 3 of batch culture were harvested (Section 2.4.1) at the beginning and the end 

of long-term culture (Section 2.4.8) and resuspended in 1 ml of PBS. The intensity of GFP 

fluorescence was assessed using a CYAN ADP flow cytometer, using the 488nm 

excitation laser, according to the manufacturer’s instructions. Fluorescence was measured 

with a photomultiplier (PMT) input of 235V. Fluorescent data was acquired using a 530/40 

nm bandpass filter and analysed using Summit v.4.3 software. Live cells were gated by 
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eye, using a forward scatter versus side scatter log plot and single cells were gated using a 

forward scatter versus pulse width plot. 

 

2.5.8. Detection of EPO by Enzyme-linked Immunosorbent Assay 

 

Monoclonal mouse anti-human EPO antibody was diluted in sterile PBS at a final 

concentration of 2µg/ml and then used to coat Nunc 96-well immunoassay plates (100µl 

per well). Plates were incubated at 4oC for 16 hours. The coating antibody was discarded 

the following day and plates were washed three times by forcefully filling each well with 

250µl wash buffer (0.05% [v/v] Tween-20, 0.05% [v/v] phenol red solution [from a 1% 

w/v stock], in sterile PBS) and wells were then flick-blotted dry. Plates were blocked by 

incubating for one hour at room temperature after the addition of 220µl blocking solution 

per well (25% [w/v] BSA, 0.4% [w/v] sodium azide in sterile PBS). Blocking solution was 

discarded and 100µl diluted standards and samples (Section 2.5.8.1) were added to each 

well. These additives were incubated at 37 oC for 2 hours. Standards/samples were 

removed and the wells were washed three times with wash buffer and blotted dry. 100µ l 

polyclonal rabbit anti-human EPO antibody, diluted to a final concentration of 400ng/ml in 

dilution buffer (1% [w/v] BSA in sterile PBS), was added to each well as a detection 

antibody. Plates were incubated at room temperature for 2 hours. After the incubation, 

wells were washed three times with wash buffer and blotted dry. Goat anti-rabbit IgG 

antibody-peroxidase conjugate was diluted as 1:2000 with the dilution buffer and used as a 

secondary antibody.  100µl of secondary antibody was added to each well and plates were 

incubated at room temperature for 90 minutes. Wells were subsequently washed with wash 

buffer and blotted dry. The development solution was prepared immediately before use by 

dissolving two TMB (3,3’,5,5’ Tetramethyl Benzidine Chromogen) tablets and 5µl 30% 

(v/v) hydrogen peroxide in 12 ml TMB substrate solution (10mM sodium acetate and 

10mM sodium citrate, pH5.5). 100µl development solution was added per well and 

incubated for 20-30 minutes at room temperature. The reaction was stopped by adding 

100µl 0.2M sulphuric acid to each well. The OD of each well was measured at 450nm.  
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2.5.8.1. Preparation of Standard Curve and Samples for EPO ELISA 

 

Serial dilution of recombinant human EPO produced in CHO cells (Appendix 1) was used 

as the EPO standard. Dilutions were made with dilution buffer to give a final concentration 

of 0-8000pg/ml. The recombinant human EPO standard curve was used to calculate the 

amount of recombinant EPO secreted by CHO cells. Initially ELISAs were performed on 

samples diluted to a range of dilutions, between 1:1000 to 1:50000 in the dilution buffer. 

This was done to assess the dilution that would fall within the range of the standard curve. 

Once suitable sample dilutions were established, diluted samples and standards were 

loaded in duplicate and mean values taken to quantify EPO content of each sample. 

 

2.6. Analysis mRNA Expression by Quantitative-Reverse Transcription 

PCR (q-RT PCR) 

 

2.6.1. Extraction and Isolation of RNA 

 

RNA was isolated from cells 24 to 48 hours after sub-culture during the exponential phase 

of growth at the start and end of long-term cultures (Section 2.4.8). Medium was removed 

from culture and cells were lysed by addition of 1ml of TRIzol® Reagent per 10 cm2. Cell 

lysates were passed through a pipette tip several times.  After this treatment, TRIzol 

extracts were aliquoted as 1ml portions and stored at -80° C until purification. For 

purification, samples were thawed samples and then incubated for 5 minutes at room 

temperature. 0.2ml of chloroform was added for each 1ml of TRIzol® cell extract in 1.5ml 

microcentrifuge tubes and the tubes were shaken vigorously for 15 seconds. After 

incubation for 2-3 minutes at room temperature, tubes were centrifuged at 12000g for 15 

minutes at 4° C. The upper aqueous phase was transferred to a fresh tube and the RNA in 

that supernatant was precipitated by addition of 0.5ml isopropanol, mixing and subsequent 

incubation at room temperature for 10 minutes. Tubes were centrifuged at 12000g for 10 

minutes at 4° C and the resultant (RNA) pellets were washed with 75% (v/v) ethanol by 

vortexing. After washing, the tubes were centrifuged at 7500g for 5 minutes at 4° C, the 
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resultant pellets were air-dried for 5-10 minutes and dissolved by addition of 30µl DEPC-

treated ddH2O. These RNA samples were stored at -80° C until use. 

 

2.6.2. DNAse I treatment of RNA 

 

The concentration of RNA in cell extracts (Section 2.6.1) was quantified using a 

NanoDrop® ND-1000 UV-Vis Spectrophotometer. Extracts was then treated with DNase I 

to remove any trace contamination of genomic DNA, using the DNaseI kit from Sigma-

Aldrich (see Appendix 1). All reagents were supplied with the kit. The following reagents 

were prepared in a 0.5ml microcentrifuge tube: 

• 1µg of RNA in 8µl DEPC-treated ddH2O.  

• 1µl of 10 x Reaction buffer 

• 1µl of DNase enzyme 

The reaction was incubated at room temperature for 15 minutes, 1µl of stop solution was 

added after incubation and then the solution was heated at 70º C for 10 minutes and chilled 

on ice. 

 

2.6.3. cDNA Synthesis from RNA 

 

cDNA was prepared from DNase I-treated RNA extracts (Section 2.6.2) using the cDNA 

synthesis kit from Bioline (see Appendix 1). All reagents were supplied by the 

manufacturer unless otherwise stated. 1µl of Oligo (dT)18 and 1µl of 10mM dNTP were 

added to DNaseI-treated samples and incubated at 65º C for 10 minutes. The following 

reagents were added per  reaction: 

• 4µl of 5×RT buffer 

• 1µl of RNase inhibitor 

• 0.25µl of Reverse Transcriptase (200u/µl) 

• Up to 10µl DEPC-treated ddH2O. 

The reaction was mixed and incubated at 42º C for an hour and terminated by heating to 

70º C for 15 minutes. Reactions were stored at -20º C until needed. 
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2.6.4. Preparation of Samples and “Standard” sample for q-PCR reactions 

 

One cell RNA extract sample was dedicated as the ‘standard’ sample and was assesed in 

all q-PCR reaction plates to allow “internal control” comparison of the mRNA content of 

samples. The cDNA reaction from the standard sample was diluted 1:5 in ddH2O, to give 

the 100% standard. Serial dilutions were prepared from the 100% standard in ddH2O to 

give 10% and 1% final concentrations. All other samples were diluted at a ratio of 1:7 with 

ddH2O. 

 

2.6.5. q-PCR Reaction 

 

The following reagents were added to each well of the MJ-White 96 well plate: 

• 5µl of appropriately diluted cDNA (Section 2.6.3) 

• 2.5µl of forward primer (10 µM) (Table 2.1) 

• 2.5µl of reverse primer (10 µM) (Table 2.1) 

• 10µl of 2 x SYBR® Green qPCR master mix. 

Plates were sealed with clear plastic caps and centrifuged at 900g. Primers were designed 

using the Primer 3 website (http//Frodo.wi.mit.edu) and are shown in Table 2.1. Samples 

and standards were analysed in triplicate. Additionally, triplicate wells containing 5µ l 

ddH2O and non-reverse transcriptase treated sample were prepared as negative controls. 

 

The PCR reaction was performed using a Chromo 4 thermal cycler with the following 

settings: 95º C for 10 minutes, followed by 35 cycles of denaturation at 95º C for 10 

seconds, annealing at 57º C for 10 seconds, elongation at 72º C for 20 seconds and 

denaturation of primer dimers at 76º C for 1 second. A final elongation step at 72º C for 10 

minutes was performed.  

 

2.6.6. Analysis of q-PCR Results 

 

Data was quantified using an Opticon Monitor analysis software. Blanks and baseline 

fluorescence were subtracted from fluorescence plots. The threshold was raised to 0.05 
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(within exponential phase) and the cycle at which samples reached this fluorescence was 

obtained. A standard curve was generated using standard values by plotting log [cDNA] 

versus Ct. The relative concentration of cDNA was achieved by extrapolating from the 

standard curve using the Ct values. Total mRNA content was normalised using a β-actin q-

PCR reaction. The melting curve was assessed to check the quality of the amplified 

product where a single peak at between 80º C and 90º C indicated a pure product. 

 

Table 2.1: Primers used for q-PCR  

 

Primer Name 
Forward  

(5’-3’) 

Reverse  

(5’-3’) 

Annealing 

Temp(°C) 

 β-Actin (mRNA) 
TGTGACGTTGAC

ATCCGTAAA 

GCAATGATCTT

GATCTTCATG 
57 

 β-Actin (DNA) 
ACTGCTCTGGCT

CCTAGCAC 

CATCGTACTCC

TGCTTGCTG 
57 

GFP (mRNA) 
CAGGTACCCAG

ACCACATGA 

TCACCCTCGAA

TTTGACCTC 
57 

GFP (DNA) 
CGTGTACGGTGG

GAGGTCTA 

AACAGCTCTTC

CCCTTTCT 
57 

DHFR 
CAGGAAGCCAT

GAATCAACC 

AGAGAGGACGC

CTGGGTA TT 
57 

EPO (mRNA) 
TGGGAGCCCAG

AAGGAAG 

CTCCCCTGTGT

ACAGCTTCAG 
57 

EPO (DNA) 
GTAACAACTCCG

CCCCATT 

ACAGCCAGGC

AGGACATTC 
57 
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2.7. DNA Analysis 
 
 
2.7.1. Isolation of Genomic DNA 

 

An adapted version of the protocol detailed by Blin & Stafford (1976) was used to extract 

genomic DNA from CHO cells. Cells on day 3 of culture were harvested as described in 

Section 2.4.1 at the beginning and end of long-term culture (Section 2.4.8). Approximately 

2×107 cells were harvested by centrifugation at 100g for 10 minutes at room temperature. 

The cell pellet obtained was washed three times in 1×PBS with centrifugation between 

each wash as above. The final pellet was then resuspended in 100µl of 1×PBS and 3ml of 

EDTA-Sarcosine solution (0.1M EDTA, pH8.0, containing 0.5% [w/v] N-Lauroyl-

Sarcosine) was then added to the pellet in a dropwise fashion with continuous gentle 

mixing. 60µl of Proteinase K (10mg/ml) and 10µl of RNase A (10mg/ml) were then added. 

The mixture was incubated at 55°C for 2 hours and mixed by inversion every 15 minutes. 

The sample was purified by three rounds of phenol extraction and ethanol precipitation 

(Section 2.3.1). DNA was quantified as described in Section 2.2.3. 

 

2.7.2. Plasmid Copy-Number Analysis by q-PCR 

 

q-PCR reactions and analysis were performed as described in Sections 2.6.5 and 2.6.6, 

although samples and standards were prepared as described in Section 2.7.2.1. 

 

2.7.2.1. Preparation of Standard curve and DNA Samples 

 

The p1010-EPO/GFP vectors were 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-DG44 cells (Section 2.7.1). 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°C, for use for future assays. 
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One sample was dedicated as the ‘check’ sample that was run on all plates and used to 

normalise the total DNA content in each well. The ‘check’ sample was diluted to final 

concentrations of 20, 10 and 5ng/µl, using ddH2O, and aliquots of these dilutions were 

made and stored at -80°C, to be used for future assays. All other samples were diluted to a 

final concentration of 10ng/µl in ddH2O. 

 

2.8. Fluorescent In Situ Hybridisation (FISH)  

 

2.8.1. Preparation of Metaphase Spreads 

 

Cells were grown until they were approximately 50% confluent and then treated with 

colcemid solution at a final concentration of 130ng/ml (w/v) for 16 to 20 hours, at 37°C 

with 5% CO2.  Cells were harvested (Section 2.4.1) by centrifugation at 100g for 5 

minutes. Cell pellets were resuspended in approximately 100µl of fresh growth medium. 

10 ml of hypotonic solution (0.04M potassium chloride, 0.025M tri-sodium citrate) was 

added dropwise, with gentle mixing, to the resuspended cells. Cells in the hypotonic 

solution were incubated at room temperature for 10 minutes and then centrifuged at 220g 

for 5 minutes. Supernatant was removed and the cell pellet was resuspended in, 

approximately, 100µl of fresh hypotonic solution. 5ml of ice cold methanol:acetic acid 

(3:1) was added to the resuspended cells. Cells were centrifuged at 220g for 5 minutes and 

the supernatant was removed. This process was performed three times in total. After this, 

cells were resuspended in a 100µl of ice cold methanol:acetic acid (3:1) for fixation. Fixed 

metaphase nuclei preparations were store at -20°C until required. Approximately 10µl of 

this solution was pipetted onto each of several precleaned (acetic acid wiped and allowed 

to evaporate) glass slides. Spreads were left to age (overnight at the least and up to 4 

weeks) at room temperature before examination.  

 

2.8.2. Preparation of Probes for FISH analyses 

 

FISH probes were prepared with p1010-GFP plasmid through incorporation of modified 

dUTPs via nick translation. For each reaction, 1µg of plasmid DNA was resuspended in 
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16µl ddH2O. 4µl digoxigenin (DIG)-nick translation mix (see Appendix 1) was added to 

the reaction mixture and he whole mixture was ten incubated at 15°C for approximately 3 

hours. The nick translation reaction was halted by transferring the reaction tube on ice. 5µl 

of the reaction product was separated on a 2% agarose gel (Section 2.8.3) to confirm that 

the plasmid DNA has been reduced to under 300bp in size. If plasmid size is above 300bp, 

reaction is resumed by incubating the reaction mix at 15°C until plasmid is the optimal 

size. Nick translated probes were stored at -20°C until needed.  

 

2.8.3. Agarose Gel Electrophoresis 

 

Agarose gels were prepared by dissolving 2% (w/v) agarose in TBE buffer (0.09M tris, 

0.09M orthoboric acid and 0.2mM EDTA, pH8.0), by boiling in a microwave. Once the gel 

had cooled to less than 55°C ethidium bromide was added to a final concentration of 

0.25µg/ml. Gels were set and run in horizontal electrophoresis tanks with TBE as running 

buffer. Samples were mixed at a 5:1 ratio with loading buffer (1mM EDTA, 50% [w/v] 

glycerol, 4% [w/v] bromophenol blue and 20% [w/v] Ficoll), and loaded into wells. 5µl of 

DNA Hyperladder I was also loaded as a reference. The DNA fragments were separated by 

electrophoresis at 70V for 45 minutes – 1 hour, and visualised by UV light. 

 

2.8.4. Hybridisation Protocol 

 

Metaphase spreads on glass slides, prepared as described in Section 2.8.1, were dehydrated 

through sequential incubation in increasing concentrations of ethanol solution (70%, 90%, 

100% [v/v]) for three times, three minutes each. Slides were air-dried and then incubated in 

0.005% (w/v) pepsin in 0.01M HCl solution at 37°C for 20 minutes. Slides were 

subsequently immersed in 10% FBS/PBS (v/v) solution to quench pepsin digestion and 

then dehydrated again as described above.  

 

For each hybridisation reaction, 25µl of nick translated probe was mixed with 5µl herring 

sperm DNA and precipitated with ethanol (Section 2.3.1). The resultant DNA pellet was 

then washed with 70% ethanol (v/v) and resuspended in 30µl FISH probe hybridisation 
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buffer (10% dextran sulfate (v/v), 50% formamide (v/v), 2×SSC [0.3M NaCl, pH7.0, 

0.03M tri-sodium citrate]). 15µl of this hybridisation solution was applied onto each slide, 

and the area of application was then covered with a 22mm×22mm coverslip and the edges 

of the coverslip were sealed with nail varnish. Slides were incubated on a heat block at 

70°C for 2 minutes for denaturation, followed by incubation in a humidified chamber at 

37°C for 16 hours. After hybridisation, coverslips were removed and slides were washed 

three times for three minutes each in 50% formamide/2×SSC (v/v) at 37°C. Slides were 

then washed with 2×SSC three times for three minutes each and allowed to dry at room 

temperature.  

 

2.8.5. Antibody Detection 

 

The remainder of this procedure was performed in the dark. Samples probed with DIG 

labelled DNA fragments (Section 2.8.2, 2.8.4) were detected with rhodamine conjugated 

Fab fragments diluted 1:10 in 1% (v/v) FBS/PBS. 25µl of the diluted antibody was applied 

to each slide, which was then covered with a coverslip and incubated in humidified 

chamber at 37°C for 30 minutes. Slides were washed three times in 2×SSC for three 

minutes each at 37°C. Slides were then quickly dipped in ddH2O and allowed to air-dry in 

the dark. Slides were fixed with Prolong anti-fade Gold Dapi (Invitrogen, see Appendix 1) 

according to the manufacturer’s instructions and then covered with a 22mm×22mm 

coverslip. After overnight incubation at room temperature, slides were sealed with nail 

varnish. Images were acquired as described in Section 2.9.5. 

 

2.9. Chromosome Painting 

 

Metaphase spreads were prepared as described in Section 2.8.1. Chromosome-specific 

DNAs were supplied by Cambridge Resource Centre for Comparative Genomics and used 

as templates for degenerate oligonucleotide-primed PCR amplification (DOP-PCR 

product) and labelled with biotin-16-dUTP.  
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2.9.1. Labeling DOP-PCR Product 

 

Biotin-16-dUTP was incorporated into the DOP-PCR product by including the following 

per 25µl reaction: 

• 12.5µl of sterile ddH2O 

• 2.5 µl of 10×NH4 buffer  

• 2.5µl of 6MW (20µM primer) 

• 2.5µl of ½T dNTP mix 

• 2.5µl of Biotin-16-dUTP (50nM) 

• 1.25µl of MgCl2 (50mM) 

• 0.25µl of Taq polymerase 

• 1µl of DNA (DOP- product) 

The PCR reaction settings were as follows: 94°C for 5 minutes followed by 30 cycles of 

denaturation at 94º C for 90 seconds, annealing at 57º C for 90 seconds, elongation at 72º C 

for 3 minutes. A final elongation step at 72°C for 8 minutes was performed.  

 

2.9.2. Preparation of Probe 

 

4µl of chromosome paint reaction mix was mixed with 12µl of H2O and 4µl of biotin-nick 

translation mix (see Appendix 1) and incubated as described in Section 2.8.2.  

 

2.9.3. Hybridisation Protocol 

 

Hybridisation of chromosome paint probes were as described in Section 2.8.3. For the 

slides that were hybridised with both FISH and chromosome paint probes 15µl of each 

probe was mixed and the mixture was applied onto the slide. 
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2.9.4. Antibody Detection 

 

FITC conjugated avidin antibody was diluted 1:100 in 1% (v/v) FBS/PBS and used for the 

chromosome paint samples as described in Section 2.8.5. Sequential incubation was 

performed for the slides that had been hybridised with both FISH and chromosome paint 

probes.  

 

2.9.5. Image Acquisition 

 

FISH (Section 2.8) and chromosome paint (Section 2.9) slides were observed under an 

Olympus inverted microscope at 100× magnification. Images were taken with Coolsnap ES 

camera through MetaVue Software. 

 

2.10. Statistical Methods 

 

All data presented is represented as a mean ± standard error of mean (SEM); or mean ± 

range, where mean is taken from two observations only, unless otherwise stated. 

 

• Standard Deviation (SD) =  (√[∑{x-m}2]/{n-1}) 

x: observed value 

m: mean of n observations 

n-1: degrees of freedom 

 

 

• SEM= (SD/√n) 

n: number of independent observations 

 

• Coefficient of Variance (CV) =   (SD/m) x 100 

 

• The correlation coefficient (r value) was calculated for standard curves produced in 

EPO ELISAs (Section 2.5.1) and q-PCR assays (Section 2.6.6), using Microsoft 
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Excel. Any assays performed, where the standard curve had a correlation 

coefficient ≤ 0.98, were disregarded.  

 
• An independent samples t-test was used to determine whether the difference 

between the mean of two independent samples (i.e. comparison of mean for UCOE 

and non-UCOE cell lines) was statistically significant, unless otherwise stated. The 

independent samples t-test was performed using SPSS (v16.0.1) software. Data was 

considered significant if p < 0.05. 

 
• A paired samples t-test was used to determine whether the difference between the 

mean of two related samples (i.e. comparison of mean in time 1 and time 2) was 

statistically significant, using SPSS (v16.0.1) software. Data was considered 

significant if p<0.05.  

 
• Bivariate correlation analysis was performed to determine the association between 

two variables, using SPSS (v16.0.1) software. Correlation was considered 

significantly different if p<0.05.  

 

2.11. Calculations 

 

• Cumulative cell times (CCT) were calculated as follows. 

CCT = [(X + X0)/2] x (T-T0) 

 

 X0 = Viable cell density (×106 cells/ml) by first point of analysis 

 X = Viable cell density (×106 cells/ml) at time (T) 

 T0 = time at the beginning (days) 

 T = time at the end (days) 

 

• The cell specific growth rate (µ) was calculated as follows. 

µ = (lnX0-lnX)/T 

 T=Time in culture (hours) 
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P1 – P0   

 

X1 + X0 

2 

T1 – T0 

• The cell specific productivity was calculated between two points during batch 

growth culture (typically exponential growth), using the following formula:   

 

 

 

     Specific productivity (pg/cell/day)         = 

 

 

 

Where P0 = productivity (µg/ml) by first point of analysis 

 P1 = productivity (µg/ml) by second point of analysis 

 X0 = Viable cell density (×106 cells/ml) by first point of analysis 

 X1 = Viable cell density (×106 cells/ml) by second point of analysis 

 T0 = day of first point of analysis 

 T1 = day of second point of analysis 
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In this section, the results obtained during the long-term culture of CHO-GFP cell lines 

will be analysed. Cell lines used in this study were provided by Dr Alexandra Croxford. 

The strategy of cell line establishment was explained in Figure 2.1. In short, parental CHO-

DG44 cells were transfected with either the p1010-eGFP vector (UCOE) (Appendix 2) or 

the p901-eGFP vector (non-UCOE) (Appendix 2). Cells expressing the DHFR transgene 

were obtained by the exclusion of hypoxanthine and thymine from the medium. Limiting 

dilution cloning was performed after transfection and single colonies were selected and 

then scaled up into 6-well plates. eGFP fluorescence was measured by flow cytometry and 

the top-ten eGFP producing initial cell lines were scaled-up into T-75 flasks from both the 

UCOE and non-UCOE group and cryopreserved for further studies (Section 3.1). For each 

group, the selected high producing initial cell lines were pooled and then treated with 250 

nM MTX. Limiting dilution cloning was carried out immediately after resuspension in a 

MTX-containing medium. Single colonies were scaled-up into 6-well plates and eGFP 

fluorescence was measured by flow cytometry. The top ten eGFP producing cell lines from 

both groups were selected and scaled up. Frozen stocks were prepared for subsequent 

studies (Section 3.2).  

 

3.1. Characterization of initial cell lines 

 

This section describes the characterization of initial UCOE and non-UCOE cell lines 

(hereafter called U0-x and N0-x respectively where x is a number from 1 to 5). Frozen 

stocks of randomly chosen 5 UCOE and 5 non-UCOE cell lines were revived (Section 

2.4.4) and grown in adherent culture in T-75 flasks. Cells were sub-cultured every 2-3 days 

continuously for up to 80 days. Viable cell densities (Section 3.1.1) and eGFP expression 

(Section 3.1.2) were analysed 10 days after revival and at the end of long-term cultivation 

(day 80). 
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3.1.1. Analysis of growth during long-term continuous culture in initial CHO-

GFP cell lines 

 

At the beginning and the end of long-term culture, cells were used to create a batch growth 

culture at an initial seeding density of 2x105 cells/ml (Section 2.4.9). Samples were taken 

throughout batch culture for cell number measurements. Figure 3.1 shows the average 

viable cell densities (Figure 3.1A) and cumulative cell time (CCT) (Figure 3.1B) for each 

group during batch growth culture. There was no difference in viable cell densities 

between the UCOE and non-UCOE cell lines in early and late generation. Although 

patterns of growth changed, with cells transfected with either vector, as long-term culture 

progressed, there was no significant change in viable cell densities and CCT between 

cultures created at late generation compared to at early generation (Figure 3.1).  

 

3.1.2. Analysis of eGFP expression during long-term culture in initial CHO-

GFP cell lines 

 

eGFP protein expression for the cell lines was examined over long-term culture (Figures 

3.2 and 3.3) by flow cytometry (Section 2.5.7) and Western blotting (Section 2.5.4) in 

cultures at day 10 (early generation) and day 80 (late generation). Samples for analyses 

were taken on day 3 of batch culture.  

 

The eGFP fluorescence (Figure 3.2A) (and the coefficient of variation [CV] of 

fluorescence measurement) (Figure 3.2B) were analysed by flow cytometry (Section 2.5.7) 

on day 10 and day 80 of long-term culture (Section 2.4.8). The mean fluorescence intensity 

indicates the level of fluorescence of the cell population, whereas the CV is a measure of 

fluorescence distribution within the cell population. CV represents the ratio of the standard 

deviation to the mean and therefore allows comparison of populations with different means 

(Section 2.10).  

 

Results are presented as individual cell lines and the overall mean fluorescence of each 

group is shown (Figure 3.2A). UCOE cell lines showed consistent and significantly higher 
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extent of eGFP fluorescence than non-UCOE cell lines. An increase in eGFP fluorescence 

was observed to occur after long-term culture in some of the non-UCOE cell lines, which 

is also reflected by the mean fluorescence of the non-UCOE group (Figure 3.2A). UCOE 

cell lines had significantly lower CV compared to non-UCOE cell lines at the beginning of 

long term culture (Figure 3.2B). However, over 80 days of continuous culture, 4 out of 5 

UCOE cell lines showed an increase in CV, which was reflected in the mean CV of UCOE 

cell lines. In contrast, 3 of the non-UCOE cell lines displayed a decrease in CV over long-

term culture and this was again reflected by the mean CV, although the difference was not 

significant (Figure 3.2B). 

 

Flow cytometry is a useful tool for determining the number of positive cells in a population 

and also for providing information on a number of statistical parameters that are useful for 

understanding the population’s cell characteristics within a cell line. Western Blot analysis 

can provide additional information such as detection and relative quantification of 

individual proteins in samples, in order to assess changes in protein expression level from a 

population of cells. Therefore, in parallel to the assessment of the eGFP fluorescence by 

flow cytometry eGFP production was also analysed using Western blotting (Figure 3.3). 

ERK was used as a loading control. The band intensity corresponding to the eGFP 

confirmed the conclusions reached from the flow cytometry analysis, where UCOE cell 

lines showed significantly higher eGFP production compared to the non-UCOE group. All 

the UCOE cell lines displayed stable and high amounts of recombinant eGFP production 

over long-term culture, whereas a significant increase was observed at the later stage of 

long term culture for three out of five non-UCOE cell lines. This was also reflected in 

group mean values (Figure 3.3A). Although some of the non-UCOE cell lines showed an 

increase in eGFP production throughout the culture, the mean values of eGFP production 

were higher in the UCOE cell lines, as compared to the non-UCOE group in early and late 

generations, where the difference was observed as 3 and 1.6 fold respectively.  

 

Despite the fact that a significant positive correlation was observed between the results of 

eGFP expression assessed by western analysis and flow cytometry (Figure 3.3C), the 

increase in eGFP expression was greater than the increase in eGFP fluorescence detected 
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by flow cytometry in the N0-1 and N0-2 cell lines. Moreover, the N0-3 cell line showed an 

increase in eGFP expression but no change in eGFP fluorescence. One possible reason for 

the difference between these results may be explained by the requirement for GFP to 

assume a functional 3-D structure in order to exhibit fluorescence (Tsien, 1998). If the 

intact protein fails to fold correctly fluorescence may not be detectable, whereas eGFP can 

still be detected by western blotting.  
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Figure 3.3:  Western Blot determination of eGFP expression over 

long-term continuous culture.
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3.2 Amplification of CHO-GFP cell lines 

 

The strategy for creating amplified CHO-GFP cell lines was explained in the beginning of 

this Chapter and in Figure 2.1. From the frozen stocks of amplified cell lines, 5 from each 

group were revived and recultivated in T-75 flasks. Cells were subcultured every 2-3 days, 

either with or without MTX in the medium, continuously for up to 80 days. Growth 

(Section 3.2.1) and protein production (Section 3.2.2) were analysed at the beginning and 

end of long-term culture. In order to have a better understanding of the effect of 

amplification, plasmid copy number and mRNA expression were analysed over long-term 

culture in Section 3.2.3 and 3.2.4 respectively. Finally, chromatin environment surrounding 

the inserted plasmid was investigated using sodium butyrate (Section 3.2.5).  

 

3.2.1. Analysis of batch culture growth of amplified CHO-GFP cell lines. 

 

The growth of batch cultures was analysed in early (day 10) and late (day 80) generation 

cell lines as described in Section 3.1.1. The average viable cell densities and CCTs of each 

group of cell lines are shown in Figures 3.4 and 3.5. The patterns of growth were similar to 

the initial cell lines at early generation (Figure 3.1). However, both the amplified UCOE 

and non-UCOE cell lines at early generation showed significantly lower cell densities and 

CCTs compared to the initial cell lines (p<0.05, using independent t-test to compare the 

amplified and non-amplified cell lines on the same day of batch culture for the same 

generations [Section 2.10]). The amplified UCOE cell lines achieved similar cell densities 

and CCTs at late generation in the presence and absence of MTX selection compared to the 

initial cell lines. However, viable cell numbers in amplified non-UCOE cell lines at late 

generation in the presence of MTX were still significantly lower than the initial cell lines 

(p<0.05, using independent samples t-test test to compare the amplified and non-amplified 

cell lines on the same day of batch culture for the same generations [Section 2.10]).  

 

The data for amplified cell lines showed that UCOE cell lines achieved higher maximum 

cell densities both in the presence and absence of MTX, compared to non-UCOE cell lines. 

Furthermore, batch cultures created by early generations had lower cell densities than late 
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generation cultures. Changes in viable cell densities can also be seen in CCT (Figure 3.5). 

CCT values were significantly higher on all days of batch cultures created at late 

generations than early generations in the presence of MTX selection for both UCOE and 

non-UCOE cell lines. However, the difference in CCT was observed on days 8 and 10 of 

batch cultures in the absence of MTX selection. Moreover, CCT values of UCOE cell lines 

were significantly higher than non-UCOE cell lines at all data points in the presence of 

MTX. These results differed from those obtained with the non-amplified initial cell lines 

where no difference between the UCOE and non-UCOE group of cell lines was observed 

(Figure 3.1). Therefore, results indicate that UCOE cell lines show better growth 

characteristics than non-UCOE cell lines in the presence of MTX.  
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3.2.2. Effect of long-term culture on recombinant eGFP and DHFR expression 

 

Amplified UCOE and non-UCOE cell lines were grown in the presence and absence of 

MTX selection over 80 days. Cells were grown in adherent culture in T75 flasks and 

subcultured every 2-3 days (Section 2.4.1). eGFP expression was assessed by flow 

cytometry (Section 2.5.7) and Western Blot analysis (Section 2.5.4). In addition to this, 

DHFR protein production in amplified cell lines was also analysed by Western Blotting 

(Section 2.5.4). 

 

3.2.2.1. Analysis of eGFP fluorescence in amplified cell lines over long-term culture 

by flow cytometry 

 

As mentioned in Section 3.1.2, for each cell line eGFP fluorescence (Figures 3.6-8) and the 

CV (Figure 3.9, Section 2.10) were analysed by flow cytometry (Section 2.5.7) on days 10 

and 80 of long-term culture.  

 

In contrast to the results of the non-amplified cell lines (Figure 3.2), the mean fluorescence 

in the amplified UCOE cell lines was significantly less than the mean fluorescence in the 

amplified non-UCOE cell lines over long-term culture (Figure 3.6). Furthermore, there was 

no difference between the mean CV values of each group during prolonged culture (Figure 

3.9), where the initial UCOE cell lines showed significantly lower CVs compared to the 

non-UCOE cell lines (Figure 3.2B).  

 

In the presence of MTX, eGFP fluorescence remained relatively constant in 3 out of 5 

UCOE cell lines, whereas a decrease was observed in the late generation of U2 cell line 

and U4 cell line (Figure 3.6A). 3 non-UCOE cell lines showed a decrease in eGFP 

fluorescence after 80 days. Moreover, GFP fluorescence increased in the N1 cell line after 

80 days and was stable in the N2 cell line throughout long-term culture (Figure 3.6A). The 

overall mean fluorescence for each group displayed no significant difference in the level of 

eGFP between the start of the culture and after 80 days of long-term culture, for both 

UCOE and non-UCOE cell lines when MTX was present (Figure 3.6A). However, in the 
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absence of MTX all cell lines tested showed a progressive loss of eGFP fluorescence 

throughout long-term culture (Figure 3.6B). This was also reflected in the overall mean 

fluorescence of each group. Values for the % decrease were calculated by comparing the 

results obtained from cell lines 10 and 80 days after MTX removal to the results of early 

generation (day 10) cell lines with MTX selection. The results showed a 44% loss of eGFP 

fluorescence in the early generation UCOE cell lines without MTX selection and only less 

than 12% of initial fluorescence remianed at the end of long-term culture. The overall 

mean fluorescence of the early generation non-UCOE cell lines declined by 30% in the 

absence of MTX. The loss of fluorescence was >88% after 80 days without MTX (Figure 

3.6B). The results achieved by flow cytometry indicate that eGFP expression (as 

determined by fluorescence) is unstable in non-UCOE and UCOE cell lines in the absence 

of MTX, whereas, for both cell line backgrounds, a relative stability of expression in the 

presence of MTX. 

 

Histograms obtained from each cell line over long-term culture are compared in Figures 

3.7 and 3.8 to show how eGFP expression changed within populations of cells. Cell lines 

U1, U2, U3 and U5 displayed a more spread eGFP fluorescence profile over time after 

removal of MTX. This suggests a more heterogeneous population at the end of long-term 

culture, which is reflected by a higher CV in the late generation without MTX selection 

(Figures 3.7 and 3.9). This may indicate that in these cell lines, all cells within the 

population lost eGFP fluorescence but at a different rate. The U4 cell line lost eGFP 

expression but showed no change in CV, which resulting in a histogram shifted to the left, 

suggesting that all cells displayed a decrease in eGFP fluorescence at an equal rate (Figures 

3.7 and 3.9). In addition to the spreading (N1, N4 and N5) and shift (N2) patterns, the N3 

cell line showed a more pronounced peak in the cell population at late generation with a 

decrease in variance over long-term culture in the absence of MTX (Figure 3.8 and 3.9). 

This suggests that the population of cells are moving from varied eGFP expression to one 

where cells do not express eGFP.   

 

The effect of long-term culture on CV values for each cell line is shown in Figure 3.9. 

Although the mean CV of each group shows no difference between the start and end of 
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prolonged culture in the presence of MTX, CVs are affected by long-term culture as some 

cell lines responded differently. Among UCOE cell lines, the U2 cell line showed a change 

in CV over time, whereas CV was stable in the U4 cell line. The remaining UCOE cell 

lines displayed a decrease in CV over long-term culture, which was the same for the non-

UCOE cell lines as it was only the N3 cell line that experienced an increase over time in 

CV.  The remaining non-UCOE cell lines showed a decrease over time, which was similar 

to the UCOE cell lines. After MTX removal, a significant increase in mean CV was 

observed in both the UCOE and non-UCOE group. However, there were some exceptions 

such as the U4 and N2 cell line in which CV remained stable over time. Similarly, the N3 

cell line showed a decrease over 80 days without MTX selection.   
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3.2.2.2. Analysis of GFP and DHFR protein expression over long term culture by 

Western Blot 

 

In parallel to the assessment of eGFP fluorescence by flow cytometry, recombinant eGFP 

(Figures 3.10-12) and DHFR protein production (Figures 3.13 and 3.14) were assessed by 

Western blotting (Section 2.5.4).  

 

The band intensities for individual cell lines showed that the eGFP production was stable 

over 80 days in U1, U4 and U5 cell lines, whereas a slight decrease was observed in U2 

and U3 cell lines. 3 of the non-UCOE cell lines also demonstrated constant eGFP 

production throughout long-term culture, while the N3 and N5 cell lines experienced a loss 

of eGFP production at the end of prolonged culture (Figure 3.10A and B). The overall 

mean of eGFP production was similar at the start and end of long-term culture for both 

UCOE and non-UCOE cell lines. Furthermore, in agreement with the flow cytometry 

analysis, the mean eGFP expression determined by western blotting was significantly 

higher in non-UCOE cell lines compared to UCOE cell lines at the beginning of long-term 

culture. Although the overall eGFP expression was also higher at the end of prolonged 

culture, this difference was not statistically significant (Figure 3.10A). In accordance with 

the results obtained from flow cytometry analysis, all cell lines showed a loss of eGFP 

production over long-term culture in the absence of MTX (Figure 3.11). The loss of eGFP 

expression was reflected in the overall mean of each group, where a decrease of 44% was 

observed in the UCOE cell lines 10 days after MTX removal, which decreased further by 

approximately 85% at the end of long-term culture when compared to early generation cell 

lines in the presence of MTX. Similar to this, non-UCOE cell lines also showed an initial 

29% loss of eGFP production and continued to decline by over 82% by the end of 

prolonged culture (values for % decrease were calculated by comparing the results 

obtained from cell lines 10 and 80 days after MTX removal to the results of early 

generation (day 10) cell lines with MTX selection.). Mean fluorescence is plotted against 

the results obtained from Western blot analysis, which showed a positive correlation 

(Figure 3.12). 
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Figure 3.12: Comparison of eGFP expression detected by flow 

cytometry against by western blotting.

A:

B:

eGFP expression was determined by flow cytometry (Section 2.5.7, Figure 3.6, 3.10-

11) and western blotting (Section 2.5.4). eGFP fluorescence is plotted against

densitometer values for individual cell lines. (A) UCOE, (B) non-UCOE cell

lines. Correlation coefficients and statistical significance are indicated in the top left

of the scatter plots.
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As growth analysis showed that the peak cell densities were higher in UCOE cell lines 

compared to non-UCOE cell lines in the presence of MTX, Western blotting was 

performed for DHFR protein production to examine whether this was as a result of the 

difference in DHFR expression (Figures 3.13-14).  

 

DHFR expression decreased over long-term culture in U1 and U5 cell lines in the presence 

of MTX selection whereas it was relatively constant in the other 3 UCOE cell lines (Figure 

3.13). The mean values of DHFR expression in UCOE cell lines showed a decrease over 

long-term culture but it was not statistically significant. Moreover, DHFR expression was 

similar in all UCOE cell lines. In contrast, a variable DHFR expression was observed in 

non-UCOE cell lines. Furthermore, a decrease in DHFR expression was observed for all 

non-UCOE cell lines with the exception of N4 cell line in the presence of MTX, which was 

reflected in the mean values. However, the difference in the means was not statistically 

significant (Figure 3.13).  

 

A decrease in the intensity of the bands corresponding to DHFR for both UCOE and non-

UCOE cell lines maintained in the absence of MTX was clearly visible from Western blot 

analysis (Figure 3.14B). All cell lines tested showed a loss of DHFR expression after MTX 

removal (Figure 3.14A and B). The results of the early and late generation cell lines in the 

absence of MTX were compared with the results from the early generation cell lines 

maintained with MTX (Mean [M]=134 ±19.5). UCOE cell lines lost 69% of their DHFR 

expression on day 10 in the absence of MTX (M=40.7 ±13) whereas the decrease was up 

to 92% after 80 days (M=10.5 ±3). The decrease was more dramatic in non-UCOE cell 

lines where cell lines lost 77% of DHFR expression within 10 days without MTX selection 

(M=28.5 ±12.9) with a 97% decrease after 80 days (M=3.6 ±0.7, Figure 3.14).  
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Since CHO cells were transfected with the bi-cistronic expression vectors coding for eGFP 

and DHFR proteins in a single transcription unit (Appendix 2), it was expected that DHFR 

protein and eGFP protein would show a coupled and, hence, parallel pattern of expression. 

A moderate positive correlation was found between the expressions of these two proteins 

(Figure 3.15). However, the pattern of expression was different. For example, although 

eGFP expression was significantly higher in the non-UCOE cell lines compared with the 

UCOE cell lines (Figures 3.6 and 3.10), DHFR protein expression was similar (Figures 

3.13 and 3.14). One possible explanation for the different levels of eGFP and DHFR 

protein expression is that translation process of DHFR is facilitated by an Internal 

Ribosomal Entry Site (IRES) and eGFP expression by cap-dependent translation. It has 

been shown that IRES mediated translation is frequently used during stress conditions 

(Spriggs et al., 2010). Although UCOE and non-UCOE cell lines may have the same 

amount of DHFR protein, it was shown in Section 3.2.1 that UCOE cell lines exhibit 

higher viable cell numbers in the presence of MTX, and this suggested that UCOE cell 

lines may have higher tolerance to MTX than non-UCOE cell lines. 
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Figure 3.15: Comparison of eGFP against DHFR protein 

expression.

A:

B:

GFP and DHFR protein expression were determined by Western blotting (Section

2.5.4, Figure 3.10-14)). Densitometer values of eGFP and DHFR for individual cell

lines are plotted against each other.

(A) UCOE, (B) non-UCOE cell lines.

Correlation coefficients and statistical significance are indicated in the top left of the

scatter plots.
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3.2.3. Copy number analysis over long-term culture by qPCR 

 

It has been shown so far that all cell lines displayed loss of eGFP and DHFR expression 

over long-term culture when MTX selection was removed (Figures 3.7, 3.12, 3.15). To 

further investigate the reason for the instability observed during long-term culture, plasmid 

copy numbers were analysed for individual cell lines. Samples were taken at the beginning 

(day 10) and at the end of long term culture (day 80) from cell lines growing either with or 

without MTX selection. qPCR experiments were performed for plasmid copy number 

determination (Section 2.7.2).  

 

Using a stepwise MTX amplification strategy, a number of cell lines that contained up to 

1000 transfected plasmid copies were produced in previous studies (Pallavicini et al., 1990, 

Wurm et al., 1986, Kim et al., 1998a). Non-UCOE cell lines used in this study had between 

185 and 1400 copies of the eGFP and DHFR genes/cell, whereas the UCOE cell lines 

contained 50 to 260 plasmid copies per cell. Therefore, gene copy numbers in non-UCOE 

cell lines were significantly higher than the UCOE cell lines in all conditions (Figure 3.16 

and 3.17), which suggests that the higher eGFP expressions observed in the non-UCOE 

cell lines may be due to higher gene copy numbers. 

 

An increase in plasmid copy numbers was observed in the U2 cell line in the presence of 

MTX, which was not reflected in protein production (Figure 3.16A and B). Furthermore 

the U4, N1, N2 and N3 cell lines growing with MTX selection showed a decrease in 

plasmid copy numbers over time (Figure 3.16A and B). Among these, only the U4 and N3 

cell line lost their eGFP expression in accordance with their gene copy number. The U1 

cell line also displayed a decrease in eGFP gene copy number but this was not statistically 

significant (Figure 3.16A). The U3, U5, N4 and N5 cell lines were stable in terms of eGFP 

and DHFR gene copy numbers over long-term culture in the presence of MTX (Figures 

3.16A and B). The group mean values of plasmid copy numbers for eGFP and DHFR in 

the UCOE cell lines showed no difference over long-term culture in the presence of MTX, 

whereas a decrease was observed in the non-UCOE cell lines. However, this was not 

statistically significant (Figure 3.16). The gene copy numbers for eGFP and DHFR were 



114 
 

stable in the U5, N4 and N5 cell lines over long-term culture after MTX removal (Figures 

3.17A and B). The remaining cell lines lost some of their eGFP and DHFR genes within 10 

days in response to MTX removal when compared to the early generation cell lines in the 

presence of MTX. A further loss of gene copies was observed in the U1, U3 and N2 cell 

lines at the end of long-term culture in the absence of MTX (Figures 3.17A and B). There 

was no significant difference in the group mean values of eGFP and DHFR gene copy 

numbers over long-term culture in the absence of MTX (p>0.05, using independent 

samples t-test to compare early and late generation cell lines [Section 2.10]).  

 



115 
 



116 
 



117 
 

Table 3.1 shows the summary of eGFP gene copy number and protein expression in 

individual cell lines. The results obtained from cell lines in early generation with MTX 

selection were compared to the results after 10 and 80 days of MTX removal. According to 

these results, the declining eGFP expression observed for the U3 cell line following MTX 

removal was accompanied by a decrease in gene copy number. For the remaining UCOE 

cell lines, eGFP production decreased >40% within 10 days of MTX removal, which was 

comparable to the loss of the gene copy number. However, although these cell lines 

continued losing their eGFP expression (approximately 85% loss) after 80 days of MTX 

removal (Figures 3.6, 3.11, Table 3.1), eGFP gene copy numbers declined only 54% within 

80 days after they were transferred to MTX-free medium (Figure 3.17A). Therefore, the 

loss of eGFP expression observed in these cell lines may indicate a decreased transcription 

via preferential loss of transcriptionally active DNA or that some gene silencing might be 

occurring in these cell lines. 

 

Some of the non-UCOE cell lines showed no change in eGFP gene copy numbers although 

they lost >80% of their eGFP expression (i.e. N4 and N5), which strongly suggests that 

these cell lines are experiencing gene silencing. Despite displaying 64% and 43% loss of 

eGFP gene copy numbers after 80 days of MTX removal, protein production declined 78% 

and 86% in N1 and N3 cell lines respectively, which also may indicate that some gene 

silencing is taking place in these cell lines following MTX removal. Loss of eGFP 

production was associated with loss of the gene copy numbers in N2 cell line in the 

absence of MTX (Table 3.1, Figures 3.6, 3.11 and 3.17A). Therefore, no direct correlation 

was observed between the gene copy number and protein production in cell lines with or 

without UCOE in their expression constructs (Figure 3.18).  

 

eGFP gene copy numbers were compared to DHFR gene copy numbers and the results are 

shown in Figure 3.19. Although eGFP and DHFR genes were in the same plasmid, not all 

cell lines displayed equal numbers of eGFP and DHFR gene copies after MTX 

amplification (Figure 3.19). However, the difference was not statistically significant 

(p>0.05, using independent samples t-test to compare eGFP and DHFR gene copy numbers 

[Section 2.10]). 
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Table 3.1: Effect of long-term culture on eGFP gene copy number and protein 

expression. 

 

    eGFP Gene Copy Number eGFP Expression 

  

Days after 
MTX 

removal %decrease 

Mean values ±range 

%decrease 

Mean values ±range 

(day 10+MTX, 10/80 -MTX) (day 10+MTX, 10/80 -MTX) 

U1 
10 58 262±49, 110±8 74.3 54±8, 14±3 

80 73.2 262±49, 70±10 91.1 54±8, 5±1.5 

U2 
10 28.2 141±13, 101±15 70.7 66±12, 19±9 

80 32.4 141±13, 95±11 93.9 66±12, 4±1.9 

U3 
10 19 101±5, 82±27 63.6 59±4, 21±0.03 

80 81 101±5, 19±2.6 89.5 59±4, 6±2.1 

U4 
10 47.9 165±6, 86±12 24 85±6, 65±10 

80 53.7 165±6, 77±11 64.7 85±6, 30±10 

U5 
10 8.3 51±8, 47±15 14.5 88±25, 75±5 

80 14.7 51±8, 43±8 92.4 88±25, 7±1.8 

N1 
10 33.5 185±6, 123±31 60.3 95±9, 38±4 

80 64.8 185±6, 65±1.5 78.4 95±9, 20±3 

N2 
10 36.9 1377±85, 868±54 -25 35±9, 44±3 

80 59.3 1377±85, 560±28 56.6 35±9, 15±0.1 

N3 
10 39.1 1213±113, 739±36 54.3 125±55, 57±10 

80 43 1213±113, 691±67 86.2 125±55, 17±3 

N4 
10 3.5 501±85, 483±122 -8 177±39, 192±29 

80 -40 501±85, 704±240 85.8 177±39, 25±4 

N5 
10 -12 569±27, 640±10 42.9 171±19, 99±22 

80 -11 569±27, 633±68 83.1 171±19, 29±3 
 

 

Summary of eGFP gene copy number and protein expression detected by western blotting 

during long-term culture for individual cell lines are shown (Figures 3.10, 3.11, 3.16 and 

3.17). Values for % decrease were calculated by comparing the results obtained from cell 

lines 10 and 80 days after MTX removal to the results of early generation (day 10) cell 

lines with MTX selection. 
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Figure 3.18: Comparison of protein expression against plasmid

copy number.

Plasmid copy numbers were determined as described in Section 2.7.2 (Figure 3.16-

17), Western Blot analysis was performed to determine GFP & DHFR production

(Section 2.5.4, Figure 3.10-14). Protein expression is plotted against gene copy

numbers for individual cell lines. (A) GFP gene copy number vs GFP production,

(B) DHFR gene copy number vs DHFR protein production. =UCOE, =non-

UCOE cell lines. Correlation coefficients and statistical significance are indicated in

the top right of the scatter plots.
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 3.2.4. Analysis of mRNA expression over long-term culture in amplified CHO-

GFP cell lines 

 

All cell lines showed a continuous decrease in recombinant eGFP and DHFR protein 

production in the absence of MTX and although some cells showed a decline in gene copy 

numbers, the decrease in gene copy number was not proportional to the protein expression. 

Therefore, it was necessary to confirm the effect of long-term culture and removal of MTX 

on expression of eGFP and DHFR at mRNA level. Consequently, RNA samples were 

taken at the beginning and at the end of long-term culture and analysed by q-RT PCR 

(Section 2.6.5).  

 

Although the non-UCOE cell lines had a significantly higher numbers of eGFP gene 

copies/cell when compared to the UCOE cell lines (Figures 3.16 and 3.17), this was not 

reflected in the eGFP mRNA expression. The amount of eGFP mRNA was found to be 

significantly higher in the UCOE cell lines than non-UCOE cell lines both in the presence 

and absence of MTX (Figure 3.20). These findings suggest that UCOE provides a higher 

transcriptional activity for the eGFP gene. However, the low level of eGFP production in 

the UCOE cell lines may indicate that the high level of eGFP mRNA causes saturation of 

the translational capacity.   

 

An increase in eGFP mRNA was observed in the U1, U3 and U4 cell lines in the presence 

of MTX but this was not reflected in the eGFP expression. The U2 cell line displayed a 

decrease in eGFP mRNA whereas eGFP mRNA was constant in the U5 cell line over long-

term culture in the presence of MTX (Figure 3.20A). The non-UCOE cell lines showed 

relatively stable eGFP mRNA expression in the presence of MTX throughout prolonged 

culture with the exception of the N3 cell line, which lost its mRNA copies over time 

(Figure 3.20A). In the absence of MTX, all cell lines showed a decrease in eGFP mRNA 

expression over the course of the culture, which was reflected by the mean values of each 

group (Figure 3.20B). The differing amounts of eGFP mRNA expression were similar to 

the differences in eGFP protein expression detected during prolonged culture. To calculate 

the % decrease for individual cell lines, early and late generations in the absence of MTX 
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selection were compared to the cell lines at early generation with MTX. Despite the eGFP 

gene copy number remaining relatively constant in the N4 and N5 cell lines and up to a 

40% loss in the N1, N2, N3 cell lines, all early generation non-UCOE cell lines lost >30% 

of their eGFP mRNA expression in the absence of MTX compared to the cell lines with 

MTX selection. This loss of eGFP mRNA was approximately 90% at the end of long-term 

culture in the absence of MTX.  Therefore, the very low amount of eGFP production by the 

end of long term culture could not solely be as a result of gene copy loss, suggesting some 

gene silencing is occurring in these cell lines.  
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Figure 3.21 summarizes the results of eGFP gene copy number, mRNA expression and 

protein production in the non-UCOE and UCOE cell lines. The results show the cell lines 

at early generation with MTX selection compared to the cell lines after removal of MTX. 

The transcriptional activity was higher in the beginning of long-term culture in the N1 cell 

line. However, eGFP expression after 10 days of culture in MTX-free medium was 61% 

less than early generation cells in the presence of MTX. The difference in eGFP gene copy 

and mRNA content was less pronounced than protein expression (34%, 28%, respectively, 

suggesting that some of the remaining genes were not active after MTX removal. The 

difference in eGFP expression was 79% after 80 days in the absence of MTX compared to 

the early generation N1 cell lines with MTX selection, whereas 65% and 44% difference in 

eGFP gene copy and mRNA content, respectively, was observed. These data suggest that 

the loss of eGFP expression was partly as a result of gene copy loss in the N1 cell line. 

However, a less pronounced decline observed in mRNA content may indicate problems 

related to translation of recombinant protein (Figure 3.21A). The N2 cell line displayed the 

highest eGFP gene copy per cell. However, this was not reflected in eGFP expression or 

mRNA content suggesting a very low transcriptional activity per gene copy or that not all 

the genes are actively transcribed. Moreover, it was observed that the decline in eGFP 

expression over long-term culture was mainly due to gene copy loss in the absence of 

MTX selection. The N3 cell line showed a decrease in eGFP gene copies in within first 10 

days after removal of MTX and this remained constant up to 80 days in the absence of 

MTX. However, the N3 cell line continued losing eGFP protein and mRNA expression 

during 80 days culture without MTX, suggesting that not all the remaining genes are 

transcriptionally active at the end of long term culture. For the N4 and N5 cell lines eGFP 

gene copies per cell were similar and remained relatively constant at all times, whereas 

these two cell lines showed different levels of mRNA and protein expression in the 

absence of MTX. For example, eGFP mRNA and protein expression did not change in the 

N4 cell line 10 days after removal of MTX. In contrast, the N5 cell line experienced a loss 

of protein and mRNA expression after 10 days of culture in the absence of MTX. Despite 

there being no change in gene copy number, both the N4 and N5 cell lines displayed a very 

low level of eGFP mRNA and protein at the end of long-term culture in the absence of 
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MTX, suggesting that the genes might be in a place that is susceptible to epigenetic 

control.  

 

According to the results summarised in Figure 3.21B, the decrease in eGFP production in 

U1 cell line is mainly due to loss of eGFP gene copies. Despite having a relatively stable 

eGFP gene copy number, the U3 cell line showed a loss of protein production 

accompanied by a decrease in mRNA expression within 10 days after removal of MTX and 

after 80 days it lost >80% of its eGFP gene copies together with its protein production. 

This might indicate that the U3 cell line experienced a decrease in transcriptional activity 

in the first 10 days of MTX-free culture followed by a loss of gene copies within 80 days 

in the absence of MTX. The U2 and U4 cell lines showed similar numbers of eGFP gene 

copies at all points tested. However, the response of the U2 and U4 cell lines to MTX 

removal was different. For example, the U2 cell line displayed a gradual decrease in eGFP 

production along with mRNA expression suggesting that some of the remaining eGFP 

genes may not be transcriptionally active. Whereas the U4 cell line lost its eGFP gene 

copies within the first 10 days of MTX removal accompanied by a loss of protein 

production. After 10 days, the gene copy number remained constant for up to 80 days in 

the absence of MTX. However, cells continued losing their eGFP production and mRNA 

expression suggesting that some of the genes might be silenced over the course of culture. 

Although the U5 cell line had the lowest eGFP gene copy per cell displayed relatively high 

level of eGFP production and mRNA expression in the beginning of long-term culture. In 

addition, the eGFP gene copies were not changed over long-term culture in the absence of 

MTX. However, this cell line experienced >92% loss of eGFP along with 86% loss of 

eGFP mRNA within 80 days after they were transferred to MTX-free medium.  
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Figure 3.22 shows DHFR mRNA expression over-long term culture in the presence and 

absence of MTX selection. Overall UCOE and non-UCOE cell lines showed similar 

amounts of DHFR mRNA at the start of long-term culture. Although DHFR mRNA was 

stable throughout continuous culture in the presence of MTX, a decrease was observed 

after the removal of MTX in UCOE cell lines. A loss of DHFR mRNA was observed in 

non-UCOE cell lines both in the presence and absence of MTX selection (Figures 3.22A 

and 3.22B).  

 

The scatter plots summarize the results of mRNA and protein levels (Figure 3.23). Overall, 

there was a fairly strong positive correlation between eGFP mRNA copies and protein 

production (Figures 3.23 and 3.23B). However, no correlation was found between DHFR 

mRNA and DHFR protein production (Figure 3.23C).  
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Figure 3.23: Comparison of protein production against mRNA

expression.
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 3.2.5. Effect of Sodium Butyrate (NaB) on eGFP expression 

 

As discussed in Section 1.4.1.2, histone acetylation is mainly associated with an open 

chromatin structure, which is linked with transcriptionally active genes and it can be 

reversed by histone deacetylase (HDAC) activity resulting in a more condensed chromatin 

structure. Sodium butyrate (NaB) is a sodium salt of butyric acid. NaB has been shown to 

enhance the expression of heterologous genes controlled by major promoters including 

CMV (Laubach et al., 1996) and SV40 (Palermo et al., 1991). NaB was shown to increase 

global acetylation of histones, especially H3/H4, through inactivation of histone 

deactylases (Lee et al., 1993), which results in reactivated epigenetically silenced genes. 

 

In an effort to clarify if the decrease in eGFP expression observed in the U2 and U5 cell 

lines, following removal of MTX, was due to the deacetylation of histones, the cells were 

exposed to 2.5mM NaB. Treatment of cells with NaB should give a rapid increase in eGFP 

fluorescence if the genes are silenced as a result of histone deacetylation (Hunt et al., 2002, 

Jiang and Sharfstein, 2008). To investigate whether NaB treatment resulted in a full 

recovery of eGFP fluorescence, frozen stocks of the U2 and U5 cell lines, at early 

generation growing in MTX and at late generation in the absence of MTX, were revived 

together and treated with NaB, as defined in the legend to Figure 3.24.  

 

Figure 3.24A shows cell growth profiles of the cultures with and without NaB addition. 

Inhibition of cell growth was observed 24 hours after NaB treatment, which resulted in 

significantly lower viable cell densities throughout batch culture. This was consistent in all 

cell lines tested.  

 

eGFP expression was determined by Flow Cytometry 24 and 48 hours after treatment. The 

presence of NaB caused an increase in eGFP fluorescence (by approximately 8.7 fold) in 

the late generation U2 cell line relative to the untreated control cells after 24 hours. The 

increase reached to 14.5 fold after 48 hours of NaB exposure (Figure 3.24B). Furthermore, 

NaB addition also caused an increase in eGFP expression in the early generation U2 cell 

lines. This increase was 3.8 and 6 fold after 24 and 48 hours of treatment respectively 
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(Figure 3.24B). A smaller increase was observed in the late generation U5 cell line in 

response to NaB with a 5.5 and 7 fold increases after 24 and 48 hours of treatment 

respectively. The increase was smaller for the early generation cells being only 2.9 and 3 

fold after 24 and 48 hours respectively (Figure 3.24B).  

 

To assess whether the increase in eGFP fluorescence was due to an increase in eGFP 

mRNA expression, cells were harvested at 24 hours after NaB treatment. The eGFP 

mRNA levels in the treated and control cells were determined by using q-RT PCR (Figure 

24C). The enhancement in eGFP mRNA mirrored the enhancement in eGFP fluorescence 

in both the U2 and U5 early generation cell lines. The late generation U2 cell line showed a 

6.7 fold increase in mRNA expression which was lower than the increase in eGFP 

fluorescence (8.7-fold). The late generation U5 cell line did not show any change in eGFP 

mRNA in response to NaB treatment, which suggests that the increase in eGFP 

fluorescence was not as a result of up-regulation of eGFP gene transcription.  
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3.3. Discussion  

 

MTX-mediated amplification is widely used in recombinant protein production to achieve 

high-level protein production. However, generating stable and high-producing cell lines 

has been the major challenge for the biopharmaceutical industry as the molecular 

mechanism of instability is not yet fully understood (Section 1.3). This issue has been 

addressed in several studies which suggested a loss in transgene copy numbers (Fann et al., 

2000, Hammill et al., 2000, Kim et al., 1998b, Pallavicini et al., 1990), a decrease in 

transcriptional efficiency (Chusainow et al., 2009, Kim et al., 1998a) or a change in the 

chromosomal integration site of the plasmid (Yoshikawa et al., 2000b, Yoshikawa et al., 

2000a, Kim and Lee, 1999) could be reasons for the decline in productivity (Section 1.3). 

Different approaches have been made to overcome instability caused by transgene 

silencing, such as flanking the transgenes with chromosomal elements including S/MARs 

and LCRs (Kim et al., 2004, May et al., 2000, Zahn-Zabal et al., 2001). More recently, 

UCOE has been suggested to prevent gene silencing and give stable and high-levels of 

recombinant protein production (Section 1.5.2.3). Moreover, a previous study in our 

laboratory showed that UCOEs can be used in combination with MTX-mediated gene 

amplification (Croxford, 2008). However, the mechanism that underlies the stability and 

change in protein expression in amplified CHO cells with the utilisation of UCOEs has not 

yet been reported. Therefore, a comparative analysis of CHO-DG44 cells that expressed 

eGFP, with or without the inclusion of UCOE in their vector construct, was performed in 

the current study.  

 

The growth analysis of initial cell lines showed that there was no difference between 

UCOE and non-UCOE cell lines in terms of viable cell densities and CCT values (Section 

3.1.1). Moreover, growth characteristics did not change over 80 days of continuous culture. 

eGFP expression measured by flow cytometry and western blotting showed that UCOE 

cell lines displayed significantly higher levels of eGFP fluorescence compared to non-

UCOE cell lines (Section 3.1.2). These results are in agreement with the previous studies, 

where vectors combining the UCOE with the CMV promoter have given an increased level 

of eGFP and EPO production compared to the control cells (Benton et al., 2002, Williams 
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et al., 2005). Furthermore, eGFP expression was stable up to 80 days in the UCOE cell 

lines. eGFP expression in the non-UCOE cell lines approached to UCOE cell lines when 

long-term culture progressed. UCOE cell lines were more homogenous in the beginning of 

long-term culture as shown by their low CV values. However, the CV value increased over 

time, whereas no significant change was observed in the non-UCOE cell lines.  

 

The top 10 highest producing cell lines from each group were pooled and amplified to 250 

nM MTX (Section 3.2). The results showed that despite containing significantly lower 

eGFP gene copy numbers, the UCOE cell lines displayed a higher amount of eGFP mRNA 

compared to the non-UCOE cell lines. These results strongly suggest that UCOEs provide 

higher transcriptional activity for the heterologous transgene. However, the high level of 

eGFP mRNA did not correlate with the eGFP expression as it was found that the eGFP 

expression was lower in the UCOE cell lines following amplification. This may indicate 

that the high amount of eGFP mRNA content saturates the translational capacity of the 

UCOE cell lines. 

 

To assess the recombinant eGFP expression, flow cytometry and western blotting 

experiments have been conducted (Section 3.2.2). Flow cytometry is a commonly used 

method to measure the fluorescence of a cell population. It also provides valuable 

information on population characteristics and statistical parameters such as the mean, 

median, CV and SD. Western blotting is a useful approach to identify, determine if protein 

is the correct size and quantitate total protein expression and assess changes in protein 

expression. Despite the good correlation that exists between eGFP fluorescence and protein 

expression, the results showed that some cell lines displayed a higher total eGFP 

expression than eGFP fluorescence detected by flow cytometry. It should be noted that the 

expression level and fluorescence properties of GFP can be affected by many factors. 

Among these, the requirement for fluorophore formation and the sensitivity to cellular pH 

may result in lower fluorescence intensities than the actual GFP concentration (George, 

1997, Tsien, 1998, Patterson et al., 1997).  
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The eGFP and DHFR gene copy numbers ranged from 50 to 262 and 185 to 1400 in the 

UCOE and non-UCOE cell lines respectively following MTX amplification (Section 

3.2.3). It was observed that the higher gene copy number did not necessarily result in 

higher protein expression either in the UCOE or in the non-UCOE cell lines (Lattenmayer 

et al., 2007a, Lattenmayer et al., 2007b, Chusainow et al., 2009). For example, among the 

UCOE cell lines, the U1 cell line had the highest eGFP gene copy number, however, the 

protein expression was similar to the others, whereas the U5 cell line displayed the lowest 

eGFP gene copy numbers with a relatively high level of protein expression. Similarly, the 

N2 cell line contained the highest number of eGFP gene copies among the non-UCOE cell 

lines and the lowest protein expression. Conversely, the N3 cell line had a similar number 

of eGFP gene copies that had a higher level of protein expression following MTX 

amplification. This was also reflected in the relationship between the eGFP gene copy 

numbers and the eGFP mRNA expression. The lowest eGFP gene copy number resulted in 

a similar level of eGFP mRNA in the N1 cell line compared to the other non-UCOE cell 

lines as well as in the U5 cell line compared to the remaining UCOE cell lines. The MTX-

mediated gene amplification is a complex mechanism and induces chromosomal 

rearrangements (Section 1.2.3.2.2). Therefore, the different locations of the inserted 

transgene may result in different transcription rates, a phenomenon which is known as the 

‘position effect’ (Section 1.4.1.1). Further observations showed a good correlation between 

eGFP mRNA and protein expression levels (Section 3.2.4). However, as explained in the 

beginning of this section, despite having significantly higher eGFP mRNA content, the 

UCOE cell lines displayed lower levels of eGFP expression compared to the non-UCOE 

cell lines. This suggests that along with the gene copy number and mRNA expression, 

other factors such as translation efficiency also play a role in recombinant protein 

production. DHFR protein expression was analysed by western blotting which showed no 

significant difference between the UCOE and non-UCOE groups (Section 3.2.2.2). 

 

It was found that, although eGFP and mRNAs are a part of bi-cistronic transcription units, 

they did not respond to the MTX amplification in the same manner (Section 3.2.4). This 

remains unexplained but could be due to rearrangements of the integrated DNA sequence 

during the complex process of MTX amplification and failure of the IRES containing 
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vector to maintain a linkage between the two recombinant genes (Heller-Harrison et al., 

2009). It would be informative to carry out southern and northern blot experiments to 

assess the integrity of the inserted plasmid DNA and RNA. It was shown in Section 3.2.2.2 

that DHFR and eGFP protein expression was moderately correlated; however, the pattern 

of expression was not parallel to each other. IRESs are complex RNA structures, mainly 

found within the mRNAs of proteins involved in cell growth and apoptosis (Bonnal et al., 

2003). It has been shown that IRES frequently becomes activated under stress conditions, 

when cap-dependent translation is compromised (Holcik et al., 2000, Spriggs et al., 2005, 

Spriggs et al., 2010). A recent study conducted by Yang et al. (2010a) showed that IRES 

mediated translation was activated and increased the expression of an endogenous protein 

involved in cell death in specific diseases when the lymphoid cancer cells were treated 

with the chemotherapeutic drug vincistrine. Therefore, it may be suggested that the IRES 

usage is limited and an expression of a gene of interest from an IRES-containing vector 

might be unpredictable.   

 

In order to assess the stability of protein expression, the cell lines were cultured 

continuously for up to 80 days in the presence and absence of MTX selection. The results 

showed that eGFP expression remained relatively stable over time in the presence of MTX, 

whereas both UCOE and non-UCOE cell lines displayed a decrease in eGFP expression by 

>80% during long-term culture when MTX had been removed (Section 3.2.2). The cell 

lines were shown to respond to MTX removal in different ways (Section 3.2.2, 3.2.3, 

3.2.4). For example, the loss of eGFP expression was as a result of a decrease in eGFP 

gene copies in the N2 cell line which also lost its eGFP mRNA and protein expression 

accordingly. In contrast, despite stable retention of eGFP gene copies over the long-term 

culture, the N4 and N5 cell lines lost more than 83% of their eGFP expression over 

prolonged culture in the absence of MTX. The proportionate decline in the eGFP mRNA 

levels in these cell lines when cultured without MTX suggested that the decreased protein 

expression upon long-term culture in the absence of MTX selection was as a result of a 

decrease in transcriptional efficiency rather than a loss of gene copies. Gene silencing or 

the position effect, induced by chromosomal rearrangements may result in transcription 

inhibition, or a decrease in mRNA content may also be as a result of reduced mRNA 
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stability. The N3 cell line displayed an initial loss of eGFP gene copies after the removal of 

MTX and this remained constant for up to 80 days. However, this cell line showed a 

decrease in eGFP expression of 86% along with eGFP mRNA during long-term culture in 

the absence of MTX. This may suggest that the reduced transcription rates of the 

remaining gene copies result from a preferential loss of transcriptionally-active genes or a 

decline in transcriptional efficiency of the remaining genes.  

 

Similar observations were made for the UCOE cell lines (Section 3.2.2, 3.2.3, 3.2.4). In the 

U1 and U3 cell lines the decrease in eGFP gene copies, mRNA and protein expression 

occurred concurrently at the end of long-term culture in the absence of MTX. Despite 

having similar numbers of eGFP gene copies, protein and mRNA, expression profiles were 

distinct in the U2 and U4 cell lines over the extended culture in the absence of MTX. The 

U2 cell line lost its eGFP expression accompanied by eGFP mRNA; however the eGFP 

gene copy loss was not proportional suggesting a decrease in the transcriptional efficiency 

of the remaining eGFP genes, whereas the U4 cell line displayed an initial loss of eGFP 

gene copies after removal of MTX, which was constant up to 80 days. However, the U4 

cell line lost eGFP expression along with eGFP mRNA, which suggested that some of the 

eGFP genes may not be transcriptionally active at the end of long-term culture in the 

absence of MTX. The U5 cell line showed a similar pattern to the N4 cell line, where 

eGFP gene copies did not change over long-term culture in the absence of MTX. However, 

the eGFP expression decreased by 92% with a corresponding 86% loss of eGFP mRNA at 

the end of long-term culture without MTX selection. The DHFR protein expression was 

relatively stable in the presence of MTX, whereas a significant decrease was observed after 

removal of MTX (Section 3.2.2.2). These findings suggest that UCOEs do not provide any 

advantages in terms of stability of protein production when MTX is absent. 

 

The growth analysis showed that the UCOE cell lines achieved higher cell densities 

compared to the non-UCOE cell lines in the presence of MTX, which was also reflected in 

the CCT values (Section 3.2.1). Cell growth is an important parameter when screening for 

a suitable cell line for therapeutic protein production as maximum volumetric productivity 

can be achieved by a combination of a maximum amount of cells and a high cell specific 
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productivity. There are conflicting reports as to the effect of over-expression of 

recombinant protein on the growth of CHO cells. Several studies reported that the level of 

recombinant protein production was inversely correlated with cell specific growth rate (Gu 

et al., 1996, Page and Sydenham, 1991, Pendse et al., 1992, Jiang et al., 2006), whereas 

others suggested no clear correlation between recombinant protein production and cell 

growth (Chusainow et al., 2009, Fann et al., 2000, Kim et al., 1998a). Provided that there 

was no significant difference in DHFR protein expression between the UCOE and non-

UCOE cell lines, the better growth characteristics observed in the UCOE cell lines may 

suggest that UCOEs provide higher tolerance to MTX.  

 

Both the UCOE and non-UCOE cell lines showed an increase in CCTs and maximal cell 

densities at the end of long-term culture in the presence of MTX. This increase in cell 

growth may be as a result of the development of MTX resistance. In addition to an 

increased expression of DHFR by gene amplification (Section 1.2.3.2.2), CHO cells can 

acquire resistance to continuous exposure to MTX by other mechanisms. Among these, the 

most common mechanisms are an altered affinity of DHFR enzyme to MTX (Flintoff and 

Essani, 1980, Haber and Schimke, 1981) and reduced transport of MTX by reducing the 

folate receptor expression (Assaraf and Schimke, 1987, Cavalcanti et al., 1992, Saikawa et 

al., 1993).  MTX resistance may occur as a result of one or more mechanisms together in 

individual cells (Haber et al., 1981).  

 

As explained in Section 3.2.2, the U2 and U5 cell lines showed a decrease in eGFP 

expression during long-term culture in the absence of MTX. The U2 cell line displayed a 

decrease in eGFP gene copies by 32% whereas the decrease in eGFP expression was 94% 

after 80 days of culture without MTX selection. In contrast, the U5 cell line did not show 

any change in eGFP gene copy numbers. However, 92% of the eGFP expression was lost 

at the end of long-term culture in the MTX-free medium. Both cell lines displayed a 

proportionate loss of eGFP mRNA and protein expression during long-term culture. 

Therefore, the effect of NaB, a histone deactylase inhibitor (Riggs et al., 1977), on these 

cell lines was investigated to examine if the decrase in eGFP expression observed 

following the removal of MTX was due to deacetylation of histones associated with eGFP 
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gene (Section 3.2.5). Cell lines in both early generation in the presence of MTX and late 

generation without MTX selection were used in this study to investigate whether cell lines 

fully recovered the eGFP fluorescence. The results showed that both the U2 and U5 cell 

lines were influenced by NaB addition and displayed enhanced eGFP fluorescence in early 

and late generations. The increased eGFP fluorescence in the late generation U2 cell line 

without MTX selection was partly due to an increase in the eGFP mRNA level. However, 

the observed increase in eGFP fluorescence cannot be fully attributed to the increase in 

mRNA levels as increase in mRNA was lower than increase in eGFP fluorescence. 

Furthermore, no change in eGFP mRNA content was observed in the late generation U5 

cell line, which was cultured in MTX-free medium, even though this cell line also showed 

an increase in eGFP fluorescence after the addition of NaB to the medium. Taken together, 

these findings indicate that the increase in eGFP expression cannot be solely attributed to a 

direct transcription effect of the transgene. NaB has been reported to affect the expression 

of a wide range of genes in cultured mammalian cells, including the genes responsible for 

cell cycle, apoptosis, protein processing and secretion (Yee et al., 2008, De Leon Gatti et 

al., 2007). Therefore, the ability of NaB to influence different cellular processes suggests 

that the observed effects of NaB may not necessarily be due to deacetylation of histones 

associated with the integrated transgene. However, it would be worthwhile conducting 

experiments using ChIP technology to confirm this result.   

 

3.3.1. Summary 

 

The results in this chapter showed that although recombinant protein expression was 

relatively stable in the presence of MTX for both the UCOE and non-UCOE 

group, the UCOEs did not confer any advantages in terms of stability of recombinant 

protein production in the absence of MTX. However, it was observed that the UCOE cell 

lines displayed better growth characteristics following MTX amplification which may 

provide an advantage in recombinant protein production. Furthermore, transcriptional 

activity per gene copy was greater when UCOE was present in the expression 

construct both in the presence and absence of MTX. 
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The results presented in Chapter 3 showed that the intracellular eGFP production remained 

stable over long-term culture in the presence of MTX. Removal of MTX resulted in a 

decrease in eGFP expression in both UCOE and non-UCOE cell lines. Furthermore, it was 

demonstrated that the inclusion of UCOE elements with vector constructs promotes better 

growth in the presence of MTX. The main priority in recombinant protein production by 

the biopharmaceutical industry is to achieve the maximum amount of recombinant protein 

per litre of medium. This is known as volumetric productivity. In order to achieve a high 

volumetric productivity, cells need to grow to high maximum cell densities, whilst, 

hopefully, showing high specific productivity. Consequently, the use of UCOEs to produce 

cell lines with a secreted recombinant protein may improve volumetric protein production 

following MTX amplification. This section details the establishment of DG44-CHO cell 

lines expressing a model secreted protein (Erythropoietin, EPO) containing the hCMV-

EPO-IRES-DHFR expression cassette with or without the inclusion of UCOE and the 

Chapter also addresses how such cell lines perform following MTX amplification of the 

inserted transgenes. The work presented in this chapter extends that from Chapter 3 and the 

aim of the work is to answer the following questions. Firstly, do cell lines constructing 

using UCOE-containing vectors achieve higher volumetric productivity than cell lines 

generated using equivalent constructs lacking UCOE elements (non-UCOE) under 

conditions of MTX amplification? Secondly, is EPO expression at protein level more 

stable over long-term culture in cell lines generated with UCOE-containing vectors than 

with non-UCOE-containing vectors?  

 

4.1. Establishment of CHO-EPO initial cell lines 

 

The strategy used to create CHO-EPO cell lines was summarized in Figure 2.1. The initial 

cell lines were obtained by transfection of the DG44-CHO cell lines with either the 

linearised p1010-EPO (UCOE-containing) or p901-EPO (non-UCOE) vectors (Appendix 

3). The cells acquiring DHFR along with the EPO transgene were selected by the exclusion 

of hypoxanthine and thymine from the medium. After the limiting dilution cloning 

(Section 2.4.6), more than 60 single colonies (these are referred to as CHO-EPO cell lines) 
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from each group were scaled up to 6-well plates and the expression of EPO protein was 

determined by ELISA (Section 2.5.8).  

 

In accordance with the results obtained from Chapter 3, UCOE cell lines showed 

significantly higher EPO production than non-UCOE cell lines (Figure 4.1). The top 10 

high producing cell lines were selected from each group and scaled up to T-75 flasks and 

were cryopreserved (Section 2.4.3). From the cell lines, the three highest producing cell 

lines (in terms of volumetric EPO expression, Figure 4.1) were grown continuously for up 

to 77 days in adherent culture. Viable cell densities, volumetric EPO production and 

specific productivity were analysed over long-term cultivation (Section 4.1.1).   
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4.1.1. Analysis of growth characteristics and productivity of initial CHO-EPO 

cell lines during long-term culture          

 

Batch growth cultures were created for the three selected cell lines from each group 

(Section 4.1) at the start (day 0) and the end (day 77) of long-term culture (Section 2.4.9). 

Cells were seeded at an initial density of 1x105 cells/ml. Samples were taken every 24-48 

hours to assess viable cell densities (Section 2.4.2) and recombinant EPO production 

(Section 2.5.8). The average viable cell densities of three cell lines from each group are 

represented in Figure 4.2A. In agreement with the results obtained from Chapter 3, the 

maximal viable cell densities for UCOE and non-UCOE cell lines were similar in early and 

late generations. This was also reflected in CCT values, where UCOE and non-UCOE cell 

lines showed similar total cell numbers (Figure 4.2B). An increase in CCT values was 

observed in both the UCOE and non-UCOE groups when long-term culture progressed. 

However, this was not statistically significant (p>0.05, using paired samples t-test to 

compare early and late generations at the same time of the batch culture [Section 2.10]). 

Furthermore, a difference was observed in the growth profile of the cultures generated at 

the start and end of long-term culture with late generation cell lines exhibiting a more 

prolonged stationary phase. In addition, the viability of the late generation cultures 

declined more suddenly at day-9, presumably as a result of nutrient depletion (Figure 

4.2B).   

 

Specific growth rates (µ) were calculated as described in Section 2.11 for individual cell 

lines in both early and late generations (Figure 4.2C). The cell growth rates were in the 

range of 0.016-0.025h-1, which is consistent with previous studies (Chusainow et al., 2009, 

Fann et al., 2000, Jiang et al., 2006). Overall, no significant difference in the growth rates 

was observed between the UCOE and non-UCOE cell lines (p>0.05 using independent 

samples t-test to compare the UCOE and non-UCOE cell lines in the same generation 

[Section 2.10]). Furthermore, the UCOE cell lines showed an increase in growth rate over 

long-term culture. The cell specific growth rate remained relatively constant during 

prolonged culture in non-UCOE cell lines.  
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The volumetric production of EPO was examined over the long-term culture by ELISA 

(Section 2.5.8). In agreement with the results observed for GFP in Chapter 3, the 

expression of EPO from UCOE cell lines was shown to be significantly higher than that of 

non-UCOE cell lines for all cells (Figure 4.3A). A decrease in EPO volumetric production 

was observed in two of the non-UCOE cell lines over the long-term culture, whereas 

volumetric production of EPO increased in the N0E2 cell line. In contrast, all UCOE cell 

lines showed relatively stable and high levels of EPO production compared to non-UCOE 

cell lines. Although non-UCOE cell lines showed a trend towards a loss in production, no 

significant difference was observed between the group mean values for volumetric 

production at day 0 and day 77 for either UCOE or non-UCOE cell lines (p>0.05, using 

paired samples t-test to compare the early and late generation for the same group of cell 

lines [Section 2.10]).  

 

Specific productivity was calculated during the exponential phase (48 to 96 hours), Figure 

4.3B). UCOE cell lines showed consistently higher specific productivity than the non-

UCOE group and this was reflected in the group mean values. A decrease in specific 

productivity was observed in the N0E1 and N0E3 cell lines, whereas the N0E2 cell line 

showed an increase over long-term culture. Although the U0E1 and U0E2 cell lines 

showed a decrease in EPO production, this was not statistically significant (p>0.05, using 

paired samples t-test to compare early and late generations of the same cell line [Section 

2.10]). The group mean values showed that specific productivity remained constant over 

the long-term culture in UCOE cell lines, whereas a decrease was observed in non-UCOE, 

although this was not statistically significant (p>0.05, using paired samples t-test to 

compare early and late generations of the same cell line [Section 2.10]). The behaviour of 

cell line N0E2 contrasts markedly from that of cell lines N0E1 and N0E3. 

 

Figure 4.3C and 4.3D show comparisons of cell growth rate, total EPO production and the 

specific productivity. No clear correlation was observed between the cell growth and the 

specific productivity in either UCOE or non-UCOE cell lines (when early generation N0E1 

cell line omitted) (Figure 4.3C). Volumetric production was strongly correlated with 

specific productivity in both UCOE and non-UCOE cell lines (Figure 4.3D).  
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4.2. Establishment of amplified CHO-EPO cell lines  

 

The strategy for amplification of CHO-EPO cell lines is detailed in Figure 2.1. In short, the 

top-ten EPO producing cell lines were selected from both UCOE and non-UCOE groups. 

Each group of selected cell lines was pooled and treated with 250nM MTX and this was 

followed by limiting dilution cloning. Following similar processes, more than 60 single 

colonies were observed for the UCOE cell lines following limiting dilution cloning, 

whereas only 38 single colonies were recovered from non-UCOE cell lines. All the single 

colonies observed in non-UCOE cell lines and a total of 40 single colonies from the UCOE 

group were scaled up into 6-well plates.  

 

Volumetric production of EPO for the selected cell lines over a period of 72 hours was 

determined by ELISA (Section 2.5.8) and shown in Figure 4.4. Following MTX 

amplification, the EPO production was ~49 and ~23 times higher than non-amplified pools 

in UCOE and non-UCOE group respectively compared to non-amplified pools. The mean 

level of volumetric EPO production was 84±6.2mg/L for the UCOE group, as opposed to 

20.7±1.9mg/L for the non-UCOE group. The group mean value of EPO expression for the 

UCOE cell lines was significantly higher than the non-UCOE group (Figure 4.4). This was 

in contrast to the results obtained from Chapter 3, where eGFP expression was lower in the 

UCOE cell lines compared to the non-UCOE group after MTX amplification.  
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4.2.1. Long-term culture in amplified CHO-EPO cell lines 

 

As described in Section 4.1.1, the three highest producers cell lines (in terms of EPO 

production) from both UCOE and non-UCOE group were selected for further long-term 

culture studies. Cells were subcultured every 2-3 days continuously for 77 days either with 

or without MTX selection. Samples were taken at the beginning (day 0) and at the end of 

long-term culture (day 77). Growth characteristics (Section 4.2.1.1), volumetric protein 

production and specific productivity (Section 4.2.1.2) of amplified CHO-EPO cell lines 

were examined over long-term culture. Furthermore, plasmid copy number and mRNA 

expression were analysed with the intention of understanding the effects of amplification 

and long-term culture on recombinant EPO production (Section 4.2.1.3 and 4.2.1.4 

respectively).  

 

4.2.1.1. Analysis of batch growth of amplified CHO-EPO cell lines 

 

Batch growth cultures were created from cell lines at early generation (day 0), late 

generation with MTX selection (day 77) and late generation in the absence of MTX (day 

77). Figure 4.5 shows the average viable cell densities and CCTs for each group in the 

presence and absence of MTX over prolonged culture.  

 

UCOE cell lines at early generation showed similar viable cell densities and CCTs as the 

non-amplified UCOE cell lines suggesting that growth was not affected by MTX pressure 

(Figure 4.2 and 4.5). However, the late generation amplified UCOE cell lines showed 

higher maximum cell densities both in the presence and absence of MTX compared to the 

non-amplified UCOE cell lines, which was reflected by CCT values on days 4 and 5 of 

batch culture. In contrast, the maximum cell densities were lower in the amplified non-

UCOE group compared to the non-amplified cell lines in early generation. Although this 

was also reflected in CCT values, the difference was not statistically significant. This was 

most probably due to the high standard deviation observed in non-amplified cell lines 

(p>0.05, using independent samples t-test to compare the amplified and non-amplifed cell 

lines on the same day of batch culture for the same generations [Section 2.10]). Moreover, 
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the peak viable cell densities and CCT values increased over time and reached to a similar 

level as the non-amplified non-UCOE cell lines (Figure 4.2 and 4.5).  

 

In agreement with the results from Section 3.2.1, the UCOE cell lines were found to have 

higher maximum viable cell densities compared to the non-UCOE cell lines in the early 

and late generations in the presence of MTX (Figures 4.5A). A difference in viable cell 

densities was also observed on days 4 and 5 of batch culture created at late generation in 

the absence of MTX between the UCOE and non-UCOE cell lines. Moreover, an increase 

in the viable cell densities was observed in both the UCOE and non-UCOE cell lines at late 

generations in the presence and absence of MTX. The alterations to viable cell densities 

can also be observed with changes to CCT (Figure 4.5B and 4.5C). CCT values were 

significantly higher in UCOE cell lines throughout batch culture in the presence of MTX 

and on days 4 and 5 of late generation batch culture without MTX selection compared to 

the non-UCOE group. Furthermore, an increase in CCT values was observed over long-

term culture in the presence and absence of MTX for both the UCOE and non-UCOE cell 

lines. These results confirm the results obtained in Section 3.2.1 and indicate that the 

growth of UCOE cell lines is not affected by MTX. As a consequence, UCOE cell lines 

achieved higher maximum cell densities than non-UCOE cell lines.  

 

Figure 4.6 shows the specific growth rates of individual cell lines and group mean values. 

It was observed that the non-UCOE cell lines showed lower growth rates after MTX 

amplification at the start and end of long-term culture in the presence of MTX compared to 

non-amplified cell lines (p<0.05, using independent samples t-test to compare amplified 

and non-amplified cell lines at the same generation [Section 2.10]). Although the amplified 

UCOE cell lines displayed lower cell growth rates than the non-amplified UCOE group at 

the beginning of prolonged culture, this was not statistically significant (p=0.091, using 

independent samples t-test to compare amplified and non-amplified cell lines at early 

generation [Section 2.10]). Moreover, the UCOE cell lines showed significantly higher 

specific cell growth rates compared to the non-UCOE cell lines at all times following MTX 

amplification. The cell growth rate increased over prolonged culture in both UCOE and 

non-UCOE cell lines in the presence and absence of MTX. No significant difference was 
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observed between amplified and non-amplified UCOE cell lines at the end of long-term 

culture (p>0.1, using independent samples t-test to compare amplified and non-amplified 

cell lines at the same generation [Section 2.10]). The cell growth rate of amplified non-

UCOE cell lines achieved that of their non-amplified counterparts at the end of prolonged 

culture after MTX removal. 

 



158 
 



159 
 

 



160 
 



161 
 

4.2.1.2. Effect of amplification on recombinant EPO production during long-term 

culture 

 

EPO production was assessed by ELISA at the beginning and end of long-term culture. In 

agreement with the results obtained from the initial cell lines, total EPO production was 

lower in the non-UCOE cell lines both in the presence and absence of MTX (Figure 4.7). 

This was in contrast to the results of the amplified eGFP cell lines (Section 3.2.2), where 

non-UCOE cell lines showed higher eGFP expression compared to UCOE cell lines after 

MTX amplification. I surmise that this discrepancy is a consequence of intracellular 

processing of eGFP at high concentration (this will be discussed in Section 4.3). 

 

In parallel with the results in Section 3.2.2, the volumetric EPO production was relatively 

stable in all UCOE cell lines in the presence of MTX for 77 days (Figure 4.7A). This was 

reflected by the group mean value. An increase in the total EPO production was observed 

in the non-UCOE cell lines in the presence of MTX over long-term culture. This can be 

seen in the group mean value. However, the increase was not statistically significant 

(p>0.05, using paired samples t-test to compare early and late generation cell lines for the 

same group. Figure 4.7A). All cell lines showed a decrease in total EPO production over 

prolonged culture in the absence of MTX (Figure 4.7B). The decrease was 78% and 87% 

in UCOE and non-UCOE cell lines respectively. However, the UCOE cell lines still 

showed significantly higher EPO production compared to the non-UCOE cell lines (group 

mean values; 36.5±3mg/L, 11±3.7mg/L in UCOE and non-UCOE group respectively). 

 

The UCOE cell lines showed higher specific productivity compared to non-UCOE cell 

lines at early generation. However this was not statistically significant. In addition, no 

significant difference was observed between the late generation UCOE and non-UCOE cell 

lines in the presence of MTX (p>0.05, using independent samples t-test to compare UCOE 

and non-UCOE cell lines at same generation [Section 2.10], Figure 4.8A). However, the 

specific productivity was significantly higher in the UCOE cell lines compared to the non-

UCOE group at the end of long-term culture in the absence of MTX (Figure 4.8B).  
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A decrease in specific productivity was observed in all UCOE cell lines over long-term 

culture in the presence of MTX, which was reflected in the mean value (Figure 4.8A). 

Among the non-UCOE cell lines, NE1 and NE3 cell lines showed an increased specific 

productivity over long-term culture in the presence of MTX, whereas specific productivity 

remained constant in the NE2 cell line. All cell lines displayed a decrease in specific 

productivity over long-term culture in the absence of MTX (Figure 4.8B).  

 

Figure 4.9A shows scatter plots for individual UCOE and non-UCOE cell lines comparing 

the specific productivity and the cell growth rate (µ). A relatively strong negative 

correlation between the growth rate and the specific productivity was observed in the 

UCOE cell lines. There was no consistent correlation between the cell growth and the 

specific productivity in the non-UCOE cell lines. Furthermore, it was observed that the 

volumetric EPO production and specific productivity increased proportionally in both 

UCOE and non-UCOE cell lines (Figure 4.9B). 
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4.2.1.3. Copy number analysis over long-term culture in amplified CHO-EPO cell 

lines 

 

The number of copies of recombinant vector integrated within the host cell genome was 

assessed by qPCR to determine if variations in recombinant EPO production were as a 

result of the change in gene copy number per cell (Figure 4.10). Samples were taken at the 

start and end of long-term culture from the cell lines growing in the presence and absence 

of MTX selection.  

 

In accordance with the results depicted in Section 3.2.3, all UCOE cell lines showed lower 

EPO gene copy numbers compared to the non-UCOE cell lines at both early and late 

generations, which was also reflected in group mean values (Figure 4.10). Furthermore, a 

decrease in the plasmid copy number was observed in all UCOE cell lines both in the 

presence and absence of MTX. The decrease was more pronounced in the absence of 

MTX, which was also reflected in the group mean values (Figure 4.10B). The NE2 cell 

line showed no change in plasmid copy numbers over time, whereas a decrease was 

observed in NE1 and NE3 cell lines in the presence of MTX (Figure 4.10A). All non-

UCOE cell lines displayed a decrease in gene copy numbers during prolonged culture in 

the absence of MTX. This can also be seen in group mean values. However this was not 

statistically significant, presumably due to large standard deviation (Figure 4.10B). 
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Figure 4.10: Analysis of EPO gene copy number over long-term

culture in amplified CHO-EPO cell lines.
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The result of the gene copy number and specific productivity is summarised in Table 4.1. 

The results obtained from cell lines in early generation were compared to the results of the 

late generation cell lines in the presence and absence of MTX. According to these results, 

the decrease in specific productivity in UE1 and UE3 cell lines was accompanied by a 

decrease in plasmid copy number, during long-term culture in the presence and absence of 

MTX selection. However, the UE2 cell line showed 86% loss of specific productivity, 

whereas the gene copy loss was only 50% at the end of long-term culture in the absence of 

MTX, suggesting that gene transcription or post-translational events might be accountable 

for loss of protein production.  

 

Although a decrease was observed in the gene copy numbers in the NE1 and NE3 cell lines 

at the end of long-term culture in the presence of MTX this was not reflected in specific 

productivity. All non-UCOE cell lines lost their EPO production in the absence of MTX. 

However, as plasmid copy numbers in these cell lines remained at a reasonably high level 

(more than 100 copies per cell), the very low specific productivity observed in these cell 

lines could not be only due to gene copy loss.  

 

Furthermore, no general correlation was observed between the gene copy number and 

specific productivity in either the UCOE or non-UCOE group (Figure 4.10C).  

Nevertheless, after omitting the early generation UE3 cell line a correlation of 0.791 was 

achieved in the UCOE cell lines.  
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Table 4.1: Effect of amplification and long-term culture on EPO gene copy 

number and specific productivity. 

Cell 
Lines 

Generations 
(+ / - MTX) 

Gene 
copy/cell 

±SD 
% Decrease 
in gene copy 

Specific 
Productivity 
(pg/cell/day) 

±SD 

% Decrease 
in specific 

productivity 

UE1 
Early 50.1±4.2   66.9±1.9   

Late+MTX 19.5±4.3 61.0 36.1±9.4 46.0 

Late-MTX 8.2±1.2 83.6 7.8±1.4 88.3 

UE2 
Early 37.4±3.3   74.8±1   

Late+MTX 21.8±3.2 41.5 32.3±2 56.8 

Late-MTX 18.7±2.7 50.0 10.3±0.1 86.2 

UE3 
Early 88.9±10.3   47.7±1.3   

Late+MTX 46.2±9.3 48.0 33.3±4.9 30.2 

Late-MTX 7±1.5 93.0 8.5±0.6 82.1 
      

NE1 
Early 1633.1±148.6   58.7±0.6   

Late+MTX 1111.5±71 31.9 75.7±3.9 -28.9 

Late-MTX 817.4±68.7 49.9 3.8±0.01 93.5 

NE2 
Early 763.2±85.2   35±6.1   

Late+MTX 668.2±39.2 12.4 37.6±3.6 -7.4 

Late-MTX 252.4±9.7 66.9 1.9±0.5 94.6 

NE3 
Early 244.3±45.3   23.2±4.2   

Late+MTX 131.6±15.7 46.0 40.5±7.6 -74.6 

Late-MTX 106.2±3.4 56.5 3.2±0.01 86.0 
 

Summary of EPO gene copy number (Figure 4.10) and specific productivity (Figure 4.8) 

for individual cell lines. The % decrease values were calculated by comparing the results 

obtained from cell lines at late generation either with or without MTX selection to the 

results of early generation cell lines. 
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4.2.1.4. Analysis of EPO mRNA over long-term culture in amplified CHO-EPO cell 

lines 

 

EPO mRNA expression was assessed by q-RT PCR to examine if the differing levels of 

protein production were due to changes in EPO gene transcription or if post-translational 

events were responsible (Figure 4.11). 

 

The UCOE and non-UCOE cell lines showed a similar amount of EPO mRNA expression 

in the presence of MTX (Figure 4.11A, Table 4.2). The relative mRNA expression was 

significantly higher in the UCOE cell lines compared to the non-UCOE group after 77 days 

in the absence of MTX (Figure 4.11B, Table 4.2). However, despite having similar or 

higher level of mRNA expression, the UCOE cell lines had lower gene copies per cell 

compared to the non-UCOE cell lines, suggesting that UCOE provides higher 

transcriptional activity, in agreement with the results presented in Section 3.2.4 (Table 

4.2).  

 

The UE1 and UE2 cell lines showed a decrease in EPO mRNA expression over prolonged 

culture in the presence of MTX, whereas mRNA expression remained constant in the UE3 

and NE1 cell lines (Figure 4.11A). In contrast, an increase in mRNA expression was 

observed in the NE2 and NE3 cell lines over long-term culture in the presence of MTX 

(Figure 4.11A). All cell lines displayed a decrease in EPO mRNA expression when MTX 

selection was removed. However, the UCOE cell lines still had higher mRNA expression 

than the non-UCOE cell lines at the end of long-term culture.  
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Table 4.2: Summary of EPO gene copy number per cell and relative amount of 

EPO mRNA. 

Cell 
Lines 

Generations 
(+ / - MTX) 

Gene copy/cell 
±SD 

% EPO mRNA 
 ±SD 

UE1 
Early 50.1±4.2 123.1±6.3 

Late+MTX 19.5±4.3 75.7±4.7 

Late-MTX 8.2±1.2 42.7±3 

UE2 
Early 37.4±3.3 85.4±10.9 

Late+MTX 21.8±3.2 47.2±6.2 

Late-MTX 18.7±2.7 41.4±2.2 

UE3 
Early 88.9±10.3 66.6±8 

Late+MTX 46.2±9.3 75.6±0.6 

Late-MTX 7±1.5 21.59±1.8 
    

NE1 
Early 1633.1±148.6 123±3.9 

Late+MTX 1111.5±71 114±13.1 

Late-MTX 817.4±68.7 21.9±3 

NE2 
Early 763.2±85.2 73±5.8 

Late+MTX 668.2±39.2 104.3±11.4 

Late-MTX 252.4±9.7 3.5±0.1 

NE3 
Early 244.3±45.3 29.1±1 

Late+MTX 131.6±15.7 41.9±4.6 

Late-MTX 106.2±3.4 6.73±0.3 
 

Summary of EPO gene copy number (Figure 4.10) and EPO mRNA content (Figure 4.11) 

for individual cell lines.  

 

 

mRNA expression was strongly correlated with specific productivity in both UCOE and 

non-UCOE cell lines (Figure 4.12A). However, no general correlation was observed 

between the gene copy number and mRNA expression in the UCOE cell lines (Figure 

4.12B). A strong positive correlation was achieved by omitting the early generation UE3 

cell line. The non-UCOE cell lines showed a relatively strong correlation between the gene 

copy number and mRNA expression. 
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Figure 4.12: Comparison of specific productivity and EPO gene

copy number against mRNA expression.
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Figure 4.13 summarizes the effect of long-term culture on protein productivities and 

genetic parameters in both UCOE and non-UCOE cell lines. The results suggest that in the 

UE1 cell line the loss of productivity was mainly due to the loss of gene copies in the 

presence of MTX, which was mirrored by a decrease in EPO mRNA expression (Figure 

4.13A). This cell line showed further loss of productivity together with EPO gene copies 

and mRNA expression in the absence of MTX. The decrease in mRNA expression was less 

pronounced than the productivity and gene copy loss. The UE2 cell line also showed a 

decrease in specific productivity over long-term culture in the presence of MTX, which 

was reflected in EPO mRNA and the gene copy number. Moreover, although this cell line 

showed similar mRNA expression and gene copy numbers at the end of prolonged culture 

in the presence and absence of MTX, the specific productivity was lower in the late 

generation cell line without MTX selection. The UE3 cell line showed a loss of protein 

production over time in the presence of MTX, which was reflected in the gene copy 

numbers, but the mRNA expression did not change. Therefore, these observations may 

suggest that translation and secretion of the correctly folded protein is a further obstacle in 

case of complicated products like EPO. Furthermore, the loss of productivity observed in 

the UE3 cell line occurred in unison with a loss of gene copy and mRNA expression in the 

absence of MTX.  

 

Among the non-UCOE cell lines, the NE1 cell line showed a decrease in gene copy 

number while mRNA expression remained constant and specific productivity increased 

over time in the presence of MTX (Figure 4.13B). This may suggest that the loss of gene 

copy occurred in transcriptonally passive sites. Further decrease in protein production was 

observed in the absence of MTX, which was reflected in loss of mRNA expression. 

However, the gene copy number was still relatively high suggesting that some epigenetic 

silencing might be taking place in the absence of MTX. The NE2 cell line showed stable 

productivity and relatively constant gene copy numbers over long-term culture in the 

presence of MTX, whereas an increase in mRNA expression was observed. This may 

suggest that the EPO genes are in a transcriptionally more active state at the end of long-

term culture; however the cell line is experiencing a problem during translation. The 

specific productivity decreased significantly over time in the absence of MTX, which was 
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accompanied by a decrease in mRNA expression. A further loss of EPO gene copy was 

also observed in the absence of MTX but gene copy loss was not proportional to the 

change in protein production and mRNA expression, suggesting that the NE2 cell line also 

might be experiencing some gene silencing in the absence of MTX. Although the NE3 cell 

line showed a decrease in gene copy number over time in the presence of MTX, mRNA 

expression and protein production increased over long-term culture, suggesting that the 

remaining EPO genes are in a more active state. This cell line showed significant loss of 

specific productivity during prolonged culture in the absence of MTX together with EPO 

mRNA expression and gene copy numbers. These findings will be discussed in Section 

4.3. 
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4.3. Discussion 

 

It was shown in Chapter 3 that the inclusion of UCOE in expression constructs provide 

better growth characteristics in the presence of MTX selection. The main priority in 

recombinant protein production is to obtain the maximum volumetric production. To 

achieve high volumetric production it is desirable to develop cells that can grow to high 

maximum cell densities and hopefully show high specific productivity. The results 

presented here demonstrate that volumetric production can be improved by using UCOEs 

in combination with MTX-mediated gene amplification.  

 

In accordance with the results denoted in Chapter 3, the UCOE cell lines displayed 

significantly higher levels of EPO expression than the non-UCOE cell lines (Section 4.1). 

In order to address the stability of recombinant protein production, cell lines were 

subcultured continuously for up to 77 days (Section 4.1.1). The results showed that the 

UCOE cell lines maintained a stable and high volumetric production over long-term 

culture, whereas two of the non-UCOE cell lines displayed a decrease in volumetric EPO 

production at the end of prolonged culture. Furthermore, cell lines containing the UCOE 

element showed significantly higher cell specific productivity than the non-UCOE cell 

lines. Specific productivity was stable for up to 77 days in the UCOE cell lines. In contrast, 

a decrease in the cell specific productivity was observed in two of the non-UCOE cell 

lines. The cell growth rates were found to be similar in both the UCOE and non-UCOE cell 

lines at the beginning of long-term culture. As the cells aged over time, the growth profile 

of these cultures changed in both the UCOE and non-UCOE cell lines. It was shown that 

cells in late generation exhibited a longer stationary phase and a sudden decrease in viable 

cell densities was observed at day 9. This was presumably as a result of depletion of key 

nutrients. No clear correlation was found between the cell specific productivity and the cell 

growth rate in either the UCOE or non-UCOE cell lines. The proportional increase in the 

specific productivity and volumetric production suggested that the growth rate did not 

affect the volumetric productivity.   

 



180 
 

The top 10 cell lines that displayed the highest volumetric EPO production from each 

group were pooled and treated with 250nM MTX. In contrast to the results depicted in 

Chapter 3, where the UCOE cell lines displayed lower eGFP fluorescence than the non-

UCOE cell lines, the results here showed that the volumetric EPO production was 

significantly higher in the UCOE group (Section 4.2). It has been reported  that GFP can be 

toxic to cells that constantly express this protein (Liu et al., 1999). In fact, a previous study 

conducted in our laboratory showed that cells expressing very high levels of eGFP 

displayed crystals of eGFP protein when observed using immunofluorescent microscopy 

(Croxford, 2008). This may suggest that the UCOE cell lines that express high levels of 

eGFP did not survive during the amplification process, as such high levels of intracellular 

protein may be detrimental to the cell line. Although this discrepancy still remains 

unexplained, it is also plausible that this is a consequence of intracellular processing of 

eGFP at high concentrations. These findings indicate that it can be misleading to use an 

intracellular protein such as GFP to assess a process that is in the end going to be used to 

produce a secreted protein. This was a major reason to extend the current study to examine 

the manner in which EPO expression reflected that of GFP. 

 

The results presented in this chapter demonstrate that despite the lower number of gene 

copies per cell (Section 4.2.1.3), the UCOE cell lines displayed significantly higher 

volumetric EPO production than the non-UCOE cell lines following MTX amplification 

(Section 4.2.1.2). It was also shown that the transcriptional activity per gene copy was 

greater in the UCOE cell lines compared to the non-UCOE group (Section 4.2.1.4). This is 

consistent with the results obtained in Chapter 3.  

 

As demonstrated in Chapter 3, the growth analysis showed that the UCOE cell lines 

reached higher maximum cell densities than the non-UCOE cell lines when MTX was 

present (Section 4.2.1.1). This was also observed in the CCT values, where the UCOE cell 

lines displayed higher CCTs. The cell specific growth rates were also found to be 

significantly higher in the UCOE cell lines. These findings support the suggestion made in 

Chapter 3 that the UCOE cell lines have a higher tolerance to MTX than the non-UCOE 

group. The growth characteristics of individual cell lines were evaluated at the beginning 
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and end of long-term culture in the presence and absence of MTX. The results 

demonstrated that both the UCOE and non-UCOE cell lines displayed an increase in viable 

cell densities and CCTs at the end of long-term culture in the presence and absence of 

MTX, which further corroborates the results presented in Chapter 3. Furthermore, an 

increase in the growth rate was observed over prolonged culture in both the UCOE and 

non-UCOE groups in the presence and absence of MTX. However, the growth rate of 

UCOE cell lines was still significantly higher than that of non-UCOE cell lines at the end 

of long-term culture in both conditions (+/- MTX). As explained in Chapter 3, cells that are 

exposed to continuous MTX pressure may develop alternative resistance to MTX (Section 

1.2.3.2.2) (Kim et al., 2001). It has also been reported that despite clonally derivation using 

limiting dilution cloning, cell populations can become quite heterogenous in terms of 

growth rate and productivity following MTX amplification (Kim et al., 1998a, Kim and 

Lee, 1999, Kim et al., 2001). Therefore, it is likely that a cell population that was growing 

more quickly became dominant during long-term culture, which may result in the higher 

growth rate and viable cell densities that were observed at the end of long-term culture.   

 

A relatively strong negative correlation between the growth rate and the cell specific 

productivity was observed in the UCOE cell lines. Conversely, no consistent correlation 

existed between the growth rate and the cell specific productivity in the non-UCOE group.  

 

The UCOE cell lines displayed higher specific productivities than the non-UCOE cell lines 

at early generation. Although the UCOE cell lines showed a decrease in cell-specific 

productivity over prolonged culture in the presence of MTX, this did not outweigh its 

beneficial effect on the overall productivity. The UCOE cell lines showed stable and high 

levels of volumetric EPO production for up to 77 days in the presence of MTX. This was 

due to the better growth characteristics they displayed when MTX selection was present. A 

strong positive correlation was observed between the specific productivity and volumetric 

production in both the UCOE and non-UCOE groups. The cell-specific and volumetric 

productivity decreased in both the UCOE and non-UCOE cell lines in the absence of 

MTX.  However, the specific productivity and volumetric EPO production was still 

significantly higher in the UCOE cell lines compared to the non-UCOE group. 
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In order to understand the changes in the cell specific productivity over long-term culture, 

the EPO gene copy number and the mRNA content were analysed at the beginning and end 

of prolonged culture. According to the results, the loss of specific productivity in the UE1 

and UE2 cell lines in the presence of MTX was as a result of a decline in the EPO gene 

copies which was also mirrored by a decrease in EPO mRNA expression. The UE3 cell 

line had a smaller decrease in cell specific productivity in the presence of MTX. This cell 

line displayed similar amounts of EPO mRNA content at the beginning and end of long-

term culture when MTX was present. Therefore, it is possible that the decrease in specific 

productivity is as a consequence of problems in other areas of protein production such as 

translation and post-translational events (Pendse et al., 1992, Schröder and Friedl, 1997, 

Lattenmayer et al., 2007b). The UE1 and UE2 cell lines showed more than an 86% loss of 

productivity after 77 days of culture in MTX-free medium. These cell lines also showed a 

decrease in EPO gene copies per cell in the absence of MTX (83%, 50%, UE1 and UE2 

respectively). However, both the UE1 and UE2 cell lines still had relatively high mRNA 

contents, suggesting that translation and secretion of a complicated product like EPO is a 

further impediment in the production of recombinant protein production (Schröder and 

Friedl, 1997, Pendse et al., 1992, Lattenmayer et al., 2007b). The loss of productivity was 

as a result of gene copy loss in the UE3 cell line in the absence of MTX, as productivity, 

EPO gene copy number and mRNA content decreased concurrently (Fann et al., 2000, 

Hammill et al., 2000, Kim et al., 1998b, Pallavicini et al., 1990, Weidle et al., 1988). These 

results suggest that even though UCOE provides resistance to gene-silencing mechanisms, 

UCOE-containing cell lines are still prone to instability due to gene copy loss or other 

mechanisms involved in protein production such as translation, folding or secretion of 

recombinant protein. Therefore, when using UCOE in combination with MTX 

amplification for the creation of recombinant cell lines, screening over long-term culture 

may still be required.  

 

The non-UCOE cell lines were more heterogeneous in terms of their response to long-term 

culture in the presence of MTX. All three cell lines showed different levels of productivity, 

gene copy number and mRNA content. Previous studies have also reported that despite 
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being derived from a single clone, cell lines can become quite heterogeneous following 

MTX amplification (Kim et al., 2001, Kim et al., 1998a, Kim and Lee, 1999, Yoshikawa et 

al., 2000b, Yoshikawa et al., 2000a). All non-UCOE cell lines had reduced productivity 

over long-term culture in the absence of MTX, with a~90% decrease in productivity, which 

contrasted with a ~50% loss of gene copy that was observed in the absence of MTX. This 

suggests that it is not possible to attribute gene copy loss to the very low level of 

productivity in these cell lines, as they still contained more than 100 gene copies per cell. 

Therefore, it can be suggested that these cell lines are experiencing some gene silencing 

after removal of MTX selection.  

 

4.3.1. Summary 

 

These findings confirm that UCOEs within the expression construct provide a high level of 

cell-specific productivity and volumetric production of secreted recombinant protein 

following MTX-mediated gene amplification. However, instability of protein production 

was observed during long-term culture in the absence of MTX. Volumetric EPO 

production was stable for up 77 days in the presence of MTX. It has also been 

demonstrated that UCOEs confer higher transcriptional activity per gene copy, as shown 

by the mRNA and gene copy number analysis.  
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In Chapter 3, eGFP expression in amplified CHO-GFP cell lines was investigated over 

long-term culture in the presence and absence of MTX selection. eGFP expression and the 

stability of expression during long-term culture was found to be variable between UCOE 

and non-UCOE cell lines. Furthermore, protein expression and stability of the cell lines 

was not simply correlated with recombinant gene copy number. As an extension from these 

findings, chromosome painting (to define molecular karyotype) and FISH (to define 

chromosomal localisation of recombinant genes) were performed. These approaches were 

developed to provide a molecular analysis of the manner in which the location of amplified 

genes might relate to the differential productivity and stability of amplified cell lines. As 

the UCOE cell lines showed higher mRNA expression, even though they contained fewer 

plasmid copies than non-UCOE cell lines, it was hypothesised that the studies would also 

provide an insight into the chromosomal positions that might be potential hotspots. The 

studies described below focused on 3 UCOE (U1, U2 and U3) and 3 non-UCOE (N1, N2 

and N4) cell lines and defined their chromosomal profile at the start and end of long-term 

culture, both in the presence and absence of MTX. These cell lines were fully characterised 

in Chapter 3 in terms of recombinant protein production and stability of expression over 

long-term culture.  

 

5.1. Effect of amplification and long-term culture on chromosome 

number 

 

In order to analyse the chromosome number distribution in amplified CHO-GFP cell lines, 

metaphase spreads were prepared for each cell line at early and late generations with cells 

cultured in the presence and absence of MTX. The chromosome numbers were counted in 

20 metaphase spreads for each cell line and the frequency of chromosome number 

distribution is shown in Figure 5.1. The majority of the non-transfected parental DG44 

cells contained 20 chromosomes (Figure 5.1A). Although some of the UCOE cell lines 

contained 18, 19 or 21 chromosomes, the majority of them contained the median number 

of chromosomes (20) observed in the parental cell population (Figure 5.1B). However, the 

chromosome number distribution was more diverse in the non-UCOE cell lines 

(particularly N2 and N4, Figure 5.1C). Moreover, all non-UCOE cell lines contained some 



186 
 

abnormal chromosomes (>30 chromosomes). In the N2 cell line, the frequency of cells 

containing more than 30 chromosomes decreased over long-term culture in both the 

presence and absence of MTX.  Metaphase spreads containing 34 and 35 chromosomes 

were observed on a number of occasions in the late generation N4 cell lines growing in the 

presence of MTX, whereas these were not observed when cells had been cultured in the 

absence of MTX. The frequency of cells containing 20 chromosomes increased over time 

both in the presence and absence of MTX in all non-UCOE cell lines. UCOE cell lines 

retained the same profile of chromosomes over long-term culture both in the presence and 

absence of MTX. 

 

5.2. Analysing plasmid localization using dual colour FISH 

 

In order to investigate the chromosome-specific localization of plasmid integration sites, 

dual colour FISH with Chinese hamster chromosome painting probes and plasmid probes 

were performed (Section 2.9). Metapahase spreads of early generation U2 and N2 cell lines 

were used as examples of each cell group. 

 

Chinese hamster (Cricetulus griseus) chromosome-specific paints were provided by Dr. 

Willem Rens (University of Cambridge) (Rens et al., 2006). Briefly, chromosomes of 

Chinese hamster were prepared from a fibroblast cell line. Chinese hamster chromosomes 

were flow-sorted and chromosome-specific paints were generated from flow-sorted 

chromosomes by using DOP-PCR (Rens et al., 2006, Yang et al., 2000).  

 

Although derived from C. griseus, the genome of DG44 cells is highly rearranged, 

resulting in an altered karyotype compared to Chinese hamster cells (Derouazi et al., 

2006). Therefore, it was not possible to construct a karyotype for the cell lines used in this 

study. Instead, metapahase spreads of the parental DG44 cells were prepared and stained 

with DAPI and chromosomes of a typical spread of the parental DG44 cells were organised 

into groups in terms of size and centromere position to classify the hybridization of paint 

probes and plasmid integration types observed in the amplified cell lines (Figure 5.2). 
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10 to 20 metaphase spreads were observed for each cell line. When Chinese hamster 

chromosome-specific paints were hybridized onto the chromosomes of U2 and N2 cell 

lines, paints 4 and 6 (generated from DNA of chromosome 4 or 6 of Chinese hamster, 

respectively) painted a single region in a group-3 chromosome (Figures 5.3A, 5.3B, 5.4-7). 

Furthermore, chromosome paint 7 hybridized to two of the group-3 chromosomes (Figures 

5.3C, 5.8 and 5.9), chromosome paint x and y painted three group-7 chromosomes. 

Hybridization to a single region in a group-5 and a group-6 chromosome was also observed 

with paint x and y probe (Figures 5.3D, 5.10 and 5.11).   

 

For the N2 cell line, one metaphase spread showed co-localization of paint-7 and the 

inserted plasmid (Figure 5.3C and 5.7A). The majority of the remaining metaphase spreads 

contained integration into a group-1 chromosome, which is analysed in more detail in 

Section 5.3. In cell line U2, plasmid integration sites were localized mainly on a group-2 

chromosome (Section 5.3). On a number of occasions, inserted plasmid was localized on 

chromosomes painted with chromosome 6, 7 and xy probes (Figures 5.7B, 5.9C and 

5.11C).  
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5.3. Effect of long-term culture on plasmid localization 

 

3 UCOE (U1, U2 and U3) and 3 non-UCOE (N1, N2 and N4) cell lines were selected for 

analysis of the genomic localisations of the inserted genes. To localize the transfected 

plasmid sequence on metaphase chromosomes, FISH was performed with DIG-labeled 

probes for the whole plasmid sequence (Section 2.8.2). To investigate the changes in 

integration patterns during long-term culture in the presence and absence of MTX, the 

metaphase chromosomes prepared from the cells at the start and end of the prolonged 

culture in the presence and absence of MTX were analyzed. Different integration patterns 

observed are summarized in Figure 5.12. 

 

Figure 5.13 and 5.14 shows the results of FISH analysis of non-UCOE and UCOE cell 

lines, respectively, at early stages of culture. In the N2 and N4 cell lines, amplified arrays 

were longer whereas the N1 and all UCOE cell lines had less extended regions of inserted 

plasmid DNA. Five different integration types were observed in non-UCOE cell lines. In 

the first type of integration pattern, the site of insertion was on the end of a group-1 

chromosome containing variable length of amplified array (1A and 1AV). In 1B, the 

insertion is still on the group-1 chromosome but within the long arm of the chromosome 

instead of being at the end.  Some of the cells contained 2A and 2BV types of integration 

where the insertion site was on a group-2 chromosome either at the end or within the long 

arm of the chromosome respectively. Finally, dicentric chromosomes containing a very 

large region of insertion and integration into both ends of group-1 chromosomes were 

observed and are classified as U-type integration.  

 

In the UCOE cell lines, the insertion site was mainly on a group-2 chromosome either on 

the end or within the long arm of the chromosome (2A, 2AV and 2BV). On some occasions 

there was also a FISH signal on group-5 and 6 chromosomes (5A and 6A respectively, 

Figure 5.14).  

 

40 to 50 metaphase spreads from each cell line were analysed and the frequency of 

occurrence of the different integration types in UCOE and non-UCOE cell lines at early 
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generation are summarized in Figure 5.15 and 5.16. In the N2 cell line, 90% of the 

metaphase spreads contained the 1A integration pattern and 10% contained U-type 

integration at early stages of long-term culture (Figure 5.15B). The N4 cell line showed 

approximately 43% of 1A and 25% of 2A type of insertion, whereas 10% of the 

metaphases contained both 1A and 2A integration. U-type integration was found in 22% of 

the metaphases in the N4 cell line at early generation (Figure 5.15C). In the N1 cell line, 

the length of amplified array was shorter than the rest of non-UCOE cell lines. Therefore, 

42% of the cells contained a variant of 1A (1AV) and 49% of the metaphases contained 1B 

type of integration. Moreover, a small number of N1 spreads showed an integration of 2BV 

(9%) (Figure 5.15A).  

 

The frequency of different integration types in the metaphases of UCOE cell lines in early 

generation are shown in Figure 5.16. In the U1 cell line the majority of the metaphase 

spreads contained 2A and 2AV variants of the insertion types (79%), whereas on a number 

of occasions plasmid was inserted in group-5 chromosome (3.5%, Figure 5.16A). 

Moreover, 17% of the cells contained both 2AV and 5A types of insertion. The U2 cell line 

contained all 4 types of integration patterns with different frequencies where 2A and 2AV 

dominated (~54%, Figure 5.16B). In addition, the 2BV type of integration was also 

observed in 36% of the metaphase spreads. The remaining cells contained a combination of 

two different sites of integration in consisting of 2AV, 2BV, 5A and 6A patterns. 88% of the 

metaphase spreads of the U3 cell line contained 2A and 2AV types of integration, whereas 

7% contained 2BV (Figure 5.16C). Furthermore, a small number of cells contained 2AV, 

5A and 6A types of integration together (5%).  

 

After 80 days of culture in the presence of MTX, the frequency of the 1AV type of 

integration increased to 66% from 42% in the N1 cell line, whereas the remaining 

metaphase spreads contained 1B type of insertion (Figure 5.17A, 5.19A). 74% of the 

metaphase spreads of the N2 cell line also contained the 1A type of integration. In 

addition, a small number of spreads contained the 2A and 2B insertion types (Figure 

5.17B, 5.19B). 9% of the cells contained two different sites of integration (1A+2A) and the 

frequency of the U-type insertion decreased to 4%. The different integration patterns in the 
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early generation N4 cell line diminished or evolved to the 1A type of insertion at the end of 

prolonged culture in the presence of MTX (Figure 5.17C, 5.19C).   

 

The majority of spreads from the U1 cell line contained a combination of different 

integration types at the end of long-term culture in the presence of MTX (Figure 5.18A, 

5.20A). Among these, the dominant pattern was 2BV and 6A together, which occurred with 

a frequency of 45%. The main differences between the early and late generation U1 cell 

line was the disappearance of 2A and occurrence of 2BV and 6A types of insertion at the 

end of extended culture in the presence of MTX. The frequency of the 2AV type of 

integration was increased to 76% in the U2 cell line after 80 days in the presence of MTX 

(Figure 5.18B, 5.20B). Moreover, the 2BV type of insertion was not observed in late 

generation in contrast to the profile observed for early generation cell lines. There were 

also a number of cells containing 2AV with 5A or 6A together with a slight increase in 

frequency of occurrence. In the presence of MTX, the U3 cell line retained the profile of 

the integration patterns observed at the beginning of culture (2A, 2AV, 2BV and 5A). In 

addition, a number of cells contained a new insertion type in the late generation cell line, 

where the plasmid sequence was observed to be on a group-7 chromosome (7A). This was 

seen together with 2AV type of insertion, which occurred with a frequency of 5% (Figure 

5.18C, 5.20C).  

 

In the absence of MTX, the frequency of 1AV integration decreased from 42% to 16% for 

the N1 cell line during long term culture. This loss in 1AV integration was accompanied by 

an increase in 1B integration, from 49% to 84% compared to the early generation cell line 

(Figure 5.21A, 5.23A). For the N2 cell line, the U-type integration disappeared or evolved 

to 1A and 1B. However, the dominant type of insertion was still 1A (88%, Figure 5.21B, 

5.23B). All the metaphase spreads observed in the N4 cell line contained only the 1A type 

of integration (Figure 5.21C, 5.23C).  

 

In all UCOE cell lines, the majority of the metaphase spreads contained the 2AV type of 

insertion after 80 days in the absence of MTX (U1=78%, U2=59%, U3=70%, Figure 5.22, 

5.24). No 2A type of integration was observed in these cells instead of this 2AV, a variant 
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of 2A with a decreased amplified array, became dominant in late generation in the absence 

of MTX. In addition, a number of spreads contained the 6A type of integration together 

with 2AV, which was observed in 12% of the metaphase spreads in the U1 cell line. 

Moreover, the occurrence of 5A with 2AV decreased to 10% from 17% (Figure 5.24A). For 

the U2 cell line, the frequency of occurrence of 2BV decreased from 36% to 8% in the 

absence of MTX. Although no 2A was observed in metaphase spreads at late generation, 

the frequency of 2AV became 59%. Furthermore, an increase in the frequency of the 

2AV+5A integration pattern was observed (12%) whilst the combination of 2AV+6A and 

2BV+6A frequencies remained relatively similar (Figure 5.24B). After 80 days without 

MTX, the variability of types of integration patterns had decreased, predominantly 

changing into the 2AV type, which showed a frequency of 70% in U3 cell line. There was 

no detectable signal in 30% of the metaphase spreads in the absence of MTX, which might 

be due to low plasmid copies observed in the U3 cell line in the absence of MTX (<20, 

Figure 5.24C). 
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Table 5.1 summarizes the eGFP gene copy number, mRNA expression, protein production, 

CV values and the predominant plasmid integration patterns observed for individual cell 

lines. The relationship between CV values and integration profile will be discussed in 

Section 5.3. The results from Chapter 3 and 4 showed that UCOE cell lines displayed a 

greater mRNA/gene copy number ratio compared to non-UCOE cell lines. The FISH 

analysis revealed that plasmid was predominantly located on the end of a group-2 

chromosome in UCOE cell lines, whereas in non-UCOE cell lines plasmid integration was 

on the end of a group-1 chromosome. These results might suggest that the locus of 

insertion is associated with high transcription in UCOE cell lines.   

 

Among the UCOE cell lines, the mRNA/gene copy ratio was higher in the U3 cell line 

(Table 5.1). However, the plasmid integration patterns were not different when compared 

to other UCOE cell lines. Moreover, although the gene copy numbers in the U1 and U2 

cell lines were higher than the U3 cell line, they showed similar amounts of mRNA 

expression as well as the similar type of predominant plasmid integration pattern at the end 

of long-term culture in the absence of MTX. It should be noted here that the profiling I 

have done is very large-scale; therefore the localisation to the same area may have different 

precise localisation. Among the non-UCOE cell lines, the N1 cell line displayed the 

highest mRNA/gene copy ratio (Table 5.1). The predominant integration pattern for the N1 

cell line was a variant of 1A, which contained a smaller amplified array. Therefore, it is 

possible that not all the amplified genes are in an active state in the N2 and N4 cell lines.  
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Table 5.1: Summary of genomic parameters and plasmid integration patterns 

for eGFP expression  

Cell 
Line 

Culture time 
(days +/-

MTX) 

eGFP gene 
copy no/cell 

(±range) 

% eGFP 
mRNA 
(±SD) 

eGFP 
expression 
(±range) 

CV 
(±SD) 

Integration 
type 

U1 

+10 262±48 159±16 54±8 174±5.3 
80%2A+2AV 

17%2AV+5A 

+80 153±46 208±3 48±9 111±2.2 
45%2BV+6A 
18%2AV 

13%2AV+6A 
-80 70±10 34±0.4 5±1 231±0.7 78% 2AV 

U2 
+10 141±13 112±4 66±12 146±4.4 

44%2A+2AV 

36% 2BV 

+80 280±22 73±9 34±13 176±3.3 76% 2AV 

-80 95±10 24±0.3 4±2 247±1.4 59%2AV 

U3 

+10 101±5 108±7 58±4 105±1.4 88%2A+2AV 

+80 83±12 160±15 40±7 87±0.5 
68%2A+2AV 
11%5A 

-80 19±3 28±3 6±2 156±1 70%2AV 

       

N1 

+10 185±6 39±7 95±9 94±1.4 
42%1A+1AV 

49% 1B 

+80 94±9 58±4 72±12 54±1 
66% 1AV 

34% 1B 
-80 65±2 5±0.4 20±3 161±1 84%1B 

N2 
+10 1377±85 41±6 35±9 172±13 90% 1A 
+80 1128±54 46±5 34±6 114±1.1 74% 1A 
-80 560±28 2.7±0.2 15±0.1 151±1 88%1A 

N4 
+10 502±84 55±4 177±39 93±5 

43%1A 
25%2A 
22% U 

+80 389±53 24±0.8 198±24 58±3.4 100% 1A 
-80 690±67 6±0.1 25±4 232±31 100%1A 

 
 

Summary of eGFP gene copy number per cell (Figure 3.16, 3.17), mRNA expression 

normalized to β-actin (Figure 3.20), protein expression detected by western blotting and 

normalized to total ERK protein (Figure 3.10, 3.11), CV values of eGFP fluorescence 

detected by flow cytometry (Figure 3.9) and predominant plasmid integration patterns 

(Figure 5.14, 5.15, 5.18, 5.19, 5.22, 5.23) are shown.  
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5.4. Discussion 

 

It was shown in Chapter 3 that the non-UCOE cell lines displayed greater plasmid copies 

per cell after MTX amplification with the exception of the N1 cell line. Furthermore, the 

UCOE and non-UCOE cell lines showed varied levels of eGFP mRNA and protein 

expression. There is significant evidence and expectation that the locus of integration 

influences expression and may determine differences observed with specific cell lines 

(Section 1.3). Plasmid integration into a chromosomal region of clusters of highly 

transcribed endogenous genes may well result in high transcription rate for the 

recombinant gene, whereas lower transcription rates may be expected if the DNA is 

inserted into a cluster of repetitive, non-coding sequence elements. Therefore, FISH 

analysis was performed to investigate the gross chromosomal location of the inserted 

plasmids in UCOE and non-UCOE cell lines and to address if correlations were observed 

with stability or instability of eGFP expression over long-term culture. This study was 

undertaken with acknowledgement of the caveats of multiple integration sites in amplified 

CHO cell lines and the difficulty in assignment of transcriptional activity across different 

sites (and the potential for single site integration events at the level of detection of FISH 

analyses). Despite these caveats the study has generated novel information on CHO cell 

chromosomal structures and changes during long-term culture.    

 

CHO-DG44 cells have been shown to contain 20 chromosomes (Derouazi et al., 2006). 

Chromosome number distribution of the amplified CHO-GFP cell lines showed that the 

majority of the metaphase spreads of the UCOE cell lines also contained a total of 20 

chromosomes. Among the non-UCOE cell lines, the frequency of cells containing 20 

chromosomes was higher in the N1 cell line, whereas the cell population in the N2 and N4 

cell lines was more heterogeneous with wider distributions of chromosome numbers. 

Moreover, unlike non-UCOE, the UCOE cell lines did not show any metaphase spreads 

with more than 21 chromosomes. This might be as a result of lower transgene expression 

of non-UCOE cell lines which resulted in slower growth rate in the presence of MTX. 

Therefore, this may indicate that these cell lines are more prone to chromosomal 
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abnormalities or only the cells with gross rearrangements may survive to the particular 

concentration of MTX selection.  

 

The CHO-DG44 cell line has an altered karyotype compared to Chinese hamster cells (Ray 

and Mohandas, 1976). A recent comprehensive study showed that DG44 cells contained a 

total of 20 chromosomes rather than 22 observed in the Chinese hamster cells (Section 

1.2.3.2.1). Furthermore, only 7 of the Chinese hamster chromosomes appeared to be 

normal in the majority of the DG44 cells including two copies of chromosome 1 and one 

copy of chromosomes 2, 4, 5, 8 and 9 (Derouazi et al., 2006).  The remaining DG44 

chromosomes included 4 Z group chromosomes (Deaven and Petersen, 1973), 7 

structurally-altered chromosomes (derivatives) and 2 structurally abnormal marker 

chromosomes (Derouazi et al., 2006). Moreover, recombinant cell lines showed an altered 

karyotype compared to the parental DG44 cells, as it was reported that only 37% of the 

recombinant cell lines tested had the same karyotype as DG44 strain (Derouazi et al., 

2006). Therefore, it was not possible to detect all DG44 chromosomes with chromosome 

painting probes as the probes used in this study were generated from Chinese hamster 

cells. Despite the limitations, significant amounts of information were obtained from the 

chromosome painting experiments. Dual colour FISH with chromosome painting probes 

specific to Chinese hamster chromosomes and plasmid probes revealed that plasmid 

integration sites were localized into chromosome 6, 7 and xy as well as other group-2 

chromosomes in the U2 cell line. For the N2 cell line, one metaphase spread showed 

integration in chromosome 7, the remaining spreads displayed plasmid localization in a 

group-1 chromosome.  

 

The FISH data showed that following MTX amplification, the N2 and N4 cell lines 

contained gross chromosomal rearrangements such as highly extended amplified regions 

and dicentric chromosomes. Such chromosomal structures are characteristics of MTX 

amplification mediated by a breakage-fusion-bridge cycle mechanism, as reported by Kim 

et al. (1999). In contrast, the UCOE cell lines and N1 cell line did not show such 

chromosomal rearrangements. This difference between the N2 and N4 cell lines and the N1 

and UCOE cell lines was also observed in chromosome number distributions, where the 
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distribution of the number of chromosomes observed in N2 and N4 cell lines were broader 

than the UCOE and N1 cell lines. Based on these results, N2 and N4 cell lines seem to be 

more prone to gross chromosomal rearrangements following MTX amplification, showing 

characteristics of amplified cell lines. Hence, N2 and N4 cell lines had a diverse range of 

chromosome numbers and greater number of plasmid copies per cell as a result. 

 

The location of amplified sequences was mainly within a group-1 chromosome in the non-

UCOE cell lines, whereas the majority of the UCOE cell lines displayed plasmid 

integration within a group-2 chromosome. It was observed that the N2 cell line had a very 

homogenous population in terms of plasmid integration at the start of long-term culture. 

However, this was not reflected in the CV values as the N2 cell line had the highest CV 

value among all the other non-UCOE cell lines, suggesting that some other factors such as 

the presence of non-active genes in some cells might play a role in the population 

heterogeneity of eGFP expression (Table 5.1).   

 

It is likely that chromosomes that have undergone gross reaarangements may be more 

prone to instability and will be subjected to further chromosome rearrangements (Wurm et 

al., 1996, Wurm et al., 2003). Therefore, FISH analysis was performed with metaphase 

spreads prepared from cell lines at late generation in the presence and absence of MTX. 

After 80 days of continuous culture in the presence of MTX, chromosomal location of the 

amplified gene did not change in the N1 and N4 cell lines. However, the frequency of 

different integration patterns changed over time leading to a more homogenous cell 

population. This was also mirrored in CV values as a decrease was observed over long-

term culture in the presence of MTX (Table 5.1). The N2 cell line was more heterogeneous 

in terms of plasmid integration patterns at the end of prolonged culture in the presence of 

MTX compared to the N1 and N4 cell lines, which was also reflected in the CV values 

where the N2 cell line displayed the highest CV. A possible explanation to the genotypic 

heterogeneity observed in the N2 cell line is that in the presence of MTX, only diverse 

cells with sufficient MTX resistance would survive. To achieve this, MTX might induce 

genetic rearrangements in the chromosomes of cells with low MTX resistance. Therefore, 

cells with new plasmid location that have sufficient MTX resistance can emerge during 
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culture in the presence of MTX (Kim and Lee, 1999, Pallavicini et al., 1990). This was 

also observed in the U1 and U3 cell lines as CV values decreased over time in the presence 

of MTX whereas cell populations displayed genotypic heterogeneity at the end of 

prolonged culture in the presence of MTX. In contrast, despite an increase in the CV value, 

the genotypic heterogeneity was not increased in the U2 cell line in the presence of MTX; 

instead the cell population became more homogenous.  

 

In the absence of MTX, the more homogenous population showing unique hybridization 

patterns was predominant in the N1 and N4 cell lines after long-term culture. However, CV 

values increased after MTX removal in these cell lines, suggesting that despite possessing 

the plasmid copies, eGFP fluorescence was not the same in individual cells. In the N2 cell 

line, the same type of integration was still predominant within the population at the end of 

long-term culture in the absence of MTX. This was consistent with the CV value of the N2 

cell line, which was constant over long-term culture after removal of MTX. Moreover, 

chromosomes that underwent gross morphological changes disappeared in non-UCOE cell 

lines in the absence of MTX. 

 

Some chromosomal integration patterns (i.e. 2A) were decreased in abundance or 

disappeared from the cell population in the UCOE cell lines during long-term culture in the 

absence of MTX. Instead a variant of 2A with a shortened amplified sequence became 

predominant, possibly due to a loss of plasmid copies observed in the UCOE cell lines in 

the absence of MTX. This was more visible in the U3 cell line as 30% of the cells did not 

contain a detectable FISH signal at the end of prolonged culture in the absence of MTX. 

Therefore, the low-producing population of cells might be responsible for the increase in 

CV value. The U1 and U2 cell lines also displayed more varied eGFP fluorescence 

between cells after MTX removal, suggesting that although cells reached a stable 

genotype, eGFP expression was not the same for individual cells. 

 

These findings suggest that the varied response of non-UCOE cell lines to long-term 

culture in the presence of MTX may be attributed to the changes in integration profile as 

more homogeneous profile resulted in less variation in eGFP fluorescence (i.e. N1, N4), 
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whereas heterogeneous genotype at the end of long-term culture was reflected in high CV 

values in N2 cell line. The reaction to removal of MTX was also found to be variable 

between non-UCOE cell lines as shown by CV values. However, cell lines displayed a 

more homogeneous integration profile after 80 days culture in MTX-free medium, 

suggesting that although non-UCOE cell lines are containing a more stable genotype, the 

rate of gene copy loss and transcriptional activity may not be the same between all cells at 

the end of prolonged culture in the absence of MTX. It may also be concluded that, the 

unstable, extended region of integrations contribute to overall productivity when MTX is 

present. Therefore, it is plausible that removal of MTX may result in decline in 

productivity due to elimination of the unstable integration types. In contrast, UCOE cell 

lines were found to be less prone to genomic reaarangements following MTX 

amplification. UCOE cell lines displayed more consistent integration profile over long-

term culture in the presence and absence of MTX.  

 

Previous studies have described the stability of recombinant protein expression based on 

plasmid integration near a telomere site (Yoshikawa et al., 2000a, Yoshikawa et al., 

2000b). However, no obvious correlation between the stability of eGFP expression and the 

plasmid integration sites was observed in this study, as all cell lines showed predominant 

integration near the end of a chromosome and, yet, displayed different amounts of mRNA 

and protein. In their study, Yoshikawa et al. (2000b) transfected the parental DG44 cells 

with a vector containing DHFR and hGM-CSF genes, where both genes are driven by 

SV40 promoter. The transfected cell pools then treated with increasing levels of MTX 

concentration from 10nM to 1000nM. The probe they used for FISH analysis was prepared 

from DHFR sequence. Therefore, considering that the amplification unit might be 

disrupted by possible genetic rearrangements during stepwise MTX amplification, the data 

that have been achieved are limited. Nevertheless, it would be beneficial to performe dual-

color FISH with telomere and plasmid probes to obtain more accurate results on the 

relationship between stability of recombinant protein productivity and localization of 

inserted transgene. In addition, other factors may also play a role in transgene expression, 

such as chromatin structure surrounding the transgene and repeated arrangement of 

transgene (Section 1.3) (Dorer and Henikoff, 1994).   
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5.4.1. Summary 

 

These findings suggest that non-UCOE cell lines are more prone to gross genomic 

rearrangements that are characteristics of amplified cell lines. In contrast, no such 

chromosomal aberrations were observed in UCOE cell lines. Cell lines generated using 

UCOE construct displayed more stable chromosomal structure, which resulted in 

consistent integration profile over long-term culture in the presence and absence of MTX.   

 

  



225 
 

 

 

 

 

 

 

CHAPTER 6: 

Concluding Remarks 

& 

Future Work 



226 
 

6.1. Concluding Remarks  

 

Due to an increasing demand for increased production of clinical grade proteins, which can 

often only be produced in mammalian cells, improvements in protein yields from 

mammalian cells and a reduced time for production are key objectives. Productivity has 

been improved over the last 20 years due to identification and selection of specific host 

cells, vector developments, cell culture conditions and downstream processing (Matasci et 

al., 2008). However, clonal heterogeneity and expression instability remain as the key 

obstacles to "predictable" recombinant protein production in mammalian cell lines, 

particularly when focused on the various CHO cell platforms. As a consequence, it can be 

an arduous and costly process to isolate a stable high producing clone. Therefore, more 

recently, studies have focussed on improving cell line stability and decreasing the 

laborious process of screening a large number of clones (Chusainow et al., 2009, Pilbrough 

et al., 2009). In this regard, UCOE vectors were used in combination with MTX 

amplification to improve the frequency of positive clones and to achieve a high and stable 

expression of recombinant protein production in the current study. The following 

discussion will focus on whether the specific objectives outlined in the Introduction have 

been met.  

 

The first objective stated at the start of this thesis was to determine if the UCOE vectors 

provided more stable recombinant protein production over long-term culture. The results 

obtained from non-amplified CHO-GFP and CHO-EPO cell lines showed that UCOEs 

provide higher levels of recombinant protein production compared to non-UCOE vectors 

(Section 3.1.2, Section 4.1.1). Moreover, recombinant protein production was found to be 

stable during prolonged culture in non-amplified cell lines.  

 

The second objective was to determine whether the use of UCOE elements within 

expression construct increased the proportion of high-producing clones that produce an 

industrially relevant recombinant protein (i.e. EPO) following MTX amplification. In this 

regard, the top ten high producer initial CHO-EPO cell lines were pooled and amplified 

with 250nM MTX. A large number of colonies, producing a higher amount of recombinant 
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EPO protein, were achieved with pools generated using cells with the UCOE expression 

vector compared to non-UCOE control vectors (Section 4.2). Amplification studies showed 

that the time required for cell line development could be greatly decreased by using 

UCOEs, which was due to the superior growth of UCOE-containing cell lines in the 

presence of MTX selection. It was also shown that through the use of UCOE elements in 

combination with MTX amplification, the yield of secreted recombinant protein was 

dramatically improved as compared to the non-UCOE control group.  

 

The third objective stated at the beginning of the current study was to determine whether 

protein production was more stable during prolonged culture in cell lines with UCOE 

vector constructs that have undergone MTX amplification. In this regard, the CHO-GFP 

and CHO-EPO cell lines which were amplified to 250nM MTX were cultured continuously 

up to ~80 days in the presence and absence of MTX selection (Section 3.2.2, Section 

4.2.1.2). Recombinant protein production remained constant when MTX selection was 

present in both the UCOE and the non-UCOE cell lines. MTX removal resulted in a 

decrease in recombinant protein production over long-term culture in all cell lines (whether 

constructed with or without UCOE inclusion). Again UCOEs appear to offer no 

preferential advantage in terms of stability. Nevertheless, the use of UCOE elements 

increased the industrially relevant recombinant protein expression and therefore could 

potentially shorten the time needed for the selection of cell lines by increasing the 

proportion of high-producer clones and decreasing the time required for the amplification 

process.  

 

To address the fourth objective, I have examined genetic parameters including the plasmid 

copy numbers and mRNA content of the amplified CHO-GFP and CHO-EPO cell lines at 

the beginning and end of prolonged culture (Section 3.2.3, 3.2.4, 4.2.1.3, 4.2.1.4). It was 

shown that, despite having significantly higher numbers of plasmid copies per cell, mRNA 

expression was lower in the non-UCOE cell lines, suggesting that some integrated genes 

may be transcriptionally inactive or in a location where the expression is more sporadic 

(Section 3.2.4, Section 4.2.1.4). The higher mRNA content in the UCOE cell lines was also 

reflected in the higher total production of EPO protein compared to the non-UCOE group. 
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However, in contrast, eGFP expression was found to be lower in the UCOE cell lines. This 

remains unexplained but it may be surmised that the intracellular processing of eGFP may 

result in this discrepancy. It has been shown that the intracellular GFP can be toxic to the 

cells that constantly express this protein (Liu et al., 1999). In fact, crystals of eGFP were 

observed in cells that are expressing high amount of eGFP (Croxford, 2008). This may 

suggest that the UCOE cell lines that express high levels of eGFP did not survive during 

the amplification process, as such high levels of intracellular protein may be detrimental to 

the cell line.  These observations may indicate that the use of eGFP has some limitations 

due to the intracellular nature of the eGFP and it can be misleading to use such an 

intracellular protein to evaluate a process that is eventually going to be used to produce a 

secreted protein.   

 

Both plasmid copies per cell and mRNA content were relatively stable during prolonged 

culture irrespective of whether UCOE was present within the expression construct in the 

presence of MTX selection. However, removal of MTX caused a significant decrease in 

mRNA expression in both the UCOE and non-UCOE cell lines. Most of the UCOE and 

non-UCOE cell lines also displayed a loss of transgene copies in the absence of MTX. 

However, the transgene copies were still significantly higher in the non-UCOE cell lines 

than the UCOE group. Therefore, it may be suggested that the use of UCOE elements in 

expression construct resulted in greater mRNA recovery per transgene copy.  

 

In most of the UCOE cell lines the instability of protein production was partly due to a loss 

of transgene copies. However in some cases (i.e. U2 and U5), the cell lines experienced 

instability of eGFP expression with little or no change in plasmid copies per cell during 

long-term culture in the absence of MTX. Treatment with sodium butyrate caused an 

increase in eGFP fluorescence in both the U2 and U5 cell lines. An increase in eGFP 

mRNA was also observed in the U2 cell line following sodium butyrate treatment, 

however the increase in mRNA content was lower than the increase in eGFP fluorescence. 

Moreover, no change in eGFP mRNA content was observed in the U5 cell line following 

sodium butyrate addition. Sodium butyrate treatment can influence different cellular 

processes (Yee et al., 2008). It cannot be concluded from the experimental data in the 
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current study whether the enhancement in eGFP fluorescence was caused by acetylation of 

the histones or improved gene accessibility associated with the integrated plasmid or up-

regulation of proteins involved in other cellular processes or biological events. It would be 

worthwhile to conduct further experiments using ChIP technology and DNase I 

footprinting to have a better understanding as to how the transgene expression was 

improved by treatment with sodium butyrate. These findings suggest that the use of 

UCOEs may still require the screening of clones over prolonged culture for desirable 

properties when used in combination with MTX amplification. The instability of protein 

production observed in the non-UCOE cell lines was also partly due to a loss of transgene 

copies over long-term culture in the absence of MTX. However it should be noted that the 

non-UCOE cell lines still contained over 100 transgene copies per cell (>500 in most 

cases) at the end of prolonged culture in the absence of MTX. Therefore, the very low level 

of protein expression in non-UCOE cell lines in the absence of MTX selection cannot 

solely be attributed to the loss of plasmid copies. Some of the non-UCOE cell lines did not 

show any loss in transgene copies, although they displayed a profound loss of protein 

production and mRNA expression during prolonged culture in the absence of MTX.  

 

It has been reported that CHO-DG44 derived recombinant cell lines lost their protein 

expression during long-term culture in the absence of selective pressure through gene 

silencing by DNA methylation, with no change in plasmid copies (Yang et al., 2010b, 

Heller-Harrison et al., 2009, Chusainow et al., 2009). In addition, Heller-Harrison et al. 

(2009) have also reported that loss of transgene expression may occur by genetic re-

arrangement of transgenes resulting in uncoupling of bi-cistronic transcript and subsequent 

loss of monoclonal antibody production. Therefore, it may be suggested that in the current 

study, cell lines which showed instability of protein production despite having stable 

numbers of transgene copies over long-term culture may be experiencing gene silencing in 

the absence of MTX. Moreover, the greater loss of mRNA and protein expression whilst 

containing relatively high number of transgene copies observed in non-UCOE cell lines in 

the absence of MTX may indicate that remaining gene copies are low expressers or are 

undergoing strong epigenetic silencing.  
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The fifth objective of the current study was to investigate the effect of integration site on 

transgene expression following MTX amplification. To address this, chromosome painting 

and FISH analysis were performed (Chapter 5). The results showed that the non-UCOE 

cell lines tested contained an abnormal number of chromosomes and gross chromosomal 

structures. This could be a consequence of a lower expression of transgene from the non-

UCOE vectors, which may have resulted in selection of cells with gross amplification of 

plasmid inserts and the surrounding areas to express enough DHFR to survive a particular 

concentration of MTX selection. This may have resulted in a greater number of integrated 

plasmid copies in the non-UCOE cell lines (Section 3.2.3, Section 4.2.1.3). The fact that 

non-UCOE cell lines displayed slow growth in the presence of MTX may indicate that the 

site of integration was not favourable for transgene expression and that, as a result, these 

cell lines required more transgene copies to express sufficient DHFR to survive. In fact, the 

results showed that non-UCOE cell lines displayed similar amount of DHFR protein 

compared to UCOE cell lines despite possessing significantly higher numbers of DHFR 

gene copies. However, further measurements of DHFR enzyme activity would be 

beneficial to prove this. The cell lines generated with the UCOE vector construct displayed 

a more consistent karyotype and no abnormal genomic rearrangements were observed 

(Chapter 5).  

     

The final objective of this study was to determine how the transgene integration sites 

changed over long-term culture as one indicator of instability. In this regard, FISH analysis 

was performed at the start and end of prolonged culture in the presence and absence of 

MTX selection (Section 5.3). It was shown that the non-UCOE cell lines displayed a varied 

response to long-term culture in terms of integration profile in the presence of MTX. In the 

absence of MTX, the unstable integration types (i.e. chromosomes with extended amplified 

arrays and dicentric chromosomes) seemed to be eliminated after the period of long-term 

culture, which may be one of the reasons that cell lines displayed a loss of protein 

production. In contrast, the UCOE cell lines displayed a more consistent integration profile 

over long-term culture in the presence and absence of MTX (i.e. similar integration 

patterns were observed during long-term culture, with similar numbers of chromosomes 

within and between cell lines).  
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Taken all together, my results confirmed that the cell lines with UCOE construct displayed 

better growth characteristics in the presence of MTX selection which resulted in an 

improved proportion of high-producing cell lines after single step MTX amplification. The 

higher level of protein production was paralleled by increased recombinant gene mRNA 

expression in the UCOE cell lines compared to the non-UCOE group. Protein production 

remained stable when MTX selection was present. However, all cell lines displayed 

instability during long-term culture after the removal of MTX. In addition, cell lines with a 

UCOE construct showed more consistent and stable chromosomal structure as opposed to 

the non-UCOE cell lines, which displayed gross chromosomal rearrangements and an 

abnormal number of chromosomes following MTX amplification.  

 

The mechanism(s) by which UCOEs may promote an open chromatin structure is largely 

unknown and no direct work to elucidate these mechanisms was undertaken in this study. 

However, there are some similarities that exist between the results obtained from the 

current study and those observed from other well known DNA regulatory elements such as 

S/MARs. Several published works have shown that the use of S/MAR elements in vector 

constructs resulted in an increased proportion of clones that have detectable levels of 

transgene expression as well as improved levels of protein production (Girod et al., 2005, 

Girod et al., 2007, Kim et al., 2004, Kim et al., 2005, Zahn-Zabal et al., 2001, Harraghy et 

al., 2011). These results are similar to the effect of UCOE on transgene expression 

observed in the current study (Section 4.2). Another similarity is that transfection with 

S/MAR containing vectors resulted in enhanced growth characteristics in the presence of 

MTX selection, which was also observed in the current study with UCOE containing cell 

lines (Section 3.2.1, 4.2.1.1). Therefore, these combined observations may suggest that the 

overall effect of S/MARs and UCOEs on transgene expression in mammalian cell lines is 

similar.  

 

However, contradictory results have been reported in a study conducted by Otte et al., 

where the effect of different DNA elements, including UCOEs, S/MARs, cHS4 insulator 

and anti-repressor elements, on protein expression levels was compared (Otte et al., 2007). 
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They reported that the inclusion of UCOE in expression vectors did not result in an 

increase in reporter gene expression compared to the controls. In their study, CHO-K1 

cells were transfected with vector constructs including shortened 2.6kb UCOE element 

upstream of hCMV-d2eGFP. The neomycin selection marker was located on a different 

plasmid that was cotransfected with the UCOE-d2eGFP expression constructs. In the 

current study, an 8kb UCOE element has been used with a DHFR selection marker on the 

same plasmid. Previous studies have shown that the truncated 1.5kb UCOE element, which 

is included within the 2.6kb sequence used by Otte et al., was fully functional. Therefore, a 

reason for the difference in transgene expression may be attributed to the selectable 

markers being on the same or separate plasmids. It is likely that UCOE may improve the 

expression of linked transgene if the selectable marker is located on the same plasmid.  

 

No direct study has been published so far in relation to hypotheses that UCOEs open the 

chromatin environment of linked transgenes. It has been reported that the UCOE contains 

an extensive region of unmethylated DNA, which has been suggested to ease the binding 

of transcription factors (Allen and Antoniou, 2007). Based on the similarities observed 

between S/MARs and UCOEs in terms of their overall effect on transgene expression, it 

may be suggested that similar to S/MARs, UCOEs could potentially promote enhanced 

transgene expression by recruiting transcription factors and chromatin remodelling 

proteins, which may be allowed by the methylation-free region, and may create an open 

chromatin environment. However, further experimental work needs to be undertaken to 

provide evidence to the mechanism that underlies the UCOE function. 

 

The data from Section 4.2.1.3 showed a significant correlation between the specific EPO 

productivity and EPO gene copy numbers in UCOE cell lines, suggesting that the 

expression of the transgene may be copy number dependent. It was also observed that the 

UCOE cell lines showed a loss of EPO gene copies over long-term culture both in the 

presence and absence of MTX selection, which resulted in the loss of specific productivity. 

Earlier studies have shown that S/MAR elements may comprise targets of DNA 

recombination or rearrangement events. Examples of this may include the many deletions 

and translocations observed in leukaemia and breast cancer that were related with S/MAR 
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elements (Iarovaia et al., 2004, Welcsh and King, 2001). It was also shown that S/MAR 

elements may be targets for retroviral integration which often occurs within or close to 

S/MARs (Johnson and Levy, 2005). Taken together, these data could reflect an enhanced 

recombigenicity in these genomic loci. A more recent study proposed that S/MARs 

promote homologous recombination (Grandjean et al., 2011). This mode of action might 

result from their ability to maintain chromatin in an accessible state therefore providing an 

access to DNA binding proteins i.e. DNA topoisomerase II, an enzyme that catalyzes 

double-strand breaks (Blasquez et al., 1989, Grandjean et al., 2011). Assuming that 

UCOEs and S/MARs have a similar mechanism of action, it is suggested that UCOEs may 

increase the recombigenic events, hence the use of UCOE in expression construct may 

result in the loss of the inserted plasmid copies. 

 

6.2. Future Work 

 

There are several lines of research arising from this project. First of all, future work could 

be performed to address the question arising from Chapter 3 and 4. Is UCOE maintaining 

an open chromatin environment following MTX amplification? ChIP-on-chip technology 

could be utilized to investigate potential histone modifications associated with the linked 

transgene which would provide further information on the effect of UCOE on the local 

chromatin structure when used in combination with MTX amplification.  

 

In view of the results from Chapters 3 and 4, another line of research would be to 

investigate the mechanism by which UCOE improves the transgene expression. Using 

ChIP methodology will provide significant information concerning the association with 

transcription factors and other DNA binding proteins. This may provide additional 

information on the UCOE mechanism.  

 

In addition, future experiments may be undertaken to investigate the spatial arrangements 

of the integrated transgene and association with specific nuclear domains such as 

transcriptional factories (Section 1.5.1). There are several methods that can be used for this 

purpose including, 3D-FISH and chromosome conformation capture approaches (such as 
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3C and 4C). The principal of the 3D-FISH method is similar to the FISH used in this study 

(Section 2.8). However, instead of metaphase spreads, fixed interphase nuclei on slides are 

used in 3D-FISH. This technique can be used to analyse spatial positioning of the 

integrated transgene. Furthermore, this technique can be used in combination with 

immunofluorescence techniques to determine the association with particular nuclear 

structures (Chaumeil et al., 2008). 3C can also be used to investigate the three-dimensional 

nuclear space to determine whether certain genomic regions are in close proximity 

(Dekker, 2006). In this method, chromatin regions that are in close proximity are cross-

linked with formaldehyde and digested with a restriction enzyme followed by intra-

molecular ligation of DNA fragments. qPCR can be used to identify the DNA sequences 

that are closely associated in the nucleus which ligated into the same strand. 3C-on-ChIP 

(4C) allows screening of the whole genome in an unbiased manner for DNA loci closely 

associated with a given sequence (Simonis et al., 2006). This methodology involves 

restriction digestion of ligation products from 3C with a frequent cutter. These trimmed 

fragments are then circularized. An inverse PCR from the ‘bait’ sequence will amplify the 

small unknown captured fragment and its interacting partners. This can be labeled and 

hybridized to a tailored microarray or identified by large-scale sequencing.  

 

In light of the results described in Chapter 5, it would be beneficial to gain a better 

understanding of the relationships between chromosome profiling and the location of the 

inserted plasmid. Therefore, future work focusing on chromosome specific painting with 

multi-colour FISH analysis, using chromosome paint probes prepared from CHO-DG44 

chromosomes could be undertaken.  

 

Another aspect for the future work could be the determination of the exact location of 

transgene insertion within the host genome, which may have implications on transgene 

stability. In this regard, the genomic regions flanking the transgene can be determined by 

sequence alignment with published sequence data (Section 1.2.3.2.1) and Expressed 

Sequence Tag (EST) using DNA walking methodology.  
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In summary, it is concluded that the inclusion of UCOEs within the expression construct 

offer significant benefits for consistency of cell line generation and that UCOEs can be 

successfully used in combination with MTX amplification. My results indicate that UCOEs 

facilitate increased cell line recovery by transcriptional enhancement of selection markers, 

such as DHFR. 
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APPENDICIES 
 
APPENDIX 1 – Materials, Chemicals and Special Equipment 

 
MEDIA AND SUPPLEMENTS 
 
Lonza 

RPMI with L-Glutamine (Cat No BE12702R) 
Trypsin 
Fetal Bovine Serum 
DPBS (w/o calcium, magnesium, and sodium bicarbonate) 
 

Gıbco, 
HT supplement 

  
CHEMICALS AND SOLVENTS 
 
Abcam, U.K. 

Rabbit Polyclonal GFP antibody (ab290) 
Rabbit Polyclonal DHFR antibody (ab49881) 

 
BD Transduction Laboratories., U.S. 
 ERK antibody 
 
BDH Chemicals Ltd., U.K. 

Acetaldehyde 
Ammonium persulphate 
Calcium hloride 
Chloroform 
Citric acid 
Ethanol 
Ethylenediaminetetra-acetic acid (sodium salt) 
Formaldehyde 
Glacial acetic acid 
Glycerol 
Glycine 
Hydorchloric acid 
Isopropyl alcohol 
Methanol 
Orthoboric acid 
Orthophosphoric acid 
Perchloric acid 
Potassium acetate 
Ponsceau-S 
Sodium chloride 
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Sodium hydrogen orthophosphate 
Tri-sodium citrate 
Sodium dodecylsulphate 
Sodium hydroxide 
Sulphuric acid 
Sodium fluoride 
Tris(hydroxymethyl) methylamine 

 
BioLabs, UK 

Prestained Protein Marker Broad Range 175 kD 
 
Bioline, U.K. 

1kb DNA ladder (DNA marker) 
 

Bio-Rad Labs, U.S.A. 
Bromophenol blue 
Precision Plus All Blue Standards 250 kD 
 

Boehringer-Mannheim Ltd., U.K. 
Agarose (multipurpose) 
Proteinase K 

 
Calbiochem 
 Erythropoietin, Human Recombinant, CHO cells 

 
DakoCytomation, U.K. 

Polyclonal rabbit Anti-Mouse immunoglobulins HRP 
 

Difco Labs, U.S.A 
Bacto-agar 
Bacto-tryptone 
Bacto-yeast extract 

 
Eurofins MWG Operon, Germany 

Custom made oligonucleotides 
 

Eurogentec Ltd., U.K. 
 qPCR Mastermix sybrGreen 1  
 
Fisher Scientific, U.K. 

Sodium dodecylsulphate 
 
Fluka, Switzerland 

Leupeptin hemisulphate 
 

Invitrogen, U.K. 
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 Avidin, FITC conjugated 
TRIzol® Reagent 
ProLong® Gold Antifade DAPI 
 

Melfords Laboratories Ltd, U.K. 
Phenyl Methyl Sulphonyl Fluoride (PMSF) 
 

National Diagnostics, U.K. 
Protogel solution 

 
R&D Systems 
 Monoclonal Anti-human EPO antibody 
 Anti-human EPO antibody 

 
Sigma-aldrich, U.K. 

2-mercaptoethanol 
3,3’,5,5’-tetramethylbensidine tablets 
Ampicillin  
Albumin bovine (BSA) 
Aprotinin 
Diethyl polycarbonate (DEPC) 
Dimethyl sulfoxide (DMSO) 
Ethidium Bromide 
Hydrogen peroxide 
Isoamyl alcohol 
Methotrexate 
N-lauroyl sarcosine 
NP-40 
Phosphate buffered saline 
Pepsin 
Phenol 
Phenol red 
Potassium 
RNase A 
Sodium azide 
Sodium bicarbonate 
Sodium butyrate 
Sodium deoxycolate 
Sodium ortovanadate (Na3VO4) 
Sodium pyrophosphate 
Triton-X-100 
Trizma® base 
Trypan blue 
Tween 20 

 Anti-rabbit IgG peroxidase 
 



258 
 

Roche Applied Science, U.K. 
 Biotin nick translation mix 
 Biotin-16-dUTP 
 DIG-nick translation mix 

dATP (Li Salt) 
dCTP (Li Salt) 
dGTP (Li Salt) 
dTTP (Li Salt) 
Restriction endonucleases 
Rhodamine conjugated Fab fragments 
Taq DNA polymerase 

 
Defatted milk (Marvel™) cam be bought from supermarkets 

 
 

KITS 
 
Amersham Pharmacia, U.K. 
 ECL™ Western blotting detection reagents 
 
Bioline, U.K. 

cDNA Synthesis Kit 
Qiagen Ltd., U.K. 
 Plasmid midi kit (Cat No – 12143) 
  
Sigma-aldrich, U.K. 
 DNase I kit (AMPD1-1KT) 
 
APPARATUS 
 
All general and disposable glassware and plasticware were obtained from standard 
suppliers, specialised equipment was purchased from the following companies 
 
BDH Chemicals Ltd., U.K 
 Haemacytometer (Improved Neubauer) 
 
Beckman Coulter Inc., U.S.A. 
 CYAN ADP flow cytometer 
 J2-21 Centrifuge with JA-20 rotors 
 
Boeco, Germany 
 Centrifuge 
  
Bio-Rad Labs. Ltd., U.K. 
 Electroporation curvettes 
 Gene pulserTM machine 
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 Mini-gel II Slab system 
 PCR 96 well plates 
 PCR tube strips 
 Thick filter paper 
 Trans-blot Semi-dry transfer cell 
 Electrophoresis tank 
 Power Pac 300 power supplier 
 
Denver Instruments, U.S.A. 
 pH meter 
 Precision balance 
 
Kodak, U.S.A. 
 X-ray film (Biomax MR-1) 
 X-ray film cassettes & intensifying paper 
 
Life Technologies, Ltd., U.K. 
 Nunc-immuno plates (maxisorp F96) 
 
LTE Scientific Ltd., U.K. 
 Series 250 Autoclave 
 
Medical Airtech Ltd., U.K. 
 BioMAT-2 class II microbiological safety cabinet 
 
Molecular Devices 
 MetaVue Software 
 
Millipore, U.K. 
 ElixTM water purification system 
 
Nunc, U.S.A. 
 Internal thread cryogenic vials 
 
Olympus Ltd., U.K. 
 Olympus BX51 upright microscope 
 
Photometrics 
 Coolsnap HQ camera 
 
Schleicher & Schell Bioscience, U.S.A. 
 Nitrocellulose transfer membrane 
 
Techne, U.K. 
 Chromo 4 thermal cycler 
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Thermo Fisher Scientific, U.S.A 
 NanoDrop 1000, UV/Vis spectrophotometer 
 
Wolf Laboratories, U.K. 
 Incubator 
 
Web Scientific, U.K. 
 Glass plates (for SDS-PAGE) 
 
Vickers Instruments, U.K.  
 Light microscope 
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APPENDIX 2 – p1010-, p901-eGFP plasmid constructs 

A: 

 

 

 
B:  

 
 

 

Plasmid constructs used to generate UCOE-containing (A) and non-UCOE-containing (B) 

CHO-GFP cell lines.  Created by Croxford (2008). 
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APPENDIX 3 – p1010-, p901-EPO plasmid constructs 

A: 

 

 
 

B: 

 
 

Plasmid constructs used to generate UCOE-containing (A) and non-UCOE-containing (B) 

CHO-EPO cell lines.  Created by Croxford (2008). 


