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Abstract 

Stable cell line generation requires the gene of interest to become stably integrated 

into the host cells genome. The generation of stable cell lines by random integration 

produces large variation in clonal expression and stability that is due, in part, to the 

nature of the chromatin it has integrated into. 

Elements have been identified that can modify the chromatin structure and have been 

shown to protect transgcne expression from the effects of the neighbouring chromatin 

environment. The aim of the study was to investigate whether the identified 

chromatin structure modifying elements (UCOE, MAR, STAR and HS4) could 

increase the level and stability of antibody expression in stable cell lines in the 

mammalian expression systems used at UCB. 

A series of expression constructs were generated to assess the effect of the chromatin 

structure modifying elements on antibody expression in stable ccll lines. Initially 

seven different vectors for each clement that possessed different combinations of the 

individual elements were assessed as pooled and clonal stable cell populations which 

indicated that the elements increased antibody expression by varying amounts and 

optimal vector configurations were different for the elements. 

The optimised vectors were subsequently used in a comparative side-by-side study 

with expression levels from pooled and stable cell lines being analysed. A subset of 

clones harbouring each of the five test constructs (Ab535 control, 1.5kb A2UCOE, 

MAR X_S29, STAR 7 and clS4 tandem) derived from the pooled stable cell lines 
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were genetically characterised to determine copy number and clonal diversity. Clones 

were cultured long-term in the absence of selection pressure which resulted in a 

decrease in expression being observed in all of the clones. The decline in antibody 

expression was accompanied by a decrease in mRNA levels which was not caused by 

a loss of either HC or LC gene copies from the genome. Analysis of DNA 

methylation patterns across the hCMV-MIE promoter regions demonstrated that this 

epigenetic regulatory mechanism was involved in the silencing of a number of clones 

which exhibited a decrease in productivity. 
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Chapter I 

1.1 Recombinant antibody production in mammalian cells 

Biopharmaceuticals are one of the fastest growing classes of therapeutics with large 

numbers in clinical development. An estimated 2,500 biopharmaccutical drugs are in 

the discovery phase which represents 44% of all drugs in development (Lawrence, 

2005). Since the 1980's over 165 recombinant protein therapeutics (such as 

hormones, growth factors, therapeutic enzymes, vaccines and monoclonal antibody 

based products) have been approved and this market is expected to reach $70 billion 

dollars by 2010 (Walsh, 2006). 

Since the 1990's antibodies have emerged as an important class of 

biopharmaceuticals. As drugs, antibodies have many advantages, including having a 

high target selectivity, high affinity and relatively low toxicity. The United States 

Food and Drug Administration (FDA) have approved over 20 monoclonal antibodies 

(mAbs) and several hundred candidates are in development for clinical use in the 

treatment of various diseases including cancers, immune disorders and infections 

(Beck et al., 2009). This has led to revenues in 2009 of over $35 billion worldwide 

(Visiongain, 2010). 

Although E. coli has been utilised in producing a small number of therapeutic 

antibodies, the majority are produced in mammalian systems. These systems are 

technically complex, slow and expensive compared to E. coli but are preferred for the 

production of large, complex proteins as they can manage the complex protein folding 

and assembly and post-translational modifications (PTMs) required for their correct 

biological activity (Wurm, 2004). 
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Chaptcr I 

Initially the production of recombinant monoclonal antibodies (mAb) was limited to 

the use of hybridomas. Hybridomas are generated by fusing a short-lived specific 

antibody-producing 13 cell with an immortalised mycloma cell (Kohler and Milstein, 

1975) so that the antibody is continually secreted. However, antibody titres from 

hybridomas are low (<100mg/L) and they cannot reach a high biomass in bioreactors. 

This means that they are not suited to large scale manufacturing and instead research 

focused on stably transfected mammalian cells. A number of different cell lines have 

been utilised in recombinant antibody production including Baby Hamster Kidney 

(BHK), Chinese Hamster Ovary (CHO), Human Embryonic Kidney 293 (HEK293), 

and NSO cells. However, it is CHO cells that have become the most commonly used 

host with nearly 70% of recombinant protein therapeutics being made in this line 

(Jayapal et al., 2007). 

1.1.1 Chinese Hamster Ovary (ChIO) cells 

The original CHO cell line was derived in 1957, when a primary culture of ovarian 

cells from a Chinese hamster (cricetulrus griscus) was immortalised (Puck et al., 

1958). Further mutagenesis studies resulted in different CHO strains being derived. 

Initially, the CHO-KI strain, a glycine dependent sub-clone, was isolated. Further 

mutagenesis of CHO-KI cells generated CHO-DXB11 (also referred to as CIIO- 

DUKX or CHO-DUK-XB 11), which was deficient in dihyrdrofolate reductase 

(DHFR) activity (Urlaub and Chasin, 1980). CHO-DXÜ 11 cells have a deletion in 

one of the dhfr alleles and a missense mutation in the other. Further work by Urlaub 

et al. (1983) mutagenised a proline dependent derivative of the original CFHO cell line 

(CHO-pro3') to generate CHO-DG44 which has deletions in both dl fr alleles. The 
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Charter I 

ability of the cell lines to grow routinely in-vitro allowed them to be used in many 

pioneering experiments and demonstrated their ability to be used as a host for 

recombinant protein production (Kaufman & Sharp, 1982; Ringold et al., 1981; 

Scahill et al., 1983). The first recombinant therapeutic protein from a CHO derived 

cell line to be approved by the FDA was tissue-type plasminogen activator 

(Activase®) in 1987. However, it was not until 1997 that the first CHO derived 

recombinant mAb, rituximab, a chimeric anti"CD20 mAb, came to market (Jayapal et 

al., 2007). 

A number of reasons have contributed to CHO cells being the preferred host for 

recombinant protein production. Perhaps most importantly, CHO cells are readily 

amenable to genetic manipulation, which allows the introduction of foreign DNA into 

the cell and subsequent expression of the desired protein. The choice of host cell also 

has an impact on the product characteristics and yields. CEHO cells have been shown 

to produce IgGs that possess glycoforms which closely resemble human IgG profiles 

(Jefferis, 2005). Product safety is another important factor and CHO cells have been 

shown to have a good safety profile, with only a small number of human pathogenic 

viruses being able to replicate in this cell line (Wicbe el al. 1989) and they have a 

history of regulatory approval for recombinant protein production. Another advantage 

of CHO cells is that they can be cultured in suspension and can be readily scaled to 

20,000L. A large amount of research has focused on increasing yields from industry 

established mammalian cells so that the cost of production can be decreased. In the 

mid 1980s, a typical batch culture production run, with no feeding regimes, would last 

for approximately 7 days with ccll densities peaking at approximately 1-2 million 

cells/ml leading to product titres of approximately 50-100mg/1 (Wurm, 2004). 
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Chapter I 

Optimisation of the host cell has since taken place and cells have been selected that 

grow to high densities of approximately 10-15 million cclls/mL. In addition, there 

have been improvements in media composition and feeding strategies which have 

resulted in cells remaining viable for longer cultivation periods. These improvements 

have led to a significant improvement in product titres with cell lines expressing in 

excess of 5g/L now being reported (Birch and Racher, 2006). In order to achieve 

these levels of antibody expression, a clonal cell line must be generated which stably 

expresses the antibody at a high level. Deriving a clone with these characteristics is 

still an empirical process and large numbers need to be initially selected and screened 

in order to isolate a clone with the desired characteristics. 

1.1.2 Stable cell line generation 

The generation of recombinant antibody producing cell lines follows a defined 

multistep process. This begins with the molecular cloning of the gene of interest 

(GOI) into a mammalian expression vector. Vector systems must contain all the 

elements for efficient expression of the antibody genes, including transcriptional 

regulatory elements (e. g. promoters, enhancers), kozak translation initiation sequences 

and polyadenylation signals. Strong promoters/enhancer sequences arc commonly 

used to drive expression, which are frequently of viral origin such as the human 

cytomegalovirus major immediate early (hCMV-MIE) promoter (Ioshart et al., 1985) 

or derived from genes that are highly expressed in mammalian cells such as 

elongation factor 1 alpha (EFIct) (Running Deer and Allison, 2004). In addition, 

vectors should also contain at least one intron. The presence of an intron and 

appropriate splice sites are important for efficient mRNA processing and export from 

the nucleus to the cytoplasm (Le Hir ei al., 2003). Protein production can also be 
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Chapter I 

improved by optimising the coding region sequences for efficient codon usage and to 

remove motifs that could lead to mRNA instability or undesirable secondary structure 

(Kalwy et al., 2006). In the generation of stable transfected cell lines, cells that 

contain the vector must be distinguished from those that do not possess the GOI. This 

is usually achieved by the addition of a selectable marker, which is either included in 

the expression vector or co-transfected on a separate plasmid. 

Selection markers can either be based on dominant or recessive selection. Dominant 

systems are usually based on the inclusion of a gene which encodes an enzyme that 

confers antibiotic resistance. As a result cells that have been stably transfectcd will 

survive in the presence of antibiotics in the culture medium. An example of this is the 

neomycin selection system. Mammalian cells arc sensitive to the aminoglycoside 

antibiotic geneticin (G418), as this inhibits protein synthesis. However, incorporation 

of the bacterial aminoglycoside gene neomycin phosphotransferase (npt) into the 

expression vector allows cells which have been transfected to survive in the presence 

of G418 (Southern and Berg, 1982). Other commonly used antibiotics are 

Blastocydin, Hygromycin, Puromycin and Zcocin. 

Recessive selection systems restore a critical enzyme or protein to the cell that is 

required for cell survival. The two most commonly used are the dihydrofolate 

reductase (DHFR) and glutaminc synthetase (GS) selection systems. DHFR catalyses 

the conversion of folic acid, to tctrahydrofolate (TIIF). DHFIU cells cannot produce 

glycine, hypoxanthine and thymidine, and therefore cannot survive in media lacking 

these components. Introduction of a functional copy of the DIIFR gene restores the 

cell's function to produce these nutrients. Clonal selection can then be performed by 
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growing the cells in medium lacking glycinc, hypoxanthinc and thymidinc (Lucas et 

al. 1996). The GS selection system works in a similar manner. The GS enzyme 

catalyses the conversion of glutamate and ammonium to glutaminc. When glutamine 

is absent in the culture medium, the activity of the GS enzyme is essential for cell 

survival. The ability to grow in Blutamine free medium can be conferred by the 

transfection of a functional GS gene (Bebbington et al., 1992). This system works 

particularly well in NSO cells, which lack endogenous GS activity and cannot survive 

without glutamine in the culture medium. CHO cells in contrast have endogenous GS 

activity and can survive in medium lacking glutamine. For the selection system to be 

successful in this cell line a GS inhibitor, methioninc sulphoximine (MSX) must be 

added so that only transfectants with additional GS activity can survive. 

The cells that survive selection pressure are highly heterogenous in terms of cell 

growth and specific productivity. This means that a large number of individual clones 

need to be isolated and evaluated in order to obtain cell lines with the desired 

characteristics, which can be a lengthy and time consuming process. 

Large numbers of clones need to be screened because integration of DNA into the 

genome is a random and inefficient process, with a frequency of only 1 event in 

10,000 (Gorman and Bullock, 2000) and DNA can become integrated at any position 

within the genome. Integration does not always guarantee prolonged transgenc 

expression with studies showing that stably transfected cell lines can exhibit a marked 

progressive reduction in transgenc expression after a few tens of generations (Barnes 

et al., 2001; Kim et al., 1998; Forrest-Owen et al., 2005). This will have an impact on 

the process development of a therapeutic cell line. For a successful manufacturing 
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cell line, the expression of the recombinant gene must be constant over a long period 

in the absence of selection pressure. Cell line stability is generally required over a 

period of at least 60 generations beyond the production of a manufacturing working 

cell bank which ensures sufficient time for inoculum expansion, the production 

process and a 20 generation margin for safety (Brown et al., 1992). 

1.2 Position effects and chromatin 

The chromatin structure surrounding the site of integration can influence transgene 

expression in a positive or negative way as the chromatin is organised in two distinct 

structures, called cuchromatin and heterochromatin (whose properties will be 

discussed further in later sections). Therefore, the site of integration will effect how 

well a transgcne is expressed; integration of a transgene into the highly condensed, 

silenced hetcrochromatin will result in little or no expression, whereas integration into 

the more open, active cuchromatin will generally result in more prolonged expression 

of the transgene. A related process, known as Position Effect Variegation (PEV) is a 

type of position effect which is due to hctcrochromatin being able to silence 

cuchromatic genes when they arc brought into close proximity by a chromosomal 

rearrangement or transposition. The condensed structure of hctcrochromatin can 

spread into cuchromatic regions, causing them to assume the morphology of 

hcterochromatin and become transcriptionally inactive. The silencing of genes which 

normally express a particular protein results in a variegated phenotype being observed 

(Wallrath, 1998). PEV was first observed in Drosophila where the white" gene 

(required for red eye pigmentation) was placed near centric heterochromatin by a 
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chromosomal inversion. As a result a variegated phenotype was observed which 

resulted in a red and white mosaic eye pattern (Muller and Altenberg, 1930). 

1.3 Chromatin structure and composition 

The mammalian genome is composed of approximately 3x 109 bp DNA that is almost 

2m in length, which needs to be compacted into the small (5-l0nm diameter) volume 

of the nucleus. This is achieved by arranging DNA into chromosomes. 

Chromosomes are comprised of chromatin, where the principal components are DNA 

and histories. Histories are small basic proteins which consist of a central globular 

domain and N- and C- terminal tails. The fundamental building block of chromatin is 

the nucleosome (Van Holde et al., 1974). The nucleosome is made up of 147bp of 

DNA wrapped around an octamer of four histonc dimcrs (H2A, 112II, 113 and 114) 

(Figure 1.1). The central globular core consists of a historic fold domain, which is a 

structural motif which allows interaction with other histone proteins (Arcnts et al., 

1991). Each histone octamer is composed of two 113-114 historic dimers that are 

bridged together as a stable tetramer. This is then flanked by two separate 112A-112B 

dimers (Luger et al., 1997). DNA is wrapped nearly twice around the octamcr core 

and this provides the first level of compaction, resulting in a 40-fold decrease in the 

linear length (Geyer and Parnell, 2000). The resultant nuclcosomes form l lnm fibres 

that resemble beads on a string (Olins and Olins, 1974). Further compaction is 

provided by the addition of a linker historic, 111, forming the chromatosome. III 

binds to the nucleosome at the DNA entry and exit points and acts to protect the linker 

DNA (Campos and Reinbcrg, 2009). 
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Figure 1.1 The nuclcsome 
Diagram showing the structure of the nuclcsomc. DNA is wrapped around a central historic 

octamer to form a single nuclesome 

Further compaction results in what is known as a 30nm fibre, which consists of 

approximately 6 nucleosomes every I1 nm of chromatin fibre (Bassett et (l., 2009). 

This 30nrn fibre can then be condensed to varying degrees. Depending on the degree 

of packing density the chromatin can be split into two distinct classes: Fuchromatin 

and heterochromatin. Figure 1.2 shows schematically the diffierence between the two 

classes. Euchromatin is a less condensed `open' structure in which no further 

compaction of the 30nm fibre takes place. Hctcrochromatin is where the 30nm fibre 

has been compacted further. These regions have a higher density of closely packed 

nuclcosomes. 



A. B. 

Figure 1.2 `ucleosome packing in euchromatin and heterochromatin 
A. In euchromatin nucleosomes are loosely packed in the 3Onm fibre. B. Compaction of' the 
30nm fibre resulting in tightly packed nucleosomes in heterochromatin. (Adapted from 
Bassett el u/., 2009). 

The modulation of' the structure of the chromatin fibre is critical for the correct 

regulation of gene expression. The level of compaction determines how accessible 

the DNA is to regulatory proteins, such as transcription (actors and RNA 

polymerases. In euchromatin, where the nucleosomes are loosely packed the DNA is 

accessible to these factors. However, in comparison heterochromatin is condensed 

and closed (Quina et al., 2006). Heterochomatin can be further divided into 

constitutive and facultative heterochromatin. Constitutive hctcrochromatin is 

generally gene poor and forms on repetitive sequences such as satellite ccntromeric 

and pericentric repeats. Regions of chromatin that are subjected to developmentally 

regulated transcriptional silencing are called f tculative heterochromatin. An example 

of facultative hetcrochromatin is the inactive X-chromosome in female mammalian 

cells (Kosak and Groudine, 2004). 
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1.4 Regulation of chromatin structure 

Figure 1.3 shows that the distinct classes of chromatin arc controlled by chemical 

modifications to histone proteins and the underlying DNA. These modifications play 

an important role in the epigenetic regulation of gene expression. Epigenetics can be 

defined as stable heritable phenotypes resulting from changes in a chromosome 

without alterations in the DNA sequence (Berger et al., 2009). 

Heterochromatin 

Euchromatin 

Figure 1.3 Modifications to histones and DNA 
The figure shows two hypothetical epigenetic states of' open euchromatin (left), which is 

associated primarily with histone acetylation and phosphorylation patterns, and compact 
heterochromatin (right), primarily associated with historic methylation and DNA methylation 
tags. The combination of histone and/or DNA modifications can create a variety of different 

epigenetic patterns. There are endless options for the combination of epigenetic 
modifications to provide locus-specific patterns. (adapted from Meyer, 2001) 

1.4.1 Covalent modifications of histone proteins 

The unstructured amino terminal tails of' histone proteins protruding from the core 

region are subject to post translational modifications (PTMs) (Figure 1.3). A number 

12 



Chapter t 

of different types of post-translational modifications have been identified and these 

are summarised in Table 1. 

Chromatin Modifications Residues modified Functions regulated 

Acetylation K-ac 
Transcription, Repair, 
Replication, Condensation 

Methylation 1 sines K-mel K-mc2 K-me3 Transcription, Repair 

Meth lation ar inines R-mel R-met R-me3 Transcription 

Phos ho lation S- ph T- ph 
Transcription, Repair, 
Condensation 

Ubi ui lation K-ub Transcription, Repair 

Sumo lation K-su Transcription 
ADP Ribosylation E-ar Transcription 
Deimination R> Cit Transcription 

Proline Isomerization P-cis > P-trans Transcription 

Table 1.1 Different classes of modifications identified on histones 
Overview of the different classes of modification identified on histones and the functions they 
regulate (Kouzarides, 2007) 

Over 100 different PTMs occur at distinct sites on the amino-terminal tails of the 

histone proteins (Bernstein et al., 2007). These modifications are thought to be 

related to, or even predict transcriptional states. This has led to the `histone code' 

hypothesis, which suggests that distinct historic modification patterns control the 

interaction of chromatin-associated proteins which in turn regulates the access to the 

associated DNA (Jenuwein and Allis, 2001). The distinct pattern of modifications to 

the N-terminal tails can act as a marker to recruit non-histone proteins. Depending on 

the composition of the modifications they can either serve to bind proteins or exclude 

them from the chromatin. The proteins which bind will themselves further modify the 

structure of the chromatin. The PTMs can also directly affect chromatin structure; the 

addition of chemical moieties to the histone tails can disrupt the contacts between 

nucleosomes and between DNA and the histone octamer core complex which can act 

to `unravel' the chromatin (Quina et al., 2006). 
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One of the most prevalent PTM is the acctylation of lysine residues, occurring on a 

number of residues in the N-terminal tails of all four core histones. This PTM was 

first identified over forty years ago (Allfrey et al., 1964) and has long been associated 

with transcriptional activation. This PTM has a high potential to unfold chromatin, 

the addition of an acetyl group onto a lysine residue neutralises its positive charge and 

thereby weakens the affinity of the histone for the negatively charged DNA phosphate 

backbone. This has been illustrated in a study by Shrogen-Knaak et al. (2006). 

Homogenous acetylation of Lys-16 on Histone 114, a site for acetylation (H4K16Ac), 

by chemical modification was shown to inhibit the formation of 30nm chromatin 

fibres when the histone variant was incorporated into nucleosomal arrays. 

Acetylation can also alter histone: histone interactions between neighbouring 

nucleosomes (Wolffe and Hayes, 1999) and interactions between histones and 

regulatory proteins (Edmondson et al., 1996). These modifications alter the 

chromatin structure which makes it more permissive for transcription. 

The transfer of acetyl groups from acetyl coenzyme A to the c-amino group of lysine 

residues is catalysed by histone acetyltransferases (HATs). A number of HATs have 

been identified and many of these are part of larger multisubunit complexes which are 

recruited to promoters by transcription activators (Utley et al., 1998). HATs can be 

divided into distinct families due to sequence similarities between family members 

(Kuo and Allis, 1998). The three main families are Gcn5-related N-acctyl trans fcrasc 

(GNAT), MYST (named after its founding members MOZ-YBF2/SAS3-5, AS2- 

TIP60) and p300/cAMP response element binding protein (CBP) and each appear to 

have different preferred substrates and distinct functional roles. The HATs that make 

up the GNAT superfamily arc grouped together due to the sequence homology that 
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they share in four conserved regions spanning over 100 residues (Neuwald and 

Landsman, 1997) and these proteins interact with transcriptional activators and 

preferentially acetylate H3K14. The preferred substrate for MYST HATs appears to 

be histone H4. Although MYST family members have high sequence homology, the 

functions of the individual HATs are distinct and each one has a distinct role in a wide 

range of regulatory functions in various organisms (Sterner and Berger, 2000). The 

p300/CBP proteins were originally identified as transcriptional activators, however 

they were subsequenctly found to possess HAT activity (Bannister and Kouzarides, 

1996). 

Conversely, the removal of acetyl groups by histone deactylases (HDACs) results in 

the hypoacetylation of lysine residues and is associated with transcriptional 

repression. The removal of acetyl groups restores the positive charge to the histone 

tail allowing association with neighbouring nucleosomes to form a compact, 

inaccessible form of chromatin. There arc ten structurally related HDACs identified 

to date that fall into two classes, class I and class II HDACs (Thiagalingam et al., 

2003). A third unrelated class of HDACs (class III) consist of homologs of the yeast 

nicotinamide (NAD) dependent enzymes of the Silent Information Regulator (SIR) 

family (Landry et al., 2000). 

In addition to historic acctylation other histone PTMs are also involved in both 

transcriptional activation and repression. Each type of modification can induce both 

positive and negative effects on transcription depending on their location and context. 
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Methylation can take place on both argininc and lysinc residues and is carried out by 

historic methyltransferases (IIMTs). Lysine methyltrans ferases possess a high degree 

of specificity compared to HATs. Each HMT modifies a single lysine residue on a 

single historic (Bannister and Kouzarides, 2005). Methylation of certain residues, 

including H3K4, H3K36 and H3K79 induce transcription activation whereas 

methylation of others, such as 113K9, H3K27 and H4K20 induces transcriptional 

repression (Barski et al., 2007). For example tri-methylation of 113K27 has been 

shown to induce gene silencing in early development by recruiting repressive 

Polycomb group (PcG) complexes leading to de novo DNA methylation (Ru Cao et 

al., 2002; Schlesinger et al., 2007). Argininc methylation is also involved in 

transcriptional regulation, and depending on the location of this PTM it can lead to 

transcriptional activation (Bauer et al., 2002) or repression (Wysocka et al., 2006). 

Arginine methyltransferases, such as cofactor associated arginine methyl trans fcrasc 

(CARM I) and protein arginine methyltransferase I (PRMT 1) arc recruited to 

promoters by transcription factors and can either mono or dimethylate arginine 

residues on their guanidine nitrogen. 

Histonc phosphorylation, at Ser-10 on histone H3 plays an important role in 

transcriptional activation. It is thought that the addition of a negatively charged 

phosphate group to the N-terminal tail may disrupt electrostatic interactions between 

the nucleosome and the negatively charged DNA making the underlying genome 

more accessible to nuclear factors (Cheung et a!., 2000). Although this type of PTM 

is implicated in transcriptional activation it can also have an opposing effect on the 

chromatin architecture. During mitosis mitotic 113 kinases are activated which 
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phosphorylates scrine residues, including the Ser-10 residue of histone 113 which 

induces the condensation of the chromosomes (Hendzcl et al, 1997). 

1.4.2 ATP-dependent chromatin remodelling 

A second class of chromatin modifying enzymes is the ATP-dependent chromatin 

remodelers. These are involved in the regulation of chromatin structure and are 

required for establishing or maintaining a particular transcriptional state. The 

chromatin remodeling activity can be modulated by other proteins and the enzymes 

are typically found as subunits of multiprotein complexes. These enzymes contain a 

catalytic subunit which is related to the Sucrose Non Fermenting (SNF) 2-like family 

of ATPases (Eisen et al., 1995) and use the energy of ATP hydrolysis to change the 

location and conformation of the nucleosome without covalent modifications. The 

SNF2 family of ATP-dependent chromatin remodelers can be further divided into a 

number of different subfamilies depending on the composition of the surrounding 

protein subunits, and three major subfamilies have been identified: i) the mating type 

SWItch/Sucrose Non Fermenting subfamily (SWI/SNF) which contains a 

bromodomain in addition to the ATPasc region, ii) the Imitation of SWI (ISWI) 

subfamily, which contain a SANT domain (a highly conserved motif whose name 

comes from the proteins originally identified as containing this motif: Swi3-Ada2-N- 

cor-TFIIB) and possess fewer subunits compared to the SWI/SNF group and iii) the 

Mi2/Chromo-Helicase DNA binding (CHD) group, which contain a chromodomain 

and a DNA binding motif (Vignali et al, 2000). HDAC activity has also been found 

in Mi2/CHD subfamily complexes (Tong et al., 1998). ATP-dependent remodelers 

are involved in a number of cellular processes including transcriptional regulation 

(Mizuguchi et al., 1997), replication (Zhou et al., 2005), DNA repair (Van Attikum et 
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al., 2004) and recombination (Fritsch el al., 2004). Some of the complexes rearrange 

the chromatin so that the DNA is more accessible for transcription, whereas other 

complexes help to generate a chromatin environment which leads to long teen 

silencing of genes. 

1.4.3 DNA methylation 

DNA methylation plays an important role in the epigenetic regulation of gene 

expression. It is found in the genomes of a large variety of organisms, including both 

prokaryotes and eukaryotes and is associated with transcriptional repression (Bird and 

Wolffe, 1999). Studies have shown that DNA methylation is involved in a number of 

biological and developmental processes, such as embryonic development (Li et al., 

1992), genomic imprinting (Reik and Walter, 2001), X-chromosome inactivation 

(Beard et al., 1995) and the suppression of transposon elements (Yoder et al., 1997). 

In mammals this DNA modification occurs on cytosine residues and is almost 

exclusively where the cytosine is immediately 5' to a guanosine. DNA is methylated 

by the transfer of a methyl group from S-adenosyl-methionine (SAM) to the carbon 5 

position of the pyrimidine ring of cytosine. Methylation is carried out by DNA 

methyltransferases (DNMTs). Structurally the DNMTs can be divided into two 

domains. The N-terminal region acts as a regulatory domain, whereas the catalytic 

activity resides in the C-terminal domain. The C-terminal catalytic domains are 

closely related and these regions are highly conserved amongst all DNMTs from 

bacteria to mammals (Bestor et al., 1988). There are three different enzymatically 

active DNMTs identified in mammals which belong to two different families (Bcstor, 

2000), based on differences in their N-terminal domains (Figure 1.4). 
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Figure 1.4 The two mammalian DNMT families 
The C-terminal catalytic domains of the three enzymes are conserved between the two 
families; however the N-terminal regulatory domains share no homology. DNMT1 is known 

as a maintenance DNMT, where as DNMT3a and DNMT3h are tit, nnvo DNMTs (adapted 
from Bestor, 2000). 

The pattern of DNA methylation is maintained by the maintenance methyltransferase 

DNMTI. This is the most abundant DNMT in mammals, and is the best 

characterised, since it was the first eukaryotic DNMT to be cloned (Bestor et al., 

1988). DNMTI has been shown to have a 7-21 fold preference for hemi-methylated 

DNA and therefore its primary function is believed to be replicating the methylation 

patterns from the parental to daughter DNA strands following DNA replication 

(Pradhan et al., 1999). During DNA replication, DNMTI is brought to the replication 

fork via the proliferating cell nuclear antigen (PCNA) protein (Chuang et al., 1997) 

where it can then methylate DNA on the newly synthesized DNA strands. In contrast 

to the de novo DNMTs, DNMTI contains a large N-terminal region which contains a 

number of functional domains. These are thought to be responsible for the import of 

the protein into the nuclei, the co-ordination of replication and mcthylation during S- 

phase, and interaction with historic deacetylases. The domain also contains an 

allosteric DNA binding site which influences the enzymatic activity of the C-terminal 

domain (Yokochi and Robertson, 2002). 
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The DNMT3 family is distantly related to DNMTI. This family of DNMTs was 

identified from screening expressed sequence tag (EST) databases with the known 

bacterial type II cytosine methyltransferasc sequence. This search identified two 

enzymes, DNMT3A and DNMT3B, which shared homology to the catalytic domain 

of DNMTI; however, the similarity in the rest of the sequence was low. DNMT3a 

and DNMT3b are smaller in size than DNMT1 (Figure 1.4) as the N-terminal 

domains are smaller and have various isoforms (Okano et a!., 1998). The DNMT3 

family has not been as well characterized biochemically as DNMTI as they possess a 

lower catalytic activity. They are highly expressed in embryonic stem (ES) cells, 

early embryos and developing germ cells. DNMT3a has been shown to have a three 

fold preference for unmethylated DNA, and therefore it is believed to be a de novo 

DNMT, which is involved in the methylation of cytosine residues during development 

(Yokochi and Robertson, 2002). 

A third member of the DNMT3 family has also been identified based on its sequence 

similarity to DNMT3a and DNMT3b, called DNMT3L (Aapola et al., 2000). This is 

expressed specifically in germ cells and is involved in the establishment of patterns of 

DNA methylation during gametogenesis. On its own it lacks any DNA 

mcthyl trans ferase activity as the protein does not possess the conserved residues 

involved with catalytic activity. However, it has been shown that interaction with 

DNMT3a and DNMT3b through the carboxyl-terminal half of the protein results in a 

marked increase in activity of the two DNMTs. This is irrespective of the DNA 

sequence and therefore it is believed that DNMT3L acts as a general stimulatory 

factor for DNMT3a and DNMT3b (Suctake et al. 2004). It has also been shown to 

interact with the amino terminus of historic 113, at the Lys-4 residue (113K4), 

however, this only occurs when the lysine residue is unmcthylated. It is therefore 
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believed that DNMT3L recognises unmcthylatcd 113K4 residues and induces de novo 

DNA mcthylation (Ooi et al., 2007). 

1.4.4 DNA methylation and gene repression 

DNA mcthylation can result in the repression of gene expression by two general 

mechanisms. Firstly, the methylation of cytosine bases can directly inhibit the 

binding of transcription factors to their DNA binding sites (Watt and Maloy, 1988). 

Binding of the transcription factors E2F, CAMP Response Element Binding (CREB) 

and c-myc have all been shown to be disrupted by cytosine methylation (Campancro 

et al., 2000; Prendergast and Ziff, 1991; Iguchi-Ariga and Schaffner, 1989). 

Secondly, proteins that recognise methyl-CpG (mCpG) can bind to the methylated 

DNA and mediate repression. mCpG-binding proteins (MBPs) use transcriptional co- 

repressor molecules to silence transcription and silence the surrounding chromatin. 

The first MBP to be isolated was Methyl CpG binding protein 2 (McCP2) (Meehan ct 

al., 1989; Lewis et al., 1992). It is comprised of a multidomain polypeptide which 

contains a mCpG binding domain (MBD) and a transcriptional repression domain 

(TRD) (Figure 1.5). EST database searches for sequences encoding a conserved 

MBD domain identified four additional proteins, known as MBDI, MBD2, MBD3 

and MBD4 (Hendrich and Bird 1998). A novel MBP protein named Kaiso has also 

been identified (Prokhortchouck et al., 2001). In contrast to the MBD containing 

proteins, Kaiso recognizes mCpG using zinc finger domains present at the C- 

terminus. It mediates repression by associating with nuclear receptor compressor (N- 

Coll) complexes which contains IIDACs. 
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Figure 1.5 Methyl binding proteins 
MBP family proteins share a conserved methyl binding domain (M13D), which is required for 
binding to methylated DNA. MBD3 carries a mutation in the MBD and does not bind to 

methylated CpG. MeCP2 has two AT-hook motifs (ATh) which can potentially bind AT-rich 
DNA. MBD1 is characterized by two (or three in some isoforms) CxxC- type zinc lingers. 
TRD indicates transcriptional repression domain. GD indicates the glycosylase domain of 
MBD4, which is involved in excision of CG: TG mismatches. The (GR)� motif in MBD2 is 

a stretch of glycine argine residues and (E)12 is a glutamate-rich domain. The Kaiso protein is 

characterized by three C2H2 zinc finger motifs (ZF) required for binding of' methylated DNA 
(adapted from Clouaire and Stancheva, 2008). 

MeCP2 is able to bind to a single methylated CpG pair via the 85 amino acid mCpG 

binding domain (Nan et al. 1993). However, it is thought that MeCP2 mediates gene 

repression through the TRD binding to the corepressor Sin3A (a paired amphipathic 

protein) which in turn recruits HDACs (Jones et al., 1998). This causes changes in 

the chromatin architecture caused by the alteration of PTMs on the historic tails, 

condensation of the chromatin and subsequent inhibition of transcription. More 

recent research has shown that this is not the only model ('or McCP2 mediated gene 

repression. Inhibition of McCP2 mediated gene silencing by the addition of' HDAC 

inhibitors such as trichostatin A (TSA) only partially rclicvcs transcriptional 

repression, indicating that other pathways arc involved such as blocking the access of 

transcription factors to methylated promoters it occupies or, alternatively, by 
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interacting directly with TFIID, a component of the basic transcriptional machinery 

(Wade, 2001). 

Fuks et al., (2003) showed through chromatin immunopreciptation (ChIP) 

experiments that MeCP2 is associated with histone methylation in vitro and in vivo. 

The methylation of H3K9 in the H19 gene is facilitated by McCP2 and therefore it 

was proposed that McCP2 might act as a `bridge' between DNA and H3K9 

methylation and acts to reinforce the repressive function of the two distinct 

methylation events. 

MBP1 is the largest of the MBD family of proteins, consisting of 640 amino acid 

residues. The first two functional domains of the protein to be identified was the 

MBD and a region containing three CxxC- motifs (homologous to motifs found in 

DNMT1) and binds preferentially to densely methylated DNA in vitro. MBDI has 

been shown to interact in vivo with the histone methyltransferase (HMT) SETDB 1, 

which methylates H3K9 (Sarraf and Stancheva, 2004). 

MBD2 and MBD 3 are structurally related, containing a similar cxon-intron structure 

and have 70% similarity in their amino acid structures but differ in their functions. 

MBD2 forms the mCpG binding part of the McCPI complex. This complex is 

between 400 and 800kDa in size and can bind to twelve or more mCpGs in any 

sequence context. The McCPI mediated repression is different to the McCP2 

regulated repression as McCPI requires more densely methylated DNA for binding 

(Meehan, 1989). Unlike MBD2, MBD3 cannot specifically bind to methylated CpGs 

(Hendrich et al., 1999). This is due to the substitution of a tyrosine residue which is 
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critical for activity to a phenylalanine residue (Fraga el al., 2003). However, it has 

been found to be part of one of the major chromatin remodelling complexes, 

NuRD/Mi2 (nucleosome remodelling and histone deacetylase complex) (Wade et al., 

1999) and it is crucial for development as knockout of MBD3 leads to embryonic 

lethality in mice (Hendrich et al., 2001). 

The final MBD protein, MBD4, contains a glycosylase domain in addition to the 

MBD domain. MBD 4 co-localises with regions of constitutive heterochromatin. It 

has been shown to bind to methylated DNA in vitro but it does not play a role in the 

regulation of gene expression. It has a higher specificity for 5mCpG-TpG 

mismatched sites which are the result of the spontaneous deamination of methylated 

cytosine residues. MBD4 contains a carboxy terminal domain which is homologous 

to the bacterial DNA repair enzymes. This suggests that the protein is involved in the 

repair mechanism and functions to minimise mutations (Ilendrich el al., 1999). 

1.5 CpG Islands 

In the human genome approximately 80% of CpGs are methylated. However, there 

are some regions within the genome that have a significantly lower level of DNA 

methylation and these are called CpG islands (CGIs). They have a higher G+C 

content (67% compared to 41% in the rest of the genome, Antequera, 2003) but arc 

hypomethylated. These islands vary in length from approximately 200bp to 3-4kb. 

The promoters of all housekeeping and 40% of tissue specific genes (56% of human 

genes) are embedded within a CGI (Antcquera and Bird, 1993). However, CGIs can 

occur within genes and at intergenic regions and can be either methylated or 

methylation-free. 
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The significantly higher frequency of CpG dinuclcotides compared to the expected 

number based on the DNA base composition is due to the inherent instability of 

methylated cytosine residues. Outside of CGIs, spontaneous deamination of 

methylated cytosine results in a thymidine residue, and generates a T: G mismatch in 

CpG dinucleotides. This will be fixed as TpG if not replaced by a cytosine before the 

next round of DNA replication. In contrast, dcamination of an unmethylated 

cytosines yields uracil which results in a U: G mismatch. Subsequent control and 

repair mechanisms recognise uracil as an erroneous base and thus substitute it with 

cyctosine and the CpG dinucleotide is re-formed. In contrast, the repair mechanisms 

for T: G mismatches involve different, less efficient mechanisms which results in the 

loss of cytosine residues after DNA replication (Antequera, 2003). 

CGIs were originally identified in mouse genomic DNA. Digestion with the 

methylation sensitive restriction enzyme IIpaII (CCGG recognition site) which will 

only cut when the second cytosine residue is unmethylated resulted in certain regions 

of the genome being digested into very small fragments (termed tlpall tiny fragments, 

or HTFs) and these were found to contain groups of non methylated CpG sites (Bird 

et al. 1985). These sequences were characterised and as a result the properties of 

CGIs were identified: a DNA sequence could be defined as a CGI when it was at least 

200bp in length with aG+C content of >50% and a CpG frequency 

(observed/expected; o/c) of >0.6 (Gardiner-Garden and Frommer, 1987). More 

recently, the completion of the human genome project has allowed CGIs to be 

identified in silico. The computational prediction of CGIs using the original 

parameters led to a large number of putative sequences being identified which 

contained non CGI sequences, such as Alu elements. These are highly repetitive short 
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interspersed elements and have an approximate 280bp consensus sequence. In 

addition some can have a relatively high %GC and CpG o/c frequency. This led to 

the refinement of the criteria being used to define a CGI, with the minimum length of 

CGIs being increased to 500bp. This reduced the number of CGIs identified by 

approximately 90%, and contaminating Alu elements were mostly excluded (Takai 

and Jones, 2002). There is still some variation in the number predicted using these 

parameters depending on the algorithms used. However, most of the prediction and 

sequence selection techniques identifies between 24,000 and 27,000 CGIs in the 

human genome (Illingworth and Bird, 2009). 

CGIs are inherently methylation free, although certain CGIs throughout the genome 

become methylated during development, which correlates with transcriptional 

repression. For example, CGIs on the inactive X-chromosome and those associated 

with imprinted genes all become heavily methylated. Therefore, CGIs are not 

immune to methylation. However, the mechanism causing CGIs to remain 

methylation free during dc novo methylation in development remains unclear, 

although several hypotheses have been described. Figure 1.6 shows these potential 

mechanisms which result in the CGI hypomethylation. 
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Figure 1.6 Potential mechanisms leading to CGI hypomethylation. A) CGIs remain 
hypomethylated due to intrinsic properties which stop the action of DNMTs. 13) CGIs become 

methylated but are then demethylated by an island specific demethylating activity. C) The 

transcriptional machinery in addition to historic modifications (113 K4me3) stop the action of 
DNMTs from the transcriptional start sites. Methylated and unmethylated Cp(is are denoted 
by tilled and open lollipops respectively. (Illingworth and Bird, 2009) 

The first hypothesis is that the CpGs in CGIs are resistant to methylation by DNMTs 

due to their DNA sequence (Figure I. 5A). However, this seems unlikely as the 

islands contain a higher frequency of' the CpCis which arc the preferred substrate of' 

the DNMTs. Also CGIs within the inactive temalc X chromosome become 

methylated. A second hypothesis to account für CGIs remaining methylation free is 

that the islands are the target for dernethylation where the methyl groups are actively 

removed from the cytosine residues (Figure 1.513). This was illustrated in a study by 

Frank et al. (1991), where they investigated the fate cif' a methylated hamster adenine 

phosphoribosyItrans ferase (aprt) gene when introduced into fertilised mouse oocytes 

which were then implanted into recipient mice. Rapid demethylation of the 5' CpG 
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island region was observed but with the 3' region retaining its methylated status. 

However, in contrast to the active demethylation that takes place during 

embryogenesis, no demethylase activity has been identified in somatic cells. The 

third mechanism that could exclude CpG residues in CGIs from being methylated is 

that bound transcription factors inhibit DNMT association (Figure 1.5C). Evidence 

for this was supported by experiments in ES cells and transgenic mice where 

mutations in the binding sites for the transcription factor Spl resulted in de novo 

methylation of the apri CGI (Brandeis et al, 1994). 

1.6 The relationship between DNA methylation, histone modifications 

and chromatin remodelling 

It is clear that the chemical modifications of DNA and historic complexes play a 

critical role in the regulation of gene expression. These modifications do not act in 

isolation, but instead are interconnected and cooperate in establishing and maintaining 

multiple layers of epigenetic gene regulation (Figure 1.7). DNA methylation and 

PTM of histone tails, in particular the deacctylation and methylation of certain 

residues, both result in gene silencing and although these modifications arc performed 

by different sets of enzymes, and in different chemical reactions, there is clearly a 

biological relationship between these two systems. 
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Figure 1.7 Cooperation of DNA methylation and histone deacetylation to repress 
transcription. A transcriptionally active region targeted for silencing is proposed to acquire 
DNA methylation first, which then recruits the methyl-CpG binding proteins and their 

associated co-repressors and histone deacetylases (IIDACs). Taken from Robertson & 

Wolffe, 2000. 

The precise sequence of events that leads to gene silencing is still unclear. However 

there is evidence that the relationship between DNA inethylation and histonc 

modifications is bidirectional: DNA mcthylation can influence histone modifications 

and in turn, histonc modifications can influence DNA methylation. DNA mcthylation 

can influence histone modifications due to the DNA mcthylation machinery (DNMTI, 

MBD proteins) recruiting repressor complexes which contain HDACs (Nan et a!., 

1998). In contrast, studies have shown that historic modifications can influence DNA 

methylation. It has been shown in fungi, plants and mammals that methylation of' 

H3K9 can direct DNA methylation (Tamaru and Selker, 2001; Jackson et a!., 2002; 

Lchnertz et al., 2003). 
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Chromatin remodeling proteins also appear to play a role in coordinated regulation of 

gene expression. Studies have shown that several of the SNF2 family of chromatin 

remodeling proteins are involved in maintaining the correct DNA methylation 

patterns. In mammals, Lymphoid specific helicase (Ish) is a SNF2 family member 

which is expressed in embryonic tissues. Studies using lsli " mice showed that the 

mice had global defects in the level of DNA methylation (Dennis et a!., 2001). 

1.7 Chemical modification of DNA and histone PTMs 

A number of chemical entities that inhibit the repressive epigenetic effects of HDACs 

and DNMTs (iHDACs and iDNMTs) have been identified and gained FDA approval 

as therapeutic agents for a number of medical conditions including cancer (Baylin, 

2005; Johnstone, 2002). 

iHDACs can be divided into several families depending on their structural properties. 

These include hydroxamates, cyclic peptides, aliphatic acids and bcnzamincs. These 

iHDACs are thought to inhibit the activity of class I and class II HDACs by chelating 

the zinc atom in the HDAC active site (Dokmanovic, 2007). 

The inhibition of HDACs results in hyperacetylated histones and as a result 

nucleosomes are more relaxed and DNA is more accessible to regulatory factors, 

enabling efficient transcription. As a result iIIDACs have also been used as 

enhancers of transgene expression in cultured mammalian cells. One of the most 

widely used is sodium butyrate, a member of the aliphatic acid family of I HDACs and 
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studies have shown that the addition of sodium butyrate to the culture medium 

increases product titres of recombinant proteins expressed in CHO cells (Mimura et 

al., 2001; Palmero et al., 1991; Jiang and Sharfstein, 2008). Although the addition of 

Sodium butyrate has been shown to be beneficial to transgcnc expression, it also has 

detrimental effects on the cell, including inhibition of cell growth and the induction of 

apoptosis (Davie, 2003). 

iDNMTs include 5-azacytidine (5'AzaC) which can reactivate silenced genes caused 

by DNA methylation. This molecule was originally developed as a nucleoside anti- 

metabolite for acute myclogenous leukemia (Sorm el al., 1964). It is a cytosine 

analog which becomes incorporated into newly synthesised DNA and forms covalent 

links with DNMTs (Jones and Taylor, 1980). This leads to the inhibition of DNMT 

activity in the cell and as a result cytosine residues become hypomethylated. The use 

of 5'AzaC and a derivative, 5-aza-2'-deoxycytidine, have been shown to partially 

restore transgene expression in cultured mammalian cells (Yang et al., 2010; 

Kuriyama et al., 1998) 

The addition of both iHDACs and iDNMTs has been shown to have a synergistic 

effect, highlighting the link between histone acetylation and DNA dcmcthylation in 

gene activation (Choi et al., 2005). 

1.8 Influencing chromatin structure to improve transgene expression 

As has been described previously, recombinant protein expression levels are 

influenced by the chromatin structure surrounding the site of transgene integration 
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and/or the presence of regulatory elements. Therefore, the site of integration has a 

major effect on the transcription of a transgenc. Integration into transcriptionally 

active regions of chromatin is preferential. However, in any given cell type the 

majority of mammalian genomes consist of heterochromatin and therefore the 

probability of the transgene being stably integrated into an area which is favourable 

for high level and stable expression is low (Grewal and Elgin, 2002). In addition, 

even if a transgene has integrated into a transcriptionally active region, expression 

may still be silenced as methylation of the DNA within the integrated transgene can 

occur regardless of the nature of the integration site including active regions of the 

genome (Pikaart et al., 1998; Yang et al., 2010) 

Investigators have found that the addition of genetic elements, which prevent 

neighbouring chromatin from affecting transgene expression is beneficial (Zahn-Zabal 

et al., 2001). These reduce position effects and can also allow expression even if the 

gene has been integrated into an area of closed chromatin (Girod el al., 2005). 

Elements that can potentially alleviate this problem have been identified in a variety 

of systems. These include insulators, Scaffold or Matrix Attachment Regions 

(S/MARs), Ubiquitous Chromatin Opening Elements (UCOEs) and Stabilising Anti 

Repressor (STAR) elements. 

1.8.1 Insulators 

Insulators are a class of DNA sequence elements that possess an ability to protect 

genes from the surrounding chromatin environment. They possess at least one of the 

two properties which define insulator function (Figure 1.8). Firstly, insulators can 

block the action of a distal enhancer on a promoter. This can only occur if the 
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insulator is placed between the enhancer and promoter. This activity limits the 

enhancer's function to only its target promoter. Secondly, insulators can reduce 

position effects by acting as a `barrier' or `border' (Sun and Elgin, 1999). For 

example, they can prevent the spreading of hcterochromatin, which may otherwise 

silence gene expression. 

A Active gene 

Insulator 

13. Active gene 

Heteroc: hro m tin 

Figure 1.8 Insulator functions 
A. Insulators can block an enhancer external to the active gene. 13. A second mechanism of 

action is to block the spreading of heterochromatin and stop potential gene silencing (Adapted 
from Bell and Felsenfeld, 1999). 

A large number of enhancer blocking elements have been identified, with insulators 

being described in Drosophila (Geyer and Corces, 1992), mammalian cells (thong 

and Krangel, 1997), chicken (Chung et al., 1993) and Xenopus (Robinett et al., 1997). 

One of the first examples of the enhancer blocking activity of insulator elements to be 

described was the gypsy retrotransposon from Drosophila. The insertion of this 

insulator between the 5' enhancer element and promoter of the yellow gene prevented 

the activation of the gene (Geyer and C'orces, 1992). Another example from 

Drosophila are the. specialized chromatin structure (scs/scs') elements (Udvardy et al. 

I985). The scs and ccs' elements are located downstream of heat shock protein 70 

(hsp70) genes in the Drosophila 87A7 heat shock locus and have been shown to block 
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rcprcssive and activating chromosomal position cffccts from random sites of 

integration in Drosophila DNA (Kellum and Schedl, 1992). 

1.8.1.1 Chicken IIS4 (c1IS4) insulator 

In vertebrates, the first insulator to be identified was at the 5' end of the chicken 1- 

globin locus. The locus is >33kb long, and includes four globin genes (see Figure 

1.8). These are expressed in erythroid cells at different points during development 

(Felsenfeld, 1993). Upstream of the ß-globin locus is the folate receptor gene, and 

between these genes is a region of `condensed' chromatin, which extends for 

approximately 16kb. The chromatin structure of this region was analysed by 

assessing sensitivity to digection with DNasel, where it was shown that the P-globin 

locus was more susceptible to digestion than the upstream condensed chromatin 

(Reitman and Felsenfeld, 1990). The mapping of DNascl hypersensitive sites 

revealed constitutive elements that flanked the f -globin locus, 5'F1S4 and 3'IIS, with 

5'HS4 forming part of the locus control region (Figure 1.9, top panel). In addition to 

ascertaining the chromatin structure using DNascI, the histone modifications within 

this region were also analysed. The entire ß-globin locus was found to be enriched 

for modifications associated with active transcription, including acctylation and 

methylation of lysine residues of histone H3. In contrast, within the condensed 

chromatin upstream of the locus these marks are depleted, and in their place there is a 

high percentage of methylation on the Lys-9 residue of histonc 113, a mark of 

transcriptional repression (Litt et al., 2001a; Litt et al., 2001b). The 5'11S4 clement 

(cHS4) marks the boundary of these two regions and it has been shown to have 

insulating functionality, due to its ability to confer position independent expression of 

an eye colour reporter gene in Drosophila (Chung et al., 1993). Investigation into the 
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insulating properties of the insulator showed that it had both enhancer blocking 

(Chung et al., 1993) and barrier activity (Pikaart et al., 1998). Characterisation of the 

insulator element identified a `core' 250bp region which was sufficient for activity 

(Figure 1.9, bottom panel) (Chung et al., 1997). Further investigation of this region 

by DNasel footprinting revealed that the core element contains five protein binding 

sites and are referred to as footprints 1 to 5 (Fl-F5, Figure 1.9). Functional analysis 

showed that only one of these (F2) was necessary for enhancer blocking (Bell et al., 

1999). Studies to identify proteins that bound to this region of DNA revealed that the 

protein CCCTC-binding factor (CTCF) was responsible for this activity. CTCF is an 

eleven zinc finger DNA-binding protein that is highly conserved in vertebrates and 

has been implicated in both transcriptional silencing (Filippova et al., 1996) and 

activation (Vostrov and Quitschke, 1997). Functional analysis of the core region, 

employing a position-effect assay revealed that F2 and the CTCF binding site is not 

required for barrier activity and protection from position effects is mediated through 

the remaining four footprints (Recillas-Targa et al., 2002). Chromatin position effect 

protection by 5'HS4 is associated with the enrichment of histone modifications near 

the insulator that are associated with transcriptional activation, including acetylation 

of histories H3 and H4 and methylation of H3K4 and 113R4. The enrichment of these 

histone modifications are mediated by proteins binding to the 5'HS4 insulator. The 

regulatory proteins Upstream Stimulatory Factor I and 2 (USF1 and USF2) bind to 

the insulator in F4 as a heterodimer and recruit HATs as well as the H3K4 

methyltransferase SET 7/9 (West et al., 2004) and the arginine methyl trans ferasc 

PRMT1 (Huang et al., 2007) to the area adjacent to the insulator. Although the 

histone modifications mediated by USF1/USF2 are essential for barrier activity, they 

are not sufficient to prevent gene silencing in vertebrates. Deletion of either Fl, F3 or 
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F5 disrupts barrier activity without affecting USF-mediated recruitment of histonc 

modifications. Previously it has been observed that transgenes lack promoter DNA 

methylation when shielded from chromosomal silencing by 5' HS4 (Mutskov et al., 

2002). Dickson et a!. (2010) found that this hypomcthylation was mediated by the 

binding of the Vascular Endothelial Zinc Finger I (VEZF I) transcription factor to 

footprints F 1, F3 and F5. 

5' H S4 
HSA 321 

P 
1 Condensed chromatin 1 

111 

ý 

FR gene 

$iHS4 

ýIiL ]L3i[41 5 250bp Core 

Footprint 1,3,4,5: Needed for Footprint 2: Enhancer blocker - 
full barrier activity binds CTCF, Deletion has no effect 

on barrier activity 

Figure 1.9 The chicken ß-globin locus 
The chicken (i-glohin locus is -33kh in length and contains four ri-like globin genes (blue 

squares). The DNasel-hypersensitive sites (numbered vertical arrows) at the 5' end of the the 

globin gene family cluster denote the locus control region. The 5'IIS4 element marks the the 
5' end of the erythroid specific locus. Further upstream is a I6kb long region of condensed 
chromatin and beyond this is the folate receptor (FR) gene. The core 250bp region of 5'11S4 
is shown below which possesses both enhancer blocking (Footprint 2) and barrier activity 
(Footprints 1,3,4,5) (Adapted from Recillas-Targa el a!., 2002). 

In addition to the work performed to characterise the OIS4 insulator where it was 

shown to protect against position effects in Drosophila (Chung cat al., 1993), its utility 

in other experimental settings has also been investigated. Studies have shown that the 

1IS4 insulator can block promoter suppression in cultured human K562 
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erythroleukemia cells (Villemure et al., 2001; Walters el al., 1999). Functionality has 

also been demonstrated in the generation of transgcnic mice. In a study by Potts et al. 

(2002), the expression of a tyrosinase minigene flanked by tandem copies of the clS4 

insulator resulted in a significant reduction in the variability between transgcnic mice. 

Beneficial effects have been reported in gene therapy vectors. Emery et al. (2000) 

incorporated the cHS4 insulator into an oncoretroviral vector, with the insulator 

flanking a green fluorescent protein (GFP) reporter gene. An increase in the number 

of transduced cells that expressed the provirus was observed as well as a decrease in 

negative position effects. These studies have shown that the incorporation of the 

cHS4 insulator into expression vectors can be beneficial in a number of cell types and 

organisms. However, investigation into its effects on transgene expression from CHO 

cells has demonstrated that it has limited activity in this cell line. The incorporation 

of the insulator into expression vectors used to generate CHO cell lines expressing an 

inducible reporter gene was not sufficient to produce homogenous transformants, and 

it was only partially effective at insulating the CMV promoter from position effects 

(Izumi and Gilbert, 1999). 

1.8.2 Matrix Attachment Regions 

Scaffold or Matrix Attachment Regions (S/MARs) were first identified in DNA 

fragments that were retained in nuclear scaffold/matrix preparations. They act as 

structural components that anchor the chromosomes to the matrix and position 

chromatin into loop structures which can range in size from a few kb to more than 100 

kb. In addition, they are thought to assist in the packaging of DNA in the nucleus 

(Bode et al., 1996). The loop structures are formed because the DNA sequence of a 

MAR clement consist of regions several hundred bp in length, which arc extremely 
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AT rich. These irregularly spaced runs of A's and T's cause the DNA to become 

curved in a non-B DNA structure and MARs form the anchor points of the loop 

domains (Hart and Laemmli, 1998). MARS may also form genetic boundaries 

between chromosomal domains and as such only the encompassing cis-regulatory 

elements will control the expression of genes within the domain (Zahn-Zabal et al., 

2001). MARS have been shown to provide insulation from chromatin effects and also 

increase transcription initiation levels (Mielke et al., 1990). Steif at al. (1989) 

identified the cis acting MAR regions flanking the chicken lysozyme gene 

(clysMAR), by detecting elevated expression of a reporter gene, which was 

independent of chromosomal region. Since this was reported there have been various 

studies showing that the clysMAR can protect against position effects and enhance 

gene expression in mammalian systems (Girod et at., 2005; Zahn-Zabal et at., 2001). 

Zahn-Zabel et al. (2001), showed that the presence of a clysMAR clement in the 

expression vector resulted in an increase in the proportion of high expressing clones 

isolated as well as increasing the average expression levels of the clones analysed. 

This was achieved when the MAR elements were placed at both ends and thus flanked 

the transgene (in cis) as well as when constructs were co"transfccted with the 

clysMAR on a separate plasmid (in trans). Girod et al., (2005), performed further 

analyses investigating the effect of the clysMAR element on recombinant antibody 

production. In this study it was shown that expression levcls were significantly 

increased when the clysMAR was added both in cis and trans. Other MAR elements 

have been shown to augment recombinant protein expression in mammalian cells 

including the MAR element from the human P-globin region. The P-globin locus is 

20kb in length and the MAR element is located at the 5' boundary (Yu et al., 1994). 

Kim et al. (2004) showed that the presence of this MAR clement placed upstream of 

38 



Chapter I 

the promoter driving ß-galactosidasc (f3-gal) expression, could increase the frequency 

of positive clones by up to 80% and these colonies expressed 1i-gal approximately 

seven-fold higher than when no MAR was present. Wang et al. (2010) have also 

utilised the human ß-globin MAR element and investigated its effects on the 

expression of a chloramphenicol acetyl trans fcrase (CAT) reporter gene within CHO 

cells. Expression vectors were constructed with the MAR element at various 

positions around the CAT expression cassette. The configuration that resulted in the 

highest CAT expression levels was when two copies of the MAR clement were 

present in the vector, flanking the CAT expression cassette. 

Whilst there is an estimated 50,000 MAR elements in the human genome, only a few 

have been identified and characterised (Bode et al., 2000). This is because MAR 

elements are not associated with any specific DNA sequence, and their function is 

more closely related to structural properties and characterised MAR elements had 

previously all been identified experimentally. With the aim of identifying novel MAR 

elements, Girod et al., (2007), employed a computational approach to analyse putative 

MAR sequences in the human genome. Regions of the clysMAR that had been shown 

to increase transgene expression were used to scan the human genome for putative 

MAR sequences and approximately 54,000 potential MAR sequences were identified. 

By setting more stringent criteria to identify the most potent elements this figure was 

reduced to 1566 sequences. Cloning of several of these sequences and subsequent 

linkage and functional expression of a reporter gene, indicated that these MAR 

elements were more potent than the previously described clysMAR element. 
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1.8.3 Ubiquitously-acting Chromatin Opening Elements (UCOEs) 

Certain gene products are essential for continuous cell growth and survival and the 

genes which encode these are referred to as housekeeping genes. The continuous 

expression of these genes requires the transcriptional machinery to have constant 

access to the DNA implying that these genes must reside in euchromatin. Harland et 

al. (2002) investigated the region of DNA surrounding a ubiquitously expressed 

housekeeping gene in order to identify any elements associated with this region of 

DNA. The study investigated the TATA binding protein (TBP) gene that is an 

essential component of the basal transcriptional machinery. Analysis of the TI3P 

locus identified three functionally distinct genes, encoding TBP, Proteasome 

component-B 1 (PSMB 1) and Programmed cell death-2 (PDCD2). These genes are all 

housekeeping genes and possess a methylation free CGI spanning their promoter 

regions. Initially, Harland et al. showed that when murine fibroblast L-cells grown in 

tissue culture were stably transfected with the 44kb genomic region containing the 

entire TBP gene and the 5' region of the PSAfBI gene, TBP could be constitutively 

expressed in all clones isolated at consistently high levels, and that chromatin position 

effects were negated. Further investigation into how an open functional chromatin 

domain is established at housekeeping gene loci was undertaken through the analysis 

of the organisationally similar heterogeneous nuclear ribonuclcoprotein A2/B1 

(HNRNPA2/B 1)-hctcrochromatin protein 1 Hs-y (chromobox homolog 3, CBX3) locus 

(Antoniou et at., 2003). Stably transfectcd cells showed that transgcncs containing 

methylation-free CGIs spanning the dual divergently transcribed promoters from both 

the TBP-PSMBI and the HNRPA2B1-CBX3 gene loci were not silenced and no 

position effects were observed even when the transgene was integrated into 

centromeric heterochromatin. These regions of DNA were therefore named 
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Ubiquitous Chromatin Opening Elements (UCOEs). The pattern of DNA methylation 

and histone modifications across the IINRPA2BI -CBX3 locus have been analysed 

(Lindahl Allen and Antoniou, 2007). A large region of the locus was found to be 

methylation free, which extended beyond the predicted CGI. In contrast, it was 

established that the 3' end of both the HNRPA2B1 and CBX3 promoters were 

methylated. However, analysis of the histone PTMs associated with these regions 

revealed that active acetylation and methylation marks on 113 and 114 were present. 

The ability of fragments of the IINRPA2BI-CBX3 locus, when used in combination 

with a hCMV promoter, to increase and stabilise transgene expression in CHO-K1 

cells has been evaluated (Williams et al. 2005). A series of three CGI-containing 

fragments of 8.0kb, 4.0kb and 1.5kb in length were investigated. The 8.0kb and 4.0kb 

fragments contained the complete CGI whereas the 1.5kb fragment contained only 

half of the CGI corresponding to the core region still spanning the dual divergently 

transcribed promoters of IINRPA2B1-CBX3. It was observed that vectors containing 

either of these three fragments gave at least a 20-fold increase in the level of enhanced 

green fluorescent protein (EGFP) produced in stably transfcctcd pools of cells 

compared to that observed with the hCMV promoter alone. lt was also shown that the 

level of expression remained stable for over 100 generations. The ability of the 8.0kb 

fragment to enhance clonal cell line production in C110-K1 cells was also 

investigated. The presence of the 8.0kb fragment in the expression vector increased 

the number of high expressing clones produced and expression levels remained stable 

over time. Benton et al., 2002, have also utilised the 8.0kb UCOE and shown that the 

addition of this element is beneficial to antibody expression, both in terms of the 

number of expressing clones isolated as well as increasing antibody expression levels. 

The ability of a UCOE to prevent DNA mcthylation of an integrated transgene has 
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also recently been reported (Zhang el al., 2010). It was demonstrated that transgcne 

expression in murine embryonic carcinoma P19 cells was stable when the UCOE was 

present in a self-inactivating lentiviral vector, and this was due to the transgenc being 

resistant to DNA methylation. 

Further research has been undertaken to identify new UCOEs. Novel UCOEs have 

been identified using microarray analysis of RNA from CHO"Kl and NSO cells 

against known murine genes. Elements analysed were limited to sequences 

containing high CGI content and bidirectional promoters (Simpson cl al., 2006). 

DNA sequences from the 5' untranslated regions of ribosomal protein genes were 

shown to be capable of improving expression levels of operably-linked transcription 

units. One of these elements (3.2kb UCOE) has been used successfully to increase 

antibody expression from CHO stable cell lines (Ye et al., 2010). In this study, the 

addition of the UCOE upstream of both the heavy and light chain promoters resulted 

in a significant improvement in productivity. 

1.8.4 Stabilising Anti Repressor Elements 

This class of clement was identified using a genetic screen where only the cells 

transfected with a vector containing a DNA sequence which blocked chromatin 

associated repressors survived (Kwaks et at., 2003). A library of human benomic 

DNA fragments which were between 500bp and 2000bp in size were cloned between 

LexA binding sites and a neomycin resistance gene in a mammalian expression vector. 

The LexA binding sites allowed the binding of targeted fusion proteins between the 

LexA protein and the polycomb group proteins HPC2 or LPl which would repress 

gene expression unless blocked by an anti repressor element. The library was 
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transfected into U-2 OS cells and expression of the LcxA fusion protein was induced. 

When zeomycin was added to the culture medium the majority of the clones were 

killed. The surviving colonies were screened with the IIP1 and IIPC2 fusion proteins 

to determine which colonies counteracted the repression. This resulted in the 

recovery of 65 plasmids which conferred survival. Further analysis of several of these 

DNA sequences, referred to as Stabilising Anti Repressor (STAR) elements, due to 

their ability to conteract chromatin associated repression, was performed in order to 

establish whether these elements could enhance recombinant protein expression in 

mammalian cells. 

The generation of stable cell lines using vectors containing a STAR clement (STAR 

40) flanking the transgene resulted in more colonies expressing the gene compared to 

a control construct where no elements were present. It has also been shown that this 

increase in expression can be achieved in a number of cell lines and with different 

promoters. The elements are said to convey copy number dependent expression and 

be stable in the absence of selection pressure (Kwaks et al., 2003). 

Further analyses of the identified STAR elements indicated that the STAR elements 

had variable activity in CHO cells and that a different STAR clement, STAR 7, had 

bcttcr functionality than STAR 40 (Otte el al., 2007). In the same study STAR 7 was 

evaluated in combination with STAR 67. The STAR 67 clement was shown to have 

only low levels of anti repressor activity but enhanced protein cxpression when used 

in combination with other STAR elements (Otte el a!., 2007; Van [3lokland el a!., 

2007). Stable cell line generation using an expression vector incorporating both 

STAR 7 and 67 upstream of the EGFP cassette and STAR 7 downstream resulted in 
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colonies being isolated that expressed on average eleven-fold higher levels of EGFP 

than the control (Otte et al., 2007). The effect of STAR elements on transgcnc 

expression has also been investigated in combination with the targeting of a specific 

HAT domain to a transgene promoter. A study by Kwaks et al., (2005) demonstrated 

that the HAT domain of p300 was sufficient to increase expression levels of EGFP in 

stably tranfected clones but a decline in expression was observed when the cells were 

cultured in the absence of selection pressure. The addition of STAR elements to the 

expression construct increased expression levels and these remained stable when the 

cells were cultured in the absence of selection (Kwaks et al., 2005). 

1.9 Project aims 

The aim of the study was to investigate whether the identified chromatin modifying 

elements (UCOE, MAR, STAR and cHS4) could increase the level and stability of 

antibody expression in stable cell lines in the mammalian expression systems used at 

UCB. 

The elements chosen were incorporated into an antibody expression vector at different 

positions and combinations with the aim of determining which vector configuration 

was optimal for each element. This was achieved by analysing their effects on 

antibody expression in pooled and clonal CHO-KI cell lines. The optimal vectors 

were then used in a comparative side-by-side study to further understand the effects of 

these chromatin modifying elements on antibody expression from stably transfccted 

cells. 
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Work was performed to genetically characterise a number of clones harbouring 

constructs with each of the four chromatin modifying elements or the control vector 

with the aim of trying to obtain mechanistic insight into how these elements affected 

antibody expression. 

The final aim of the thesis was to assess whether the presence of the chromatin 

modifying elements within the expression vectors could influence stability of the 

established clonal stable cell lines and to understand whether epigenetic regulation, in 

the form of DNA methylation was contributing to any loss in expression. 
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CHAPTER 2 

Materials and Methods 
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2.1 Materials 

2.1.1 Reagents and equipment 

Chemical and biological reagents, unless otherwise stated, were obtained from Sigma- 

Aldrich (Poole, UK). Tissue culture media and components were obtained from 

Invitrogen (Paisley, UK). Plastic consumables were obtained from BD Falcon 

(Oxford, UK) except for ELISA plates which were NuncTm brand, supplied by Fisher 

Scientific (Loughborough, UK). 

Restriction enzymes, Taq DNA polymerasc and Alkaline Phosphatasc, Calf Intestinal 

(CIP) were obtained from Roche Diagnostics Ltd (Burgess Bill, UK) or New England 

Biolabs (Hitchin, UK). Antibodies were acquired from Jackson Immuno Research 

Inc, West Grove, PA, USA). 

PCR was carried out using a T3000 Thcrmocyclcr from Biometra (Gocttingcn, 

Germany). Small scale centrifugation was carried out using an Eppendorf 5415D 

benchtop microfuge (Anachcm Ltd. Luton, UK). Largc scalc ccntrifugation was 

carried out using a Sorvall Legend RT centrifuge (Thermo Scientific, Waltham, MA, 

USA). An ELx405 plate washcr was supplied by Biotck (Biotck UK, Potton, UK). 

ELISA plates were read on a discovery IIT-R plate reader from MWG-Biotech 

(Ebcrsbcrg, Gcrmany). 
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2.1.2 Buffers and solutions 

Buffer/ Solution Composition 

PBS 
137mM NaCl, 2.7mM KCI, 4.3 mM Na2IIPO4,1.47 
mM KH2PO4, pH 7.4 

L-Broth 
1% (w/v) Bactotryptonc, 0.5% (w/v) Bacto-yeast 
extract, 17mM NaCl, pH7.4 

S. O. C. medium 

2% (w/v) Bactotryptone, 0.5% (w/v) yeast extract, 10 
mM NaCl, 2.5 mM KCI, 10mM MgCl2,10mM MgC12, 
20mM glucose 

Salt solution 1.2M NaCl, 0.06M M C12 

TAE 40mM Tris-acetate pH8 1mM EDTA 

ELISA blocking buffer PBS, 3% (w/v) BSA, 1% Tween20 (v/v) 
ELISA conjugate buffer PBS, 0.5% (w/v) BSA, 0.2% (v/v) Tween 20 
ELISA wash buffer PBS, 1% (v/v) Twccn 20 

TMB 

O. 1mg/ml 3,3,5,5'-tetramcthylethycne benzidine 
0.004% (v/v) hydrogen peroxide in 0.1M sodium 
acetate buffer, pH 6 

20X SSC 3M NaCl, 0.3M sodium citrate 
De urination solution 250mM HC1 
Denaturation solution 1.5M NaCl, 0.5M NaOH 
Neutralisation solution 1.5M NaCl, 0.5M Tris-IICI, 
Southern blot 
hybridisation buffer DIG Easy Ilyb (Roche Diagnostics Ltd. ) 

Low stringency buffer 2x SSC, 0.1 % (v/v) SDS 
High stringency buffer 0.5x SSC, 0.1% (v/v) SDS 

Maleic acid buffer 
0.1M Maleic Acid, 0.15M NaCl, adjusted to p117.5 
with NaOH 

Southern blot washing 
buffer 

0.1M Maleie acid, 0.15M NaCl, p117.5,0.6% (v/v) 
Tween 20 

Southern blot blocking 
solution 

Blocking reagent (Roche Diagnostics Ltd. ) diluted to 
lx with Malcic acid buffer 

Detection buffer 0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5 

Antibody solution 
Anti-Dioxigenin-AP diluted 1: 10000 (75mU/ml) in 
blocking solution 

Hypotonic solution 0.075M KCl 
Fixative solution Methanol: Acetic acid, 3: 1 kept on ice 

I Ox NT buffer 
500 mM Tris-HCI, pH 7.5,100 mM MgCi2,10 mM 
DTT, 0.5 mg/ml BSA 

FISH hybridisation 
buffer 

50% (v/v) formamide, 10% (v/v) 20x SSC, 20% (v/v) 
dextran sulphate, 20% (v/v) ddU2O 

Storage buffer 4x SSC, 0.05% (v/v) le al 
FISH block buffer Storage buffer, 0.25% (w/v) BSA 

48 



Chapter 2 

2.1.3 Antibodies 

Antibody Reactivity Type Use Supplier 
UCI3 

MOPC21 unknown Monoclonal ELISA Standard Discovery 
Research 

goat anti-mouse Mouse Fc Polyclonal ELISA coating 
Jackson 

Fc region Immuno 
Goat anti mouse Mouse Fc Polyclonal ELISA Jackson 
Fc-HRP region detection Immuno 

Roche 
anti-DIG-AP Dioxigenin Polyclonal Probe detection Diagnostics 

Southern blot Ltd 

2.1.4 Bacterial strains 

MAX Efficiency® Stbl2Tti1 Competent Cells (Invitrogen) were used for most 

transformations. For all other transformations XLI blue supcrcompctcnt cells 

(Stratagene) or TOP 10 cells (Invitrogen) were used. 

2.1.5 Vectors 

PAC clone RP4-736G20 was obtained from the Welcome Trust Sanger Institute. 

pCR-Script was obtained from Stratagene. 

PCR4-Topo was obtained from Invitrogcn. 

UCB antibody expression vectors are based on p1: 1: 12 (13ebbington, 1995) in which 

the backbone from Sail to Mlul has been replaced with that of pVAX (Invitrogcn) to 

introduce kanamycin resistance and a pUC origin of replication to give high plasmid 

copy number in E. coli hosts. 

The antibody expression vector used in this study (Ab535) consists of a light chain 

encoding Ab535 VL and murine kappa constant region and a heavy chain consisting 

of Ab535 VII and murine y lfull length constant region. Transcription of the 
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immunoglobulin heavy and light chains are controlled by a modified version of the 

human immediate/early cytomegalovirus promoter and the SV40 polyadcnylation 

signal sequence. A kanamycin resistance gene and pUC origin of replication allows 

replication and selection in bacteria. 

2.1.6 Cell lines 

The CHO-KI cells used in this study are a suspension adapted variant grown in CD- 

CHO medium, derived at UCB from an original isolate obtained from the ATCC. 

2.1.7 Chromatin modifying elements 

The chromatin modifying elements used in this study along their sizes and source can 

be found in Table 1. 

Element Size (kb) Source of element 
UCOE 1.5 Licensed from Millipore 
MAR X_S29 3.4 Selexis patent application WO 2005/040377 
STAR 40 1 Kwaks et a!. ( 2003) 
STAR 72 

plasmid kindly provided by Crucell 
11S4 Tandem 0.5 Chung et a!. (1997) 

Table 2.1 Size and source of chromatin modifying elements used in study 

2.1.8 Oligonucleotides 

All oligonucleotides used can be found in Appendix 2. 
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2.2 Methods 

2.2.1 PCIt amplification of DNA fragments 

Routine amplification of DNA was carried out using Taq polymersase. PCR reactions 

were carried out in a total volume of 50µl and contained approximately 50ng template 

DNA, lOpmoles of forward and reverse primer, 0.2mM dNTP mix (dATP, dCTP, 

dGTP, dTTP), 5µl IOX PCR buffer (100mM Tris-HCI, 15mM MgC12,500mM KCI, 

pH 8.3), 1.25U Taq polymerase and sterile dH2O. Reactions were cycled under the 

following conditions: 

95°C 2 minutes 
95°C 20 seconds 
55°C 20 seconds 30 cycles 
72°C 2 minutes 
72°C 5 minutes 

Following amplification, reactions were stored at 4°C. 

When high GC content DNA was amplified the Taq polymcrasc was substituted for 

the Iierculase II polymerase kit (Stratagene, La Jolla, CA, USA). 

Post reaction, samples were analysed using agarose gel electrophoresis (See Section 

2.2.2). 

2.2.2 Agarose gel electrophoresis 

Gel electrophoresis was carried out using 1% (w/v) agarosc gel in TAE buffer 

containing 0.5pg/ml of cthidium bromide. Electrophoresis was typically carried out at 

10V/cm and the DNA bands were visualised using a 254nm UV light. Tri-Dye DNA 

markers (New England Biolabs) were used to size DNA fragments. Electrophoresis 

was used both to analyse fragments following restriction enzyme digestion and for 

separation prior to purification of fragments used in subsequent manipulations. To 
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minimise DNA damage, illumination of DNA fragments for cloning was carried out 

using a 366nm UV light. 

2.2.3 DNA fragment purification from an agarose gel 

DNA fragments were purified from agarose gel using the QlAquick Gel Extraction 

Kit (Qiagen Ltd. Crawley, UK) according to the manufacturer's protocol. Briefly, the 

gel fragment was excised from the agarose gel, and weighed. 3 volumes of buffer QG 

was added to 1 volume of gel (100mg - 100µl). After incubation at 50°C for 10 

minutes 1 gel volume of isopropanol was added to the sample and mixed. DNA was 

bound to a QlAquick column and centrifuged at 13,200rpm for 1 minute. The flow 

through was discarded and 500µl buffer QG was added. The sample was centrifuged 

for 1 minute at 13,200rpm and the flow through discarded. The column was washed 

by the addition of 750µ1 buffer PE. Following the removal of the flow through the 

column was centrifuged at 13,200rpm for a further 1 minute to remove any traces of 

ethanol from the column. The QlAquick column was placed into a clean 

microcentrifuge tube and to elute the DNA 50µl d1120 was added to the centre of the 

QlAquick membrane and the column was centrifuged for I minute at I3,200rpm. 

2.2.4 Restriction digestions of DNA 

For restriction enzyme analysis 10 units of restriction enzyme was incubated with 

500ng of DNA in the appropriate lOx buffer for 90 minutes at the appropriate 

temperature. When restriction digested DNA fragments were required for libations 

5µg of DNA was used in the reaction. 
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2.2.5 Phosphotase treatment 

Vector fragments with compatible restriction enzyme ends had the 5' - phosphate 

groups removed by treatment with CIE' to prevent self-ligation. Enzyme was added at 

0.5 units per 1 pg of DNA and incubated in the recommcndcd buffer at 37°C for 15 

minutes. To eliminate CIP from the reaction mix the DNA was resolved by agarose 

gel clectrophoresis (see Section 2.2.2) and the DNA purified as in Section 2.2.3 

2.2.6 Ligation of DNA fragments 

DNA fragments were ligatcd into vector backbones using the Roche DNA Rapid 

Ligation Kit® (Roche Diagnostics Ltd. ) according to the manufacturer's protocol. 

Briefly, vector and insert DNA were added to lx DNA dilution buffer to a final 

volume of 10µl. 10µl T4 DNA ligation buffer was added and mixed thoroughly. T4 

ligase (l µl; 5 units per 1µl) was added, the contents mixed thoroughly and incubated 

for 5 minutcs at 15-25°C. 

2.2.7 E. coli Transformation 

2.2.7.1 AIAX efficiency Stbl2 L. coli transformation 

An aliquot of the ligation mix (101l) was added to 100µl MAX Efficiency Stbl2 

competent cells (Invitrogcn) according to the manufacturer's instructions. Briefly, 

after the addition of DNA to the competent cells the tubes were placed on ice for 30 

minutes. Following a heat shock at 42°C for 25 seconds the tubes were returned to 

the ice for 2 minutes. S. O. C. medium (9O011) was added and the cells incubated 

whilst shaking (225rpm) at 30°C for 90 minutes. Cells were plated out onto L-broth 

agar plates containing the appropriate concentration of antibiotic and propagated 

ovcrnight at 30°C. 
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2.2.7.2 XLJ Blue E. coli transformation 

XL1 Blue competent cells (Stratagenc) were transformed as in Section 2.2.7.1 but 

with the following alterations. An aliquot of ligation mix (l0µ1) was added to 50pl 

XLIBlue competent cells and after incubation on ice the cells were heat shocked for 

45 second at 42°C and returned to ice for 2 minutes. S. O. C. medium (450µl) was 

added and the cells incubated whilst shaking (225rpm) for 60 minutes at 37°C. After 

plating out onto L-broth containing the appropriate concentration of antibiotic the 

plates were incubated overnight at 37°C. 

2.2.8 TOPO' cloning 

Taq generated PCR products were cloned into the pCR4-TOPO vector (Invitrogen) 

according to the manufacturer's protocol. Briefly, 2µl of PCR product was added to a 

microcentrifugc tube. To this was then added 1µl of salt solution and 2pl of d1120, 

the contents mixed followed by addition of l µl of TOPO' vector and incubation at 

15-25°C for 5 minutes. Following ligation 2µl of ligation mix was used to transform 

TOP 10 cells as described in Section 2.2.7.2. 

2.2.9 Small scale plasmid I)NA purification from transformed E. coli 

Single colonies were picked and grown overnight in the appropriate volume of L- 

broth containing antibiotic sclcction. For small-scale plasmid DNA preparation, 

QIAprcp spin miniprcp kits (Qiagcn Ltd. ) wcrc used according to the manufacturer's 

instructions. Brie lye overnight cultures (5m1) were centrifuged for 10 minutes at 

3,000rpm and the bacterial ccll pellet was resuspended in 2501l buffer P l. Huffer P2 

(250µl) was added and the sample mixed. Buffer N3 (35O tl) was added and the 

sample was mixed thoroughly. The sample was centrifuged for 10 minutes at 
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13,200rpm and the supcrnatant was transfcrrcd to a QlAprcp spin column. After 

ccntrifugation for 30 scconds at 13,200rpm the column was washed with 750µI of 

buffer PE. The column was ccntrifugcd for 30 seconds at 13,200rpm and the flow 

through discarded. The centrifugation step was repeated to remove any residual 

ethanol and the DNA was then eluted into 50µl dU120. 

2.2.10 Large scale plasmid DNA purification from transformed E. coli 

QlAfilter plasmid maxiprep kits (Qiagen Ltd. ) were used to purify larger scale 

plasmid DNA in accordance with the manufacturer's instructions. Briefly, overnight 

cultures were centrifuged for 10 minutes at 3,000rpm and the bacterial pellet was 

resuspended in l0ml buffer P1,10ml of buffer P2 was added and the sample mixed. 

After incubating at 15-25°C for 5 minutes, 10ml of chilled buffcr P3 was added to the 

lysate and the sample mixed thoroughly. The lysate was poured into the barrel of a 

QIAGlter cartridge and incubated at 15-25°C for 10 minutes. A Qiabcn-tip 500 was 

equilibrated by adding 10m1 of buffer QBT and allowing the column to empty by 

gravity flow. The lysate was filtered and then added to the Qiagcn-tip. Aller the 

lysate had entered the tip by gravity flow the column was washed twice with 30m1 

buffer QC. DNA was then clutcd with the addition of 15ml buffer QF. DNA was 

prccipitatcd by adding 10.5m1 isopropanol and thcn centrifuged for 30 minutcs at 

3,500rpm. The pcllctcd DNA was washed with 70% (v/v) ethanol and then air-dried 

before being resuspended in an appropriatc volume of d1120. 

2.2.11 Cenomic DNA extraction from CIlO-KI cells 

High molecular weight gDNA was extracted from C110-KI cells using the Wizard 

Genomic DNA Isolation Kit (Promega, Southampton, UK) according to the 
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manufacturer's instructions. Briefly, cells were pcllctcd by centrifugation at 

13,200rpm for 15 seconds and 20011 PBS was added to wash the cells. The cell 

solution was centrifuged at 13,200rpm for 15 seconds and the supernatant removed. 

600µl nuclei lysis solution was added and pipetted to lyse the cells. 3µl RNase A was 

added to the nuclear lysate and the sample mixed by invertion of the tube 2-5 times. 

The mixture was incubated for 15-30 minutes at 37°C and then allowed to cool to 15- 

25°C for 5 minutes. 200µl of protein precipitation solution was added and the sample 

vortexed at 13,200rpm for 20 seconds. The sample was then incubated on ice for 5 

minutes. After centrifugation for 4 minutes at 13,200rpm the supernatant was 

transferred to a microcentrifuge tube containing 600µl isopropanol. The solution was 

mixed by gentle inversion until the white thread like strands of DNA formed a visible 

mass. To pellet the DNA the sample was centrifuged at 13,200rpm for 1 minute. The 

DNA was washed with the addition of 600µl 70% (v/v) ethanol and then pelleted by 

centrifugation at 13,200rpm for 1 minute. The supernatant was removed and the 

pellet was air-dried for 10-15minutes. DNA was resuspended in 100µl d1120. 

2.2.12 RNA extraction from CIlO-K1 cells 

Total RNA was isolated from CHO-KI cells using the RNcasy plus kit (Qiagcn Ltd) 

according to the manufacturer's instructions. Briefly, cells were disrupted by adding 

350µ1 RLT plus buffer (supplemented with 10µl P-mercaptocthanol per lml RLT plus 

buffer). The lysate was homogenised by adding the lysate to a QIAshrcddcr spin 

column, and centrifuging for 2 minutes at 13,200rpm. The homogenised lysatc was 

transferred to a gDNA eliminator spin column and the sample was centrifuged for 30 

seconds at 10,000rpm. The column was discarded and 350111 of 70% (v/v) ethanol 

was added to the flow through and mixed well by pipetting. The sample was then 
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transferred to an RNeasy spin column. After centrifugation for 15 seconds at 

10,000rpm the flow-through was discarded and 700µ1 buffer RWI was added to the 

RNeasy spin column. The sample was centrifuged for 15 seconds at 10,000rpm and 

the flow-through discarded. 500µl buffer RPE was added to the column and the 

sample centrifuged for 15 seconds at 10,000rpm. A further 500µl buffer RPE was 

added to the column and the sample centrifuged for 2 minutes at 10,000rpm. To 

eliminate any possible carryover of buffer RPE, the RNeasy spin column was placed 

in a new 2m1 collection tube and centrifuged for 1 minute at 13,200rpm. RNA was 

eluted by adding 30µl RNase-free water directly to the column membrane and the 

sample centrifuged for 1 minute at 10,000rpm. To increase the yield of RNA a further 

30µl RNase-free water was added to the column membrane and the sample 

centrifuged for 1 minute at 10,000rpm. 

2.2.13 Phenol-chloroform extraction and ethanol precipitation of DNA 

An equal volume of Tris-buffered phenol was added to the DNA and vortexcd for 10 

seconds and then centrifuged for 1 minute at 13,200rpm. The top aqueous layer was 

decanted into a fresh microcentrifuge tube and an equal volume of chloroform added. 

The sample was vortexed for 10 seconds and then centrifuged for 1 minute at 

13,200rpm. The upper aqueous layer was again transferred to a fresh microcentrifuge 

tube. The DNA was precipitated by the addition of 0. lx volumes of 3M sodium 

acetate pH 5.2 and 2.5x volumes 95% (v/v) pre-chilled (-20°C) ethanol, and mixed by 

invertion. The DNA was pelletcd by centrifugation for 30 minutes at 14,000rpm and 

4°C. The ethanol was decanted and the DNA pellet washed once with 70% (v/v) 

ethanol and centrifuged (14,000rpm for 10 minutes). The ethanol was decanted, the 

pellet air dried and resuspended in an appropriate volume of dH2O. 
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2.2.14 DNA concentration and purity determination using optical density (OD) 

measurement 

Plasmid DNA concentration was determined by measurement of the OD at 260nm 

using an Ultraspec 3100 pro spectrophotometcr (Amersham Biosciences, Little 

Chalfont, UK) assuming an OD of 1 represents a concentration of 50µg/ml of double 

stranded DNA for a1 cm path length. The concentration of DNA was calculated using 

the formula shown below: 

(0D260 x 50 x dilution factor)/1000 = µg/µ1 

gDNA concentration was determined, as above, but measurement of the optical 

density at 260nm was performed using a Nanodrop 1000 (Thermo Scientific). High 

purity DNA had an OD260: 280nm ratio of greater than 1.8. 

2.2.15 RNA concentration and purity determination 

Total RNA concentration was determined by measurement of the OD at 260nm using 

the Nanodrop 1000 (Thermo Scientific) assuming an OD of 1 represents a 

concentration of 40pg/ml of RNA for a 1cm path length. The concentration of RNA 

was calculated using the formula shown below: 

(OD260 x 40 x dilution factor)/1000 = mg/mL 

High purity RNA had an OD260: 280nm ratio of between 1.7-2.1. 

2.2.16 DNA sequencing 

DNA sequencing was performed in 0.2ml thin walled PCR tubes (Anachem Ltd, 

Luton, UK). Each reaction contained approximately 250ng DNA or 1 µl of miniprep 

DNA, 3.2pmoles sequencing primer, 1µl sequencing buffer (400mM Tris, 10mM 

MgC12) and l µl Big Dye Terminator Reaction Ready sequencing premix. Both 
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sequencing buffer and premix were supplied in the Big Dye Terminator Reaction 

Ready sequencing kit (Applied Biosystems, Warrington, UK). Distilled water was 

added to bring the volume to 7.5µl and the reaction was cycled under the following 

conditions: 

96°C 30 seconds 
96°C 10 seconds 
50°C 5 seconds 35 cycles 
60°C 4 minutes 

The DNA was then precipitated by the addition of 0.1 volumes 3M Sodium Acetate 

(pH 4.6) and 2.5 volumes of 95% (v/v) ethanol. Samples were incubated at 15-25°C 

for 15 minutes and then centrifuged at 1500rpm for 45 minutes at 4°C. The resultant 

pellets were washed with 70% (v/v) ethanol, air-dried and then resuspended in 10µl 

formamide. 

The samples were then analysed on a 3100 automated DNA sequencer (Applied 

Biosystems). Data was analysed using Sequcncher software (Gene Codes 

Corporation, Ann Arbor, MA, USA). 

2.3 DNA Methods 

2.3.1 Reverse transcription PCR for cDNA generation 

mRNA was converted into cDNA using a High Capacity cDNA RT kit (Applied 

Biosystems) according to the manufacturer's protocol. Briefly, a mix of the following 

components was prepared on ice: 2µl lOx RT buffer, 0.8µl 25x dNTP mix (100mM), 

2µl lOx RT random primers, 1µl multiscribcTM reverse transcriptase and 4.2µl 
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nuclease-free water. RNA (1µg) was diluted in nuclease-free water to a volume of 

10µl. The reaction mixture and RNA sample were combined and incubated under the 

following conditions: 

25°C 10 minutes 
37°C 120 minutes 
85°C 5 seconds 

2.3.2 Quantitative PCR 

TaqMan PCR assays were performed on gDNA samples for copy number 

determination or cDNA for mRNA level quantification in 384-well optical plates on 

an ABI Prism 7900HT Sequence Detection system (Applied Biosystems). Each 

sample was assayed in triplicate. A master mix was prepared which contained for 

each 10µl TaqMan reaction, 2µl DNA template, 2.83µl d1120,0.17µl 60x TaqMan 

probe (consisting of forward and reverse primers, each with lx concentration of 

900nM and a 6-FAMTM dye-labelled TaqMan probe, lx concentration, 250nM) and 

5µ12x Quantitect mix (containing HotStar® DNA polymerase, Quantitect probe PCR 

buffer, dNTP mix, ROX passive reference dye, 8mM MgC12) (Qiagcn Ltd. ). The 

samples were cycled under the following conditions: 

50°C 2 minutes 
95°C 10 minutes 
95°C for 15 seconds 
60°C for 1 minutes 

} 40 cycles 

The results were analysed using the SDS 2.3 software for absolute quantification 

calculations or RQ manager software for relative quantity determinations. (Applied 

Biosystems). 
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2.3.2.1 Generation of standard curies for copy number determination 

Standard curves were required for copy number determination. Plasmid DNA was 

used in the range of 1x106 copies to 4.15x103 copies in a 1: 3 dilution series in CHO- 

K1 gDNA. Plasmid DNA molecular weight was calculated using the following: 

If each bp of DNA = 660Da, and 1 Da = 1.66x 1 0-24g 

Plasmid size (Ab535GS) = 11560bp 

Plasmid Mr = 11560 x 660 = 7629600Da 

7629600 x 1.66x 10'24 = 1.27x 10"17g 

So, 1 copy of Ab535GS plasmid = 1.27x10''78 

and 1x108 copies = 1.27x10-17 x 1x108 = 1.27x10"9g = 1.27ng 

using calculation above, M, of other plasmids: 

size 

plasmid (bp) ng DNA for 1x10A copies 
1.5kb A2UCOE 16236 1.78 
MAR X 

-S29 
18242 2.00 

STAR 7 15849 1.74 
c11S4 tandem 12941 1.42 

2.3.3 Southern Blot Hybridisation 

2.3.3.1 DIG labelled Probe synthesis. 

PCR was used to generate the DIG labelled probe used in the hybridizations. 

PCR reactions were carried out using the Expand High Fidelity PCR system (Roche 

Diagnostics Ltd) in a total volume of 50µl and contained approximately lOpg 

template DNA, lOpmoles of forward and reverse primer, dNTP mix (200µM dATP, 

200µM dCTP, 200µM dGTP, 130µM dTTp, 70µM DIG-11-dUTP), 10µl lox buffer 

61 



Chapter 2 

with MgC12,2.6U of Expand High Fidelity enzyme mix and sterile d1120. Reactions 

were cycled under the following conditions: 

95°C 2 minutes 
95°C 30 seconds 
60°C 30 seconds 30 cycles 
72°C 40 seconds 
72°C 7 minutes 

PCR products were analysed using agarose gel electrophoresis (as described in 

Section 2.2.4). 

2.3.3.2 DNA extraction and electrophoresis 

Total gDNA (10µg) was digested to completion using EcoRI restriction enzyme for 

16 hours. Digested DNA, along with DIG labelled DNA Molecular weight marker 

(Roche Diagnostics Ltd) was separated according to size by electrophoresis through a 

0.8% (w/v) TAE agarose gel. After visualisation of the gel to check separation of the 

DNA the gel was placed in depurination solution for 15 minutes at 15-20°C. The gel 

was rinsed in de-ionised water and then incubated in denaturation buffer for 15 

minutes in order to denature the double stranded genomic DNA. The denaturation 

buffer was replaced and the gel incubated for a further 15 minutes. It was then placed 

in neutralisation buffer for 15 minutes with shaking. The neutralisation buffer was 

replaced and the gel incubated for a further 15 minutes. After rinsing in d1120, the 

gel was equilibrated in 20x SSC for 10 minutes. 

2.3.3.3 Capillary blot and DNA cross linking 

A capillary blot was set up according to the Roche DIG Application Manual for Filter 

Hybridisation. Briefly, a piece of Whatman 3mm paper (GE Healthcare, Little 

Chalfont, UK) soaked in 20x SSC was placed on top of a `bridge' so that it was 

resting in a shallow reservoir of 20x SSC. The gel was placed upside down on top of 
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the wet sheet of 3mm Whatman paper. A piece of positively charged nylon 

membrane was cut to the same size of the gel and placed on top. The blot assembly 

was completed by adding a dry sheet of 3mm Whatman paper, a stack of paper 

towels, a glass plate and a 200g weight. DNA was transferred overnight. Following 

transfer, the membrane was washed briefly in 2x SSC and then the DNA was fixed to 

the membrane by incubation in a Tcchne flybridiser UB 1D hybridisation oven for 2 

hours at 80°C (Techne Inc, Burlington, NJ, USA). 

2.3.3.4 Pre-hybridisation of m em brane with DIG Easy Ilyb 

The correct hybridisation temperature for hybridisation in DIG Easy flyb buffer was 

determined using the following calculation, as described in the Roche DIG 

Application Manual for Filter Hybridisation: 

Tm=49.82+0.41 (%G+C)-600/1 

Thyb = Tm - (20° to 25°C) 

Where: 

T. = melting point of probe-target hybrid 

(% G+ C) =% of G and C residues in probe scqucncc 

Thyb = Optimal temperature for hybridisation of probe to target in DIG Easy Ilyb 

I= length of hybrid in base pairs 

The probe being used had a G+C content of 46.9% and a length of 488 base pairs 

Therefore: 
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T. = 49.82 + 0.41 (46.9) -- 600/488 

49.82 + 19.229 - 1.23 

67.8 

Thyb = 67.8 - (20° to 25°C) 

= 42.8 to 47.8°C 

A hybridisation temperature of 45°C was chosen. 

The membrane was added to a hybridisation bottle along with 10mi of DIG Easy Ilyb. 

The membrane was incubated at 45°C for 1 hour in a Tcchnc Hybridiser Hß1D 

hybridisation oven (Techne Inc. ). 

2.3.3.5 hybridisation of DIG-labelled DNA probe to DNA on �enrbrane 

DIG labelled probe (20µl), (as synthesised in Section 2.3.1) was placed in a 

microcentrifuge tube containing 30µl dH20. The microcentrifuge tube was incubated 

at 100°C for 5 minutes to denature the probe and then chilled quickly in an ice bath. 

Prehybridisation buffer was removed and the labelled probe added along with the pre- 

warmed (45°C) DIG Easy Ilyb buffer. The membrane was incubated with the probe 

overnight at 45°C. 

2.3.3.6 Washing the DIG labelled membrane 

After discarding the hybridisation mixture, the membrane was washed twice in 200ml 

low stringency buffer for 5 minutes at 15-10°C. The low stringency buffer was 

poured off and immediately replaced with the pre-warmed (65°C) high stringency 

buffer and incubated for 20 minutes at 65°C. 
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2.3.3.7 Detection of DIG labelled probes 

The membrane was rinsed briefly for 5 minutes in washing buffer and then transferred 

to blocking solution where it was incubated whilst shaking at 15-25°C for 1 hour. 

The blocking solution was replaced with the anti-DIG antibody solution and incubated 

for 30 minutes. The membrane was washed twice in washing buffer for 30 minutes. 

After washing, the membrane was allowed to equilibrate in detection buffer for 5 

minutes. For chemiluminescent detection of the hybridised probe the membrane was 

placed with the DNA side facing up on a plastic folder and Iml of the alkaline 

phosphatase substrate CSPD added. A second sheet of plastic was placed 

immediately over the membrane and incubated for 5 minutes. The edges of the plastic 

folder were sealed and the folder was incubated for 10 minutes at 37°C. The 

membrane was exposed to X-ray film (Kodak, Hemel Hempstead, UK) for at least 30 

minutes and the film developed using a compact X4 automatic X-ray film processor 

(Xograph Healthcare Ltd, Tetbury, UK) 

2.3.5 Bisulphite conversion and sequencing 

The complete conversion of unmethylated cytosines to uracils in I pg gDNA was 

carried out using the EpiTect Bisulphite kit (Qiagen Ltd) according to the 

manufacturer's instructions. Briefly, the bisulphite mix was dissolved by adding 

800µl RNase-free water. gDNA (1µs) was diluted in a total volume of 20µl RNase- 

free water. To this 85µl of the dissolved bisulphite mix was added. Finally, 35µl 

DNA protect buffer was added, the contents mixed thoroughly and the tube incubated 

in a thermal cycler under the following conditions: 
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95°C 5 minutes 
60°C 25 minutes 
95°C 5 minutes 
60°C 85 minutes 
95°C 5 minutes 
60°C 175 minutes 

The sample was transferred to a fresh 1.5ml microcentrifuge tube and 500µl buffer 

BL was added. The solutions were mixed by vortexing and then transferred to a 

EpiTect spin column. The spin column was centrifuged for 1 minute at 13,200rpm 

and the flow-through discarded. Buffer BW (500µl) was added to the spin column 

and the sample centrifuged for 1 minute at 13,200rpm. After discarding the flow- 

through 500µ1 buffer BD was added to the spin column and incubated for 15 minutes. 

The spin column was centrifuged for 1 minute at 13,200rpm and the flow-through 

discarded. Buffer BW (500µl) was added and the sample was centrifuged for 1 

minute at 13,200rpm. Aller repeating the buffer BW wash the spin column was 

placed in a new 2ml collection tube and centrifuged for 1 minute at 13,200rpm to 

remove any traces of buffer BW. The spin column was then placed in a new l. 5ml 

microcentrifugc tube and 2Oµ1 buffer EB was pipetted onto the centre of the 

membrane. The DNA was eluted by centrifugation for 1 minute at 12,000rpm. To 

increase the yield of DNA a further 20µl of buffer Eli was added to the membrane 

and the column centrifuged for 1 minute at 13,200rpm. 

Following the bisulphite conversion and purification of the DNA a first round of PCR 

reactions were conducted. Reactions were set up as described in Section 2.2.1 using 

Taq polymerase but with the following alterations. The reaction mix contained 8µl of 

bisulphite converted DNA and the reactions were cycled under the following 

conditions: 
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94°C 2 minutes 
94°C 30 seconds 
55°C 30 seconds 40 cycles 
64°C 45 seconds 
64°C 7 minutes 
4°C Constant 

An 8µl aliquot of the PCR reaction from the first round of reaction was used in a 

nested PCR reaction. Reactions were set up and cycled under the same conditions as 

the first round PCR. 

2.4 Cell Culture Methods 

2.4.1 Cell maintenance 

Suspension adapted CHO-K1 cells were grown in CD-CHO media supplemented with 

8mM Glutamax. 

For routine passage cells were seeded at 2x 105 cells/ml every 3-4 days and grown 

shaking at 125rpm at 37°C in 8% COZ. In addition, stable cell lines were also grown 

in 6 well plates and were passaged by diluting 1: 10 into fresh CD-CHO media every 

3-4 days. 

2.4.2 Cell number determination 

Cell number and viability were determined using a CEDEX A520 cell counter (Roche 

Innovatis AG, Bielefeld, Germany). 
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2.4.3 Pooled stable cell line generation 

2.4.3.1 Neonrycin selection 

For pooled stable cell lines generated under Neomycin selection CIlO-KI cells were 

transfected using Lipofectamine 2000. A total of 1x107 cells were transfected 

according to the manufacturer's protocol. Briefly, 15Ftg of circular DNA was diluted 

in 375µl of OPTI-MEM® I reduced serum medium in a sterile tube. Lipofectamine 

2000 reagent (37.5µl) was diluted in another 375µl aliquot of OPTI-MEM® I medium 

and incubated for 5 minutes at 15-25°C. The Lipofectaminc 2000 reagent and the 

DNA solutions were then combined and mixed gently. The mixture was incubated at 

15-25°C for 20 minutes to allow DNA-reagent complexes to form. CHO-KI cells 

were resuspended in 3.75 ml of fresh CD-CHO medium in a T75 flask. After the 20 

min incubation, the reagent-DNA complexes were added to the T75 flask and 

incubated with the cells at 37°C for 4-4.5 hours. After the incubation, 6.75ml of fresh 

CD-CHO medium was added to the flask, and incubated overnight at 37°C. Stably 

transfected cells were then selected for by the addition of 1.5mg/ml geneticin sulphate 

(G418). FCS 1% (v/v) (PAA Laboratories Ltd, Yeovil, UK) was added to allow 

surviving cells to adhere and the medium was changed after one week. Two weeks 

post transfection when cell number and viability had recovered, cells were transferred 

to shaking culture and overgrow cultures set up to assess antibody expression levels. 

2.4.3.2 Glutamine synthetase selection 

Stably transfected pools of CHO-K1 cells under GS selection were transfcctcd by 

electroporation as follows. Cells (1 x107) were resuspended in CD-CE1O medium 

(700µl) and 100µl of linearised DNA (at a concentration of 400pg/ml) were mixed 

together in a Bio-Rad 0.4cm clectroporation cuvctte. The cell/DNA mixture was 
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clcctroporatcd with a single pulse of 300 volts and 960µp using a Bio-Rad gene pulsar 

unit (Bio-Rad Laboratories Ltd, Memel Hempstead, UK). The cell suspension was 

carefully removed from the cuvette and placed into 50ml of warm CD-010 medium. 

The cells were incubated overnight at 37°C in a static T175 flask. Stable transfectants 

were then selected by addition of 5OµM MSX to the media 24 hours post transfection. 

After 10 days the cell suspension was centrifuged at 1,000rpm and the cells were 

resuspended in fresh CD-CHO medium supplemented with 50µM MSX. Once cell 

viability and number had recovered, overgrow cultures were set up to assess antibody 

expression levels. 

2.4.4 Clonal Stable Cell Line Generation 

2.4.4.1 Neomycin selection 

Clonal cell lines were isolated by plating pools (as generated in Section 2.4.3.1) in 

CloneMedia (Genetix, New Milton, UK). For each cell line 12000 cells were added 

to 24ml of CloneMedia supplemented with 8mM Glutamax. The mix was plated out 

at 2m1/well (500 cells/ml) into 6 well cquiglass cell culture plates (Gcnctix). Clones 

were picked using a Clonepix' robot (Genctix) under white light illumination into 96 

well plates containing XP media (Genetix) supplemented with 8mM glutamine and 

1.5mg/ml G418. 

Z4.4.2 Glutamine synthetasc selection 

Clonal stable cell lines were transfected as described in Section 2.4.3.2. At 24 hours 

post transfection, cells were plated into 96 well plates at a cell concentration of 1x103 

cells per well in CD-CHO supplemented with 50µM MSX. Wells were scored 

manually for clonal cell growth 3 to 4 weeks later. 
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2.4.5 Determining specific antibody productivity 

2.4.5.1 The integral of viable cell concentration 

The integral of viable cell (IVC; 106 cells. h/ml) can be represented by the area under 

the cell growth curve. This integral was calculated by summing the areas under the 

curve between successive determinations of cell concentration. The method is based 

on that described by Renard et al. (Renard et al., 1988) and can be calculated using 

the formula below 

IVC = Xvo + Xvi . 
(ti - to) 

2 

Where: Xvo Viable cell concentration at first sample (106 cells/ml) 

Xv1 Viable cell concentration at second sample (106 cells/ml) 

to Elapsed time at first sample (hours) 

t1 Elapsed time at second sample (hours) 

2.4.5.2 Specific rate of product synthesis 

Values for the specific rate of antibody synthesis, Qp (mg/106 cells/h), were calculated 

by a single point calculation. Using this method the specific rate of product synthesis 

is calculated by dividing the value for product concentration at harvest by the value 

for the time integral of viable cell concentration at harvest. 

2.5 Assay Methods 

2.5.1 Mouse IgG ELISA 

Supernatant from the culture flasks were removed and antibody titre determined using 

a mouse IgG ELISA. Nunc' 96 well plates were coated with 100µl of 2pg/ml goat 

anti-mouse Fc antibody in PBS overnight at 4°C. After washing twice with ELISA 
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wash buffer plates were blocked with 200pUwcll ELISA blocking buffer for 1 hour at 

15-25°C. Plates were washed as before and then samples were added to the top row 

of the plate. In addition a standard, MOPC21, (at a concentration of 1 µg/ml) was 

added in duplicate and samples were titrated down the plate in ELISA conjugate 

buffer with tripling dilutions. After 1 hour incubation the plates were washed again 

and 100µl/well anti mouse Fc-IIRP at a 1: 5000 dilution in conjugate buffer was added 

to all wells and incubated at 15-20°C for 1 hour. Plates were washed again and 

binding revealed using TMß (Calbiochem, San Diego, CA, USA). Plates were read at 

630nm and concentrations calculated using KC4 data analysis software (Biotek UK). 

2.5.2 Spot ELISA 

When large numbers of samples were assayed, a modified mouse IgG ELISA was 

conducted. One well per supernatant sample was utilised with no standard. 

Absorbance at 630nm was measured. 

2.6 Cytogenic Methods 

2.6.1 Fluorescence In Situ Ilybridisation 

2.6.1.1 Probe generation using nick translation 

A reaction mix was prepared containing lx NT buffer, 10mM P-mercaptocthanol, 

0.5mM each of dATP, dCTP, 0.1mM dTTP, and 1mM biotin labelled dUTP (Roche 

Diagnostics Ltd. ), 5ng DNasc and IOU E. coli polymerase I (Ncw England Biolabs). 

DNA template (Ipg) was added in addition to DNasc/RNasc free water in a total 

volume of 50µl. The reaction was incubated at 16°C for 90 minutes. The reaction 

was stopped by adding 5 i1 of 0.5M EDTA, pH 8. To determine whether the probe 
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had been synthesised into the correct size (<S00bp) a fraction of the reaction was 

visualised on a I% (w/v) TAE agarose gel. 

2.6.1.2 Preparation of metaphase chromosome spreads from cultured cells 

Demecolcine (0.05µg/ml) solution was added to a lOml cell culture for 1 hour to 

accumulate cells in metaphase. The cell medium and cells were transferred to a 15ml 

Falcon tube and centrifuged at 800rpm for 5 minutes at 15-25°C. Supernatant was 

discarded and 6m1 of hypotonic solution, pre-warmed to 37°C, was added drop wise 

while resuspending the cells by gently flicking the tube. For the remainder of the 15 

minutes, tubes were incubated in a water bath at 37°C. Tubes were centrifuged at 

800rpm for 5 minutes at 15-25°C and the supernatant discarded. Cells were fixed by 

the addition of 5m1 fixative, added drop wise to avoid cell clumping. Cells were 

resuspended by gently flicking the tube. Tubes were centrifuged at 800rpm for 5 

minutes at 15-20°C and the supernatant was discarded. The fixing steps were 

repeated a further 3 times. Fixed cell suspensions can be stored long-term in fixative 

at -20°C. 

2.6.1.3 Dropping slides 

Fresh fixative was prepared and kept on ice. Slides were cleaned by incubating in 

methanol for several minutes at 15-20°C and then dried. The supernatant from the 

fixed cell suspension (prepared in Section 2.6.1.2) was removed until about 0.5ml of 

fixative was let and the cells were resuspended. Depending on the size of the pellet a 

further 0.5 to 2ml of fixative was added. A fraction of the cell suspension (8µl) was 

pipetted onto 3 separate areas of the same slide. Once the drops had a grainy 

appearance a further drop of fixative was added to the suspension. The suspension 
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was air dried and then the slides inspected under a phase contrast microscope to 

confirm metaphase spreads. Slides can be stored in 70% EtOH at 4°C at least for 6 

weeks or dry at -70°C (in containers scaled in plastic bags containing dcsiecative) for 

at least one year. 

2.6.1.4 Aging 

The dropped slides were then aged by dehydrating them in an ethanol series (70%, 

80%, 99.7%, all v/v) for 3 minutes each and then air dried. Subsequently the slides 

were incubated at 75° for 1 hour. 

2.6.1.5 RNase treatment 

Following aging, RNase treatment was performed. The RNase mix was prepared 

(2.5µl RNase, 97.5µl 2x SSC per slide) and vortexcd briefly and then added to the 

slide. A 22x50mm cover slip was added and the slide incubated in a wet chamber at 

37°C for I hour. 

2.6.1.6 Preparation and denaturation of probes 

Probe DNA (Ipl) (as generated as in Section 2.6.1.1) and competitor DNA (such as 

herring sperm DNA, 10µg/µ1) was added to a microccntrifugc tube. A 2µl aliquot of 

FISH hybridisation buffer was added and after mixing briefly the tube was 

centrifuged. The probes were denatured at 75°C for 5 minutes. 

To denature chromosomes, the slides were first dehydrated in an ethanol series (70%, 

80%, 100%) for 3 minutes each and then air dried. The slides were then placed at 

75°C in 70% formamide (v/v) in 2x SSC for 90 seconds. The slides were then 
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dehydrated in an ethanol series (70% ice-cold, 80% ItT, 100% RT, 3 minutes each), 

slides can be stored overnight ifneccessary. 

2.6.1.7Hybridisation 

The denatured probe was then added to the slides and covered with a 13mm cover 

slip. The slide was sealed with rubber cement. The slides were incubated over night 

at 37°C in a humidified chamber. 

2.6.1.8 Post hybridisation washes 

Coplin jars were arranged on the bench in the following order (1) 2x SSC; (2) 2x SSC, 

0.1% Igepal; (3) storage buffer; (4) FISH block buffer. 

The rubber cement was removed and the slides were washed in 2x SSC to remove the 

coverslips. The slides were then washed twice in 50% formamide (v/v) in 2X SSC at 

37°C for 10 minutes each time. Slides were put into 0.1% Igepal in 2x SSC, for I 

minute at 15-20°C and then placed in storage buffer for 15 minutes. Slides were 

finally put in FISH block buffer for 25 minutes at 15-20°C. 

2.6.1.9 Detection 

After incubation in FISH block buffer probes were detected. All subsequent steps 

were performed in the dark. Detection mix was prepared (per slide 0.5µl of 5µ9/ml 

streptavidin-Cy3 + 50µl storage buffer + 50µl FISH block buffer) and added to each 

slide and a cover slip placed on top. The slide was incubated at 37°C in a humidified 

chamber for 35 minutes. The cover slip was removed and the slides washed in 

storage buffer 3 times each for 3 minutes on a shaker. The slides were rinsed twice in 

dH2O and air-dried. 
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2.6.1.10 Couiiterstaii: ing ºt'ith DAFT 

Two drops of vectashield containing DAPI (Vector Laboratories Ltd. Peterborough, 

UK) were added onto a cover slip. The slide was placed onto the cover slip 

(chromosome side) and the DAPI solution was allowed to spread. After removing 

excess solution and ensuring no air bubbles were present the slide was scaled with 

nail varnish. Slides can be stored in the dark at -20°C 

2.6.1.11 Image capture 

Images were captured using a Leica epifuorescence microscope (Lcica Microsystems 

Ltd. Milton Keynes, UK) equipped with cooled CCD camera (Photometrics, Tuscon, 

AZ, USA) and Smart Capture software (Digital Scientific Ltd. Cambridge, UK). 
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CHAPTER 3 

Generation Of Mammalian Expression Vectors 

Containing Chromatin Modifying Elements 

76 



C'haptcr 3 

3.1 Introduction 

Stable cell line generation using random integration is an unpredictable process, with 

only 1 in every 10,000 integration events being successful. Therefore, the probability 

of isolating a high expressing stable clone can be low and very labour intensive 

(Gorman and Bullock, 2000). The site of integration has a major effect on the 

transcription of a transgenc. Integration into transcriptionally active regions of 

chromatin is preferential, however the majority of mammalian genomes are made up 

of heterochromatin and therefore the probability of the transgene being stably 

integrated into an area which is favourable for high and stable expression is low 

(Grewel and Elgin, 2002). Incorporation of chromatin modifying or opening elements 

into the transfected vector DNA attempts to circumvent this problem. The aim is to 

produce a stable environment for the integrant and subsequently to increase the 

probability of high level expression over a prolonged period of time. 

The aim of the work described in this Thesis was to assess the ability of the chromatin 

modifying elements, UCOE, MAR, STAR and cHS4, to increase the level and 

stability of antibody expression in stable cell lines in the expression systems used at 

UCB. This Chapter will describe the construction of the vectors used. 

In order to analyse the impact of the presence of various chromatin modifying 

elements on recombinant antibody expression a series of constructs was assembled. 

The elements were cloned into various locations within the vector surrounding the 

immunoglobin heavy chain (HC) and light chain (LC). 
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In all 28 vectors were made; 12 vectors were made with individual elements in 3 

different locations, either upstream of the LC (5' LC) downstream of the IIC (3' HC) 

or between the LC and HC (5' HC) (see Figure 3.7). A further 12 vectors were made 

which contained various combinations of 2 identical elements (5'LC 5' HC, 5' HC 3' 

HC, 3'HC 5' LC) (see Figures 3.8 and 3.9) and finally 4 vectors were constructed 

which contained the individual elements in all 3 locations (3' HC, 5' LC 5' IIC) (see 

Figure 3.10). 

To facilitate cloning a strategy was devised which made use of the unique MIuI, Noll 

and SaII sites within the vector. Incorporation of pairs of restriction enzyme sites with 

compatible cohesive ends at the 5' and 3' ends of the elements allowed the recreation 

of the unique restriction sites when the various fragments were cloned at the 3 

different locations (see Figure 3.6). 

3.1.1 Description of elements used in study 

In this study it was decided to evaluate the smallest UCOE from the IINRPA2BI - 

CBX3 locus, the core 1.5kb element (1.5kb A2UCOE; Antoniou et al., 2003; Williams 

et al., 2005). This element has been shown to be sufficient to produce the desired 

chromatin opening effect (Williams et al., 2005) and its small size would be 

advantageous in vector manipulation. The 1.5kb A2UCOE contains the dual 

divergently linked promoters and approximately half of the CGI as shown in Figure 

3.1. 
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CBX 3 IIN PA2B1 

CGI 

1.5kb A2UCOE 

Figure 3.1 The human IINRPA2Bl/CBX3 locus and location of the 1.5kb UCOE used. 
Organisation of the RNP genomic locus indicating the locations of the divergent promoters 
(arrows), and the location of the 3 kb unmethylated CGI (black and white line). The fragment 
of the locus defined as the 1.5kb A2UCOE is indicated by the solid black line (adapted from 
Williams et al. 2005). 

The sequence was analysed using the EMBOSS CpGplot software to determine the 

location and size of the CGI within the 1.5kb UCOE and the results are illustrated in 

Figure 3.2. The average percentage of C and G residues within the sequence is 64% 

and Figure 3.2C indicates that there are two CpG island regions within this sequence. 
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Figure 3.2 1.5kb UCOE Sequence Results From EMBOSS CpG I'Iot 
A. Results from the observed to expected ratio of C plus G to CpG within the sequence. B. 
The percentage of G+C residues in the sequence window (sequence region which is moved 
along the sequence) and C. The putative CpG island regions in the sequence where cpgplot 
defines a CpG island as a region where, over an average of 10 windows and not less than 200 
bases, the calculated (%G + %C) content is over 50% and the calculated Obscrved/Expected 
ratio is over 0.6 
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The MAR element investigated in the work described in this thesis was MAR X S29. 

This MAR was identified in a biointönnatic search of the human genome (6irod e1 al. 

2005). Data presented in the resultant Selexis patent application (W02005/040377) 

demonstrated that incorporation of' the identified MAR elements into expression 

vectors resulted in an increase in GFI' expression fron transfectcd ('I Io cells and that 

MAR X_S29 gave the highest increase. BLAST analysis indicated that MAR X_S29 

is located on chromosome X. The BLAST analysis also indicated that this sequence 

is part of an intron in the leucine rich repeats and rul[)onin homology domain 

containing 2 (LRCH2) gene. Analysis of the sequence with the MAR-Wiz software 

(http: //v, enomecluster. sccs. oakland. cdu/niarwi/, Singh et al. 1997) which identifies 

sequences with characteristic MAR features such as origins of replication, TG-rich 

sequences, curved DNA, kinked DNA, topoisomerase 11 sites, and AT-rich sequences, 

reveals that there is a region within the 3462bp fragment that shows a high degree of 

MAR potential (see Figure 3.3). 
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Figure 3.3 MAR X_S29 Sequence Analy%ed By MAR-wiz Software 
DNA sequence for MAR X S29 analysed using MAR-wü software 
(http: //kcnoºnecluster. sccs o iklancLr(lu mam ii) which illustrates the region of DNA which 
has a high degree of MAR potential. 
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recognition sites at the 3' end to facilitate subsequent vector generation. At the same 

time, endogenous restriction sites for AlluI, Xhol and EcoRl were removed, again, to 

facilitate vector generation. The sequence of the final 1.5kb A2UCOE can be seen in 

Appendix 1. A second version of the 1.5kb A2UCOE was generated by PCR to 

incorporate a 5' Xhol restriction enzyme site and a 3' Sall site using the 

oligonucleotides listed in Appendix 2 (oligonucleotides 1.2.1 and 1.2.2). After 

successful amplification the PCR product was cloned into a TOPO vector to allow 

sequence verification using oligonucleotides 2.2.1 to 2.2.6, as shown in Appendix 2. 

3.2.1.2 MARX S29 

The MARX-S29 sequence was obtained from the Seiexis patent application (WO 

2005/040377) and attempts were made to synthesise the element by overlapping 

oligonucleotide assembly. However, this proved to be unsuccessful presumably due 

to the high A/T content (the MAR element is 70.2% A/T) and the repetitive nature of 

the sequence. It was therefore decided to generate the MAR clement from human 

gDNA by PCR. A BLAST search identified a PAC clone, RP4-736G20 which 

contained the entire sequence of MAR X_S29. Initial attempts to amplify the MAR 

clement from the PAC clone template using oligonuclcotides 1.1.1 and 1.1.2 

(sequences in Appendix 2) under standard conditions (as described in Section 2.2.1) 

proved unsuccessful. Despite the fact that a variety of different combinations of 

amplifying oligonucleotides were used as shown in Figure 3.4A (oligonuclcotides 

MAR F, MAR R and IF to 6F, for sequences sec Section 1.1 and 2.1, Appendix 2) no 

PCR products of the correct size were visible following agarose gel clcctrophoresis 

(Figure 3.4B). Similarly, reducing the annealing temperature to 50°C was equally 

unsuccessful. Standard PCR conditions use an extension temperature of 72°C, 
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however due to the A/T rich nature of' the MAR sequence the temperature cif the 

extension reaction was reduced to 60°C (Su et u!., I996). This proved successful and 

a PCR fragment of the anticipated size was isolated (Figure 3.4('), digested with Noll 

and Sall and cloned into p('R-Script fier sequence confirmation. Two individual 

clones were sequenced, both of which had identical sequences, which corresponded to 

the sequence of MAR X_S29 provided in the patent application. 

A. 

PAC sequence I MAR X 
_S29 

Sequence I PAC sequence 

IF 

W -+ 
-40. fiF 

OF 4- 
MAR R 

13. 

kb 

10.0 
BA 
6.0 

4.0 

3.0 

2.0 

13 

11 
1.0 - 

C. 

kb M 

1.0 

10 

Figure 3.4 : Amplification of MAR X_S29 from P: 1(' Clone 121'4-736(; 2O using internal 

oligonucleotides. 
A. Location of oligonucleotidcs within MAR X_S29 sequence. 13. Amplified P('R products 
analysed using agarose gel electrophoresis. lach forward oligonucleotide was paired with the 
MAR R oligonucleotide. M= DNA ladder, Lane I: External oligonucleotides, Lane 2: I F, 
Lane 3: 2F, Lane 4: 3F, Lane 5: 4F, Lane 6: 51~, Lane 7: 6H, Lane K: External oligonucleotides 

increased template ( IOOng). C. Successful amplification of MAR X_S29 using extension 
temperature of 60°C as analysed by agarose gel electrophoresis. 
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Chapter 3 

3.2.1.3 STAR 40 

The sequence of the STAR 40 element was obtained from the publication by Kwaks 

et al 2003. The element was generated synthetically incorporating the required 

restriction enzyme sites at the 5' and 3' ends by overlapping oligonucleotide assembly 

and PCR by Entelechon. 

3.2.1.4 STAR 7 

During the course of the initial expression study STAR 40 failed to demonstrate any 

ability to increase antibody expression in CHO-K1 cells (see Section 4.2.1 and 4.2.2). 

A subsequent paper also indicated that STAR 40 has poor activity in CHO cells and 

described STAR 7 as a more potent anti-repressor element in this cell type (Otte et al., 

2007). Therefore, a vector with this element was generated for use in subsequent 

head-to-head transfections. This element was derived from a plasmid kindly supplied 

by Crucell and the sequence is shown in Appendix 1. 

3.2.1.5 cIIS4 tandem 

Synthesis of the element incorporating the necessary restriction enzyme sites at the 5' 

and 3' ends was carried out synthetically by overlapping oligonucleotide assembly 

and PCR by Entelechon. The sequence of the tandem repeat used can be seen in 

Appendix 2. 

3.2.1 Cloning strategy 

The starting point of the antibody vector constructions was a double gene vector 

containing the antibody 535 genes (as described in Section 2.1.5 and shown in Figure 

3.5). This vector contains unique restriction sites for: Sall, downstream of the heavy 
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chain (3' HC); Mlul, upstream of' the light chain (5' LC) and Noll, located bctwccn 

the light and heavy chain (5' HC). The recognition sites Im these enzymes have the 

same compatible cohesive end as a variety of other restriction enzymes. Notl has the 

same compatible overhang as Eagl, M1ril and Asyl again share the same cohesive ends 

as do Xhol and Sall. The individual elements were synthesised or amplified with 

these recognition sites at the 5' and 3' ends, as shown in Figure 3.6A. This allows 

the vector to be digested with the unique enzymes and the elements with both 

appropriate enzyme pairs. As depicted in Figure 3.6B, after the element has been 

cloned into the vector the recognition sequence for the unique MIuI, Null and Sall 

sites are recreated and the correct orientation of' the element can be distinguished by 

performing appropriate restriction digests. 

pUC on Mlu1(30) 

Kanamycin-R 
hCMV-MIE 

SV4OE polyA_ 
Ahc, c 

Ab535VL 
yaw 1y 

mC-Kappa 

mgt SV40 pA 

AM.. 
hCMV-MIE 

Figure 3.5 Ab535 
In house mammalian expression vector containing Aha 35 ý, iriahlc regions, niurinc Kappa and 
murine 71 full length constant regions. 
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A. 
' , (; CCr: CACGCGTCTCGAG GGCGCGCCý1'CGAý' 

chromatin modifying 
, TGCGCAGAGCTC element , CCGCGCGGCAGCTG 

N lI Mlul Xhol Eagl Ascl Sall 

- ATCA 
Vo< tý, r 

- TAGT 

13 GAT - 

CTA - 

Element 

ATCA ACG TAGT CCCGAT 
Vector f 

ur 
TAGT ; TGC ATCA -GCTA 

- ATC GCGTTTTG - 

- TAGTTGCG AAAC - 

VBCtor 

Element 

ATAT TAGTr GCGTTTA 
V, ", Inr 

TATATGCG "+: TATAC AAT 

GAGC I'(-GACTTTG - vý lr- 
CT'CGCAGCI AAAC -- 

E 
Elamei 

GAG I,, 

vector 

CTCGAGC 1'GC 

- TAGTG GACTGGG 

- TATACA' CCC 

Noll site: 
The vector was digested 

with Noll and the element 
with Noll and Eugl. After 
ligation of the element into 
the vector the Noll site was 
recreated at the 5' end and 
the EugI site remains at the 
3' end. 

, N/nI site: 
the vector was digested 

with MIul and the element 
with Mlul and A. ce!. After 
ligation of' the element into 

the vector the Mlui site was 
recreated at the 5' end and 
the Ascl site is lost. 

Sall site: 
The vector was digested 

with Sall and the element 
with Xhol and . Bull. After 
ligation of' the element into 

the vector the Still site was 
recreated at the 3' end and 
the Xhol site is lost. 

Figure 3.6 Cloning strategy for vector generation. 
A. Sequence of the 5' and 3' end of the chromatin modifying elements illustrating the position 
and sequence of the 5' and 3' restriction enzyme sites. B. Illustration of how unique Noll, 
MIuI and Sall sites are recreated. 
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3.2.3 Cloning of chromatin modifying elements into Ab535 vector 

3.2.3.1 Single element vectors 

The four individual elements were digested with the appropriate pairs of restriction 

enzymes and cloned at the unique sites in the vector to produce 12 vectors (3 for each 

element) with a single chromatin modifying element at each site. The Ab535 vector 

was digested with either Sall (3' HC), Mlul (5' LC), or Noll (5' HC) and the 

chromatin modifying elements which were previously digested with either Sall plus 

XhoI, or M1uI plus Ascl or Nod plus Eagl combinations were ligated together. 

Cloning of the fragments in the correct orientation resulted in the vectors shown in 

Figure 3.7. The recreation of a unique restriction enzyme site at the appropriate end 

of the chromatin modifying element allowed subsequent vector manipulation. The 

authenticity of completed vectors was confirmed by diagnostic restriction enzyme 

analysis using a combination of restriction enzymes. 
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plC od Ami III 

Kammycln-R 

ýý 

&iýI INI'II (/ 

SV40E polyA 5' LC 

mgt 

Ab535VH 

PUC ori Kh1(3o) 
chromatin 
modifying element 

Kanamycin"Rý hCMV-MIE 

hCMV-MIE SV4OE polyA 5 HC 
Ab535VL 

mC-kappa 
Mg1 SV40 pA 

Ab535VL 

mC-kappa Ab535VH ln modifying 
element 5V40 pA 

,,., I 1 ,,, - hCMV-MIE 

pUC on ven Ian 

anamveln R 

', 
Vol I 

hCMV MIE 

Ab535VL 
chromatin --- 3' HC 

modfying clamant 
I- mC4tappa 

SVIO pA 

SV4OE potyA a .... 

. gi 

hCMV-NME 
Ab535VH 

Figure 3.7 Vectors containing one copy of the chromatin modifying element. 
Initial vectors were made with one chromatin remodelling element, cithcr 3' to the heavy 

chain (3' HC), 5' to the light chain (5' LC) or 5' to the heavy chain (5'1IC) 

3.2.3.2 Douhle element vectors 

The next stage was to clone a second element into vectors containing the element 3' to 

the heavy chain to make 8 vectors containing 2 identical elements. During this stage 

difficulties were encountered with the cloning of' the elements and the desired 

constructs could not be isolated. It was presumed that the highly repetitive nature of' 

the chromatin modifying elements and the fact that multiple copies of the elements 

were being incorporated into the same vector meant that internal vector recombination 

occurred during transformation of the XLI blue supercompetent cells. An alternative 

E. coli strain, MAX Efficiency Stbl2'M cells, which had been designed tier cloning 

unstable DNA sequences was subsequently used. In addition, the transformed 
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competent cells were propagated at 30°C instead of 37°C to further reduce the 

chances of recombination. This allowed isolation of the desired vectors. 

Elements were cloned into the Mlul site (5' LC) or the Noil site (5' 1 (') to produce 

the two vectors shown in Figure 3.8. 

pUC orl cm, iýv,. 
chromatin modifying 

pUC orl M, hd d 
hCMV-ME 

element tý' ^ 
Kanamycln-R Kanamycin"R 

cell Vi wl hCMV4 
Ab535VL 

chromatin chromatin 
mC-kappa 

modifying element 3'HC 5' LC modifying element 3 HC 5' HC 
SWO pA ' 

ý�Výi, ýý 

SV40E polyAý A535VL SV40E po)yA wh - 

f mCatappä chromatin 
mgt SV40pA mgI modifying element 

Ab535VH llý Ab535VH 
hCMV-MIE hCMV-MIE 

Figure 3.8 Vectors containing two copies of the chromatin modifying element 
Elements were cloned into the Mid or Noll site of the 3' I I(' vector to produce vectors with 
elements 3' to the heavy chain and 5' to the light chain 13' II(' 5' LC: ) and 3' to the heavy 

chain and 5' to the heavy chain (3' 1IC 5' 1IC) 

Four further vectors containing two elements were made by cloning the second 

element into the Notl site of the 5' LC vector to create a vector containing an element 

5' to both the HC and LC units (5' LC 5' 1 IC) as illustrated in Figure 3.9. 
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atln modifying element 

hCMV-ME 

Ab53SVL 

0* 
MC4ulppa 

sv40 pA 
V., , 

IFIN'l 

chromatin modifying . I. m. nt 

Figure 3.9 Vector containing two copies of the chromatin modifying element at the 5' 

LC 5' HC positions. 
The element was cloned into the Null site of the vector which already had an element at the 
Mid site to produce a vector containing an element 5' to the light chain and 5' to the heavy 

chain (5' LC 5' IIC) 

3.2.3.3 Triple element vectors 

The final 4 vectors contained three copies of the chromatin modifying element at each 

unique site (Mlul, Nod and Sall). Elements were cloned into the Notl site ofthe 3' 

HC 5' LC vectors to produce vectors with elements 3' to the HC and 5' to both the 

HC and LC genes (3' HC 5' LC 5' HC) (Figure 3.10). 

chromatin modifying element 
kaninyc, nR 

y, 
7 

AJl ii 

hCMV4 E 

chromatin modifying element 

3'HC 5' LC 5' HC 

SV40E polyA Ab=VL 

mC-kappe 
mgt Sw0 PA 

Ab535VH 

chromatin modifying clamant 
he w. +r(E 

Figure 3.10 Vector containing three copies of the chromatin modifying element. 
The element was cloned into the . 

Voll site of the 3' 1 I(' 5' L(' vector to produce a vector with 
three copies of the chromatin remodelling element at all three locations, 3' to the heavy chain, 
5' to the light chain and 5' to the heavy chain (3'I I(' 5' L(' 5' 1 I(') 
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3.2.4 Cloning of Neomycin resistance marker 

In order to allow the generation of stable cell lines a selection marker was required. 

The neomvcin phosphotrans/'ruse (�eo) gene which confers resistance to the 

antibiotic geneticin ((1418) was chosen. The neomycin resistance cassette consisted 

of the neo gene whose transcription was controlled by a SV40 early promoter and a 

SV40 polyadenylation signal sequence. To maintain the unique Sall site within the 

vectors and to aid in subsequent vector manipulation, the neo resistance cassette was 

amplified with a Sall site at the 5' end and a Xhol site at the 3' end (see Appendix 2, 

oligonucleotides 1.3.1 and 1.3.2) as described in Section 2.2.1. After the sequence of 

the amplified neo resistance cassette was veriFied using oligonucleotides 2.3.1 to 2.3.2 

(as shown in Appendix 2) the fragment was ligated into the vectors as depicted in 

Figure 3.1 1. 

c�I 
PUC on . vr�tiýr 

hCW-WE 

NEO_.. _ Kwmyc. 4t 

w, n ru-i 

SV40E PoryA Ab535VL 

mC-kappa 
ý^9ý SVO PA 

Ab535VH 

hCMV-MIE 

pUC a, ,. 
hCMV-MIE 

gmuwrfc. " 
00 

Mho AbS35VL 

mC-kappa 
SWOPA 

SVMC polvA 
hCMV MIE 

p1 
Ab53SVH 

Figure 3.11 Construction of vector containing neomycin selection gene 
Illustration of the construction of two vectors showing ligation of SaiI-Xhol PUR fragment 
into expression vectors 
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3.2.5 Restriction digest analysis to confirm vector constructs 

A total of' 28 vectors were constructed, 7 for each clement. The authenticity of' the 

constructed vectors was confirmed by a set of diagnostic restriction enzyme digests. 

Digests were perfomed on all vectors to confirm that each construct was correct 

before stable cell line generation took place. An example of' the results obtained 

following digestion of the 28 vectors with //indll l can be see in Figure 3.12. 

A. Agarose gel electrophoresis separation of digested DNA 

kbp 

io o"'ý- 
ea-- 
NO' 
ýo- 

ýo- 

70 

B. Expected fragments (kb) 

Lane Position of'element Ab535 LSkb A2U('O1 MAR X 529 ti"I AR 40 cl1S4 Rundem 

1 No element 7.5,3.0 

2 3' HC 9.1,3.0 7.9,3.0,2.7,0.2 8.4.3.0 9A. 3 

3 3' HC 5' LC 10.6,3.0 6.6,4.4,3.0.2.7,0.2x2 9.6.3.0 8.5,3 

4 3' HC 5' HC 9.1,4.6 7.9,4.4,2.7,1.8,0,2 x2 8.5,4.1, 8.0,3.5 
6.6,4.4,4.3,2.7,1.8,0.2 

5 3' HC 5' H(' 5' LC 10.7,4.6 x3 9.6,4.1 8.4,3.5 

6 5' LC 9.1,3.0 6.2.4.4.3.0,0.2 8.6.3.0 8,0,3 

7 5' HC 7.5,4.6 7.5,4.4,1.8,0.2 7.5,4.1 7.5.3.5 

8 5' 1(' 5' LC 9.1,4.6 6.2,4.4,4.4,1.8,0.2x2 85,41 x11,3.5 

Figure 3.12 Restriction digests confirming correct cloning of elements 
500ng of DNA was digested with the restriction enzyme Hindill for 1.5 hours at 37 C. 
Reactions were analysed by gel electrophoresis. A. Fragments generated from digests for 
each vector. 13. Approximate fragment sizes for expected correct vector constructs. (kh). 
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3.2.6 Changing selection system 

The results of' the initial expression studies to determine the optimal vector 

configurations demonstrated that high expressing clones could not be isolated using 

the neomycin selection gene. However, expression levels were sufficient to select the 

optimal configuration of the individual elements (see Sections 4.2.1 to 4.2.3). To 

progress the work further and isolate cell lines with increased expression levels the 

selection system was changed from neomycin to glutamine synthetase (GS) (licensed 

from Lonza) for subsequent studies. 

3.2.6.1 Ab535 

The vector backbone which consisted of the SV40 early promoter, GS cDNA, SV40 

early region polyadenylation signal and the ampicillin resistance gene was taken from 

the pEE12 vector (Bebbington 1995) as a Sall-Mlul fragment. This was exchanged 

with the backbone containing the neo resistance cassette and kunumycin selection 

genes from the vector as illustrated in Figure 3.13. 

iscDRA 

pUt 
SV40E 

Ranamycin-R hCMV-MIE 

Mw_ 

Ab535ncu Ab535VL 0 
"EO mC-kappa 

SV40E P. 1 

: "'ý 
SV40 pA 

SV40E P. IYA hCMV-MIE 
mgt 

Ab535VH 

hCMV-MIC 

65cONA 

svioe Ab535VL 

Abi 15 c,.. s mC-kappa 
SVW pA 

w np 

Amp 

hCMV-MIE 

11401 polpA 
mgt Ab53SVH 

Figure 3.13 Construction of Ab535 vector containing Blutamine synthetase selection 
marker 
The SaII-M/uI region of the vector backbone from the Ab535neo vector was exchanged with 
the Sall-Allid region from the pEE 12 vector which contains the glutamine synthetase selection 
marker and ampicillin resistance gene. 

jPUCA 

o, 
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3.2.6.2 1.5kh Alt/COL 

The optimal vector for 1.5kb A2UC'01; was 3' HC 5' LC' 5'H(' (sec Section 4.2.1 

and 4.2.2). To exchange the vector backbone to incorporate the GS selection marker a 

three way ligation was conducted. This was due to the presence of a MIul site within 

the 1.5kb A2UCOE at the 3' HC site and the strategy used is depicted in Figure 3.14. 

The Mlul-BsiWI, BsiWI-SaII fragments From the I. 5kb A2000Eneo vector were 

ligated together with the Sall-MluI fragment from pEE 12 to generate the I. 5kb 

A2UCOEGS vector. 

QScDNA 

.V �0 

Amy_j'`{\ 

:y NEOý hCMV"MIE 

ýý- -- 15kb A2000Ii. Ab53SVL 
sV4*E "IvA ýsww I 

fM ATICOE 

. C-kappa 

ava yA 

t\SVE 

parA v., a . ný.. 
mgt 

AbSJSV. w uuca 

hCMV. MIE 

B. cc; wi-stjn 

swat 
hCMV#IIE 

I Ab na IIi' AbS35VL 

C-kapps 

IV" rA 

IVIOl pl7A 
mpt ýw uuca 

AbS35VH hCMV-MIE 

Figure 3.14 Generation of 1.5kb A2u('OEGS vector 
Vector maps depicting generation of the I. 5kb A2U('Of: GS vector. 

3.2.6.3 MAR X S29 

The optimal configuration flor the MAR X 
_S29 

element was 3' IIC and 5' If (sec 

Section 4.2.1 and 4.2.3). With this configuration the backbone could he exchanged in 

the same way as the Ab535 vector. 
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3.2.6.4 STAR 7 

During the course of the initial expression study STAR 40 failed to demonstrate any 

ability to increase antibody expression in CHO-KI cells (see Section 4.2.1 and 4.2.2). 

The subsequent paper by Otte et al also indicated that STAR 40 has poor activity in 

CHO cells. The paper described STAR 7 as a more potent anti-repressor clement in 

this cell type (Otte et al., 2007). Therefore a vector was constructed with the clement 

at the locations described in the paper which was 3' to the HC and 5' to the LC. 

The STAR 7 GS vector was made in three steps, which is depicted in Figure 3.13. 

Firstly, the STAR 7 vector obtained from Cruccll was digested with EcoRI and then 

re-ligated to remove the HC transcription unit to form the Intermediate 1 vector 

(Figure 3.15A). The second step was to incorporate the GS selection marker. This 

was achieved by utilising the unique Notl site. The GS transcription unit from the 

pEE12 vector was amplified using PCR, as described in Section 2.2.1, using 

oligonucleotides 2.4.1 and 2.4.7 (shown in Appendix 2) to incorporate Nod restriction 

sites into the 5' and 3' ends (Figure 3.15B). The GS transcription unit and vector 

were both digested with Noll and the GS fragment was ligated into the Intermediate I 

vector generating the Intermediate 2 vector. The GS transcription unit was sequence 

verified using oligonucleotides 2.4.1 to 2.4.12 (as shown in Appendix 2) to confirm 

no mutations had been incorporated into the sequence during PCR amplification. The 

final step of the cloning was to incorporate the LIC and LC transcription units from 

Ab535 into the vector (Figure 3.15C). This was achieved by utilising the A9111 and 

BamHI sites within both vectors. The Intermediate 2 vector was digested with Allid 

and BamHI to generate a fragment containing the two STAR 7 elements, the 

ampicillin resistance gene and the GS transcription unit. The presence of a BamIIl 
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site within the murine yl constant region meant that three fragments (A1luI-BamH1, 

BamHI Xmal, Xmal-BamHI, see Figure 3.15C) had to be generated utilising the Xmal 

site between the two BamHI sites. A four-way ligation was carried out which 

generated the final STAR7GS vector (Figure 3.15D). 
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Figure 3.15 Cloning strategy to make STAR 7 CS vector 
A. The START Crucell vector was digested with EeoRl to remove the heavy chain 
transcription unit. H. The PCR amplified GS transcription unit with Noll sites at 5' and 3' 

ends was ligated into Intermediate I vector to firm Intermediate 2. C. Four way ligation to 
make final vector containing: /3cnnlll-MIuI fragment from intermediate 2 and M1u1-&imlll, 
Buml1I-Xmal and XmaI-Bumlll fragments from Ab535neo vector. D. Final STAR7GS 

vector. 
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3.2.6.5 clIS4 landen 

The optimal configuration for this clement was 5' LC and 5' HC. The presence of the 

MIuI site within the element at the 5' IIC site meant that a three way ligation had to be 

performed in the same way as for the construction of the 1.5kb A2UCOEGS vector 

(Section 3.2.6.2). 

3.2.7 Confirmation of correct vector generation 

Following the completion of the GS vectors and large scale plasmid DNA preparation 

a further set of diagnostic digests were carried out to confirm that the vector 

constructs were correct. An example of the results obtained when the GS vectors 

were digested with XhoI and MluI is shown in Figure 3.16. This indicated that all 

vectors were digested into the correct size. 
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kb 
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so- 
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30 

Construct Expected fragments (kb) 

1 Ab535 6.0,5.5 

2 1.5kb A2UCOE 7.6,4.6,3.9 

3 MAR X 
-S29 

9.4,8.8 

4 STAR 7 10.3,5.5 

5 cHS4 tandem 6.0,1.5.2. Q) 

Figure 3.16 Restriction digests confirming correct cloning of (: ti %ectors 
500ng of [)NA was digested with the restriction enzymes Xhol and , tIli I for 1.5 hours at 
37°C. Reactions were analysed by gel electrophoresis. A. Fragments generated from digests. 
B. Expected fragment size if vector construct was correct. 

3.3 Discussion 

This Chapter has described the derivation Of the chromatin m odiiving elements 

utilised in the study and the cloning strategy used to generate the panel cif constructs 

containing these elements at various positions within the Ab535 double gene vector. 

The inclusion of an antibiotic selection marker within the vectors allowed for efficient 

generation of stable cell lines to assess the ability of' the chromatin modifying 

elements to increase antibody expression in stable cell lines. Having established the 

optimal combination for the individual elements, as described in subsequent Chapters, 

further cloning was carried out to change the selection marker in order to generate 
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vectors required for the in depth characterisation of stable cell lines derived from 

these optimised constructs. 
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CHAPTER 4 

Assessing The Ability Of Chromatin Modifying 

Elements To Increase Antibody Expression In 

CHO-K1 Stable Cell Lines 
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Chapter 4 

4.1 Introduction 

A series of expression constructs were generated to assess the effect of the various 

chromatin modifying elements on antibody expression in stable cell lines (described 

in Chapter 3). Initially seven different vectors were generated for each element, 

which contained different numbers and different combinations of the individual 

elements in various positions in the vector. These constructs were used to stably 

transfect CHO-K1 cells and antibody expression levels were assessed either as pooled 

stable cell populations or individual clones using a neomycin selection system. 

For the generation of pooled stables the whole transfected cell population is grown as 

a single culture, the advantage of this approach is that it generates recombinant 

protein quickly, compared to having to isolate clonal cell lines. In this method, 

following transfection, selective pressure is applied and as expected cell viability and 

cell number falls (an example of a typical growth curve is shown in Figure 4.7). After 

a period of time the transfected drug resistant cells then start to grow and cell viability 

and cell numbers begin to recover in the population. The pooled culture then consists 

of a mixed population of individual cell lines with a range of expression rates. The 

expression level within the pool represents an average of these individual cell lines. 

Over time the pooled stable cell line may become less diverse as individual cell lines 

with enhanced growth characteristics out-grow other cell lines within the population. 

Having determined the optimal configuration for the individual elements a more 

detailed study was undertaken. For this subsequent work the selection system was 

changed from neomycin to glutamine synthetase. The effect of the chromatin 
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modifying elements on stable cell line generation was again studied as both pooled 

and clonal cell lines. 

4.2 Results 

4.2.1 Initial expression studies to determine optimal vector configurations: 

Analysis of pooled stable cell lines 

In order to establish the optimal location and combination for individual chromatin 

modifying elements seven constructs for each of the different elements (positioned in 

the combinations described in Section 3.2.3), in addition to a control vector which 

contained no elements, were stably transfected into CHO-KI cells as described in 

Section 2.4.3.1. For ease of analysis this investigation was performed as pooled 

stables. 

At two weeks post transfection when cell populations had fully recovered to higher 

than 98% viability and cell numbers were sufficiently high, overgrown cultures were 

set up to assess antibody productivity. Cells were seeded at 3x IOS cells/ml into 

125m1 Erlenmeyer flasks and grown in batch culture for 10 days at which point 

viability had decreased to 10-20%. Supernatant was removed and assayed by mouse 

IgG ELISA as described in Section 2.5.1 to determine expression levels and results 

are shown in Figure 4.1. The highest increase in expression over the Ab535 control 

construct was observed with constructs containing the 1.5kb A2UCOE (Figure 4.1A), 

with the presence of two elements (5' LC 5' IIC) resulting in a 3-fold increase in 

expression, whereas the presence of three elements (3' HC 5' LC 5' HC, ) gave a 6.5- 

fold increase over those obtained with the control Ab535 expression vector. The 
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remaining three elements (MAR X_S29, STAR 40 and cliS4 tandem did not increase 

expression levels to such an extent, with at best a 2-11 ld increase observed in the case 

of' MAR X_S29 (Figure 4.1 B). 

A. 1.5kb A2UCOE 13. MAR X S29 

ü 

Construct 

C, STAR 40 

_9 
a, 
U LL 
E 

E 
I 
7 

ü 

Construct 

1). ct IS4 tandem 

T 

U 

Construct Construct 

Figure 4.1 Expression levels of ('110-kI pooled stables +/- chromatin modifying 
elements 
Cells were seeded at 3x I O5 cells/ml expression was measured after 10 days using a mouse Ig( i 
1, LISA. MOPC21 was used as the standard at a starting concentration of' Ipg/mI. Duplicate 
samples from each pooled stable were added to dilTerent FE. ISA plates at aI in IU starting 
dilution and then titrated down the plate using tripling dilutions. lach data point is 
representative of the mean. Data shown is from one experiment. 
A. 1.5kb UCOE, 13. MAR X S29, C. STAR 40, D. IIS4 tandem. 

4.2.2 Initial expression studies to determine optimal tector configurations: 

Analysis of clonal stable cell lines 

In order to isolate clonal stable cell lines the pooled stable cell lines were plated out in 

CloncMedia, (sec Section 2.4.4.1). Cells were grown for 10 days and subsequently 
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picked using an automated colony picker (ClonepixFL) using white light. The 

isolation of single clones would allow the frequency of expressing clones within the 

population for each construct to be assessed. A total of 192 colonies were picked for 

each construct into two 96 well plates and cultured for 7 days. The relative 

expression and the distribution of expressing clones for each construct was 

ascertained using spot ELISA (as described in Section 2.5.2). In the first instance 

only the relative distribution of expressing cell lines was being analysed so only 

relative rather than absolute expression levels were required for each clone on the 96 

well plate. Wells were visualised and scored for cell growth and absorbance values 

from the ELISA were only considered from wells positive for growth. An example of 

the data obtained from the spot ELISAs is shown in Figure 4.2. The distribution of 

expressing clones for each plate was calculated as described in Figure 4.3. Due to 

each plate having a different number of wells that scored positive for cell growth the 

numbers of clones per quartile were presented as a percentage of the total number of 

clones from the two plates. Data for each construct can be found in Appendix 3. 

Using this calculation the percentage of clones in the 1s` quartile could be determined 

for each configuration of the chromatin modifying elements under study as shown in 

Figure 4.4. 

105 



,. 

14 

12 

I 
oe " 

oe 

04 

02 

0 

Figure 4.2 Representative data from spot FIN % 
For each 96 well plate picked the absorhanee %alucs %%crr ranked from highest to lowest, 
Data represents absorbance values from 1.5kb A\2U('O1F. (5' IW 5' LC) clones 
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0 

0.1 

0.. 

Quartiles 

B: 2.066-0.042 = 2.024 

C: 2.024-4 = 0.506 

D: 2.066 1.56 
L 

1.054 
J 

0.548 0.042 

17 clones 9 clones 9 clones 62 clones 

Figure 4.3 Calculating the number of clones in each quartile 
A. Graph illustrating the absorbance values t'Or each clone frone a 96 %ý cll plate with the 
quartile ranges depicted. These quartile ranges are calculated as follows. 
The absorbance range is calculated by subtracting the lowest absorbance value (from a well 
positive for cell growth) from the upper value (Calculation B). This figure is then divided by 
4 to give the size of each quartile (Calculation C). This value is subtracted from the highest 
absorbance value and then subsequently from the resulting values to give the cut off points for 
each quartile. The number of clones in each quartile is then determined (I)). 
Data represents absorbance values from 1.5kb A2000l' (3'l IC 51L(') clones. 
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A 
Construct 1.5kb A2UCOE MAR X_S29 STAR 40 cHS4 tandem 

No element 3.2 3.6 3.5 3.0 
3' HC 3.9 4.1 6.4 4.1 

3'HC5'LC 18.7 10.4 5.6 1.7 
3'HC5'HC 15.3 3.8 4.4 3.3 

3'HC5'LC5'HC 27.9 10.6 4.4 3.5 
5' LC 13.8 3.9 5.5 2.9 

-- 5' HC 5.9 5.9 i 4.3 3.5 
5'LC5'HC 19.6 3.8 2.9 7.0 

B 

N 

CC 
0 
0 

1.5kb A2UCOE 

MAR X_S29 

STAR 40 

M cHS4 tandem 

Figure 4.4 Frequency of highest expressing clones. 
A. Table of results comparing the percentage of clones within the I" quartile for each 
construct and element. B. Graph showing % of clones in I" quartile for each element. 

Figure 4.4 shows that the 1.5kb A2UCOE element gives the highest increase in the 

proportion of higher expressing clones compared to the other elements (Figure 4.4, 

blue bars). The largest increase was observed with the vector containing three 1.5kb 

A2UCOEs at the 3' HC 5' LC 5' HC positions. This resulted in a 8.6 fold increase in 

the number of clones in the first quartile. The MAR X S29 element gave the second 

highest increase with two constructs (3' HC 5' LC and 3' HC 5' LC 5' HC) both 

showing an almost 3-fold increase over the control vector Ab535 (Figure 4.4, purple 

bars). The increase in the number of clones in the first quartile for the cHS4 tandem 

cell lines were less pronounced with the highest increase (2.3-fold) observed using the 

5' LC 5' HC vector (Figure 4.4, green bars). The STAR 40 also only showed a 
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modest (<2 fold) increase in the number of highest expressing clones (Figure 4.4, 

yellow bars) which is consistent with the data from the individual pooled stable cell 

lines (see Section 4.2.1). 

The presence of the 1.5kb A2UCOE and MAR X_S29 elements increased the number 

of clones in the I" quartile, however the previous data did not indicate the level of 

antibody expression from the isolated clones or whether this was greater than the 

control vector when chromatin modifying elements were absent. To answer this 

question the 24 clones with the highest absorbance values for each construct were 

expanded into 24 well plates and overgrow cultures set up. Antibody titre was 

determined by mouse IgG ELISA and results are shown in Figure 4.5 A-D. 

The only A2UCOE-containing construct which did not demonstrate any ability to 

increase expression was the 3' HC vector. The expression profile of the 24 clones 

derived from this construct was similar to the profile of the Ab535 clones, (Figure 4.5 

A) and there was only a slight increase in the mean expression level of the 24 clones 

(see Figure 4.6A). The clones with the highest antibody titre were isolated from the 

cells transfected with the 3' HC 5' LC 5'HC construct with expression levels 2.5-fold 

higher than the best expressing Ab535 clone (Figure 4.5,3' HC 5' LC 5' BC). The 

mean expression level for the 24 clones analysed for each construct was also 

determined (Figure 4.6A). The highest increase was observed from the cell lines 

generated using the 5' LC 5' HC vector (6.75-fold increase). This was closely 

followed by the 3' HC 5' LC 5' HC cell lines where the average expression level was 

6.2-fold higher than the Ab535 control clones. 
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For clones derived from vectors containing the MAR X_S29 element the highest 

expression levels were observed when the element was at the 3' IIC 5' LC locations 

(Figure 4.5B). Figure 4.6B, illustrates that the average expression from these clones 

was 2.2 fold higher than the average expression from the Ab535 vector. This result 

indicates that the 3' HC 5' LC vector performed best. These data were consistent 

with the pooled stable expression levels and the increase in the number of clones in 

the 1s` quartile. 

The results from the STAR 40 clones (Figure 4.5C) show that irrespective of the 

position or number of these elements present in the expression vector, the expression 

levels observed were similar between expression constructs. Only the 3'flC construct 

generated any clones with a higher expression level over the Ab535 control. This also 

resulted in the average expression levels of the cell lines from each expression 

construct being similar to the control vector (Figure 4.6C). Again these results were 

consistent with the results observed previously for the pooled stable cell populations. 

The highest expression level observed for the cHS4 tandem clement was in the cell 

lines generated using the 3' HC 5' LC 5' IIC construct. However, expression levels 

were similar to those obtained using the Ab535 control vector. In contrast, the highest 

average expression level is obtained with the 5' LC 5' LIC vector (Figure 4.6D). 

110 



A. 1.5kb A2UCOE 

B. MAR X S29 

C. STAR 40 

D. cIIS4 tandem °' } 

Figure 4.5 Expression levels from overgrown cultures in 24 well plates 
Cells from the 24 highest expressing clones at 96 well stage were trin. tcrred to 24 well plates 
and cultured for 14 clays. l'. xpression levels were determined hý mouse Ig(i F LISA using 
MOPC21 as a standard at a starting concentration of I 

. tg/ml. Samples were added at a 1: 50 
dilution and titrated 1: 5 half way down the plate. 
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A. 1.5kb A2UCOE 

20- 

. 

... S. 
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op 
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C. STAR 40 

B. MAR XS29 

Figure 4.6 Expression levels for cell lines at 24 well plate stage 
Graphs showing range of expression levels with the mean expression level highlighted by 
horizontal bar for each cell line for the four elements. 
A. 1.5kb A2UCOE, B. MAR X_S29, C. c11S4 tandem, D. STAR 40. 

4.2.3 Optimal vector configurations 

The antibody expression studies indicated that the optimal vector configuration 

differed between elements. The 1.5kb A2UCOE performed best when three copies 

were present in the vector (3' HC 5' LC 5' HC). For MAR X 
-S29 

it was established 

that two copies were required which flanked the IIC and LC genes (3' HC 5' LC 

vector). Modest increases in antibody expression were observed whcn the cHHS4 

tandem element was located in the vector. Data suggested that the optimal locations 

for the element were 5' to both the HC and LC (5' LC 5' BBC vector). STAR 40 
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performed poorly in the studies with no vector constructs demonstrating any ability to 

increase antibody expression. These results reinforced the publication by Otte et a!. 

which confirmed the lack of potency of STAR 40 in CHO cells (Otte et al. 2007). 

These data led to the decision to cease investigation of this element and instead focus 

on the STAR 7 element (Otte et al., 2007). A vector was constructed with the STAR 

7 element at the locations described in the paper which was 3' to the HC and 5' to the 

LC cassettes (see Section 3.2.6.4). 

In the initial studies to determine the preferred number and location of the various 

chromatin modifying elements stable cell lines were established under G418 selection. 

However, antibody expression was low, <15pg/ml in all the cell lines generated with 

the exception of cell lines derived from the 1.5 kb A2UCOE containing constructs. In 

the subsequent studies utilising the optimal vector configurations the selection marker 

was changed to glutamine synthetase in an attempt to increase the levels of antibody 

expression. Analysis was again performed on pooled and clonal cell lines. 

4.2.4 Comparative analysis of chromatin modifying elements: pooled stable cell 

line generation under GS selection 

The five vector DNAs (four chosen constructs containing the optimal arrangement for 

each of the chromatin modifying elements, as shown in Table 4.1, and the control 

AbS35 vector containing no elements), were used to transfect CHO"KI cells by 

clectroporation after linearisation at the Pvul site within the ampicillin resistance 

gene. 
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Element Optimal vector configuration 
1.5kbA2UCOE 3'IICS'LC5'IIC 

MAR XS29 3'IIC5'LC 

STAR 7 3' I IC S' LC 

ctlS4 tandem 5' LC 5' IIC 

Table 4.1 Optimal vector configurations utilised in comparative analysis of 
chromatin modifying elements 

Before plasmid DNA can become integrated into the genome it must be lincarised by 

host cell nucleases, and the plasmid may become linearised at any location within the 

vector which can thus disrupt the transcription units under study. Therefore, in order 

to standardise this event plasmids were lincarised using the unique Pv uI site, which 

cuts outside of the test gene and selection marker gene regions prior to transfection. 

Following linearisation CHO-KI cells were transfected as described in Section 

2.4.4.2. 

The percentage of viable cells and cell number in the pooled stables following the 

addition of 50µM MSX arc shown in Figure 4.7A and B. The percentage of viable 

cells in the pooled stable generated using the 1.5kb A2UCOE vector remained higher 

than the Ab535 control with approximately 50% of cells remaining viable in the 

population. After the viability had reached its lowest point the cell viability 

immediately increased and by day 14 the cell viability was greater than 80%, this was 

a2 fold increase above the number of viable cells in the Ab535 pooled stable at the 

same time point. The recovery of the 1.5kb A2UCOE pooled stable was 5 days faster 

than the Ab535 control. The profiles for the MAR X_S29, STAR 7 and clIS4 tandem 

pooled stable cell lines were similar to the Ab535 pooled stables. The quicker 

recovery of the 1.5kb UCOE pooled stable may reflect the UCOEs ability to open up 
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the chromatin environment surrounding the integrated plasmid which will allow more 

permissive integration events resulting in a higher number of' surviving cells in the 

population. 

50uM MSX added Media Change 

- Ab5351 

-1 5kb A2000E 
- MRxS29 

STAR 7 
- cHS4 tandem 
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Figure 4.7 Recovery of cell populations in ('110-K I pooled Stahle cell lines " /- 
chromatin modifying elements. 
CIIO-K I cells were electroporated and 50µM MSX was added to culture medium 24 hours 
post transfection. The percentage of viable cells and viable cell numbers in the population 
was recorded each day. Cell culture medium containing 50µM MSX was replaced on day 10 
post transfection. 
A. The percentage of viable cells in pooled stables. 
B. Viable cell number in pooled stables. 
Each line represents the mean +/- SD of 3 independent transfections 
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Although it is important for the pooled stables to recover quickly, it is also desirable 

that the cells express the antibody at a high level. Once the cell populations had 

recovered to greater than 90 % viability antibody expression was assessed in an 

overgrown culture (Figure 4.8). 
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Figure 4.8 Expression levels of ('HO-KI pooled stables +/- chromatin modifying 
elements 
Cells were seeded at 3x lOS cells/ml and expression was measured after 10 days using a mouse 
Ig(i E; LISA. MOPC2I was used as the standard starting with a concentration of l µg/ml. 
Triplicate samples were added to : LISA plates at aI in 10 dilution and then titrated down the 

plate using tripling dilutions. lach data point represents mean --/- SI) of 3 independent 

transfections. 

Irrespective of which chromatin modifying element was present the overall expression 

levels from the pooled stables generated using the GS selection system were higher 

than those achieved using the neomycin selection system (Figure 4.8). This indicated 

that the GS system was more stringent than the neomycin selection system as cells 

were only selected which expressed the H(' and L(' genes at a higher level in contrast 

to the neomycin selection system which allowed lower expressing clones to survive. 

The highest expression level observed was in the 1.5kb n? U('OE pooled stable cell 

line. Expression levels were 15-fold greater than the /ßb535 control when the 1.5kb 
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A2UCOE was present in the vector (Figure 4.8, blue bar). The MAR X_S29 and 

dHS4 tandem elements showed a modest increase in expression over the control with 

a 2- and 1.5-fold increase respectively, whereas the STAR 7 clement showed no 

increase in expression above the Ab535 control (Figure 4.8, yellow bar). 

Pooled stable cell lines consist of a population of individual clones which all express 

at varying rates. Over time, the characteristics of the pool can change, due to out 

growth of faster growing cell lines which may express at lower levels. In order to 

determine whether the presence of the elements can influence the characteristics of 

the pooled stable cell lines, the cultures were grown in the absence of selective 

pressure for 120 generations (the equivalent of 100 days assuming CHO-K1 cells 

double very 20 hours) with overgrow cultures being set up at 0,40,80 and 120 

generations to establish expression levels. Zero generation corresponds to the start 

point of this study, when the pooled stable cell lines had recovered to >90% viability 

and was equivalent to 18 to 20 generations post-transfection. 
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Stability of CHO-K1 pooled stables +l- chromatin elements 
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B. 

40 Generations 80 Generations 
_I 

20 (icnrraiwns 

Ab535 30.8 7.9 4.4 

1.5kb A2UCOE 72.3 57.6 27.8 

MAR X_S29 37.3 34.8 11.3 

STAR 7 19.7 2.9 0.3 

cHS4 tandem 7.0 4.0 2.2 

Ab535 

1 5kb A2000E 

MAR X_S29 

O STAR 7 

cHS4 tandem 

Figure 4.9 Stability, of CHO-KI pooled stable cell lines 
A. CllO-KI pooled stables -ý- chromatin modifying elements were grown in the absence of' 
MSX for 120 generations. At 0,40,80 and 120 generations 50m1 cultures overgrown cultures 
with cells seeded at 3x 105 cells were overgrown for 10 days. Supernatant was assayed using a 

mouse IgG ELISA using MOPC21 as a standard at a starting concentration of' I pg/ml. Data 

represents mean (-/- SD) of 3 independent pooled transfections. 
B. Percentage of starting (0 generation) antibody expression remaining at time points 
measured. 

Figure 4.9 shows that in all cases antibody expression in the pooled stables decreased 

over the 120 generations. Only 30.9`ii, of' starting expression remained after 40 

generations with the Ab535 pool. There was also a similar decrease in expression 

during the first 40 generations in the MAR X S29 pool (37.3"ý, ofstarting expression 

level) and a more marked decrease in pools derived from the STAR 7 pool (7% of' 

starting expression) and the cHS4 tandem pool (19% of starting expression). In 

contrast, expression levels in the 1.5kb A2UCOE pooled stable remained higher with 
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72.3% of the starting expression level maintained after 40 generations. After 80 

generations expression levels had decreased further for all pooled stables except the 

MAR X 
-S29 

pool which maintained expression levels. At 120 generations the 

expression levels of the pools decreased further so that only 4.4% of expression was 

retained for the Ab535 pool, 11.3% in the MAR X_S29 pool, 0.3% in the STAR 7 

pool and 2.2% in the cHS4 tandem pool. Although the expression of the 1.5kb 

A2UCOE pool had decreased, the expression level at 120 generations still remained 

higher than the expression levels of the other pooled stables at 0 generations. The 

slow decrease in expression compared to the other elements suggests that the majority 

of the cells in the 1.5kb A2UCOE pool express antibody, rather than the population of 

cells being made up of a few cells which expressed antibody to a high level and a 

large proportion being low or non-expressing. If the population was comprised of the 

latter a sharp decrease in expression would be expected as the low level, or non 

expressing cells out grew the cells expressing high levels of antibody as seen with the 

other elements. 

4.2.5 Comparative analysis of chromatin modifying elements: clonal stable cell 

line generation under CS selection 

Clonal cell lines were generated using two methods: limiting dilution and via the 

ClonepixF' instrument from previously described pooled stables (Section 4.2.4). In 

order to generate clonal cell lines by limiting dilution, CIIO-K1 cells were transfected 

as described in Section 2.4.4.2. Cells (4 x 107) were transfectcd and plated by limiting 

dilution over forty 96 well plates. Plates were incubated for at least three weeks until 

colonies were visible. Wells were scored for clonal growth and numbers arc shown in 

Table 4.2. 
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Cell Line Single Colonies 

Ab535 78 
1.5kb A2UCOE 123 
MAR X 

-S29 
53 

STAR 7 81 

cl 1S4 tandem 60 

Table 4.2 Total number of wells with single colonies 

The highest number of wells with single colonies was achieved when the 1.5kb 

A2UCOE was present in the expression vector. The presence of the other elements in 

the vectors did not appear to have a beneficial effect on the number of colonies 

produced. 

For the derivation of clonal cell lines from the pooled stable cell lines, single colonies 

were isolated using the Cloncpix1 instrument. Cell lines were plated in semi solid 

CloneMedia and 10 days after plating colonies were picked using the ClonepixFL 

instrument under white light. A total of 192 colonies for each construct were picked 

into two 96 well plates. 

To assess the distribution of expressing cells in the clonal cell lines isolated using the 

two methods spot ELISA was perfomed as described in Section 4.2.2. The percentage 

of clones in each quartile was calculated as described in Figure 4.3. Results from 

clones isolated by limiting dilution and growth in CloncMcdia are shown in Figure 

4.10 and 4.11 respectively. 
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A. 

Ist Quartile 2nd Quartile 3rd Quartile 4th Quartile 

Ab535 19.2 6.4 2.6 71.8 

1.5 kb A2UCOE 78.9 1.6 1.6 17.9 

MARX S 29 41.5 9.4 3.8 45.3 

STAR 7 21.0 3.7 7.4 67.9 

cHS4 tandem 38.3 1.7 1.7 58.3 

B. 

" Ab535 

" 1.5kb A2UCOE 

- MARX S_29 

EM STAR 7 

M cHS4 Tandem 
a 
0 
C 
0 
U 

Figure 4.10 Distribution of expressing clones isolated by limiting dilution 
Supernatant from wells containing single colonies was assayed using a spot . LISA with 
samples added to the plate at a 1: 40 dilution. A. Table of'results comparing the percentage of' 
clones in each quartile for each element. B. Graph showing % ot'clones in each quartile. 
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A. 

Ist Quartile 2nd Quartile 3rd Quartile 4th Quartile 

Ab535 27.4 6.1 2.4 64.0 

1.5kb A2U(OE 80.3 15.2 3.4 1.1 

MARX S29 31.6 7.5 2.7 58.3 

STAR 7 7.3 2.7 2.7 87.3 

OIS4 tandem 31.4 10.1 4.7 85.2 

B. 

1 

0) 4) 
c 0 
U 

M Ab535 

1 5kb AZUCOE 

MAR X_S29 

STAR 7 

® cHS4 Tandem 

Figure 4.11 Distribution of expressing clones isolated from (: S pooled stables 
Colonies picked from CloneMedia were assayed fror expression from growth in 96 well plates. 
Supernatant was assayed using a spot l: [. ISA with samples added onto the plate at a 1: 40 
dilution. A. Percentage of cells within each quartile. 13. Graph showing ° (, of clones in each 
quartile. 

The profile of the distribution of' clones for the two methods were similar. 

Irrespective of the method used to isolate the clonal cell lines the presence cif' the 

1.5kb A2UCOE in the expression vector shifted the distribution of expressing clones 

so that the majority were located in the first (highest expressing) quartile (79% from 

limiting dilution and 80% from pooled stable). The presence of the MAR X S29 and 

the cHS4 tandem element in the vector produced a 2-föld increase in the number of' 

clones in the First quartile compared to the control vector when clones were isolated 
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using limiting dilution. In contrast, when clonal cell lines were isolated from the 

pooled stables this increase in the percentage of clones in the l" quartile was not 

observed. 

The distribution of expressing clones derived from the STAR 7 containing construct 

isolated using limiting dilution was similar to the Ab535 vector control. I lowever, the 

percentage of clones in the Is` quartile isolated from the STAR 7 pooled stable was 

much lower than the Ab535 control with only 7% of clones in this quartile. 

To establish whether the presence of elements within the vectors could increase 

antibody titres compared to the Ab535 control, clones, derived by both methods, 

which were positive for antibody expression in the spot ELISA, were expanded into 

24 well plates. Cultures (I ml) were grown for 10 days and the supernatants were 

assayed to ascertain antibody expression levels (Figure 4.12 and 4. I3). 
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Figure 4.12 Expression levels of clones isolated by limiting dilution +/_ chromatin 
modifying elements in 24 well plates 
All clones positive for expression in the spot ; LISA were expanded into 24 well plates 
and grown for 10 days. Supernatant was assayed using a mouse IgG FLISA with 
MOPC21 as a standard. Supernatant was added at a 1: 50 dilution and titrated half way 
down the plate using 1: 5 dilutions 
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For clones generated using limiting dilution the highest expressing clone was isolated 

from the Ab535 cell line. This had an antibody titre of over 60µg/ml. The expression 

levels of the remaining Ab535 clones ranged from 50pg/ml to 5 tg/ml. The 

expression levels of the clones generated using the 1.5kb A2UCOE vector showed a 

similar range with antibody titres ranging from 60µg/ml to under 1µg/ml. The 

expression levels of the MAR X_S29 clones were lower, with antibody titres ranging 

from 39pg/ml to 4pg/ml. Expression levels from STAR 7 and 11S4 tandem clones 

were the lowest with the best clones only expressing 15 tg/ml and 17 tg/ml 

respectively. 

For clones isolated from the pooled stables only the top 48 clones were expanded to 

24 well plates with the exception of the STAR 7 cell line where only 18 colonies were 

positive for antibody expression. In contrast to the clones isolated using limiting 

dilution the expression levels for the majority of 1.5kb A2UCOE clones were higher 

than those isolated from the control Ab535 pool (Figure 4.13). The expression levels 

for the MAR X_S29 and HS4 tandem clones were similar to the Ab535 clones, and 

the expression levels for the STAR 7 clones were low with the majority of clones 

expressing below 1Ogg/ml. 
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Figure 4.13 Expression levels of clones isolated from pooled stables +/- chromatin 
modifying elements in 24 well plates 
Cells were expanded into 24 well plates and grown for 10 days. Supernatant was assayed 
using a mouse IgG ELISA with MOPC2 I as a standard at a starting concentration of I µg/ml. 

Clones isolated from limiting dilution were cultured in 6 well plates. Several clones 

failed to grow, however overgrow cultures were set up with the remaining clones. 

The larger culture volume enabled cell numbers to be determined and there ore cells 

were seeded at a known cell density, (3x l OS) cells/ml, and cultural for 10 (lays. 

Supernatants were assayed by mouse IgG ELISA and the results can be seen in Iý igure 

4.14. In contrast to the results at the 24 well stage the highest expression levels were 

from 1.5kb A2UCOE clones. Although the highest antibody titre was seen with the 

1.5kb A2UCOE, there was still a wide range of' expression levels when the UCOE 

was in the vector. The range of expression levels seen in the clones isolated from the 

other elements was similar to the Ab535 control. 
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Unfortunately, at this point the cell viability decreased for a large number of the 

clones isolated using limiting dilution. Cell viability could not he recovered, and only 

a small number of'clones survived. This number was too low to allow analysis fier 

each element. Therefore, it was decided to move forward with the characterisation of' 

the clones isolated from the pooled stable cell lines. 

E 
Im a 
Ü 
LL 
E 

Figure 4.14 Expression levels of clones +/- elements in 6 %%ell plates 
Cells were seeded at 3x 105 cells, 'nml in 3 ml media and gro%k nI 'Or I0 days. Supernatant 
was assayed using a mouse IgG ELISA with MO P('2I as a standard at a starting 
concentration of Iµg/ml. Samples were added at a 1: 10 dilution and titrated down the 
plate at a 1: 3 dilution. 

4.3 Discussion 

The aim of the work described in this Chapter was toi assess the effect of various 

chromatin modifying elements on antibody expression in stable cell lines. Initial 

experiments were aimed at establishing the optimal locations and combination cif the 
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individual elements. The results showed that the chromatin modifying elements had 

an effect on antibody expression in both pooled and clonal stable cell line generation 

and different combinations performed best for each clement. It was also observed that 

the elements affect antibody expression to varying degrees. 

In the initial pooled stable cell lines, selected using G418, the highest antibody 

expression levels were achieved when the 1.5kb A2UCOE was at all three locations in 

the vector (3' HC 5' LC 5' HC). In clonal stable cell lines isolated from the pooled 

stables the 1.5kb A2UCOE again showed the highest increase in antibody expression 

over the control Ab535 vector, as exemplified by the increase in the number of high 

expressing clones as well as the overall expression levels. Although the increases in 

expression were not as high as those observed with the 1.5kb A2UCOE, the MAR 

X_S29 element did have a positive effect on antibody expression levels in both pooled 

and clonal stable cell line generation. The best location for this element was when it 

was flanking the HC and LC transcription units (3' HC 5' LC). The highest 

expression levels of the MAR X_S29 clones in the pooled stable, largest proportion of 

expressing clones and highest expression levels at the 24 well plate stage were all 

observed in the cell lines produced with this vector. Previously, data presented by 

Otte et al. (2007) suggested that the incorporation of MAR X_S29 gave a marked 

increase in expression levels, compared to clones derived using an expression vector 

containing UCOEs. However, data generated from the work described in this Thesis 

indicated that MAR X_S29 was not as potent as the A2UCOE in increasing 

expression levels. Since the work described in this Thesis was started it became 

apparent that MAR X_S29 had limited activity compared to the other human MAR 

elements identified in the bioinformatic search of the human genome. It is said to 
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perform better in a mesoangioblastic cell line (Mermod, 2007) and a different MAR 

element, MAR 1_68, has better activity in CHO cells (Girod el al., 2007). 

The results for the cHS4 tandem and STAR 40 elements were less convincing with 

only small increases seen over the Ab535 control. For the cIlS4 tandem element this 

may be due to its proposed functionality. It is classed as an insulator and in contrast 

to the A2UCOE cannot ̀ open up' heterochromatin (Chung et al. 1993; Antoniou et 

al., 2003). This could explain why the number of expressing clones and overall 

expression levels were similar to the Ab535 control. The data presented is also 

consistent with a previous study in which it was shown that this clement could not 

increase enhanced green fluorescent protein (EGFP) expression levels in clonal stable 

cell line generated in CHO cells (Otte et al., 2007). The STAR 40 vectors also gave 

only modest increases in expression compared to the control Ab535 vector. These 

results were inconsistent between pooled and clonal stable cell lines with no vector 

configuration being preferable. Whilst this investigation was in progress, a 

publication by Otte and colleagues has described the lack of potency of the STAR 40 

element in CHO cells (Otte et al., 2007). The disappointing results observed with this 

element were therefore not unexpected and led to the use of the STAR 7 clement, 

which was described as being more potent in CHHO cells. However, in the expression 

vector constructs described in this Thesis this clement also gave poor results with no 

improvements in number of clones expressing antibody and levels of expression. 

Although STAR 7 is described as being more potent than STAR 40 in CIIO cells, the 

data presented by Otte et al. (2007) shows STAR 7 being used in combination with 

another STAR element, STAR 67. It was demonstrated that this STAR clement had a 

low level of anti repressor activity but it could have a positive, additive effect on 
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antibody expression when placed upstream of a promoter driving transgene 

expression (Otte et at., 2007; Van Blokiand et a!., 2007). This suggests that STAR 67 

may function differently to the other STAR elements and is an enhancer of expression 

rather than a true anti-repressor element. Therefore, on its own, STAR 7 may not be 

able to enhance transgene expression. 

Data generated using the GS selection marker confirmed that the presence of the 

1.5kb A2UCOE in the vector resulted in the highest levels of antibody expression in 

the pooled stables. The results observed are consistent with those obtained in a 

previous study where expression levels were increased six-fold when a 3.2kb UCOE 

(from the 5' untranslated region of a murine ribosomal protein) were present in the 

expression vector compared to the control vector (Ye et al., 2010). 

In media containing MSX cell death and recovery followed a similar pattern for all of 

the cell lines with the exception of those derived from the 1.5 kb A2UCOE. In this 

case viability remained higher and recovery was markedly quicker. Presumably, the 

ability of UCOEs to `open up' chromatin allows a greater number of permissive 

integration events to occur, enabling efficient transcription of GS. Therefore a greater 

number of cells can survive the selection pressure. However, due to the vector 

configuration after linearisation the GS transcription unit does not have a UCOE 

upstream of its promoter (to function correctly the UCOE should be immediately 

upstream of the promoter driving expression of the transgcne, Williams el al., 2005) 

which indicates that UCOEs may possibly be able to provide benefits to genes that arc 

not operably-linked. 

129 



Chapter 4 

Irrespective of the method utilised to isolate single colonies the presence of the UCOE 

in the expression vector increased the proportion of expressing clones, which is 

consistent with data published previously (Benton et al., 2002; Williams et al., 2005; 

Ye et al., 2010). Interestingly, when clonal cell lines were generated by limiting 

dilution the increase in expression in the 1.5kb A2UCOE containing clones over the 

clones derived using the Ab535 control vector was less evident than in the pooled 

stables. More clones were isolated that expressed antibody but none of these had a 

higher productivity than the clones derived using the Ab535 control vector in 

overgrown cultures in 24 well plates. In contrast, clonal cell lines isolated from the 

GS pooled stables correlated with data generated when determining the optimal vector 

configurations, where a large number of the 1.5kb A2UCOE clones had higher 

expression levels than the clones isolated from the Ab535 control. In two of the 

published studies (Benton et al., 2002; William et al., 2005) clones were derived from 

pooled stables and expression levels of clones generated using an expression vector 

containing UCOEs were higher than those derived from a non-000E expression 

vector which is consistent with the findings presented in this Thesis. In the study by 

Ye ei al., 2010 single colonies were derived using limiting dilution. Although the 

data presented is not conclusive a number of non-UCOE clones expressed at the upper 

detection limit of the assay indicating that similar expression levels could be achieved, 

which again, is also in agreement with data presented in this Thesis. 

A possible explanation for the increased expression in the clones derived from the 

1.5kb A2UCOE pooled stable is that there may be a lack of diversity in the pool of 

stably transfected cells generated using the Ab535 control vector. After the addition 

of selection pressure the pool of cells were allowed to recover and during this time 
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clones expressing antibody at a high level may have been lost from the population due 

to the outgrowth of faster growing, low expressing cells. In contrast, the 1.5kb 

A2UCOE pooled stable contained more cells with higher expression levels. 

Therefore, a greater number of clones expressing at a high level could be isolated. 

When colonies were derived using limiting dilution cells were plated out immediately 

after the addition of MSX. This meant that, although it was a rarer event, clones 

could still be isolated from cells transfected with the Ab535 control vector which 

expressed at a level comparable to clones derived using the 1.5kb A2UCOE vector. 

The work described in this Chapter has established the effects that the various 

chromatin modifying elements were having on antibody expression in stable cell 

lines. To investigate how they were potentially functioning within the cell a number 

of clones were chosen to characterise further and this work is described in the 

subsequent Chapters. 
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5.1 Introduction 

Having established the optimal arrangement of the different chromatin modifying 

elements in the antibody expression vectors, clonal cell lines were generated 

employing the preferred constructs using the GS selection system. The clonal cell 

lines were selected from pools of stably transfected cells following selection with 

MSX. This chapter will describe the molecular genetic characterisation of these 

clonal cell lines in order to obtain a degree of insight into how chromatin modifying 

elements effect antibody expression levels. 

The expression level of a stably expressed mAb can be dependent upon a number of 

factors that includes transgene copy number and site of integration. 

Identifying molecular differences or similarities between clones and/or elements will 

should provide an improved understanding of how the elements work within CHO 

cells. 

A total of ten clones for each of the five test constructs, (Ab535 control, 1.5kb 

A2UCOE, MAR X_S29, STAR 7 and cHS4 tandem) were chosen for further analysis. 

HC and LC transgene copy number and integrity was assessed using TaqMan Q-PCR 

and Southern blot hybridisation. 

The principle upon which the probe based TaqMan Q-PCR is as follows. A small 

region of the integrated plasmid is amplified with forward and reverse 

oligonucleotides. A fluorogenic probe that anneals within the amplified region is also 

included. The probe contains a fluorescent dye at the 5' end and a quencher dye at the 
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3' end. As amplification of the DNA takes place the quencher is removed from the 

probe due to the 5' exonuclease activity of the polymerase. The amount of 

fluorescence produced is proportional to the amount of target DNA present. In Q- 

PCR the fluorescence generated following degradation of the probe is plotted over 

time and the point at which the fluorescence exceeds the background level is given a 

value, which is referred to as the cycle threshold (CT). Samples with a higher level of 

target DNA will have a lower CT value as the fluorescence appears after fewer cycles 

of PCR amplification. 

Southern blotting is a technique used for isolating and identifying specific fragments 

of DNA (Southern et al., 1975). The mixture of fragments is subjected to 

electrophoresis through an agarose gel, followed by denaturation to form single 

stranded fragments. These are transferred or `blotted' onto a filter membrane which 

immobilises them in their relative positions. Labelled probes, which are specific for a 

certain region are then added. These hybridise with any complementary fragments on 

the filter, which can then be detected. 

When Southern blotting was first described radioactive probes were utilised. More 

recently alternative methods for probe labelling have been used (Rihn el al., 1995; 

Solanas and Escrich, 1997). An example of this is Digoxigenin (DIG). The DIG- 

labelling method is based on a steroid isolated from digitalis plants (Digitalis 

purpurea and Digitalis lanata). Digoxigenin is linked to the C-5 position of uridine 

nucleotides via a spacer arm containing eleven carbon atoms which forms DIG-11- 

dUTP. This can be incorporated into the DNA probe by enzymatic nucleic acid 

synthesis using DNA polymerases. The DIG labelled probe can then be detected 

either colourmetrically or by chemiluminescent detection. 
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Southern blotting can also be used to determine clonal diversity. In this study a probe 

was designed which hybridised to the 3' end of the linearised integrated plasmid (so 

called `end-fragment analysis'), which enabled clones with different integration sites 

to be distinguished due to the difference in the size of the fragment visualised by 

probe hybridisation. 

Chromosomal integration sites of the plasmid DNA was determined by fluorescence 

in situ hybridisation (FISH). This was performed on three clones containing 1.5kb 

A2UCOE transgenes. FISH is a cytogenic method that uses fluorescent probes to 

detect and localize the presence or absence of specific DNA sequences on 

chromosomes. Probes will only bind to those parts of the chromosome where there is 

a high degree of sequence similarity. The fluorescent probes bound to the 

chromosomes can then be visualised using fluorescent microscopy. 

5.2 Results 

5.2.1 Plasmid copy number determination by Taghlan Q-PCR 

HC and LC copy numbers were determined using TaqMan Q-PCR as described in 

Section 2.3.2. Oligonucleotides were designed (shown in Appendix 2) that amplified 

a region of DNA in the murine yl full length and Kappa constant regions as illustrated 

in Figure 5.1. 
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Figure 5.1 Q-PCR oligonucelotide and probe locations 
Map of linearised expression plasmid highlighting location of oligonucleotides and probes 
designed to anneal in the Kappa and yl full length constant regions. Annealing site indicated 
by red squares. Amplified region expanded to highlight 5' and 3' oligonuclcotides and probe 
containing fluorescence (F) at 5' end and quencher (Q) at 3' end. 

In order to standardise the amount of' input gE)NA used in the Q-PCR reactions, 

quantification of hamster GAPDH was used as an internal control. Oligonucleotides 

(3.1 to 3.3, shown in Appendix 2) were designed to amplily a region of the GAPI)II 

gene and a standard curve was generated using CHO-K I gDNA. Standard curves For 

HC and LC DNA were also generated using a serial dilution of known copy numbers 

of plasmid DNA diluted within C'HO-KI gDNA (see Section 2.3.2.1). Examples of I 

the standard curves generated can be seen in Figure 5.2. Together, these curves were 

used to calculate the number of cells in the input gl)NA samples (see Table 5.1), and 

calculate HC (sec Table 5.2) and LC (see Table 5.3) transgenc copy number using the 

absolute quantification software (Applied Biosystems). An example of the data 

generated for the ten MAR transgene containing clones is shown in Tables 5.1 to 5.3. 

The remaining data is shown in Appendix 4. 
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Figure 5.2 Standard curves generated for Q-f'('R 
Standard curves fier I IC and LC I)NA were generated by it 1: 3 serial dilution of Ix I0ß' Copies 
of plasmid DNA (sampled in triplicate) and plotting quantity of plasmid I)NA against the 
corresponding C, value. A standard curve was generated fier (iAPI)II by plotting known 

quantities of'C'I10-KI gDNA against the corresponding (', value for triplicate samples. 
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Clone C uantit (ng) Avg quantity (ng) # cells 
M1 20.63 26.99 27.96 4236 

20.56 28.54 
20.57 28.34 

M2 21.11 18.96 20.41 3093 
20.82 23.55 
21.12 18.74 

M3 18.41 140.32 138.34 20961 
18.41 140.62 
18.47 134.09 

M4 18.89 98.12 98.02 14852 
18.78 107.13 
19.03 88.81 

M5 18.96 93.17 109.65 16613 
18.62 119.78 
18.67 115.99 

M6 18.54 127.35 120.51 18259 
18.76 108.36 
18.56 125.82 

M7 19.84 48.75 47.59 7211 
19.85 48.16 
19.92 45.87 

M8 20.30 34.44 36.31 5501 
20.19 37.62 
20.21 36.88 

M9 18.73 111.03 123.08 18648 
18.54 127.17 
18.50 131.04 

M10 18.54 127.10 122.15 18508 
18.62 119.96 
18.63 119.40 

Table 5.1 Calculating number of cells per sample 
An example generated using the MAR X_S29 clones showing how the GAPDII standard 
curve was used to standardise input gDNA quantities. Average quantities (ng) were 
calculated in the Absolute quantification (Applied Biosystems) software using the GAPDII 
standard curve. Number of cells were calculated by assuming that the DNA mass of the cell 
is approximately 6.6pg (based on the rodent gcnome being 3x 109 bp in length; Marshall, 
2001) 

138 



Chapter 5 

HC: 

Clone C uantit Qty Mean Qty SI) Copy per cell Co er cell 5D 

MI. 25.00 16542.47 15909.64 558.54 3.76 0.13 

25.07 15700.96 
25.09 15485.48 

M2 25.97 8402.46 9069.18 658.51 2.93 0.21 

25.76 9719.17 
25.86 9085.91 

M3 22.93 69782.29 59646.21 10306.97 2.85 0.49 

23.14 59979.88 
23.43 49176.45 

M4 23.46 48185.74 45379.68 2457.59 3.06 0.17 

23.60 43610.23 
23.58 44343.07 

M5 24.74 19827.11 20548.71 633.26 1.24 0.04 

24.65 21011.93 
24.67 20807.10 

M6 22.96 67996.88 60049.11 7865.65 3.29 0.43 

23.34 52268.24 
23.15 59882.23 

M7 25.07 15744.32 14648.79 1178.85 2.03 0.16 

25.16 14800.70 
25.30 13401.35 

M8 25.09 15443.34 15162.93 529.53 2.76 0.10 

25.18 14552.17 
25.09 15493.29 

M9 23.92 34880.91 40215.29 4776.49 2.16 0.26 

23.67 41668.76 
23.59 44096.19 

M10 24.48 23710.95 22796.66 997.56 1.23 0.05 

24.53 22946.29 
24.60 21732.73 

Table 5.2 Examples of IIC copy number determination 
The Absolute quantification software (Applied Biosystems) calculated IIC and LC copy 
numbers by comparing unknown CT values to the standard curves. Copy per cell was then 
calculated by dividing quantity by number of cells in sample. 

139 



Chapter 5 

LC: 

Clones CT Quantity_ Qty Mean ON SD Copy per cell Copy per cell SI) 

M1 22.30 14159.06 15162.85 1027.08 3.58 0.24 

22.21 15117.77 
22.11 16211.73 

M2 22.87 9518.40 10983.69 1312.97 3.55 0.42 

22.61 11379.34 
22.53 12053.35 

M3 20.56 48299.36 49574.61 1745.02 2.37 0.08 

20.55 48861.17 
20.47 51563.32 

M4 20.01 71576.77 68879.60 7172.78 4.64 0.48 

19.95 74312.81 
20.24 60749.22 

MS 21.50 25027.83 27035.11 2708.69 1.63 0.16 

21.44 25961.46 

21.23 30116.04 

M6 20.19 62800.09 59396.88 2960.39 3.25 0.16 

20.32 57416.92 
20.30 57973.61 

M7 22.40 13267.39 12668.10 864.45 1.76 0.12 

22.58 11677.14 
22.42 13059.78 

M8 22.20 15193.28 16706.19 2025.08 3.04 0.37 

22.14 15918.53 
21.89 19006.75 

M9 20.76 42094.71 44169.42 4202.45 2.37 0.23 

20.54 49005.75 
20.78 41407.80 

M10 20.54 48928.98 51480.81 10264.91 2.78 0.55 

20.19 62780.93 
20.74 42732.55 

Table 5.3 Examples of LC copy number determination 
The Absolute quantification software (Applied Biosystems) calculated I IC and LC copy 
numbers by comparing unknown CT values to the standard curves. Copy per cell was then 
calculated by dividing quantity by number of cells in sample. 
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HC and LC gene copy numbers for each clone were calculated and are shown in 

Figure 5.3. Irrespective of whether chromatin modifying elements were present the 

copy number for the majority of clones was low with numbers below 10 for both the 

HC and LC genes. In two of the clones, 535 1 and S4 no HC or LC DNA was 

detected which indicated that the HC and LC DNA had been lost from the genome. In 

contrast, the copy numbers for two clones, Si and S8, were high, with over 70 copies 

per cell of HC and LC being detected in these clones. Approximately equal copies 

of HC and LC copy numbers were detected. This was expected as the HC and LC 

DNA was present in the same plasmid and after integration the DNA should be co- 

localised in the genome. 
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Figure 5.3 HC and LC gene copy number determination by Q-P('K 
100ng gDNA was amplified with probes to the heavy and light chain. (ºAP1)11 ýýas used as 
an internal control. A= IIC copy number. 13 = LC copy number. Clones derived from 
vectors containing the different elements and depicted in different colours. Red = Ab535. 
Blue = 1.5kb A2UCOE, Purple = MAR X_S29, Yellow = STAR 7, Green - cllS4 tandem. 
Each data point represents mean +/- SD (n=3) of samples assayed in triplicate wells. Data 
shown is from one experiment. 
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5.2.2 Confirmation of plasmid copy numbers and clonal diversity 

Although the Q-PCR enabled copy numbers to be determined it could not establish 

either the diversity, in terms of different integration sites, or overall transgene 

integrity of the ten chosen clones from each test construct. In order to establish this 

Southern blot analysis was performed. This would not only confirm transgene copy 

number but also indicate the integrity as the probe would detect and assess the 

presence of the 3' end of the plasmid DNA. 

5.2.2.1 End fragment analysis strategy 

In order to establish the diversity of the clones a probe was designed which would 

hybridise to the 3' end of the plasmid DNA (see Figure 5.4A). Prior to Southern 

blotting, gDNA is digested with a restriction enzyme, in this study EcoRI was chosen. 

This enzyme cuts at a position upstream of the probe hybridisation region within the 

plasmid with the next recognition and cut site in at the in the genome. Therefore, the 

size of this `end-fragment' to which the probe hybridises is dependent on the 

proximity of the next EcoRI site in the gDNA. Clones with different integration sites 

can be distinguished by the size of the end-fragment visualised by probe hybridisation 

(see Figure 5.4B). The location of the probe would also give an indication of whether 

the 3' region of the plasmid had been subjected to degradation by host cell nucleases 

prior to integration. If the region of DNA to which the probe hybridises had been lost, 

no band will be detected on the Southern blot. 
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Figure 5.4 Location of probe and end fragment analysis strategy 
A. Map of expression plasmid linearised with NO. Location of' probe for end fragment 

analysis indicated by double headed arrow. 
B. Illustration of the different sized fragments generated by different integration sites. The 

size of fragment generated is dependent on location ofcoRl site in the genome. 

5.2.2.2 Probe generation using PCR 

The DIG labelled probe was generated using a PCR approach. In this method. I)I( i 

labelled dUTP was incorporated into the PCR product as it was generated. 

Oligonucleotides (see Appendix 2) were designed to generate a 488bp fragment that 

would hybridise at the 3' end of' the plasmid as indicated in Figure 5.4A. The I'('R 

product was generated (as described in Section 2.3.3.1) and to confirm labelling a 

fraction of the reaction was analysed by agarose gel electrophoresis. Figure 5.5 shows 
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the migration differences of'the unlabelled and labelled P('R products. The presence 

of the DIG in the DNA meant that it had a slower migration rate through the agarose 

gel. 

Figure 5.5 Generation of DIG labelled probe by PCR synthesis 
A 488bp DIG labelled probe was generated by PCR. M= Marker, 1. Labelled probe. lJ 
Unlabelled probe 

5.. 2.2 Restriction digests of gDNA prior to Southern blotting 

Prior to Southern blotting gDNA was digested with EcoRl. This restriction en/yore 

was considered suitable based on information known of the marine genome. /: coKI 

should on average digest Mus Musculus DNA once every 4kb 

(http: //www. neb. com/nebecomm/tcch reference/restriction en, Yrncs/band size 

leavage. asp). The Chinese Hamster genornic sequence is not in the public domain. 

However, given that Chinese Hamster DNA shares approximately hO o honiulogy 

with the murine genome (Wlaschin et at, 2005), it was assumed that hcoRI would 

digest CHO cell gDNA with a similar frequency which would allow the resultant 

restricted fragment size to be of an appropriate size to he detected on the Southern 

blot. The CHO cell gDNA was purified using the Wizard DNA purification Kit 

(Promega) as described in Section 2.2.11 and agarose gel elcctrophoresis Was 

performed to confirm the extracted gDNA was of a high molecular weight (Figure 

5.6A). Restriction enzyme digests with EeoRI were set up and incubated fier 16 hours 
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to ensure complete digestion. To confirm complete digestion, it control reaction was 

conducted in which bactcriophage lambda DNA was spiked into ('110-K I g[NA. 

Lambda DNA would give a known pattern of fragments upon complete digestion 

implying the digest reactions had been successful. A fraction cal' the digested DNA 

was visualised using agarose gel electrophoresis and a representative gel is shown in 

Figure 5.6B. This shows the expected smear cif gl)NA that would he generated clue to 

the g[)NA being fragmented into various sizes upon complete digestion. The correct 

pattern of digestion can also be seen for the Lambda DNA indicating a successful 

restriction enzyme digest. 

A. U. 
m 

lau 

w 

Figure 5.6 Purified and digested gI)NA samples 
A. 250ng of'purified BUNA. Lanes I-10 Ll)\: \ , ainples. B. gDNA digested with EeuRI fier 
16 hours at 37°C. 250ng of' digested gi)N: \ %ýas analysed by gel electrophoresis. M 
Marker, Lanes I-I1 = gDNA, Lane 12 BUNA "I ainhda DNA. Expected fragments for 
lambda DNA = 24.7kb, 7.4kb, 5.8kh, 5. bkh, 4.9kh, 

41, 
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5.2.3 Southern blot hybridisation analysis 

After transfection linearised DNA enters the nucleus where it can integrate into the 

genome at any location. In the majority of cases, if multiple copies of plasmid are 

integrated into the genome they insert as tandem arrays presumably due to the ligation 

of linearised plasmid molecules in the nucleus (Chen and Chasin, 1998). Due to the 

Southern blotting strategy being utilised, different integration patterns could be 

determined. If a single copy of the plasmid integrates into the genome, only one end- 

fragment band would be expected. If more than one copy of the plasmid integrates 

into the genome the plasmids are likely to be arranged in tandem arrays. Two 

possible arrangements are as a head-to-tail, or head-to-head array (sec Figure 5.7). 

With integration of multiple copies of the plasmid there could be combinations of 

these arrays or other possible arrangements. With the head-to-tail tandem array 

example shown below, two fragments would be generated, one band would be 

generated from the internal EcoRI-EcoRI fragment where the intensity of the 

hybridisation signal would be dependent on the number of plasmids integrated and a 

second band would be generated from a hybrid plasmid/gDNA fragment. In the-head 

to-head example only the internal fragment would be generated, however the signal 

would be more intense as two probes would hybridise. 

147 



A. 

I. Head to Tail 

2 Head to Head 

B. Cell line 
Ab535 
1.5kb A2UCOE 
MAR X_S29 
STAR 7 
clIS4 tandem 

I Ill 

I I. 1 "ýI'i '1I . i'ýliii 1J 

EcoRl EcoRl 

I lead-to-Tail 
7.8 
10.9 
6.3 
12.1 
8.7 

I lead-to-I lead 
3.5 
6.6 
3.5 
1 1.4 
4.5 

Figure 5.7 Examples of the potential integrated tandem arrays of plasmids and 
theoretical band sizes for internal plasmid generated fragments 
A. Illustrations showing two possible tandem array formations, I lead-to-Tail and head-to- 
Head. B. The expected internal fragment size if tandem arrays had been firmed. 

Southern blotting was performed as described in Sections 2.3.3.3 to 2.3.3.7. The 

results for the different cell lines are shown in Figure 5.8 to Figure 5.1?. In all 

Southern blots no bands were observed in the C'HO-K I gDNA. This demonstrated 

that the probe was specific for the plasmid DNA. In general, there was a lack of' 

diversity in the clonal populations. None oithe five cell lines contained ten individual 

clones with different integration sites. A number cat' clones shared the same handing 

patterns resulting in three to five families of clones in each cell line. The clones were 

isolated from pooled stable cell lines and thereibrc the clones which shared the same 

banding patterns were likely to be daughter progeny from one original tranfected cell. 
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5.2.3.1 Southern blot analysis for AbS35 control clones 

The results of the Southern blot analysis for the clones harbouring the Ab535 

construct can be seen in Figure 5.8A. These clones fell into three families (Figure 

5.8B). No bands were observed for clones in family A, 535 1 and 535 6 (Figure 5.8, 

lanes 1 and 6). For 535 1 this correlated with the results from the Q-PCR (Figure 5.3) 

which also suggested no DNA was present. In contrast, the Q-PCR results for 535 6 

indicated that HC and LC plasmid DNA was present and therefore the lack of band in 

the Southern blot may have been due to degradation of the 3' end of the plasmid 

DNA at or prior to the time of integration. A single band 5kb in size was observed in 

clones in family B: 535 2,535 3,535 4,535 5,535 8,535,9, and 535 10 suggesting 

that only one copy of the plasmid had integrated into the gcnome at the same site 

(Figure 5.8, lanes 2,3,4,5,8 and 9). Clone 535 7 showed a unique banding pattern 

with 3 fragments being observed. In addition to a band at approximately 5kb two 

further bands were present which were larger in size (approximately 8.0kb and 7.4 

kb). The largest band is consistent with the size of band generated by a head to tail 

tandem array (Figure 5.7). However, the presence of a third band suggests that 

several copies of the plasmid have integrated in a different arrangement or there has 

been integration of another plasmid at a different location. 

149 



A. 
Ab535 

kb M123 in K> >n' in' M 

8.5 

7.4 
6.1 
4.9 

3.6 

2.8 

2.0 

1.9 

1.5 

0 
S 

S 
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Approximate 
Family Clones number of bands band size (kb.. 

A 535 1,535 60 
B 535 2,535 3,535 4,535 5,535 8,535,9,535 10 I5 
C 535 738.0,7.4,5 

Figure 5.8 Southern blot analysis of Ab535 clones 
A. Digested DNA was analysed by Southern blot hybridisation using a DIG labelled probe. M 

= DIG labelled DNA ladder. KI= CI 10-K I gDNA. 10" Ix 10" plasmid copies. 10" 1X X 
10`' plasmid copies. 1- 10 = Ab535 clones 535 I to 535 10. 
B. Families of clones as indicated by banding patterns on Southern blot 
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B. 

Family Clones number of bands Approximate band size (kb) 
A U1, U5, U6, U7, UIO 2 3.4,3.8 
B U2 2 -8.5,4.8 
C U4 0 
D U3, U8, U9 5 to 7 >8.5, >8.5,8.5,6.1,5,3.2,1.9 

Figure 5.9 Southern blot analysis of 1.5kb A2U('OF clones 
A. Digested DNA was analysed by Southern blot h0ridisation using a DIG labelled probe. M 

= DIG labelled DNA ladder. KI= Cl lO-K I BUNA. 10' =Ix 10' plasmid copies. 10" 1X 
106 plasmid copies. 1- 10 = 1.5kb UCOF. clones UI to U 10. 
B. Families of clones as indicated by banding patterns on Southern blot 
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B. 

Family Clones number of'bands Approximate band site (kb) 

A Ml, M3, M4 2 6,1,2 
B M2, M5, M6, M8, M9, M 10 1 6.1 

C M7 >2 diffuse band >6.2 6. I, 2 

Figure 5.10 Southern blot analysis of MAR X_S29 clones 
A. Digested DNA was analysed by Southern blot hybridisation using a DI(i labelled probe. M 

= DIG labelled DNA ladder. KI= C11O-K I gDNA. 10' =Ix 10" plasmid copies. 10" 1X 
106 plasmid copies. 1- 10 = MAR X_S29 clones MI to M 10. 
B. Families of clones as indicated by banding patterns on Southern blot 
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C S3, S 10 3 >8.5,8.5,7 
D S4 I 6.1 
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Figure 5.11 Southern blot analysis of STAR 7 clones 
A. Digested DNA was analysed by Southern blot hybridisation using a I)I(i labelled probe. M 

= DIG labelled DNA ladder. KI = CI10-KI gDNA. 10' =Ix 10' plasmid copies. 10" x 
106 plasmid copies. I- 10 = STAR 7 clones SI to S 10. 
B. Families of clones as indicated by banding patterns on Southern blot 

153 



A. 

kb 

8.5 

7.4 
6.1 
4.9 
3.6 

2.8 

2.0 

1.9 

1.5 

cHS4 "Tandem 
M1 .1ý 11 1, 

a1M 
,ý 

i^ 

'& 

40 

ob 

m 

qw 
. dib 

so 
40 

B. 

Family Clones number of bands Approximate band size (kh) 
A H1, H3,117, H8 1 4.3 
B 112, H9, H 10 0 
C H4, H5 3 8.5,3.6,2.8 
D H6 3 8.5,2.5,1.9 

Figure 5.12 Southern blot analysis of cHS4 tandem clones 
A. Digested DNA was analysed by Southern blot hybridisation using a I)I(i labelled probe. M 

= DIG labelled DNA ladder. KI= Cl 1O-K I gDNA. 10" Ix 10" plasmid copies. 10" Ix 
106 plasmid copies. 1- 10 = HS4 tandem clones 111 to II10. 
B. Families of clones as indicated by banding patterns on Southern blot 
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5.2.3.2 Southern blot analysis for l. Skb A2000L' clones 

The results of the Southern blot analysis for the 1.5kb A2UCOE clones showed more 

diversity with the 10 clones falling into four families (sec Figure 5.9A and B). A total 

of two bands were observed in clones U 1, U5, U6, U7 and U 10 which migrated above 

and below the 3.6kb marker fragment (Figure 5.9, lanes 1,5,6,7 and 10). Neither of 

these corresponded to the size of bands which would have been generated if the 

plasmid had integrated in either a head-to-tail or head-to-head configuration (Figure 

5.7). Clone U2 showed a unique pattern, with two bands being observed. The largest 

band was greater in size than the biggest marker band of 8.5kb and the second band 

migrated at a size less than 4.9kb (Figure 5.9, lane 2). Linearised plasmid was also 

added as a positive control for probe hybridisation and had a molecular weight of 

16.2kb. The largest band was below this and could therefore correspond to a 10.9kb 

band generated if the plasmids had integrated as a head-to-tail tandem array. No 

bands were observed in U4 (Figure 5.9, lane 4). The results from the Q-PCR of this 

clones suggested HC and LC DNA had integrated into the genome (Figure 5.3A and 

B) and therefore the lack of band in the Southern blot was probably due to the 3' end 

of the linearised plasmid being digested by host cell nucleases resulting in the removal 

of the region where the probe hybridised. The remaining three clones, U3, U8 and U9 

showed a more complex pattern. A total of seven bands were observed in U8 ranging 

from approximately 16kb to 3.6kb in size (Figure 5.9, lanes 3,8 and 9). Although 

fewer bands were observed in U3 and U9, the band sizes were the same as U8 which 

suggested that all three clones were daughter progeny from one original transfected 

cell. If the plasmids had integrated as tandem arrays a more intense band at either 

10.9kb or 6.6kb would have been observed but this was not the case. A possible 

cause may have been partial digestion of the gDNA although restriction enzyme 
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digested control lambda DNA showed a complete digestion pattern suggesting 

incomplete digestion was not the cause. 

To investigate whether the number of bands were due to under or over digestion of the 

gDNA the digest reaction time was altered. In addition, an alternative restriction 

enzyme BamHI was used, which had a recognition site in close proximity to the 

EcoRI site in the plasmid (see Figure 5.4A. ) 

Clone U8 was chosen as a representative example of the clones generating the 

multiple banding pattern for further investigation. Clones U2 and U7 with different 

hybridisation signals were also included. Restriction digests were performed where 

the incubation time was reduced to 8 hours or increased to 24 hours. The results of 

the gDNA digests after resolution by agarose gel electrophoresis are shown in Figure 

5.13A. The EcoRI restriction enzyme digest pattern looked similar for all three 

incubation times and the correct sized fragments for the Lambda DNA were observed 

(Figure 5.13, lanes 5 in EcoRI digests). The digestion of gDNA with BamHI resulted 

in larger gDNA fragments being generated as indicated by the increase in high 

molecular weight bands at the top of the `smear' of DNA. The Lambda DNA was 

digested into the expected fragment sizes, which would suggest the digest had been 

successful. The frequency of BamHI sites in the Mils Musculus genome is the same 

as EcoRI sites (on average, once every 4kb), however, in light of the results of the 

restriction digests performed it would appear that the frequency of BamHI sites is 

lower in the CHO genome. 
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The digested gDNA was analysed by Southern blot hybridisation and the results are 

shown in Figure 5.13. B. Irrespective of the incubation time, the banding patterns for 

the three clones were similar to the results obtained previously (Figure 5.9A). The 

digestion of gDNA for 8,16 or 24 hours all resulted in the multiple hybridisation 

signals in clone U8 (Figure 5.13, lanes 3 in EcoRl digests). This indicated that the 

bands were not due to under or over digestion of the DNA. The multiple bands were 

also present when the gDNA had been digested with BamllI (Figure 5.13, lane 3 

BamHI digest). This suggested that the multiple bands generated in clone U8 were 

not an artefact of the Southern blot but could be due to multiple copies of the plasmid 

integrated at different locations in the host cell genome. 
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Figure 5.13 Altering incubation time and restriction enzyme for gl)N: 1 digestion 
A. 250ng of gDNA digested with I; coRI or Buml II for ti. 16 and 24 hours and isualised by 

agarose gel electrophoresis I= U2,2 = U7,3 118,4 CI 1()-K I, 5= CI IO-KI ' Lambda 
DNA. Expected fragments for lambda DNA = 24.7kp. 7.4kb, 5.8kb, 5.6kb, 4.9kb. Expected 
fragments for lambda DNA digested with Bumlll = l6.8kp, 12.2kb, 7.2kb, 6.5kb. 5.6kb. 
R. Southern blot hybridisation using DIG labelled probe 1- 112,2 = U7,3 = UK, Ki ('IIO- 
K1,106 =Ix 106 copies of UCO1: GS plasmid 
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5.2.3.3 Southern blot analysis for MAR X S29 clones 

Cell clones harbouring the MAR X_ S29 element gave three distinct patterns of bands 

(Figure 5.10B). Figure 5.10A (lanes 1,3 and 4) shows that in clones MI, M3, and 

M4 the larger band is approximately 6. lkb in size whereas the smallest band is 

approximately 2kb in size. The band sizes suggested that two copies of the plasmid 

had integrated as a head-to-tail tandem array as the larger band was approximately the 

size of the band size of the internal fragment (6.3kb) and the 2kb fragment 

corresponded to the vector/gDNA junctional end-fragment. In the second family of 

clones (M2, M5, M6, M8, M9 and M10), one band was observed in clones which was 

also approximately 6. lkb in size (Figure 5.10ß, lanes 2,5,6,8,9 and 10). This 

suggested that only one plasmid copy had integrated into the genome. M7 showed a 

different pattern than the other clones. A further diffuse band was observed, which 

was above the 6.1kb band. The diffuseness of the hybridisation signal meant that it 

was not clear whether this was one band or several of a similar size. 

5.2.3.4 Southern blot analysis for STAR 7 clones 

The clones generated with the STAR 7 construct showed the most diversity, falling 

into five families (Figure 5.11). The signal intensity from clones Si and S8 was high, 

indicating that a large number of plasmid copies had integrated into the genome in 

these clones (Figure 5.11, lanes 1 and 8). The size of the largest band was smaller 

than the plasmid DNA control (15.8kb) and may therefore correlate with the expected 

restriction fragment (12.1kb) generated from a head-to-tail tandem array. The 

Southern blot confirmed data generated from the Q-PCR (Figure 5.4) in which the lIC 

and LC copy number estimate was over 70 for both these clones. Clones in family B, 

S2, S5, S7 and S9, had two bands, which were both larger than 8.5kb in size (Figure 
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5.11, lanes 2,5,7 and 9). The largest molecular weight band was the same size as 

the largest band in clones SI and S8. Clones S3 and S 10 shared the same banding 

pattern, with three bands being observed. Again, the largest band was the same size 

(>8.5kb) as the largest band observed in the clones in families A and B indicating that 

plasmids had integrated as a head-to-tail tandem array. In contrast to clones S1 and S8 

the hybridisation signal intensity was lower in the clones in families B and C, which 

indicates that fewer plasmid copies had integrated (Figure 5.11, lanes 3 and 10). 

Single hybridisation signals were observed in clones S1 and S4 but these were of 

different sizes. This suggests that these clones contain a single plasmid copy but the 

integration site was different in each. The observation of a band in S4 suggesting 

plasmid DNA had integrated in the genome disagreed with the results of the Q-PCR 

(Figure 5.3) where no HC or LC DNA was detected, suggesting that degradation of 

the plasmid had occurred and only small regions of the plasmid remained integrated in 

the genome. 

5.2.3.5 Southern blot analysis for HS4 tandem clones 

The banding patterns for clones harbouring the cHS4 construct fell into four groups 

(Figure 5.12). One band was observed in clones H1, H3, H7 and H8, which was 

between 3.6kb and 4.9kb in size (Figure 5.12, lanes 1,3,7 and 8). This indicated that 

a single plasmid copy had integrated in these clones. No bands were observed for 

clones H2, H9 and H10 (Figure 5.12, lanes 2,9 and 10). In contrast to the Southern 

blot analysis, the Q-PCR results (Figure 5.3) indicated that IIC and LC DNA was 

present. The lack of bands observed in the Southern blot suggested that partial 

degradation of the plasmid had occurred in these clones and the 3' region of the 

plasmid where the probe hybridised was absent. In clones H4 and 115 three bands 
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were observed, which were approximately 8.5kb, 3.6kb and 2.8kb in size (Figure 

5.12, lanes 4 and 5). The largest band corresponded to the expected fragment size 

generated by a head-to-tail tandem array (8.7kb). However, only two bands would be 

expected if the plasmids were integrated in a tandem array. A possible explanation 

for this is that there are separate integration sites for the plasmid DNA in this clone or 

that partial regions of the plasmid have been integrated. Clone H6 showed a unique 

pattern of bands with three bands being seen, the largest being approximately 8. Skb 

and the smaller two bands were approximately 2.5kb and 1.9kb in size (Figure 5.12, 

lane 6). 

5.2.4 Mapping integration sites by FISH 

The multiple bands generated in the Southern blot hybridisations for clone U8 (Figure 

5.9, lane 8) could have been a result of multiple integration events at different 

locations in the genome. To determine whether this was the case, metaphase FISH 

was performed on three 1.5kb A2UCOE clones (U2, U7 and U8). FISH allows the 

site of integration within the chromsomes to be visualised. 

Metaphase FISH was performed as described in Section 2.6.1 with a biotinylated 

probe prepared from the 1.5kb A2UCOEGS plasmid DNA. The probe consisted of 

the complete plasmid, which had been labelled and digested by DNasel as described 

in Section 2.6.1.1. At least 10 metaphase spreads were analysed for each clone and 

untransfected CHO-K1 cells with representative images shown in Figure 5.14. The 

lack of signal seen in CHO-K1 chromosomes meant that the probe was specific for 

plasmid DNA (Figure 5.14D). For all three clones only one hybridisation signal was 
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observed suggesting that for each clone there was only one integration site (Figure 

5.14A-C). 

In the light of these results obtained by FISH, the multiple hybridisation signals in the 

Southern blot analysis of U8 may have been due to integration of multiple copies of 

the plasmid, which were not fully intact. If deletions or rearrangements of the DNA 

had occurred before integration different sized fragments would be generated upon 

restriction digestion and visualisation by Southern blot analysis. 

In clones U2 (Figure 5.14A) and U8 (Figure 5.14C) hybridisation signals appear in 

telomeric and centromeric regions respectively and therefore transcriptionally 

repressive heterochromatin environments. Normally, little or no gene expression 

would be expected from such events. However, this is not the case with these clones 

with both showing efficient antibody production (Figure 6.1 B). The observed stable 

transgene expression in the U2 and U8 clones is in accord with previous observations, 

which showed that the A2UCOE can allow expression even from within 

heterochromatin integration sites (Antoniou et al, 2003). 
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5.3 Discussion 

This chapter has described the work undertaken to characterise on a molecular genetic 

level ten cell clones for each of the five test constructs. Q-PCR was performed to 

quantify the HC and LC gene copy number. A 1: 1 ratio for the IIC and LC genes was 

observed and for the majority of clones the copy number was low. The low copy 

number was expected due to the transfection method utilised, namely electroporation. 

This method genertates transient pores within with plasma cell membrane allowing 

plasmid DNA molecules to diffuse into the cell, some of which will be integrated into 

the genome. The exception was the two STAR 7 construct-containing clones, Si and 

S8, where the copy number for the HC and LC genes was found to be very high (>70 

copies). This increase in the number of copies was confirmed in the Southern blot 

analysis. STAR elements are purported to confer copy number-dependent expression 

(Kwaks et al., 2003). However, the results presented here would suggest that this is 

not the case. If STAR 7 did confer copy number dependent expression the 

expression levels of the Si and S8 clones would be expected to be approximately 70 

times higher than the level from clones S4 or S6 which had a single plasmid copy 

integrated, which is not the case (see Section 6.2.1). 

The Southern blot analysis was performed to establish clonal diversity, transgene 

integrity and confirm copy number estimations from the Q-PCR. The Southern blot 

analysis highlighted a lack of diversity among clones. None of the ten clones 

harbouring a given test construct showed integration events at different sites. In each 

set of cell clones several shared the same banding patterns indicating that a number of 

the clones investigated were probably daughter progeny from the same original 
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transfected cell. The clones analysed were isolated from the pools of stably 

transfected cells (see Section 4.2.5). Cells from these pools were plated into semi- 

solid CloneMedia after cell numbers and viability had recovered (approximately 3 

weeks post transfection). The results of the Southern blot hybridisations suggests that 

by this time the diversity of the pools was low, with many of the cells in the 

population being daughter progeny rather than individual clones. In light of this 

result, it would appear that the time point at which clones are isolated from a pool of 

stably transfected cells is important for achieving a diverse population, with early 

plating after selection being crucial. 

The hybridisation pattern for the three 1.5kb A2UCOE construct containing clones, 

U3, U8 and U9, gave multiple bands suggesting more than one integration site, which 

was unexpected. It is generally observed that if multiple transgene copies are 

integrated into the host cell genome, they do so at one integration site as tandem 

arrays (Chen and Chasin, 1998). Therefore, only two bands would be expected upon 

Southern blot hybridisation in the form of end-fragment analysis; one as a result of the 

internal plasmid fragment whose intensity would be dependent on the number of 

plasmid copies integrated (see Figure 5.6) and another from a plasmid/gDNA 

junctional end-fragment. Additional Southern blot analysis was performed to 

investigate whether the presence of multiple bands was a result of under or over 

restriction enzyme digestion. Irrespective of incubation time, multiple bands were 

observed as before. Multiple bands were also seen when gDNA was digested with a 

different restriction enzyme (BamHI) prior to Southern blotting. This indicated that 

the multiple bands were not an artefact of the Southern blot procedure. 
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Although it is generally thought that plasmids co-integrate together in the genome, 

there have been reports where multiple integration events have been observed. In a 

study by Derouazi et al., 2006, metaphase FISH analysis was employed to visualise 

plasmid integration sites with one clone found to have two integration sites on 

separate chromosomes. Therefore, it was not entirely unexpected that the multiple 

hybridisation signals may have been due to multiple integration sites. To confirm 

whether this was indeed the case metaphase FISH was performed. Hybridisation of a 

1.5kb A2UCOE plasmid probe to metaphase spreads allowed the integration sites to 

be localised. In all three clones analysed harbouring the A2UCOE construct only one 

signal was evident, demonstrating that transgenes had integrated at a single site. 

Clearly, the multiple hybridisation signals on the Southern blot were not due to 

multiple integration sites. In two of the clones, U2 and U8, the results of the FISH 

suggested that the plasmid DNA had integrated into heterochromatic regions of the 

genome (U2 into a telomere and U8 into a centromere) from which expression would 

not normally be expected. However, the observed high-level antibody production 

seen with these clones confirms the potency of the A2UCOE to allow efficient 

expression even from within a transcriptionally repressive hcterochromatin 

environment (Antoniou et al., 2003). However, it should be noted that the results of 

the FISH need to be confirmed with double labelling FISH experiments where 

centromeric or telomeric regions are probed along with the transgenc to definitively 

show co-localisation. 

Within the scope of this study the exact nature of the integrated plasmid DNA could 

not be established. However, a possible explanation for the multiple bands may have 
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been due to the integration of partially degraded plasmid DNA that resulted in the 

different banding patterns observed. 

In summary, this Chapter has described the genetic characterisation of the clones 

harbouring each of the five test constructs. Gene copy number and clonal diversity 

was established. Further analysis of these clones was subsequently undertaken, to 

investigate how the presence of chromatin modifying elements in the expression 

vector were affecting antibody expression from these clones, which is described in 

Chapter 6. 
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CHAPTER 6 

Stability Of Clonal Cell Lines And Epigenetic 

Analysis 
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6.1 Introduction 

For a successful manufacturing cell line, the expression of the recombinant gene must 

be constant over a long period of time. During large scale manufacturing, culture 

volumes of up to 20,0001 can be used and therefore the generation number of cell 

lines when they reach the final culture volume is high. At large scale culture volumes 

it is not cost effective to use selection pressure. In addition, the presence of inhibitors 

such as MSX can cause toxicity to cells. Subsequent requirement of additional steps 

in downstream processing and its presence in the final culture reactor may prove to be 

problematic for regulatory approval of the final product. Therefore, it is essential for 

the expression level of a cell line making a therapeutic product to remain stable in the 

absence of selection pressure. 

The aim of this part of the study was to assess whether the presence of the chromatin 

modifying elements within the expression vectors would influence stability of the 

established clonal stable cell lines and to understand whether cpigenctic regulation, in 

the form of DNA methylation was contributing to any loss in expression. 

Initially, clones were cultured in 6 well plates for a total of 120 generations in the 

absence of MSX in the culture medium. At certain time points throughout the culture 

period mRNA and antibody expression levels were determined. In order to ascertain 

whether any decrease in protein and mRNA levels were the result of the loss of gene 

copies from the genome Southern blot analysis was performed on the clones at the 

end of the stability study and compared with the Southern blot analysis undertaken in 

Chapter 5. The methylation status of a region of the hCMV-MIE promoter from both 

the HC and LC transcription units was investigated by bisulphite conversion and 
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DNA sequencing to establish whether loss of expression was accompanied by an 

increase in DNA methylation. 

6.2 Results 

6.2.1 Analysis of antibody expression levels during long-term culture in the 

absence of selection pressure 

The clones chosen for analysis were the ten from each of the five cell lines which 

were genetically characterised (see Chapter 5). The stability of antibody expression 

was assessed by culturing cells in 6 well plates in the absence of MSX selective 

pressure. Cells were continuously passaged for 120 generations and antibody 

productivity was assessed with overgrow cultures set up at 0,40,80 and 120 

generations (with 0 generations being the point at which MSX was removed from the 

culture medium, approximately four weeks after single colonies were isolated using 

the ClonepixFL). For overgrow cultures cells were seeded at 3x 105 cells/ml in a total 

of 3mls and cultured for 10 days. Supernatant was assayed using a mouse IgG ELISA 

as described in Section 2.5.1 and the results arc shown in Figure 6.1. 

Antibody expression was not detected in clone 535 1. This was not unexpected given 

the results of the Q-PCR and Southern blot hybridisations (Figure 5.3 and Figure 5.8) 

where no plasmid DNA was detected. Expression levels for 535 6 were very low with 

expression barely detectable at 0 generations. This again was expected given that no 

bands were detected on the Southern blot analysis and less than one copy of 11C and 

LC DNA being detected by Q-PCR (Figure 5.3 and 5.8). At the start of this stability 

study similar expression levels, of approximately 5itg/ml were observed for clones 
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535 2,535 3,535 4,535 5 and 535 9. After 40 generations the expression levels of 

these clones decreased to Ipg/ml or lower. In the subsequent 80 generations no 

further decline in expression was observed. Clones 535 7,535 8 and 535 10 had 

higher expression levels at 0 generations with antibody titres above l0pg/ml. 

However, expression levels in clones 8 and 10 decreased in a similar way to clones 

535 2,535 3,535 4,535 5 and 535 9. With the exception of 535 7 these clones 

belonged to one family as assessed by having the same sized single band in the 

Southern blot analysis. In contrast to the other clones, the expression levels for clone 

7 remained stable until 80 generations. Subsequently there was a decrease in 

expression and by 120 generations only 24% of the initial expression remained. This 

difference may be attributed to the fact that a different banding pattern was observed 

in this clone which indicated that the plasmid DNA had integrated at a different 

location in the genome which may have been more favourable for stable expression. 

Overall, the 1.5kb A2UCOE clones had the highest expression levels with antibody 

titres above 30µg/ml for several clones at 0 generations. Clones U 1, U7 and U l0 had 

over 75% of the starting expression remaining at 120 generations, with 81%, 79% and 

80% respectively. A further two clones, U5 and U6 also showed a similar expression 

profile over the 120 generations. However, there was a slightly larger decline in 

expression with 69% and 60% of starting expression remaining. These five clones 

could be grouped into one family as the same banding pattern was observed in the 

Southern blot analysis (Figure 5.10) and therefore were likely to be daughter progeny 

which would explain why these five clones shared a similar expression profile. The 

remaining clones saw a larger decline in expression levels over the 120 generations. 

However, with the exception of U3, U4, and U8 which had less than 50% of the initial 
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expression level remaining, the decline in expression levels was less evident than in 

the control Ab535 clones. From the banding pattern observed in the Southern blot 

hybridisation (Figure 5.10) U3, U8 and U9 all appeared to be daughter clones with 

multiple hybridisation signals present. Although U9 shared the same pattern of 

hybridisation signals as U3 and U8 in the Southern blot analysis, the decrease in 

expression was less pronounced with 61% of expression remaining at 120 generations 

compared to 44% and 28% for U3 and U8 respectively. Expression levels for U4 

were approximately 20µg/ml at 0 generations. However, by 120 generations only 

22% of the starting expression level remained. No bands were detected in this clone 

(Figure 5.9), however HC and LC DNA was detected by Q-PCR (Figure 5.4) and 

therefore the plasmid DNA in this clone may have been partially degraded before 

integration resulting in the loss of an A2UCOE from the vector. 

At the start of the stability study clones M1, M3, M4 and M7 had the highest 

expression levels of the MAR X_S29 clones. After 40 generations there was a 

decrease in antibody titres detected for M1 and M7. Subsequent to this initial 

decrease in expression the levels remained constant for MI during the remainder of 

the study. There was a further 2-fold decrease in expression in M7 by 120 

generations. A decrease in expression was also observed in clones M3 and M4. 

However, this was more gradual with expression levels at 40 generations similar to 

those observed at 0 generations. At 80 generations there was a decrease in expression 

which continued at 120 generations with only 23% and 11% of expression remaining 

respectively for the two clones. The gradual decline in expression was also observed 

in clones M5, M6, M8, M9 and M10, however, the expression levels at the start of the 

study were lower than M3 and M4. Although M2 had the same banding pattern as 
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M5, M6, M8, M9 and M10 the expression profile over the 120 generations was 

different. This was the only MAR X_S29 clone whose expression levels remained 

stable over the 120 generations with 97% of the starting expression being observed at 

the end of the stability study. 

Expression levels for the STAR 7 clones were the lowest of the elements studied, with 

antibody titres below the Ab535 control clones. The highest expressing clone was S6 

which was 2.5µg/ml. A decline in expression was observed in this clone with only 

65% of expression remaining after 120 generations. However, the decrease in 

expression in the remaining clones, which all shared a similar expression profile over 

the 120 generations, was more pronounced. The largest decrease in expression was 

observed after 40 generations. Subsequently, the decline in expression was more 

gradual. No antibody expression was dctcctcd for S4. Although a band was detcctcd 

in the Southern blot hybridisation (Figure 5.12) no LIC or LC DNA was detected by 

Q-PCR (Figure 5.4) therefore, the lack of antibody expression from this clone was not 

unexpected. 

A decrease in expression levels was observed for all cl! S4 tandem clones during the 

120 generations. H5 had the smallest decrease with 63% of expression remaining 

after 120 generations. Somewhat surprisingly, the expression levels for 111 and 112 

were higher at 40 generations than at the start of the culture period. This could have 

been due to differences in cell growth in the 6 well plates. Although cells were 

seeded at a known cell density, cell counts were not performed through the culture 

period. Therefore, differences in cell growth in the two cultures could account for the 

increase in expression. Despite these anomalies there was a decrease in expression 
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for these two clones over the entire period of the study. For the majority of clones 

(113, H4,116,17 118,1; 19 and 1; 110) the largest decline in expression levels occurred 

after 40 generations. For the remainder of the culture period further decreases were 

small. 
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Figure 6.1 Expression level of clones when cultured in the absence of selection pressure 
Cells were continuously cultured for I20 generations without MSX. 10 day overgrow 
cultures were set up at 0,40,80 and 120 generations. Supernatant was assayed by mFc 
ELISA to establish expression levels. The percentage of expression remaining after 120 
generations is also shown. A= Ab535 clones. 13 = 1.5kb A2000L clones. C= MAR 
X_S29 clones. D= STAR 7 clones. F= clIS4 tandem clones. Fach data point represents 
mean +/- SD of each supernatant sample assayed in triplicate wells. Data shown is from one 
experiment. 
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Figure 6.1 continued. Expression level of clones when cultured in the absence of 
selection pressure 
Cells were continuously cultured fier 120 generations without MSX. 10 day overgrow 
cultures were set up at 0,40,80 and 120 generations. Supernatant was assayed by mFc 
ELISA to establish expression levels. The percentage of expression remaining after 120 

generations is also shown. A= Ab535 clones. 13 = 1.5kb A2000l clones. C= MAR 
X_S29 clones. D= STAR 7 clones. E= clIS4 tandem clones. Each data point represents 
mean +/- SD of each supernatant sample assayed in triplicate wells. Data shown is from one 
experiment. 
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6.2.2 Analysis of rnRNA levels during long-term culture in the absence of 

selection pressure 

In order to determine whether the decline in expression observed for a number of the 

clones was accompanied by a decrease in HC and LC transcripts, mRNA levels were 

quantitated. 

Relative mRNA levels were quantified by RT-Q-PCR. Single stranded cDNA was 

first generated using reverse transcription as described in Section 2.3.1. Q-PCR was 

then performed as described in Section 2.3.2 using the same oligonucleotides used in 

the Q-PCR performed to establish HC and LC copy number (sec Section 5.2.1). 

Quantification of GAPDH mRNA levels was used as an internal control to normalise 

the PCR reactions for the amount of RNA added. Relative quantities (RQ) were then 

calculated using the 2'°°cl method (Livak and Schmittgen, 2001). Firstly, a ACT 

(cycle threshold) value is calculated by subtracting the CT value for GAPDII mRNA 

levels from the CT value for the gene of interest. One sample is then chosen as a 

reference against which to calibrate all other samples. The ACT value of the calibrator 

is then subtracted from the ACT of each sample to generate OOCT. The RQ value is 

then calculated using 2'°°CT. 
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CT values for 535 1.535 7 and 535 8 clones at 0 generations: 

Sample robe C 
-Avg 

C 
28.24 28.10 

IIC 27.97 
28.10 
23.26 23.30 

535 1 LC 23.26 
23.37 
15.64 15.80 

GAPDII 15.88 
15.88 
16.16 16.15 

IIC 16.15 
16.15 
11.89 11.99 

5357 LC 11.76 
calibrator 12.32 

15.54 15.52 
GAPDII 15.50 

15.52 
18.12 18.12 

HC 18.17 
18.07 
13.01 13.19 

5358 LC 13.27 
13.30 
15.25 15.31 

GAPDH 15.43 
15.26 

A. ACT for 535 1 1IC samples: 28.10 - 15.80 = 12.31 
ACT for 535 71IC samples: 16.16 - 15.52= 0.64 
ACT for 535 8 IIC samples: 18.12 - 15.31 = 2.81 

ACT for 535 1 LC samples: 23.30 - 15.80 = 7.50 
ACT for 535 7 LC samples: 11.99 - 15.52 ="3.53 
ACT for 535 8 LC samples: 13.19 - 15.31 =-2.12 

B. 535 1 MCT I IC - 12.31 - 0.64 = 11.67 
5357MCTIIC =0.64-0.64=0 
5358MC1IIC =2.81-0.64=2.17 

535 1 MCT LC = 7.50 - -3.53 11.03 
535 7 MCT LC = -3.53 - -3.53 =0 
5358MCTLC =-2.12-3.53=1.41 

C. RQ of 535 1 11C to 535 7 IIC = 2'". 6' = 0.0003 
RQ of 535 1 LC to 535 7 LC = 2" 1,03 = 0.0005 

RQ of 535 8 HC to 535 7 HC = 2'2.17 = 0.22 
RQ of 535 8 LC to 535 7 LC=2'x'41=0.38 

Calculations: 

A. ACT = HC or LC CT - GAPDH CT 

B. AACT = sample ACT - calibrator sample ACT 

C. Relative Quantity (RQ) = 2'6°cT 

Figure 6.2 Example of data used to calculate RQ values for IIC and LC mRNA levels 
Data generated from RT-Q-PCR for three of the Ab535 clones using the calculations A, B and 
C. Single stranded cDNA generated from RT reaction sampled in triplicate. CT values 
calibrated to 535 7. 

Samples were taken at 0,40,80 and 120 generations to quantify mRNA levels. Data 

were presented as relative quantities (RQ) compared to the calibrator sample and arc 
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shown in Figure 6.2 The mRNA profiles correlated closely with the antibody 

expression profiles over the 120 generations (see Figure 6.3 A-E). Where a decrease 

in antibody expression was observed this was accompanied by a decrease in mRNA 

levels. 

179 



A. Ab535 

B. 1.5kb A2UCOE 

Light Chain 

L- Is- 1-H lull 

uil 

Ii II III Ii ýý .o ýý 

0 Generations 

40 Generations 

80 Generations 

0 120 Generations 

0 Generations 

40 Generations 

80 Generations 

r-"-ý 120 Generations 

.0 Generations 

. 40 Generations 

80 Generations 

120 Generations 

C. MARX S29 9 

00 Generations 

0 40 Generations 

0 80 Generations 

0 120 Generations 

D. STAR 79 

E. cHS4 tandem 

heavy Chain 

2 

0 Generations 

40 Generations 

80 Generations 

120 Generations 

Irr 1" ertF r° rrr r' rFr 
, 'r F r° 

Figure 6.3 Relative mRNA levels during long term culture in the absence of selection 
pressure. 
Relative mRNA levels were quantified at 0,40,80 and 120 generations using RT-Q-PCR. RQ 
values were calculated using the 2-''°( r method. 
Input RNA quantity was normalised using GAPDI I as an internal control. Fach data point 
represents the mean of two independent RT-QPCR assays. 
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6.2.3 Analysis of gene copy number by Southern blot hybridisation 

The decrease in antibody expression levels was accompanied by a decrease in mRNA 

levels. In order to determine whether the decline was a result of the loss of HC and 

LC gene copies from the genome Southern blot hybridisations were performed with 

total genomic DNA (gDNA) extracted from cells grown for 120 generations. 

Southern blotting was performed as described in Sections 2.3.3.3 to 2.3.3.7 and the 

results are shown in Figures 6.4 to 6.8. With the exception of the dHS4 tandem 

Southern blot hybridisations the banding patterns observed for each of the clones were 

largely similar to the banding patterns generated when Southern blots were performed 

previously at 0 generations (see Figures 5.8 to 5.12). This indicated that the decrease 

in HC and LC mRNA levels was not due to the loss of plasmid DNA from the 

genome. The Southern blot hybridisation carried out with gDNA samples from the 

cHS4 tandem clones resulted in different bands being observed. In several of the 

clones the hybridisation signal was more intense and a number of extra bands not seen 

in the Southern blot performed previously (Shown again in Figure 6.8B. ) were 

present. In clone H6 an additional band not observed in the Southern blot analysis 

performed on clones at 0 generations was present which was between 3.6 and 4.9kb in 

size. A similar sized band was also observed in clones H9 and 1110 which was not 

observed in the analysis at 0 generations. In addition there were extra bands which 

were just under 2kb in size in clones H7 and H9 and H 10. There were also extra 

bands in H6, H7, H9 and H 10 which were all approximately 400bp in size. A more 

intense hybridisation signal suggested that higher plasmid copy numbers were present 

in the genome at the end of the stability study. Attempts to repeat the Southern blot 

with gDNA from 0 and 120 generations to establish whether there had been an 

increase in HC and LC gene copy proved unsuccessful. Therefore, Q-PCR using 
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gDNA from cells at the end of the stability study was performed in order to determine 

copy numbers. Figure 6.9 indicates that there had not been a large increase in HC and 

LC gene copy numbers in the clones at 120 generations. For 116 and H 10 the copy 

numbers were similar at 0 and 120 generations. The Q-PCR results indicated that the 

copy number of the HC and LC genes for the majority of clones (H1, H2,113,1-14, H5, 

H7, H8) had increased over the 120 generations, however, it can be seen in Figure 6.9 

that the intensity of the highest band in H7 would suggest many more copies in the 

genome, and the discrepancies in HC and LC gene copy number determined by Q- 

PCR may be due to the limit of sensitivity of the assay. In contrast to the Southern 

blot hybridisation, the Q-PCR result for H9 suggested that HC and LC gene copy 

numbers were lower at 120 generations. 

182 



('h, a1 ler 0 

Ab535 
kb 

8.5 

7.4 ý- 
6.1 
EE 

2.0 

1.9 
1.5 

4w 

Ago 

23 4 ý, r, 7 

A 

R (I in K1 1n" tit 

«b 

f» 
4* 

Figure 6.4 Southern blot analysis of Ab535 clones at end of stahilitý study 
A. Digested gDNA from cells at 120 generations was analysed by Southern blot hybridisation 

using a DIG labelled probe. M= DIG labelled DNA ladder. KI -- CI l()-K I BUNA. 10'' Ix 
106 plasmid copies. 1- 10 = Ab535 clones 535 1 to 535 10. 
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Figure 6.5 Southern blot analysis of 1.5kb A2U('OF clones at end of stahiiit" study 
A. Digested gDNA from cells at 120 generations as analysed by Southern Not hybridisation 
using a DIG labelled probe. M= DIG labelled DNA ladder. KI ('I IO-K I gINA. 1«' ýIx 
106 plasmid copies. I- 10 = I. 5kb UCOF clones UI to U 10. 
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Figure 6.6 Southern blot analysis of MAR X_S29 clones at end of stability study 
A. Digested gI)NA from cells at 120 generations was analysed by Southern blot h` hridisatiun 

using a DIG labelled probe. M- I)! G labelled I)NA ladder. KI= CI IO-K I gDNA. l0' Ix 
106 plasmid copies. I- 10 = MAR X S29 clones MI to M 10. 
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Figure 6.7 Southern blot analysis of STAR 7 clones at end of stability stud 
A. Digested gDNA from cells at 120 generations was analysed by Southern blot hybridisation 

using a 1)I(i labelled probe. M= DIG labelled DNA ladder. KI= (110-K I gI)NA. 10" Ix 
106 plasmid copies. I- 10 = STAR 7 clones SI to S 10. 
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Figure 6.8 Southern blot analysis of c1154 tandem clones 
A. Digested gDNA from cells at 120 generations as analysed by Southern blot hybridisation 
using a DIG labelled probe. M= DIG labelled DNA ladder. KI ('110-KI gl)NA. 10" Ix 
106 plasmid copies. I- 10 = 1154 tandem clones III to III O. B. Southern blot analysis of 
clones at 0 generations (as shown in Figure 5.12) 
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6.2.2 Assessing the specific productivity of cell lines in shake flask culture 

The stability study carried out in 6 well plates gave an indication as to whether 

expression levels were stable over the 120 generations. The low culture volume and 

the number of clones being studied meant that analysis of cell growth during the 

overgrow cultures was not carried out. This may have led to some of the 

discrepencies observed, such as the increase in expression at 40 generations for HI 

and H2. To investigate the effect cell growth had on product titres and to determine 

specific production rates a subset of clones from each of the five cell lines were 

chosen for further analysis. A total of three clones were chosen from each cell line 

that showed a unique banding pattern in the Southern blot hybridisations, with the 

exception of the Ab535 clones where two clones with the same banding pattern (535 4 

and 535 8) had to be chosen. However, these two Ab535 clones could be 

distinguished by their different antibody expression levels. The clones chosen from 

each cell line are shown in Table 6.1. 

Cell line Clones 
Ab535 535 4,535 7,535 8 

1.5kb A2UCOE U2, U7, U8 
MAR X_S29 M 1, M2, M7 

STAR7 S1, S2, S6 

c1IS4 tandem 1I3,115,116 

Table 6.1 Clones chosen for specific productivity analysis 

Cells from 0 and 120 generations were cultured in 50ml shake flasks. Overgrow 

cultures were set up with cells seeded at 3x 105 cells/ml and were grown in batch 

culture for 10 days. At approximately 24 hour intervals during the culture cell counts 

were taken and the Integral of Viable Cells (IVC) for each clone were calculated as 

described in Section 2.4.5.1. Data presented in Figure 6.10 is representative of two 
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independent overgrow cultures. For the majority of clones, the IVC profiles were 

similar at 0 and 120 generations. This indicated that cell growth had not altered 

during the 120 generations. The exception was the two 11S4 tandem clones: H5 and 

H6, where there was almost a two fold increase in the IVC in the overgrow cultures at 

120 generations. 

There were also differences in the IVCs for the different clones. Clone 535 4 had the 

highest IVC at 0 generations with over 1100 viable cell hours at the end of the 10 day 

culture. In contrast the IVC for the three STAR 7 clones were lower with the lowest 

being Si which only had an IVC of 434. 
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Figure 6.10 Cumulative cell hours of clones at 0 and 120 generations 
Cells were seeded at 3x 105 cells/ml in 50 ml shake flask cultures. Cells were grown for 10 
days with cell counts taken at 24 hour intervals. The IVC for each clone was calculated as 
described in Section 2.4.6.2. 
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Figure 6.11 Analysis of expression levels and specific productivity of selected clones in 

shake flask culture at 0 and 120 generations 
A subset of clones from each of the live cell lines were analysed in shake flask culture. Cells 
from 0 and 120 generations were seeded at 3x I O` cells/ml in 51nl shake flask culture and 
grown fi)r 10 days. Viable cell counts were taken at 24 hour intervals during the culture 
period. Supernatant at day 10 was assayed by a mouse Ig(i I: LISA to determine antibody 
titre. [: ach data point represents mean +/- SD (n=3) of technical replicates. 
A. Expression levels of clones at 0 and 120 generations. 13. Specific productivity (Qr) of 
clones at 0 and 120 generations. Example of Q calculation for 535 7 shown, QP calculated 
by dividing expression level by IVC. C. Percentage of specific productivity remaining after 

20 generations. 
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Supernatant from the overgrow cultures were assayed by mouse IgG ELISA to 

determine antibody titres, and specific productivities of the clones were established. 

The expression level of the clones is shown in Figure 6.11A. For the majority of 

clones the decrease in expression observed in the 6 well plate overgrows was again 

evident in the shake flask overgrows. The exceptions were 535 7, which had a much 

lower decrease in expression and H6 where there was an increase in expression from 

the culture set up with cells at 120 generations. Although the expression levels for U7 

were again high, there was a larger decrease in expression observed when productivity 

was analysed in the shake flask cultures. In contrast to the results from the 6 well 

overgrow cultures there was a large decrease in expression levels in clone M2. When 

the overgrow cultures were set up in 6 well plates the expression from this clone was 

stable over the 120 generations, however, this was not the case when the cells were 

cultured in the larger volume in the shake flask. Due to cell counts being performed 

at 24 hours intervals and IVCs being calculated, the specific productivities (Qp) for 

each of the clones could be calculated. This allowed a more in depth analysis of how 

cell growth in the culture was affecting productivities. The Qp was calculated as 

described in Section 2.4.5.2 and the results are shown in Figure G. 11ß. The 

percentage difference of the Qp at 120 generations is shown in Figure 6.11 C. 

'The Qp values confirm that for the majority of clones there was a loss of expression 

during the long term culture in the absence of selection. The difference in expression 

levels between 0 and 120 generations for clone 116 would suggest that there was an 

increase in expression during the long term culture. However, by taking into account 

the increase in IVC observed for this clone (see Figure 6.10) the specific production 

rate for the clone at 0 and 120 generations was similar. 
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6.2.5 Investigating the effect of DNA methylation levels on the regulation of 

gene expression 

DNA methylation is an important epigenetic mark and is involved in the regulation of 

gene expression. High levels of DNA methylation are associated with gene repression 

and a condensed chromatin state (Bird and Wolffe, 1999). The data presented in 

Sections 6.2.1 to 6.2.3 indicates that there was a decrease in expression levels, which 

was not due to the loss of the integrated plasmid from the genome. This would 

suggest that the decline in antibody expression was a result of epigenetic regulation, 

in which DNA methylation may be involved. 

In order to determine DNA methylation patterns bisulphite conversion followed by 

sequencing of the hCMV-MIE promoter regions was performed. When DNA is 

treated with bisulphite cytosine residues are converted to uracils. However 5- 

methylcytosine residues remain unchanged (Figure 6.12). The region of interest is 

amplified by PCR and the products are cloned and sequenced. Cytosine residues in 

the sequence represent methylated cytosines, while those that are read as thymines 

represent unmethylated cytosines in the gDNA. The cloning of amplified PCR 

products allows the methylation status of single DNA strands from individual DNA 

molecules in the original gDNA sample to be established. 
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Bisulphite 
treatment PCR sequencing 

T 

Methylated DNA: CG CG CG ' ý` 

Unmethylated DNA: CG S UG = TG AGrtro _ý _ý 

/Ay 

Figure 6.12 Bisulphite sequencing 
After treatment with hisulphite inethylated cytosine residues remain as cytosine. 
Unmethylated cytosines are converted to uracils and then thymidine after PCR amplification. 
Sequencing of PCR products allows methylated and unmethylated cytosine residues to be 
distinguished. 

gDNA samples from the start and end of the stability study (0 and 120 generations) 

were analysed to investigate whether DNA methylation levels increased during the 

long-term culture period. The three clones from each of the five cell lines indicated in 

Table 6.1 were chosen for the bisulphite sequencing. 

In order to distinguish between the HC and LC hCMV-MIE promoters DNA 

oligonucleotides were designed to amplify the 3' region of the hCMV-MIE promoter 

and the 5' region of the VL or VH region as indicated in Figure 6.13. The amplified 

PCR products were 660bp für the LC promoter region and 700bp fier the HC promoter 

region which allowed a total of 37 and 39 C'pG dinuclcotides to he analysed in the LC 

and HC promoter regions respectively. 
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hCMV-MIE promoter and Variable region 
z A. 

B 

hCMV-MIE + -;, .... ýý ... . ii ii ii II rte II Iý ; 
Ab535VL 

hCMV-MIE +II.... ..... III IIII �. I. 4-4 1 
Ab535VH 

Figure 6.13 Illustration of the plasmid region amplified after bisulphite conversion and 
position of CpC dinucleotides 
A. Location of region within hCMV-MIE; promoter and variable region amplified by PCR. 
LC PCR product = 660bp, HC PCR product = 700bp. B. Position of CpG sites within PCR 

product shown by vertical lines CpG sites in LC region = 37, CpG sites in FIC region = 39. 

Oligonucleotides were designed using the Methyl Primer Express soilwarc (Applied 

Biosystems) which ensured no CpG dinucleotides were present in the 

oligonucleotides themselves (oligonucleotides 5.1 to 5.8 in Appendix 2). It' CpG 

dinucleotides were present in the oligonucleotide differential amplification of the 

region would occur depending on levels of methylation. Nested PCR was performed 

to obtain sufficient amounts of amplified product. 

To ensure complete conversion of the cytosines was taking place a control reaction 

was included which consisted of CHO-KI gDNA spiked with Ix 10" copies of 

plasmid DNA spiked in. Following bisulphite conversion all cytosine residues were 
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converted and no methylated cytosine residues were observed. A sample was also 

included containing only CHO-KI gDNA which ensured oligonucicotides were 

specific for the region of plasmid DNA being amplified as no PCR products were 

amplified. 

To allow analysis of individual sequences, PCR products were cloned into a TOPO 

vector (sec Section 2.2.7.2). For each cell clone DNA sequences from 10 TOPO 

colonies were analysed using QUMA software (Kurnaki et al., 2008) and results are 

shown in Figures 6.14 to 6.18. 
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Ab535 clones 

A. 0 Generations 120 (icncralions 

535 4 LC 

535 41 I(' 

535 7 LC 

535 71 I(' 

535 9 LC 

535 81 IC 

13. 
Light Chain Ilea%% ('chain 
0 120 0 1211 

5354 3.2 30.5 4.4 '1. r, 
535 7 6.5 21.8 12.8 2K. 2 
535 8 1.9 5 2.6 10.8 

Figure 6.14 Methylation status of ('p(: dinurleotides within the H(' and I. ( promoter 
regions in Ah535 clones 
f3isulphite sequencing was performed to establish the number of nmethylated cytuane residues 
in Cp(i dinucleotides within the h('MV-Mll: promoter. A. Each line represents the result 
within individual clones of' amplified PUR product. White squares unmethylated ('r(i 
dinucleotide, black squares = methylated ('p(; dinucleotide. 
B. Percentage of methylated ('n(; sites in light and heavy chain promoter region at 0 and 120 
generations. 
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I. 5kb A2UC'OE clones 

A. 0 Generations 120 Generations 

U2 LC 

U2 tIC 

13, 

Light Chain Ilcas Chain 
(1 120 II 12O 

U2 (). X 1.3 I 
..; 

9.5 
U7 1.4 1.9 
U8 1.9 14.9 11.5 23.6 

Figure 6.15 hlethylation status of ('p(: dinucleotides %%ithin the II(' and I. (' promoter 
regions in 1.5kh ; 21'('OE clones 
Risulphite sequencing was perfiºrmrd to establish the number of methylated cytosine residues 
in CpG dinuclrotides within the h('MV-MlF. promoter. A. Each line represents the result 
within individual clones of amplified P('R product. White squares - unmethylated ('h(i 
dinucleotide, black squares = methylated Cp(i dinurleotide. 
13. Percentage of methylated ('pG sites in light and heavy chain promoter region at O and 120 

generations. 
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MARX S29 clones 

A. 0 Generations 120 Generations 

MI LC 

Ml IIC 

B. 
Light Chain Ilca% ý ('hair 
11 120 II 120 

ht I 2.7 22.4 S. ') 12.1 
M2 1.9 12.5 2.1 10.5 
M7 0.5 16 0.6 8.2 

Figure 6.16 Methylation status of ('p(; dinuclcotides within the II(' and 1. (' promoter 
regions in MAR X_S29 clones 
Bisulphitr sequencing was performed to establish the number oI methylated cytosine residues 
in ('pG dinucleotides within the h('MV-X ii; promoter. A. Fach line represents the result 
within individual clones of amplified I'('R product. White squares unmethylated ('p(i 
dinucleotide, black squares - methylated ('p(i dinurleotide. 
13. Percentage cif methylated ('p(i sites in light and heavy chain promoter region at 0 and 120 

generations. 

200 



t li, y, trr 6 

STAR 7 Clones 

A. 0 Generations 120 (icncrations 

Si LC 

Si HF 

S2 LC 

S2 11C 

S6 LC 

S6 IIC 

E3. 

Light ('hair 
11 1211 

sl 28.9 (ý. -1 
S2 14.9 2M. I 
Sh 3.2 17.6 

IIea y Chain 
1) 121) 

9.8 30.3 
3.6 9.5 

Figure 6.17 Mcthylatiun status of ('p(: dinucleotides %s it hin the 11(' and I. (' promoter 
regions in STAR 7 clones 
Bisulphite sequencing was perf'ornied to establish the number oI meth\ fated rý tusrnr resrdues 
in Cp(; dinucleotides within the h('MV-Mll-, promoter. A. Lach line represents the result 
within individual clones of amplified P('R product. White squares urnmethylated ('p(i 
dinuclcotidc, black squares = methylated ('p(i dinrrrlrotide. 
13. Percentage of'methylated ('p(i sites in light and heavy chain promoter region at 0 and 120 
generations. 
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cl IS4 tandem clones 

A. 

113 I( 

113 I I(' 

115 L(' 

115 1 IC 

116 1 IC 

13. 

0 Generations 

Light Chain Ilea Chain 
Il 1211 11 1211 

_ III. 9 I ý. I Iut t) 
115 27.3 50.8 30 38.2 
1(6 3 35.2 14.3 2S. 2 

Figure 6.18 McthyIation status of ('p(: dinuclcotidcs %sithin the {1(' and 1. (' promoter 
regions in clIS4 tandem clones 
13isulphitc sequencing was performed to establish the number oI' methylated cytosine residues 
in ('PG clinuclrotidcs within the h('MV-MIF, promoter. A. Each line represents the result 
within individual clones of amplified P('R product. White squares till mcthyfated ('p( i 
dinucleotidc, black squares methylated ('h(i riinurlcotirlc. 
B. Percentage of'methylated ('p(º sites in light and heavy chain promoter region at O and IZU 
generations. 
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Irrespective of whether the chromatin modifying elements were present in the vector, 

a perccntagc of the cytosinc residues were mcthylatcd at 0 gcncrations. This was not 

unexpected since the cells had been cultured for a period of time (approximately four 

weeks) during the expansion from 96 well plates to 6 well cultures. MSX was present 

in the cell culture medium and therefore cells were under selection pressure. 

However, the effects of the surrounding chromatin and epigenetic regulation of the 

integrated DNA, especially at the hCMV-MIE promoters driving the IIC and LC 

transcription units may have still been taking place. 

The results for the three Ab535 clones arc shown in Figure 6.14. For the three clones 

the level of methylation at 0 generation was below 10% with the exception of 535 7 

HC levels which was at 12.8%. By 120 generations the percentage of cytosine 

residues methylated in clones 535 4 and 535 7 had increased to between 20% and 

30%. In contrast, only a small increase in methylation levels were observed in 535 8, 

with methylation levels at 5% and 10.8% at 120 generations in the LC and IIC 

respectively. 

Figure 6.15 shows that with the exception of the IIC mcthylation levels for U8, 

methylation in the three UCOE clones were all under 2% at 0 generations. By 120 

generations the levels had increased. However, overall levels were still below 10%. 

Methylation levels remained constant over the 120 generations for U7 with only a 

0.4% increase in methylation being observed in the LC. In contrast, methylation 

levels in U8 were higher. Although starting levels in the LC were similar to U2 and 

U7 at 120 generations the methylation had increased to 14.9%. In the IIC the 

methylation levels were higher with 11.5% of cytosine residues mcthylatcd at 0 
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generations. After 120 generations this had increased to 23.6% which was similar to 

the levels seen in the Ab535 control clones. 

At 0 generations the methylation levels in the MAR X_S29 clones were low (Figure 

6.16). Less than 6% of cytosine residues in all three clones were methylated in the 

HC and LC. After 120 generations there was an increase in mcthylation levels for all 

three clones, with the highest increases in methylation being observed in the LC CpG 

sites with the highest levels of methylation being observed in clone M1 where 22.4% 

of LC cytosine residues were methylated. 

Figure 6.17 shows the methylation status for three STAR 7 clones. In clones SI and 

S2 the methylation level was relatively high. The highest percentage was observed in 

Si which had 28.9% and 29.2% of the cytosine residues methylated in the LC and tIC 

respectively at 0 generations. After 120 generations the percentage had increased to 

above 60% in both the LC and IIC. The level of mcthylation in S2 was lower at 0 

generations with 14.9% of cytosines methylated in the LC and 9.8% methylated in the 

HC. However, by 120 generations the percentage of methylated cytosincs had risen to 

28.1% and 30.3% in the LC and HC. This level of mcthylation was similar to the 

amount observed in two of the three Ab535 control clones, 535 4 and 535 7. 

Figure 6.18 shows the results of the bisulphitc sequencing for the cIIS4 tandem 

clones. For H1 and H6 the levels of methylation in the LC were very low, with only 

1.9% and 3% of cytosine residues methylated. In contrast, the levels of methylation 

in the LC in clone H5 were higher, with 27.3% of cytosines methylated. Levels of 

methylation were higher in the IIC with over 10% of cytosines methylated at 0 
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generations. Again, H5 has the highest methylation levels with 30% methylated. 

Samples analysed from gDNA from cells at 120 generations showed that mcthylation 

had increased in both the IIC and LC in the three clones. 

6.2 Discussion 

The aim of the work described in this Chapter was to assess whether the presence of 

chromatin modifying elements in the expression vectors could influence the stability 

of antibody expression from the clonal stable cell lines. 

By culturing the cells long-term in the absence of MSX selective pressure, the 

expression levels could be quantified during this time period to establish whether 

antibody expression remained stable. For the majority of clones a decrease in 

expression was observed irrespective of whether a chromatin modifying element was 

present in the expression vector or not. Although decreases in expression was 

observed with all clones, the set of 1.5kb A2UCOE clones showed the lowest decline 

in expression over the 120 generations. This suggests that the 1.5kb A2UCOE may 

confer stability, due to the fact that it can protect the expression cassette from 

repressive epigenetic effects such as the spread of hcterochromntin (Antoniou Cl a!., 

2003; Williams et al., 2005) and DNA methylation (Zhang et al., 2010). The 1.5kb 

A2UCOE clones which did show a higher decrease in expression were shown to have 

unexpected hybridisation signals in the Southern blot analysis. Partial integration of 

the plasmids may have resulted in the loss of an A2UCOE from the vector. This 

would have left HC or LC DNA unprotected from the repressive effects of the 
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surrounding chromatin and susccptibility to DNA mcthylation resulting in loss of 

expression. 

A subset of clones from each of the five cell lines were analysed further, with specific 

productivities calculated. The calculation of specific productivitics meant that the 

effect of cell growth in the cultures could be determined. The data showed that there 

was no conclusive evidence that the presence of the chromatin modifying elements in 

the expression vectors conferred stability, with one out of the three clones for each of 

the cell lines exhibiting stability to varying degrees. Within the scope of this study 

the number of clones being analysed was limited and in order to investigate this 

further a larger number of clones would need to be analysed. However, it was shown 

in Chapter 4 that the likelihood and ease of obtaining a high expressing clone is higher 

when the 1.5kb A2 UCOE is present in the expression vector and therefore it is 

possible that if a larger number of clones were analysed there would be a larger 

proportion of clones with stable expression. 

Where a significant decrease in expression was observed, in the majority of cases the 

largest decrease was seen after 40 generations. It would appear that there was a shut 

down of gene expression during this time and subsequently the loss of gene 

expression was more gradual. 

The loss of stability in antibody expression was accompanied by a reduction in 

mRNA levels. A reason for the decline in mRNA lcvcls could have been the loss of 

gene copies from the host cell genome. Southern blot hybridisations performed 

confirmed that this was not the case, as banding patterns looked identical for all 
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clones except the HS4 tandem clones. Previous investigations have also shown that a 

decrease in mRNA levels is not accompanied by a decrease in gene copy numbers 

(Barnes et al., 2004; Chusainow et al., 2009). 

The more intense hybridisation signals observed, in addition to the presence of 

previously unobserved signals for the HS4 tandem clones at 120 generations was 

unexpected. The results suggested that there had been an increase in the number of 

gene copies within the genome. However, as no amplification had been performed on 

the cell lines there should have been no pressure on the cells to increase gene copies 

Q-PCR was used to establish that there had not been a large increase in HC and LC 

gene copy numbers in the clones at 120 generations and therefore the discrcpcncics 

may have been an artefact of the Southern blotting procedure. 

In order to investigate potential epigenetic mechanisms involved in the gene silencing 

being observed bisulphite sequencing was performed. This revealed that an increase 

in methylation in the hCMV-MIE promoter region was evident in a number of the 

clones where there was a decrease in productivity. The results continued the findings 

of a previous study where it was observed that an increase in DNA methylation 

contributed to the decrease in antibody expression from stable cell lines (Yang cl a!., 

2010). 

In the two A2UCOE clones where specific productivity was above 50% (U2 and U7) 

at the end of the stability study, DNA methylation levels were low. This was 

especially particular in clone U7 where levels started at 1% at 0 generations in the IIC 

and LC and levels in the HC remained at 1% in the IIC and only increased to 2% in 
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the LC at 120 generations, indicating that the A2UCOE can prevent the methylation 

of cytosine residues in HC and LC transcription units. 

For the three MAR clones, the levels of DNA mcthylation were relatively low, with 

the highest methylation level (22%) at 120 generations observed in the light chain of 

M1. However, this clone had the highest specific productivity remaining at 120 

generations and the remaining two MAR clones, M2 and M7, which had lost over 

70% of their specific productivities during the long-term culture had lower levels of 

DNA methylation. This may indicate that although the MAR X_S29 can protect the 

HC and LC genes from DNA methylation to some degree, it cannot prevent other 

mechanisms, from causing the gene silencing being observed. 

The highest levels of DNA methylation was observed in one of the STAR 7 cell lines 

(S 1). There have been studies that have suggested that tandem repeats are more 

susceptible to DNA methylation (McBurney, 2002; Hscih and Fire, 2000). The Q- 

PCR performed to establish copy number and subsequent Southern blot 

hybridisations indicated that clone SI had a high HC and LC copy number (over 70) 

and the plasmid DNA was integrated in a tandem array. This large amount of 

repeated DNA sequence in the genome may have resulted in repeat-induced gene 

silencing and the high level of DNA mcthylation observed. 

Only one of the cHS4 tandem clones conferred any level of stability with the 

remaining clones exhibiting a large decrease in antibody expression during the long- 

term culture. This clement is an insulator and is said to act as a barrier to 

chromosomal position effect silencing (Pikaart ct al., 1998). It has also been shown 
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that a tandem copy of the cEIS4 core region was sufficient to block the DNA 

mcthylation of an IL-2R rcportcr gone that was normally susccptible to chromosomal 

silencing within 20-40 days in culture (Dickson et al., 2010). In contrast the levels of 

mcthylation in the IIC and LC promoter regions investigated in this study were 

higher. The cHS4 clement forms part of the crythroid specific chicken [ -blobin locus 

control region. As the Dickson et at study was performed in a chicken erythroid cell 

line (6C2 erythroleukemia), the lack of functionality of this clement observed in the 

work presented in this Thesis may be due to the activity of the cl-1S4 clement being 

cell type specific. This cell type specificity is supported by another study where it 

was observed that the cHS4 was only partially effective at insulating the CMV 

promoter from position effects in CHO cells (Izumi and Gilbert, 1999). 

This Chapter has described the work performed to establish the stability of the clones 

by culturing the cells long-term in the absence of selection pressure and measuring 

protein and mRNA levels. Southern blotting confirmed that the loss of expression 

observed in a number of clones was not due to a loss of transbcne copies from the 

genome. Bisulphite sequencing was performed in order to investigate whether the 

epigenetic regulatory mechanism of DNA mcthylation was contributing to the gene 

silencing being observed. Further discussion of these results in relation to the 

findings presented in the rest of this Thesis is described in Chapter 7. 
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CHAPTER 7 

Discussion 
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7.1 Discussion 

The generation of high expressing, stable cell lines is oflcn a long and laborious 

process, due to the large number of clones needing to be screened in order to identify 

a candidate with the desired high and stable expression characteristics. This is, in 

part, due to transgene site of integration. Expression levels are influenced by the 

chromatin structure surrounding the integration site. Integration into cuchromatin will 

result in more efficient transcription however, integration into hetcrochromatin will 

result in little or no expression. With the majority of mammalian gcnomcs 

comprising of heterochromatin the probability of isolating a clone where the plasmid 

has been integrated into a region favourable for high level and stable expression is 

low (Grewel and Elgin, 2002). In addition, expression can be silenced via a DNA 

methylation mechanism regardless of whether the transgcnc has integrated into a 

chromatin permissive or non-permissive environment (Pikaart et al., 1998; Yang cat 

al., 2010). The use of chromatin modifying elements have been shown to increase 

this probability by shielding the transgcnc from the effects of the neighbouring 

chromatin. 

When the work described in this Thesis was started there was limited knowledge of 

how the various chromatin modifying elements described in the literature, namely 

UCOE, MAR, STAR and the cflS4 insulator clement, affected stable antibody 

production in an industry relevant host cell line. This work constitutes the first in 

depth side-by-side comparative investigation and characterisation of these elements 

where their activity and functionality have been studied within the same experimental 

system. 
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Although there has been reports of chromatin modifying elements being analysed, the 

majority of the studies carried out have utilised reporter genes such as GFP and 

luciferase in order to examine the benefits of these elements (Zahn-Zabal et al., 2001; 

Kim et al., 2004; Wang et al., 2010; Antoniou et al., 2003; Benton et al., 2002; 

Williams et al., 2005; Kwaks et al., 2003; Pikaart et al., 1998, Izumi & Gilbert, 1999). 

Although some studies reported advantages when using chromatin modifying 

elements in stable antibody expression, experimental parameters between these 

reports have differed. For example, Girod et al. (2005) co-transfected [IC and LC 

genes on separate vectors with the chicken lysozyme MAR clement (clys MAR) 

upstream of the HC expression cassette or even co-transfected on a separate plasmid. 

Benton et al. (2002) describe an expression system where the A2UCOE is located 

upstream of both transcription units but separate vectors are also used for the 

expression of the HC and LC genes. 

In contrast, UCB expression vectors utilised in stable cell line generation contain both 

the HC and LC cassettes on the same plasmid vector. It was therefore decided to 

generate the panel of vectors described in Chapter 3. 

Initial experiments to analyse the effects of the chromatin modifying elements on 

antibody expression were performed in pools of stably transfcctcd cells. The 

advantage of using stable pools of cells is that it generates recombinant protein 

quickly, compared to isolating individual clones and the expression level of the pool 

represents the average of the individual cells within the population. It was shown that 

the presence of chromatin modifying elements were having an effect on antibody 
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expression and that different elements performed better than others. The 1.5kb 

A2UCOE provided the most benefit in comparison to STAR 40 which only 

marginally increased expression levels compared to the Ab535 control vector. It also 

revealed that different vector configurations performed best for each of the elements. 

In contrast to the studies published previously, (Benton et al., 2002; Williams et al., 

2005; Ye et al., 2010) where the UCOE was located immediately upstream of the 

promoter (equivalent to the 5' LC 5' HC vector used in the work described in this 

Thesis), results indicated that the optimal vector configuration was when the 1.5kb 

A2UCOE was at all three locations in the vector (3' HC 5' LC 5' HC). Although 

UCOEs are thought to function when they are operably linked to a promoter, it would 

appear that the addition of a further UCOE in the vector resulting in both the LC and 

HC transcription units being flanked by UCOEs is optimal. This may be due to the 

fact that it results in the HC and LC transcription units being protected at both the 5' 

and 3' ends from the negative effects of the surrounding chromatin environment and 

therefore minimising any position effects. 

When comparing the elements side-by-side under GS selection, the incorporation of 

the 1.5kb A2UCOE in the expression vector resulted in a reduced timeframe for 

pooled stable recovery as well as increasing expression levels. When cells were 

cultured in the absence of selection pressure the productivity of the pool of stably 

transfected cells generated with the construct containing the 1.5kb A2000E: remained 

higher than the pooled stable generated using the Ab535 control construct. This was 

presumably due to the A2UCOE increasing the number of higher expressing clones in 

the population and therefore, the level and stability of expression within the pool of 
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cells was greater. Higher expression levels, compared to the Ab535 control were 

observed in the clonal isolates from the stably transfected cell pools. However, this 

was not observed when clones were derived using limiting dilution. In this instance 

although there were a larger number of clones which expressed antibody compared to 

the control, the highest expressing clones from each vector were comparable. 

The results of the initial experiments performed indicated that the MAR X_S29 

element was not as potent as the 1.5kb A2UCOE in increasing antibody expression 

levels in cell pools and clonal stables. A previous report has highlighted the utility of 

the MAR X_S29 element in increasing recombinant protein expression from CIHO 

cells (Otte et al., 2007). In this investigation the incorporation of MAR X_S29 

resulted in a marked increase in expression. However, this was performed with EGFP 

as a reporter gene, which is the same reporter construct as was used to generate the 

data presented in the patent application from Sclexis (WO 2005/040377) where MAR 

X_S29 gave the highest increase in GFP levels out of the MAR elements tested. This 

may indicate that this MAR element does have functionality in CHO cells but when 

incorporated into antibody expression vectors containing both HC and LC genes its 

functionality is reduced. In contrast to the data published in the patent from Selexis, it 

has subsequently been reported that MAR X 
-S29 

has only limited activity in CIIO 

cells compared to the other MAR elements identified in the bioinformatic search. It is 

reported to perform better in a mesoangioblastic cell line (Mermod, 2007) and another 

of the MAR elements identified, MAR 1_68, is stated to have better activity in CIIO 

cells (Girod et al., 2007). 

The results of the initial experiments to determine the optimal vector configuration for 

each element showed that STAR 40 had very poor activity in CHO cells. This was in 

214 



Chapter 7 

contrast to the results described in the study where STAR clcrncnts were first 

described which indicated that STAR 40 could increase the number of clones and 

expression levels of secreted alkaline phosphotase (SEAT') in CHO cells (Kwaks et 

al., 2003). It was surprising that STAR 7 also failed to show activity, although it is 

mentioned that STAR 7 is more potent in augmenting gene expression when it is used 

in combination with another STAR element, STAR 67, which is said to provide a 

positive, additive effect on antibody expression when placed upstream of a promoter 

driving transgene expression (Otte et al., 2007; Van Blokland et al., 2007). 

Therefore, on its own STAR 7 may not be able to enhance transgene expression. 

Expression levels for pooled and clonal stable cell lines generated using the ctlS4 

tandem expression vectors were similar to the Ab535 control and only small 

increases in the number of expressing clones were observed. The cIIS4 clement is 

defined as an insulator and therefore can block activity of a distal enhancer on a 

promoter, when placed between the two, and can prevent position effects by acting as 

a `barrier' (Sun and Elgin, 1999). Therefore, it may not be able to influence the 

chromatin structure compared to the UCOEs which have been shown to `open' 

chromatin and allow expression even within heterochromatic regions (Antoniou cl a!., 

2003; Williams et al., 2005). The data presented in this Thesis also confirms the 

findings of other studies utilising the cElS4 insulator in CHO cells where it has been 

shown that the element has limited activity in this cell line (Izumi and Gilbert 1999; 

Otte et al., 2007). As this insulator cHS4 forms the most 5' distal component of the 

chicken ß-globin locus control region, which may indicate that the functionality of 

this element is cell type restricted and hence its utility in stable cell line generation in 

CHO cell lines may be limited. 
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After the initial experiments were performed to investigate how the chromatin 

modifying elements affected antibody expression, a thorough characterisation of a 

number of clones harbouring each of the five test constructs (Ab535 control, 1.5kb 

A2UCOE, MAR X_S29, STAR 7 and cHS4 tandem) was performed. The focus of 

this part of the study was to try to understand how these elements might be 

functioning within the cell. The analysis included genetic characterisation of the 

clones, using Q-PCR and Southern blotting to determine copy numbers and clonal 

diversity. Further investigation of the clones was undertaken by culturing the cells in 

the absence of selection in order to determine whether the presence of the chromatin 

modifying elements in the expression vectors would influence the stability of the cell 

lines. DNA methylation levels across the promoter regions in the IIC and LC were 

investigated using bisulphite conversion and DNA sequencing in order to determine 

whether epigenetic regulatory mechanisms were contributing to any loss of 

expression. A summary of the findings from these investigations can be found in 

Table 7.1. 

It can be seen that with the exception of two of the STAR 7 clones, Si and S8, the IIC 

and LC copy numbers were low, with copy numbers below 10 for both 11C and LC. 

The low copy numbers in the 1.5kb A2UCOE cell lines were in agreement with the 

findings published by Williams et al., (2005) which revealed that A2000Es do not 

increase the number of integrated plasmids. A number of studies have implied that 

MAR elements increase the number of integrated transgene copies (Girod el al., 2007; 

Kim et al., 2004; Galbete et al. 2009). Although the Q-PCR indicates that LIC and LC 

gene copy number is increased slightly for the MAR X_S29 clones, the results of the 

Southern blot hybridisations would suggest that copy numbers were similar for the 
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MAIL X_S29 clones compared to the Ab535 control clones. It must be noted that 

only a small number of clones were analysed due to the limited diversity of the 

population. Therefore, further investigation of additional clones harbouring the MAR 

X 
-S29 

element would need to be undertaken to confirm whether this element had an 

effect on transgene copy number. It has been reported that STAR elements confer 

copy number dependent expression (Kwaks et al., 2003). However, the work 

described in this Thesis would suggest that this is not the case. Despite the fact that 

the HC and LC copy numbers appeared to vary, cell clones Si and S8 had 

approximately ten-fold more copies than the other clones but expression levels were 

not any greater (see Table 7.1). 
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Table 7.1 Summary of findings 
Summary of' the data generated fier the ten clones analysed harbouring each of the test contrusts. 
Results sho%% ing copy number as determined by Q-PCR. Southern blot family, expression levels from 

overgrown cultures in 6 well plates, expression (%) remaining aller 120 generations. percentage of (fir 

remaining at 120 generations and methylation status of 1IC and l. C at 0 and 120 generations. Clones 
in different colours represent the different families established by Southern blot hybridisations. 
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The results of the Southern blot analyses were also very insightful. Clones had to be 

derived from the stably transfected GS selected pools of cells due to the lack of cell 

viability in a large number of clones derived using limiting dilution. The results 

highlighted that the diversity of cell populations in these stable cell pools was much 

lower than expected. Table 7.1 shows that none of the five cell lines analysed 

contained ten individual clones with different integration sites as a number of clones 

in each test group shared the same banding patterns. This suggested that a number of 

the clones investigated were likely to be daughter progeny from the same original 

transfected cell. However, to confirm whether this was indeed the case, sequence 

analysis of the site of integration for each clone would need to be performed. The 

results of the Southern blot hybridisations indicated that the time at which clones are 

isolated from stable cell pools is important in order to isolate a diverse population of 

clones. The data presented here suggests that by the time the cell viability of the 

population had recovered to greater than 90%, the clonal diversity had already 

decreased with the majority of the cells making up the population being related rather 

than independent clones. This may also provide an explanation for the results 

observed in Chapter 4, which showed that the 1.5kb A2000E containing clones 

derived from the GS stably transfected pool expressed at a higher level than the clones 

derived from the Ab535 control. At the time of deriving single colonies, if only a few 

high producing clones were present in the Ab535 control stable cell pool as a result of 

these cells being out grown by faster growing lower producing cells, the likelihood of 

isolating a high producing clonc would be low. 

Culturing the cells in the absence of selection pressure allowed the stability of the 

clones to be investigated. In the majority of clones expression levels decreased over 
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the 120 generations. In general, the clones which belonged to the same family as 

determined by having the same banding pattern in the Southern blot analysis, 

exhibited a similar expression profile over the 120 generations, with comparable 

starting levels and loss of expression during the culture period. It can also be seen in 

Table 7.1 that for the majority of clones a decrease in expression was observed, which 

was irrespective of whether a chromatin modifying clement was present. For a subset 

of clones specific productivitics were calculated so that the effect of cell growth on 

expression could be determined. The combination of the data generated in 6 well 

plates and the specific productivity analysis indicated that there was no conclusive 

evidence that the presence of the chromatin modifying elements in the expression 

vectors conferred stability. The data does hint at the 1.5kb A2UCOE conferring 

stability as the set of clones harbouring this test construct showed the lowest decrease 

in expression over the 120 generations. The exception to this was the clones that had 

the multiple hybridisation signals in the Southern blot analysis (U3, U8 and U9) 

which indicated that regions of the integrated plasmid molecules had been partially 

deleted and may have lost one or more 1.5kb A2UCOEs from the vector. The lack of 

stability across the cHS4 tandem clones may again point to the cell type specificity of 

this element. Previous studies have reported the utility of this insulator in preventing 

position effects but these have been in non"CIIO cell lines, with the majority being 

crythroid in nature (Villemure et al., 2001; Walters et al., 1999; Dickson et a!., 2010). 

Southern blot analysis was performed at the end of the stability study in order to 

determine whether the loss of expression was due to a loss of transgcncs from the 

genome. For all cell lines except for clones harbouring the cEIS4 tandem construct no 

differences were observed, which confirmed that transgcnc copies had not been lost 
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from the genome during the long-term culture in the absence of selection pressure. In 

several of the cHS4 tandem clones additional bands were observed and hybridisation 

signals were more intense indicating that there may have been an increase in the 

number of transgenes in the genome. This result may have been expected if gene 

amplification had been performed on the cell lines. However, as the cells had been 

cultured in the absence of selection, there should have been no pressure to increase 

gene copies. In an attempt to confirm whether transgene copies had increased in the 

cHS4 clones, Q-PCR was performed using the gDNA extracted from cells at the end 

of the stability study. This showed that there had not been a large increase in 

transgene copies during the long-term culture, and therefore the discrcpencies may 

have been an artefact of the Southern blotting procedure. 

In order to determine whether gene expression was being regulated by cpigenctic 

mechanisms, bisulphite conversion followed by DNA sequencing of the hCMV-MIC 

promoter regions that drive expression of the HC and LC genes was performed. As 

summarised in Table 7.1, in a number of clones that showed a decrease in expression 

an increase in methylation across the hCMV-MIE promoter regions was observed. 

This suggests that for a number of clones the mcthylation of cytosine residues in the 

promoter region was contributing at least in part to the observed loss of antibody 

productivity. This was especially evident in clone SI transfected with the STAR 7 

construct, which had high HC and LC gene copy numbers. It is known that tandem 

repeats of integrated transgencs are more susceptible to DNA methylation 

(McBurney, 2002; Hseih and Fire, 2000). It would appear from the high levels of 

DNA methylation observed in these clones that the large quantity of repeated DNA 

sequence in the genome had resulted in these sequences becoming mcthylatcd and 
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therefore silenced. For the other clones where the decrease in expression was 

accompanied by an increase in levels of DNA methylation, the starting levels and 

increase in methylation were less than that observed in clone S I. The findings 

presented here arc consistent with another report which indicated that the loss of 

productivity from a number of antibody expressing stable cell lines was a result of 

DNA methylation (Yang et al., 2010). For a number of clones the decrease in 

expression was not accompanied by a large increase in DNA mcthylation. For 

example, clone 535 4 and 535 8 both exhibited a decrease in specific productivity 

over the long-term culture period. However, although DNA mcthylation levels were 

similar at the start of the study, a larger increase in methylation was observed in 535 4 

whereas levels in 535 8 remained relatively unchanged. DNA methylation levels of 

two of the MAR construct containing clones (M2 and M7) were also low, even though 

a large decrease in specific productivity was observed. This suggests that other 

epigenetic regulatory mechanisms may be involved which resulted in the gene 

silencing observed. This has been demonstrated in a study by Mutskov et al. (2003) 

where they revealed that the silencing of transgene expression was due to a decrease 

in histone acetylation and methylation of histonc tails rather than via DNA 

methylation. A second potential explanation for the lower DNA methylation levels 

observed is that although the bisulphite sequencing gives a representative view of the 

DNA methylation status, the sample size analysed was small and with only ten 

sequences analysed it represents only a very small proportion of cells. It may be that 

the ten sequences analysed do not show a true representation of the mcthylation status 

across the promoter regions and levels may in fact be higher in these clones. 
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The lowest DNA methylation levels out of all clones were observed in the 1.5kb 

A2UCOE clone, U7, where only 1% and 2% of the cytosinc residues were methylated 

in the IIC and LC respectively at 120 generations. Methylation levels were also low 

in clone U2, which had a specific productivity above 50% at the end of the stability 

study. The remaining clone, U8, lost productivity over the 120 generations and was 

shown to have higher levels of methylation. The Southern blot analysis revealed the 

presence of multiple bands in clone U8, which indicates integration of partially 

deleted plasmid molecules, or integration of multiple copies in an array that was not 

as head-to-head or head-to-tail. Integration of deleted plasmids may have resulted in 

the loss of an A2UCOE from the vector which would have left the IIC or LC cassettes 

unprotected from the repressive effects of the surrounding chromatin and therefore 

susceptible to DNA methylation. A recent report has also demonstrated the ability of 

the 1.5kb A2UCOE to prevent DNA methylation of an integrated transgcnc (Zhang el 

al., 2010). In this study, it was found that the stability of transgcnc expression in 

murine embryonic carcinoma P19 cells from the A2UCOE within self-inactivating 

lentiviral vectors (SIN-LVs) was due to the transbene being resistant to DNA 

methylation. Epigenetic analysis of the IINRPA2B]-CBX3 locus has found that a 

large region of the DNA is free from methylation beyond the boundaries of the CpG 

island spanning the divergent promoters of these genes, and histone modifications 

associated with active transcription are present (Lindahl Allen and Antoniou, 2007). 

This has led to the theory that the functionality of the UCOEs is due to the 

reproduction of these epigenetic marks at the site of transgcne integration which will 

then prevent DNA mcthylation and hcterochromatin formation and prevent 

transcriptional silencing (Zhang eta!., 2010). 

223 



('Itapptcr 7 

The analysis of transgene DNA methylation levels showed that DNA methylation is 

contributing to the loss in productivity in a number of clones. It also showed that 

levels of methylation varied across the clones at the start of the stability study. Clones 

such as (STAR) Sl and (cHS4) H5 whose specific productivity dccrcascd over the 

120 generations, had a relatively high level of methylation. For a successful 

manufacturing cell line the expression levels must remain stable over a long period of 

time. Currently, in order to establish whether transgcne expression in a line is stable, 

cells must be cultured long-term in the absence of selection to determine whether 

productivity remains constant over this period. This prolongs the time required to 

generate the manufacturing cell line. Ideally, it would be advantageous to have a 

method that could predict the stability of expression in a cell line in the early stages of 

its generation. As it has been shown that levels of methylation vary between clones, 

quantification of the levels of DNA methylation early in a cell line development 

process may allow the potential stability to be predicted. Bisulphitc sequencing is 

quite a labour intensive method and may not be conducive for analysing large 

numbers of clones. However, bisulphite conversion followed by a quantitative methyl 

specific PCR (Q-MSP) assay which was sensitive to levels of methylated DNA could 

be utilised. Q-MSP combines methyl specific PCR (MSP) (Herman et al., 1996) with 

Q-PCR to allow high-throughput quantitative analysis of the levels of methylation in 

the region studied. Oligonucleotides which can distinguish between methylated and 
unmethylated cytosine residues in the bisulphite converted DNA arc used, which 

allow differential amplification of the target DNA depending on levels of mcthylation. 

The data presented in this Thesis has shown that the addition of certain chromatin 

modifying elements to expression vectors is beneficial for stable cell line generation, 
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and they can facilitate the isolation of high expressing stable clones. The importance 

of being able to improve the predictability of stable cell line generation and reduce 

timelines and workload is an ongoing aim within the industry and as such, research 

has focussed on ways of achieving this. The work reported in this Thesis has 

concentrated on one such solution; however, other approaches to solve this problem 

have been reported. Studies utilising endogenous CHO DNA sequences to enhance 

transgene expression have also been reported (Running Dccr and Allison, 2004). In 

this study the addition of the 5' and 3' regions of the highly expressed housckccping 

gene elongation factor 1 alpha (EFl a), which flanked a reporter gene in the 

expression vector were shown to increase transgene expression. Average expression 

levels from cell pools and stable clones for a number of different reporter genes were 

increased between 6 and 35-fold compared to expression levels obtained using 

commercial vectors which utilised the CMV or EFI a promoters. 

Other methods to improve the probability of isolating clones with high and stable 

levels of expression are to utilise site specific integration (SSI) to introduce genes into 

a pre-defined locus within the genome, which have been previously identified as a 

favourable site. Studies have highlighted the use of Zinc Finger Nucleases (ZFNs) 

(Mochte et al., 2007), Meganucleases (Cabaniols et al., 2010) and also AttSite® 

Recombinase Technology (Campbell el al., 2010). ZENS arc comprised of two 

functional domains, one for binding to DNA, and another which compriscs a nucicasc 

domain of the Fokl restriction enzyme, which performs the DNA cleavage. This 

generates a double stranded break at a predetermined site in benome, which can 

greatly augment the efficiency of integration at this location by homologous 

recombination in the host cell genome. Meganuclcascs arc similar to ZENS in that 
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they bind to a specific DNA recognition site and induce a double strand break in the 

DNA. Their recognition site can range from 12-30bp, which makes them unique and 

highly site specific. AttSite® Recombinase technology preferentially integrates 

plasmid DNA into the genome at predefined loci by utilising gene-targeting scrine 

recombinase enzymes to catalyse the stable and irreversible insertion of DNA at 

specific attB sites in the host genome. These methods for SSI have only recently been 

described and there are limited reports of their utility in the production of recombinant 

proteins. A report has highlighted the advantages of using a natural yeast 

meganuclease, I-Scel, to induce gene insertion in CH-IO cells. It was shown that 

expression levels of clones expressing either ß-galactosidasc or human CD4 were 

reproducible and these levels were stable for over four months (Cabaniols and Paques, 

2008). The utility of the AttSite® Recombinase technology has also been reported 

recently where it was shown that clones expressing a therapeutic protein derived using 

this technology had uniform, high level expression compared to clones generated by 

random integration of the transgene (Campbell el al., 2010). 

A related technology forgoes the need to integrate a transgene into the native 

chromatin environment all together. The Artifical Chromosome Expression (ACE) 

technology utilises pre-engineered artificial chromosomes which reside in a 

production cell line and have multiple recombination acceptor sites allowing the 

targeted insertion of multiple copies of DNA sequences into these sites. The artificial 

chromosomes contain fully functional centromeres and tclomcrcs, and as a result arc 

said to be as mitotically stable as the host chromosomes. The ability of the ACC 

technology to generate high expressing stable CEHO cell lines has been described. 

Kennard et al. (2009) have reported that cell lines expressing a human monoclonal 
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IgGI antibody at over lg/1 in batch culture could be generated using this technology. 

Stability analysis showed that expression remained relatively stable in the presence of 

selection pressure. However, when this was removed from the media the same cell 

lines were considerably more unstable, losing up to 70% in expression. This system 

incorporates the cHS4 insulator within the expression vector, flanking the LIC and LC 

expression cassette. Therefore, although in this context it is used in combination with 

the artificial chromosomes, it would appear to be another example of the cIIS4 

insulator having limited functionality in CFHO cells. 

7.2 Future Work 

In the work described in this Thesis epigenetic regulation, in the form of DNA 

methylation, and its effects on antibody expression has been investigated. The results 

show that increasing levels of DNA methylation contribute to 11C and LC gene 

silencing and subsequent loss of expression from the clones. DNA mcthylation is 

only one of the repressive epigenetic marks and histone modifications such as 

deacetylation and methylation of H3K9 and especially 113K27mc3 also play a role in 

the silencing of transgenes (Mutskov and Felsen fold, 2004) and as described above, 

may be causing gene silencing in several of the clones analysed. Within the scope of 

this study the effects of histone modifications on the regulation of transbene 

expression have not been analysed. However, further investigation of this would 

provide a clearer understanding of the mechanisms contributing to transgcnc silencing 

within the cell. Studies have shown that the addition of iIIDACs such as sodium 

butyrate (Mimura et at, 2001; Palmero et al., 1991; Jiang and Sharfstcin, 2008) can 

have a beneficial effect on antibody expression levels due to the inhibition of removal 
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of acetyl moieties from histone tails. Assessing the effect of the addition of iIIDACs 

to the culture medium of clones which have exhibited a loss of expression, would 

establish whether histone deacetylation was contributing to gene silencing. In 

addition, analysis of the PTMs on histone tails in the vicinity of the IIC and LC would 

provide an insight into what, if any, effects histonc modifications were having on the 

regulation of antibody expression. Chromatin Immunoprccipitation (ChIP) could be 

used to analyse specific histone modifications (such as 113K4 acctylation as an 

example of an active epigenetic mark and H3K27 trimcthylation as an example of a 

repressive epigenetic mark) to establish if there is a correlation between these marks 

and levels of expression from the clones. Although ChIP analysis was attempted, this 

proved to be unsuccessful, with no enrichment being observed even in positive control 

samples. This may have been due to the specificity of the antibodies. No anti- 

hamster specific antibodies could be sourced. Further investigation into obtaining 

suitable antibodies and optimisation of the protocol for CHO cells would nccd to be 

undertaken in order to determine the histone modifications taking place in the cell 

lines. 

Having shown that the presence of chromatin modifying elements is beneficial to 

antibody expression it would be advantageous to identify a novel clement which could 

be utilised in the UCB mammalian expression vectors without the need to licence an 

existing chromatin modifying element. One possible way in which a novel clement 

could be identified is to determine the site of trangene integration in a high producing 

cell line. This could be achieved by methods such as inverse PCR (iPCR) or ligation 

mediated PCR (LM-PCR). These methods would allow the sequence of the gDNA 

surrounding the site of integration to be determined. The region of DNA identified 
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could then be incorporated into the expression vector and tested for its ability to 

confer high and stable expression in stably transfected cells. 

7.3 Conclusions 

The work described in this Thesis has highlighted the utility of chromatin modifying 

elements in the generation of stable cell lines. It is clear that the presence of the 1.5kb 

A2UCOE at three locations (3'HC 5'LC 5'HHC) within the antibody expression vector 

conferred a clear advantage over the Ab535 control in the generation of both pools 

and clonal stable cell lines. It has been shown that the other chromatin modifying 

elements under investigation have only limited functionality in CHO cells and are not 

beneficial in facilitating stable cell line generation for the expression of antibodies 

from CHO cells. It has also been shown that the chromatin modifying clemcnts only 

have a modest effect on expression stability when cells were grown in the absence of 

selection pressure, with the productivity decreasing in all clones. However, across the 

clones analysed the lowest decreases were observed in the 1.5kb A2UCOE containing 

clones. The decrease in antibody expression was accompanied by a decrease in 

mRNA levels which was not caused by a loss of either NC or LC gene copies from 

the genome. Analysis of DNA methylation patterns across the hCMV-MIL promoter 

regions demonstrated that this epigenctic regulatory mechanism was involved in the 

silencing of a number of clones which exhibited a decrease in productivity. 
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Appendix 1 

Chromatin modifying element sequences 

1.5kb UCOE 

GCGGCCGCACGCGTGGCCCTCCGCGCCTACAGCTCAAGCCACATCCGAAGGGGGAGG 

GAGCCGGGAGCTGCGCGCGGGGCCGCCGGGGGGAGGGGTGGCACCGCCCACGCCGGG 

CGGCCACGAAGGGCGGGGCAGCGGGCGCGCGCGCGGCGGGGGGAGGGGCCGGCGCCG 

CGCCCGCTGGGAATTGGGGCCCTAGGGGGAGGGCGGAGGCGCCGACGACCGCGGCAC 

TTACCGTTCGCGGCGTGGCGCCCGGTGGTCCCCAAGGGGAGGGAAGGGGGAGGCGGG 

GCGAGGACAGTGACCGGAGTCTCCTCAGCGGTGGCTTTTCTGCTTGGCAGCCTCAGC 

GGCTGGCGCCAAAACCGGACTCCGCCCACTTCCTCGCCCGCCGGTGCGAGGGTGTGG 

AATCCTCCAGACGCTGGGGGAGGGGGAGTTGGGAGCTTAAAAACTAGTACCCCTTTG 

GGACCACTTTCAGCAGCGAACTCTCCTGTACACCAGGGGTCAGTTCCACAGACGCGG 

GCCAGGGGTGGGTCATTGCGGCGTGAACAATAATTTGACTAGAAGTTGATTCGGGTG 

TTTCCGGAAGGGGCCGAGTCAATCCGCCGAGTTGGGGCACGGAAAACAAAAAGGGAA 

GGCTACTAAGATTTTTCTGGCGGGGGTTATCATTGGCGTAACTGCAGGGACCACCTC 

CCGGGTTGAGGGGGCTGGATCTCCAGGCTGCGGATTAAGCCCCTCCCGTCGGCGTTA 

ATTTCAAACTGCGCGACGTTTCTCACCTGCCTTCGCCAAGGCAGGGGCCGGGACCCT 

ATTCCAAGAGGTAGTAACTAGCAGGACTCTAGCCTTCCGCAATTCATTGAGCGCATT 

TACGGAAGTAACGTCGGGTACTGTCTCTGGCCGCAAGGGTGGGAGGAGTACGCATTT 

GGCGTAAGGTGGGGCGTAGAGCCTTCCCGCCATTGGCGGCGGATAGGGCGTTTACGC 

GACGGCCTGACGTAGCGGAAGACGCCTTAGTGGGGGGGAAGGTTCTAGAAAAGCGGC 

GGCAGCGGCTCTAGCGGCAGTAGCAGCAGCGCCGGGTCCCGTGCGGAGGTGCTCCTC 

GCAGAGTTGTTTCTCCAGCAGCGGCAGTTCTCACTACAGCGCCAGGACGAGTCCGGT 

TCGTGTTCGTCCGCGGAGATCTCTCTCATCTCGCTCGGCTGCGGGAAATCGGGCTGA 

AGCGACTGAGTCCGCGATGGAGGTAACGGGTTTGAAATCAATGAGTTATTGAAAAGG 

GCATGGCGAGGCCGTTGGCGCCTCAGTGGAAGTCGGCCAGCCGCCTCCGTGGGAGAG 

AGGCAGGAAATCGGACCAATTCAGTAGCAGTGGGGCTTAAGGTTTATGAACGGGGTC 

TTGAGCGGAGGCCTGAGCGTACAAACAGCTTCCCCACCCTCAGCCTCCCGGCGCCAT 

TTCCCTTCACTGGGGGTGGGGGATGGGGAGCTTTCACATGGCGGACGCTGCCCCGCT 

GGGGTGAAAGTGGGGCGCGGAGGCGGGACTTCTTATTCCCTTTCTAAAGCACGCTGC 

TTCGGGGGCCACGGCGTCTCCTCGGACGGCCGGGCGCGCC 
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MARX S29 

GCGGCCGCACGCGTCTCGAGGATCCCTTTATAAAACCACAATATAATGGAGTGCTAT 

AATTTCAAACAGTGTTTGGTCTGCTGGCAGAGTGGTCATTCTAACAGCAGTCACAGT 

AGAGTAGAAATAAGACTGCAGTATATCTAAGGCAAAAAGCTGAGGTTTCAGGAGCTT 

GAAGGTAAAGAGGAAGAAAGAAATGGGAATGGGAATTGGAAAGACAAATATCGTTAA 

GAGAAAATTGCTTTTAGGAGAGGGGAAAGAATCTATGTGTACTTAAGACTATGGAAT 

CAATCCCATTTAAGCTGGGAAACTAGTTTCATATATAACTAATAAATTTTATTTACA 

GAATATCTATTTACCTGATCTAGGCTTCAAGCCAAAGGGACTGTGTGAAAAACCATC 

AGTTCTGTCATATTCCTAAAAAAAAATTAAAAAGTTAAAAATAAATAAATAATAAAA 

CTTCTTTTCTTTCAAAATAATCAAGGTGCTTATTCACATCCATTCCAATTTGGGGAA 

ATACTTATTTTCCTATGATTAGTGAAGAGAAAAGTAACTTGCATTTCAATTCAAGTT 

GATACATGTCACTTTTAAGAGGTCAACTAATATTTGCTAGTTGAGCTAACCATATAG 

GCTTTAAATACTTTCATAGTAGAAAGAAAATGAAAATCATTAGTGAACTGTATAAAA 

TAGATCATACTTTTTGAAAGAATCAGACTGAAGTTTCCGAAAAAAAGAAGTAAGCTT 

CAATGAAAAGGTAAGTGAATTTAGCATTTACTCAGCATCTACTATGGACTTAACACC 

TAACAGTAGATAATCTGAAGGCAAACATATTTGTATAGGGACTGCAGAATGATAGAT 

GATAAATATCATCTCTTCTATTTGAATGAATATTTTTTCAAATCTTTCACACACAGT 

GGTTTGCTATGGAAAGATTTGTAGTACATTAAACAAATCTGAAGATGGAGTTAGAAA 

GCTTAGGCTATGTTTTGAGCACAACATATAATTTCTCTGTGATTGTTTCTTCATCTT 

TCAAATGAGGTTACTGTGAAGATTAAATGAGATAACTAAATGATGATAAAATAATGT 

AATCTTAGCAGCACCTTATTTAATCTGTGCAACAACTCTGTGAAGTGAGTAGGGCTC 

AGCTTCAGTCACTTCTCTGCCATTTATTAACTAAGATAGTTTGGAAAGTTACCCATC 

TCTTCAGCTGTAAAATGATGAGGATCATACCTATTTTATGGGGCTGCTTTTAGGTAC 

AAATATACAGGCAAGCACTTTGTTAATACTAAAGCATTACACCAATTAGTTTTACTC 

TTTTCCATTCACACATGAAATTAATGTAATCAGAATTCTGTAGATTACCTAAATCTT 

CTGTTAACACGTGATATGCAGTTCAGGTTAAATGTCAGTTGAGTTACCAAAGCACAT 

ACATACTCACCACCCTATCCAAATCTACAAGCCTCCCAGTTTGTCTTCACTATTTTG 

GTTAAATTAATATGAATTCCTAGATGAAAATTTCACTGATCCAAATGAAATAAAAAA 

TATATTACAAAACTCACACCTGTAATCTCAACATTTTGGGAGGCCAAGGCAGGTAGA 

TCACTTGAGGCCAGGAGTTCAAGACCAGCCTGATCAACATGGTGAAACCCTGTCTCT 

ACTAAAAATACAAAAATTAGCCAGGTGTGGTGGCATGTGCCTGTAGTCCTACCTACT 

CGGGAGGCTGAGGCACAAGAATCGCTTGAATGTGGGAGGTGGAGGTTGCAGTGACCT 

GAGATCGTGCCACTGCACTCCAGCCTAGGCAACAGAGTGAGATCATGTGTCATATAT 
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ATATATATATATATATATATATATATATATATATACACACACACACACATATATATA 

TACACATATATATACGTATATATATATATGTATATATATACATATATATACATATAT 

ATATATACGTATATATATACGTATATATATATCAATGTAAATTATTTGGGAAATTTG 

GTATGAATAGTCTTCCCTGTGAACACAGATCATAAAATCATATATCAAGCAGACAAA 

TAAGTAGTAGTCACTTATATGCTTATACTTGTAACTTAAAGTAAAAGAATTACAAAA 

GCATATGACAAAGACTAATTTTAAGATATCCTAATTTAAATTGTTTTCTAAAAGTGT 

GTATACCATTTTACCTATCATATGAATAATTTAGAAACATGTTTATAAAATTAATGT 

CCAAATCCATTCAAAAGTTTTGTAATGCAGATCACCCACAACAACAAAGAATCCTAG 

CCTATTAAAAAAGCAACACCACCTACATATAATGAAATATTAGCAGCATCTATGTAA 

CCAAAGTTACACAGTGAATTTGGGCCATCCAACACTTTGAGCAAAGTGTTGAATTCA 

TCAAATGAATGTGTAATCATTTACTTACTAATGCCAATACACTTTAAGGTAATCTTA 

AGTAGAAGAGATAGAGTTTAGAATTTTTTAAATTTATCTCTTGTTGTAAAGCAATAG 

ACTTGAATAAATAAATTAGAAGAATCAGTCATTCAAGCCACCAGAGTATTTGATCGA 

GATTTCACAAACTCTAACTTTCTGATACCCATTCTCCCAAAAACGTGTAACCTCCTG 

TCGATAGGAACAACCCACTGCAGGGATGTTTCTCGTGGAAAAAGGAAATTTCTTTTG 

CATTGGTTTCAGACCTAACTGGTTACAAGAAAAACCAAAGGCCATTGCACAATGCTG 

AAGTACTTTTTTCAAATTTAAAATTTGAAAGTTGTTCTTAAAATCTATCATTTATTT 

TAAAATACGGATGAATGAGAAAGCATAGATTTGATAAAGTGAATTCTTTTCTGCAAT 

CTACAGACACTTCCAAAAATCACTACAGACACTACAGACACTACAGAAAATCATAAA 

TAAACAAGTGCTAGTATCAATATTTTTACCAAAAAATGGCATTCTTAGAATTTTTTA 

TAGGCTAGAAGGTTTGTACAAACTAATCTGCCACGGATTTTAAAATATGAGTGAATA 

AATTATATTGCAAAAAAAATCAGGTTACAGAGAACTGGCAAGGAAGACTCTTATGTA 

AAACACAGAAAACATACAAAACGTATTTTTAAGACAAATAAAAACAGAACTTGTACC 

TCAGATGATACTGGAGATTGTGTTGACATATTAGCATTATCACTGTCTTGCTAAAAC 

ATAAAAATAAAAAGATGGAAGATGAAATTACAATACAAATGATGATTTAAACATATA 

AAAGGAAAATAAAAATTGTTCTGACCAACTACTAAAGGAAGACCTACTAAAGATATG 

CCATCCAGCACATTGCCACTCTACATGTGGTCTGTAAACCAGCAGCATAGGGATCCA 

TCGGCCGGGCGCGCCGTCGAC 

STAR 40 

GATCAAGAAAGCACTCCGGGCTCCAGAAGGAGCCTTCCAGGCCAGCTTTGAGCATAA 

GCTCTGATGAGCAGTGAGTGTCTTGAGTAGTGTTCAGGGCAGCATGTTACCATTCAT 

GCTTGACTTCTAGCCAGTGTGACGAGAGGCTGGAGTCAGGTCTCTAGAGAGTTGAGC 
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AGCTCCAGCCTTAGATCTCCCAGTCTTATGCGGTGTGCCCATTCGCTTTGTGTCTGC 

AGTCCCCTGGCCACACCCAGTAACAGTTCTGGGATCTATGGGAGTAGCTTCCTTAGT 

GAGCTTTCCCTTCAAATACTTTGCAACCAGGTAGAGAAGTTTGGAGTGAAGGTTTTG 

TTCTTCGTTTCTTCACAATATGGATATGCATCTTCTTTTGAAAATGTTAAAGTAAAT 

TACCTCTCTTTTCAGATACTGTCTTCATGCGAACTTGGTATCCTGTTTCCATCCCAG 

CCTTCTATAACCCAGTAACATCTTTTTTGAAACCAGTGGGTGAGAAAGACACCTGGT 

CAGGAACGCGGACCACAGGACAACTCAGGCTCACCCACGGCATCAGACTAAAGGCAA 

ACAAGGACTCTGTATAAAGTACCGGTGGCATGTGTATTAGTGGAGATGCAGCCTGTG 

CTCTGCAGACAGGGAGTCACACAGACACTTTTCTATAATTTCTTAAGTGCTTTGAAT 

GTTCAAGTAGAAAGTCTAACATTAAATTTGATTGAACAATTGTATATTCATGGAATA 

TTTTGGAACGGAATACCAAAAAATGGCAATAGTGGTTCTTTCTGGATGGAAGACAAA 

CTTTTCTTCTTTAAAATAAATTTTATTTTATATATTTGAGGTTGACCACATGACCTT 

AAGGATACATATAGACAGTAAACTGGTTACTACAGTGAAGCAAATTAACATATCTAC 

CATCGTACATAGTTACATTTTTTTGTGTGACAGGAACAGCTAAAATCTACGTATTTA 

ACAAAACTCCTAAAGACAATACATTTTTATTAACTATAGCCCTCATGATGTACATTA 

GATC 

STAR 7 

GAGGTCAGGAGTTCAAGACCAGCCTGGCCAACATGGTAAAACCTCGTCTCTACTAAA 

AAATACGAAAAATTAGCTGGTTGTGGTGGTGCGTGCTTGTAATCCCAGCTACTCGGG 

AGGCTGAGGCAGGAGAATCACTTGAATCTGGGAGGCAGAGGTTGCAGTGAGCTGAGA 

TAGTGCCATTGCACTCCAGCCTGGGCAACAGACGGAGACTCTGTCTCCAAAAAAAAA 

AAAAAAAATCTTAGAGGACAAGAATGGCTCTCTCAAACTTTTGAAGAAAGAATAAAT 

AAATTATGCAGTTCTAGAAGAAGTAATGGGGATATAGGTGCAGCTCATGATGAGGAA 

GACTTAGCTTAACTTTCATAATGCATCTGTCTGGCCTAAGACGTGGTGAGCTTTTTA 

TGTCTGAAAACATTCCAATATAGAATGATAATAATAATCACTTCTGACCCCCCTTTT 

TTTTCCTCTCCCTAGACTGTGAAGCAGAAACCCCATATTTTTCTTAGGGAAGTGGCT 

ACGCACTTTGTATTTATATTAACAACTACCTTATCAGGAAATTCATATTGTTGCCCT 

TTTATGGATGGGGAAACTGGACAAGTGACAGAGCAAAATCCAAACACAGCTGGGGAT 

TTCCCTCTTTTAGATGATGATTTTAAAAGAATGCTGCCAGAGAGATTCTTGCAGTGT 

TGGAGGACATATATGACCTTTAAGATATTTTCCAGCTCAGAGATGCTATGAATGTAT 

CCTGAGTGCATGGATGGACCTCAGTTTTGCAGATTCTGTAGCTTATACAATTTGGTG 

GTTTTCTTTAGAAGAAAATAACACATTTATAAATATTAAAATAGGCCCAAGACCTTA 

CAAGGGCATTCATACAAATGAGAGGCTCTGAAGTTTGAGTTTGTTCACTTTCTAGTT 
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AATTATCTCCTGCCTGTTTGTCATAAATGCGTTTAGTAGGGAGCTGCTAATGACAGG 

TTCCTCCAACAGAGTGTGGAAGAAGGAGATGACAGCTGGCTTCCCCTCTGGGACAGC 

CTCAGAGCTAGTGGGGAAACTATGTTAGCAGAGTGATGCAGTGACCAAGAAAATAGC 

ACTAGGAGAAAGCTGGTCCATGAGCAGCTGGTGAGAAAAGGGGTGGTAATCATGTAT 

GCCCTTTCCTGTTTTATTTTTTATTGGGTTTCCTTTTGCCTCTCAATTCCTTCTGAC 

AATACAAAATGTTGGTTGGAACATGGAGCACCTGGAAGTCTGGTTCATTTTCTCTCA 

GTCTCTTGATGTTCTCTCGGGTTCACTGCCTATTGTTCTCAGTTCTACACTTGAGCA 

ATCTCCTCAATAGCTAAAGCTTCCACAATGCAGATTTTGTGATGACAAATTCAGCAT 

CACCCAGCAGAACTTAGGTTTTTTTCTGTCCTCCGTTTCCTGACCTTTTTCTTCTGA 

GTGCTTTATGTCACCTCGTGAACCATCCTTTCCTTAGTCATCTACCTAGCAGTCCTG 

ATTCTTTTGACTTGTCTCCCTACACCACAATAAATCACTAATTACTATGGATTCAAT 

CCCTAAAATTTGCACAAACTTGCAAATAGATTACGGGTTGAAACTTAGAGATTTCAA 

ACTTGAGAAAAAAGTTTAAATCAAGAAAAATGACCTTTACCTTGAGAGTAGAGGCAA 

TGTCATTTCCAGGAATAATTATAATAATATTGTGTTTAATATTTGTATGTAACATTT 

GAATACCTTCAATGTTCTTATTTGTGTTATTTTAATCTCTTGATGTTACTAACTCAT 

TTGGTAGGGAAGAAAACATGCTAAAATAGGCATGAGTGTCTTATTAAATGTGACAAG 

TGAATAGATGGCAGAAGGTGGATTCATATTCAGTTTTCCATCACCCTGGAAATCATG 

CGGAGATGATTTCTGCTTGCAAATAAAACTAACCCAATGAGGGGAACAGCTGTTCTT 

AGGTGAAAACAAAACAAACACGCCAAAAACCTTTATTCTCTTTATTATGAATCAAAT 

TTTTCCTCTCAGATAATTGTTTTATTTATTTATTTTTATTATTATTGTTATTATGTC 

CAGTCTCACTCTGTCGCCTAAGCTGG 

1154 tandem 

GGGGAGCTCACGGGGACAGCCCCCCCCCAAAGCCCCCAGGGATGTAATTACGTCCCT 

CCCCCGCTAGGGGGCAGCAGCGACCGCCCGGGGCTCCGCTCCGGTCCGGCGCTCCCC 

CCGCATCCCGAGCCGGCAGCGTGCGGGGACAGCCCGGGCACGGGGAAGGTGGCACGG 

GATCGCTTTCCTCTGAACGCTTCTCGCTGCTCTTTGAGCCTGCAGACACCTGGGGGA 

TACGGGGAAAAGGGGAGCTCACGGGGACAGCCCCCCCCCAAAGCCCCCAGGGATGTA 

ATTACGTCCCTCCCCCGCTAGGGGGCAGCAGCGACCGCCCGGGGCTCCGCTCCGGTC 

CGGCGCTCCCCCCGCATCCCGAGCCGGCAGCGTGCGGGGACAGCCCGGGCACGGGGA 

AGGTGGCACGGGATCGCTTTCCTCTGAACGCTTCTCGCTGCTCTTTGAGCCTGCAGA 

CACCTGGGGGATACGGGGAAAA 
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Appendix 2. 

All oligonucleotides arc written 5'-3' 

1. Oligonucleotides Used For Cloning 

1.1 MAR X 
-S29: 

MAR X S29 Forward (MAR F) CGGCC'G('AC'G('GTC'TC'CiAGGAT('CCTTTATAAAA('('A(' 
-'r Td 

1.1.2 MAR X S29 Reverse (MAR R) GTC'GAC'GGC'G('GCC'CGGCC_GATGGATCCCTAT(i('T(i('T(i(iTTTACAG 
4., rý 

1.2 1.5kb UCOF: 

1.2.1 1.5kb UCOE Forward ('T C( GGG('('CTCCG('GCCTA('AG(' 
VrT- 

1.2.2 1.5kb UC'OE Reverse GTCGACCCGAGGAGA('GC('GTG((' 
Mr- 

1.3 Neomycin cassette: 

1.3.1 NEO Forward (iTr'AAATGA(i('T(iA'I'TTAA(' 
rT- 

x 
. 
3.2 NEO Reverse (I'('GAGGGTATAC'A(; ACATGATAAG 

ter 

1.4 Glutamine synthetase cassette for S'I'AR 7: 

1.4. I STAR 7 GS Forward (' 'c'c' c ý(c rrc ýc; c cc (r r rc (i(U rrrA FAA(i 

1.4.2 STAR 7 GS Reverse ('(G(('(P('ATTT('G(iACAAA('A('A('AT 
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2. Sequencing Oligonucleotides used in cloning 

2.1 MAR X_S29 Cloning 

2.1.1IF GGTGC'TTATTCACATCCATTC 
2.1 

.2 2F TGGTTTGCTATGGAAAG 
2. I. 3 3F GATATGC'AGTTCAGGTTAAATG 
2.1.4 4F GTGAC'C'TGAGATC'GTG('C'A(' 
2.1.5 5F CTATC'ATATGAATAATTTAG 
2.1.6 6F CGATAGGAACAA('('('ACTG 
2.1.7 IR CA('GTTTTTGGGAGAA'1'GG 
2.1.8 2R CTAAATTATTCATAT(iATAGG 
2.1 

.9 3R GGAGTGC'AGTGGCACGATC'TC 
2.1.10 4R GACATTTAAC'CTGAACTGC 
2.1.115R CGGAAAC'TTCAGT('TGATTC 
2.1.12 6R (iAATGGATGTGAATAAGC'A(' 

2.2 1.5kb UCOE 

2.2.1 1.5kb UCOE FI 
2.2.2 1.5kb UCOE F2 
2.2.3 1.5kb UCOF. F3 
2.2.4 1.5kb UCOF RI 
2.2.5 I. 5kb UCOE R2 
2.2.6 I. 5kb UCOF R3 

CTAC'AGCTC AAGCC'A('ATCCG 

CGAACT('TCCTGTA('A('CAG 

CTCGCAGAGTTGTTTC'TC('AG 

CA('('TTT('AGGGGT('C'GAGG 

('T('ATTGATTT('AAA('('('G 

('GC'T('AATCGAATTG('GGAA( i 

2.3 Neomycin cassette 

2.3.1 NEO Fl CAACGGCCT('AA('('TACTACT(i 
2.3.2 NEO R2 (i('ACGTAC'T('G(; AT(GGAA(i(' 
2.3.3 NEO RI ('('T(iT('T('TT(iATCA(iA(i('TTG 
2.3.4 NE() R2 G('TT('('AT('('(; AGTA('(; T(i(' 

2.4 Glutamine synthetase cassette cloning for STAR 7 

2.4. I START (; S For (i('A('T(i(i(i(iA('A(i('('TA'I-M(i(TA(; 
2.4.2 GS Not! FI ('ACAAAAAAC'('AAC'A('A('A(iAT(iTA 
2.4.3 GS Noll F2 (jA(iAAA(i'r('('AA(i('('Al'(iTATAT(' 

2.4.4 GS Noll F3 ('AAA-I'(i('I*(iA(i(iT(*AT(i('(*T 
2.4.5 GS Noll F4 (i('("I-r('T('AATCiA(iA('-I'(i(i(' 
2.4.6 GS Noll F5 AA(i("r(i('A('T(i(-rATA(*AA(iAAA 
2.4.7 STAR7 GS rev A(i(i('('('A('('AATAT('(i(Y'AT(* 
2.4.8 (; S Noll RI ('GGAAAT(i'll'(; AATA('T('A'I'A('T(T 
2.4.9 GS Noll R2 (i-rAA('('A'I-I'ATAA(i("1'(iCAA 
2.4.10 GS Noll R3 T(i(; (i(iT('TT(-TA('(-M('T(*"rT(* 
2.4.1 1 (iS Notl R4 
2.4.12 GS Noll R5 CTGTAAT('TTGA('('('('A(i('AT 
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3. TagMan probes for qP('R 

3.1 Hamster GAI'UH Forward C'TGC'C'A('C'C'AGAA(iA(`I'GT 
3.2 Hamster GAPI)H Reverse GTGGATGCAGGGATGATGTTCT 
3.3 Hamster GAPI)H Reporter ATC'A('GC('A('AG('TTT 
3.4 Murine Kappa Forward GGAAGATTGAT(i(i('A(iTGAAC(iA 
3.5 Murine Kappa Reverse G('TGT('C'TGAT('AGTCCAA('T 
3.6 Murine Kappa Reporter TCAGGA('GC'C'ATTTTG 
3.7 Murine Heavy Forward GiAGCA(iTTC'AACA(i('A('TTT('(' 
3.8 Murine Heavy Reverse GC'C'AGTCCTGGTG('ATGAT 
3.9 Murine Heavy Reporter CAGTCAGTGAA('TT('(' 

4. Southern blot hybridization probe generation 

4.1 Forward G"fC'ATGAGAT'I'AT('AAAAA(iGA'I'C' 
4.2 Reýcrsc 

5. Bisulfite sequencing 

5.113SPI. F I r rA rnGC; rc; 'rGC; c; rrA rrGn rr 
5.2 BSPLRI AAAAAATAA('('A('CCTAA('AAT 
5.3 BSPLF2 TTTTTATAGGATGGGGTTTTATT 
5.4 BSPLR2 CA('ATC'TAAC'ACCTAAAAACCA 
5.5 BSPHFI GTTATATTGTTTfTGG'M'GGG 
5.6 BSP}IR I TA('T('('AAA('('('TT('TCAAATA(' 
5.7 BSPHF2 TTTT(; TATTTTTATAGGATG(; (; GT 
5.8 BSPHR2 ACTC('('T('('AAATTTAA('AAAC 

255 



Appendix 3. Distribution of expressing clones 

Clones isolated from neo pooled stables. 

1.5kb uCOE 

I'I: IIC No growth Ist quarter 2nd quarter 3rd quarter 4th quarter I oral If lone. 
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1ARX S29 

Plate No growth Ist ! uarlilc 2nd 1 uarlilc 3rd quartile 4th ! uurlilc I utah ( Ionc% 
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STAR 4O 

Plate No rowth Ist quartile 2nd 1 uartlie 3rd (uartiii Jth quartile Total ('ion t' 
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1154 tandem 

I'I, IIL No growth 1st quartile 2nd t uarlilc 3rd r uarlilc JIh r uartilt I nI uI If lone% 
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Clones isolated by limiting dilution under GS selection 

Ist quarter 2nd quarter 3rd quarter 4th quarter 'total ('lone'. 

Ah535 15 5 5(, "S 

I. Skb IJ('Of' 97 2 2 22 I. 't 

'. S. '! I. 1, I. b '') 

\1Ak X S29 22 24 St 

tl. c I 1, t 

ti1A R7 17 t i 5t tiI 

1143 I midcnl 2. I I 60 

tvi I I. ' 

Clones isolated from GS pooled stables 
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Appendices 

Appendix 4: Copy number determination by Q-PCR 
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Appendices 

1.5kb UCOE 

Number or Celle 
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Appcndicxs 

STAR 7 
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Apppcndices 

1154 Tandem 
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