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Abstract

Chinese hamster ovary (CHO) cells are the predominant hosts for the production of recombinant protein. Although many engineering strategies have been employed to improve productivity, there is still a requirement to improve the process further and reduce costs of the therapies the proteins provide. This study profiles the expression of transcription factors (TFs), a group of cellular proteins that regulate gene expression, in order to identify novel engineering strategies.

Two high-throughput transcriptome profiling techniques were used; Illumina Hi-seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays. The techniques were compared for their attributes in profiling the CHO cell transcriptome throughout fed-batch culture. A reduction in the cost of transcriptome analyses, and their value in profiling proprietary industrial cell lines, means that they are likely to be carried out more often and therefore it will be valuable to know which technique would be most appropriate to use. There was a high significant correlation in expression and fold change of common and validated transcripts between the two datasets. However, additional filter steps were required to analyse the array data, as several of the probe-sets were non-unique or non-annotated. Furthermore, RNA-sequencing demonstrated a higher dynamic range and standard deviation, suggesting it may be more accurate at measuring low-expression transcripts and isoforms.

The transcriptomic data was also used to profile the global gene expression trends that control the changes in cell physiology throughout culture. Functional analysis of differentially expressed transcripts demonstrated that between early stages of culture, the most regulated functional categories were metabolism and signal transduction, whereas in later stages of culture, the most regulated categories were cell cycle, DNA repair, DNA replication, and gene expression control. Through cluster analysis, cell cycle control was shown to be regulated in a relatively independent pattern to other functions, and was primarily down-regulated in later stages of culture. A novel method was also developed for identifying regulatory elements for use in novel synthetic promoters, based on the expression data throughout culture. This represents a valuable tool for developing constitutive and phase-specific gene expression systems in the future.

Finally, the data was used to profile transcription factor expression and transcriptional regulation throughout culture. Transcription factors demonstrated expression ranges almost equal to those of the global dataset. However differentially expressed transcripts showed reduced fold changes in expression relative to the global dataset. Differentially expressed transcription factors, which were validated by both transcriptomic datasets, were identified, and those that could potentially be important for engineering strategies were highlighted.
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Chapter 1: Literature Review






















The purpose of this project is to compare techniques for high-throughout transcriptomic analysis of Chinese hamster ovary (CHO) cells and use transcriptomic profiling of cells throughout culture to identify novel targets for improving cell line performance characteristics. This chapter is an overview of the literature that provides the background to the research areas. It looks at the use of CHO cells as a host cell line for the production of biopharmaceuticals, and particularly the cell line used throughout the study, a Lonza GS-Exceed cell line, CHOK1SV E22. The demand for higher titers and cheaper costs are explained which leads on to a discussion of previous work on improving product titer and how transcriptomic profiling and gene expression modification could be used to further improve productivity, thereby generating higher titers at lower costs.


1.1 Recombinant protein therapeutics and the biopharmaceutical industry
[bookmark: _Toc241633392]Mammalian cells have been used in medicine, for the production of therapeutic proteins, for many years. In the early stages, this was the production of “native” proteins used as vaccines, notably the Salk polio vaccine, produced in primary monkey kidney cells in 1954 (Kretzmer, 2002; Salk et al., 1954). Due to demand for increasingly high yields and better therapies, and with the advances made in biomedical and genetic research, this progressed to the production of “non-native” proteins, recombinant proteins, in the 1980’s (Kretzmer, 2002).



1.1.1 Recombinant protein therapeutics
Recombinant proteins are produced by stably inserting DNA encoding the protein of interest into a “host” cell line. They are proteins that are not produced, or only produced in very small quantities, by the host cell. Stable insertion of the gene into the DNA of a host cell therefore allows heightened levels of the protein to be produced (Kretzmer, 2002).

The first recombinant protein to be expressed in animal cells was tissue plasminogen activator (tPA). tPA was produced in chinese hamster ovary (CHO) cells and licensed under the name Activased by Genentech in 1986 (Lai et al., 2013; Kim et al., 2012; Jayapal et al., 2007). Activased was the first of many recombinant proteins which, following rapid development, now shape modern medicine, providing effective treatment for an array of illnesses. They include vaccines, interferons, hormones and monoclonal antibodies (mAb), with the latter forming the largest proportion. In 2013, biopharmaceutical sales reached $140 billion, with the biggest seller being a monoclonal antibody, adalimumab, which reached global sales of $11 billion (table 1.1) (Walsh, 2014).
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Table 1.1 Top-selling biopharmaceuticals of 2013: The ten highest selling biopharmaceutical products of 2013 in order from highest to lowest, and the global sales for each (based on Walsh et al., 2013).

[bookmark: _Toc241633393]
1.1.2 Host cell lines
Host cells for the production of recombinant proteins are not limited to mammalian cells, and the choice of cell line is largely important to the properties of the final product. Non-mammalian hosts, including microbial hosts, yeast, plant and insect cells have also been used for recombinant protein production. However these systems currently do not have the capacity to carry out the complex folding and post-translational modifications (PTMs) that many biopharmaceuticals require (Browne & Al-Rubeai, 2007; Vogl et al., 2013; Jayapal et al., 2007; Lim et al., 2010). Such folding and modifications go on to effect the residence time in humans, solubility and stability of the protein, and the proteins biological activity (Jayapal et al., 2007). Notably over half of biopharmaceuticals are glycoproteins that require glycosylation pathways to provide the protein with the correct glycoprofile. Despite significant attempts to transfer this pathway into other hosts, this is currently only achievable in mammalian cell hosts (Grainger et al., 2013; Huang et al., 2012; Pandhal et al; 2012)

A number of mammalian cell lines have been adopted for the production of recombinant proteins including; 3T3, CHO (chinese hamster ovary), baby hamster kidney (BHK), HeLa, human embryo kidney (HEK)-293, NSO (mouse myeloma) and HepG2 (Kim et al., 2012; Wurm, 2004; Jayapal et al., 2007). Of these, CHO cells are by far the most commonly used and as many as 70% of recombinant protein therapeutics are produced in a CHO cell line (Jayapal et al., 2007). 

[bookmark: _Toc241633394]1.1.3 Chinese hamster ovary cells as hosts for recombinant protein production
CHO cells have been used in the biopharmaceutical industry for over 50 years. They became the most popular mammalian host cell line, termed the biopharmaceutical workhorses, for many reasons, including; few viruses are able to propagate in them making them safe, they can grow in chemically defined media allowing for consistency and reproducibility between cell culture batches, and several gene amplification systems have been well established for use in them, allowing production of high yields of protein (Kretzmer, 2002; Lai et al., 2013). However, arguably the most significant advantage of using CHO cells is their ability to adapt and the ease with which they can be genetically modified (Kretzmer, 2002).  This has been exploited in the past to engineer cell line performance characteristics – reviewed in section 1.6.

[bookmark: _Toc241633395]
1.2 Cell line development
As each cell line performs differently with each recombinant protein, the production process must be tested and optimized with each new drug. This is carried out using transient expression, as it is a lot quicker and incurs less costs (Kim et al., 2012). Once the process has been tested for efficacy and manufacturability in a given cell line, a stable transfection will be carried out and a high-producing clone of the cell line selected (Kim et al., 2012, Zhu et al., 2012). A stably transfected cell line is created because the recombinant gene can be maintained throughout generations, higher titers are achievable, and stable cell lines can be used in larger-scale manufacturing processes (Zhu et al., 2012). Cell line development (figure 1.1) takes 6-12 months, following which the protein enters an evaluation stage, where is further tested for safety and efficacy (Lai et al., 2013; Jayapal et al., 2007, Zhu et al., 2012).

The first stage of the process is to create a vector containing the gene of interest, selection markers and regulatory elements to maximize protein production from the vector. The regulatory elements often include strong promoter/enhancer regions, to maximize gene expression, and scaffold/matrix attachment regions (S/MARs) (reviewed in section 1.6). 

The vector is transfected into the host cell by one of several methods, the most common of which are electroporation, and cationic lipid-based lipofection. Following this, vector selection markers can be used to select pools of cells that have been successfully stably transfected (Li et al., 2010).  

Vector development
Cell transformation
Selection of stably transfected cells
Expansion
Amplification
Limiting dilution to obtain clones
Clone screening
Clone evaluation and selection
Cell banking


















Figure 1.1 Cell line development process: The development of a novel producing cell line follows a series of defined steps. The process usually takes between 6 and 12 months (adapted from Jayapal et al., 2007).

There are two common selection genes used in generating stable CHO cell lines; DHFR and GS. Dihydrofolate reductase (DHFR) is an enzyme involved in the production of tetrahydrofolate (THF). THF is a cofactor carrier required in the synthesis of thymidine, glycine and purine. If the host cell line is DHFR-, transfected cells can be grown in medium lacking these three essential nutrients and only cells which have successfully integrated the plasmid DNA will be able to survive (Jayapal et al., 2007; Wurm, 2004; Birch & Racher, 2006; Butler, 2005). Similarly, glutamine synthase (GS) is required for producing glutamine from glutamate and ammonia. Therefore where GS is included as the selection gene in the vector, transfected cells can be grown in media devoid of glutamine and only cells that have successfully incorporated the vector DNA into their chromosomes should be able to survive (Birch & Racher; Jayapal et al., 2007; Butler, 2005). 
Pools of cells that survive the selection process are expanded out and go through an “amplification step” to obtain populations with an increased number of copies of the transgene. “Amplification” is achieved by adding increasingly high concentrations of methotrexate (MTX) or methionine sulphoximine (MSX) to the culture media. MTX and MSX block DHFR and GS activity respectively meaning cells must be expressing high levels of the selection gene in order to survive growth in media devoid of the appropriate nutrient. Genetic linkage between the selection marker and the gene of interest means that amplification of the selection gene results in amplification of the gene of interest, thereby resulting in higher product yields (Butler, 2005; Jayapal et al., 2007; Wurm, 2004).

Limiting dilution steps are then used to obtain individual clones with high copy numbers of the transgene. Screening steps select cells with the highest productivity and growth rates, and these selected cells are then expanded out into clonal populations. Clonal populations go through growth evaluation before one, or occasionally more, are chosen and frozen down into cell banks (Jayapal et al., 2007).

This platform is used in the development of all CHO cell lines producing a protein of interest. The main point of variation is the vector selection marker gene.  The GS system is often considered more favorable as it requires lower copy numbers of the recombinant gene to reach similar levels of expression as the DHFR system. This means that often only a single round of amplification is required, reducing the development time by 3 months in comparison to the DHFR system (Barnes et al., 2000). The GS system also has the advantage of removing ammonia from the culture media. Ammonia is a toxic by-product of cellular metabolism and has been implicated in affecting protein glycosylation, which may have an impact on product quality, and cell growth rate (Butler, 2005; Costa et al., 2010). In addition to this, it is thought that accumulation of the final product is more efficient with the GS system than with the DHFR system (Barnes et al., 2000).

The DHFR system is a non-dominant selection system meaning it can only be used in cells that are devoid of endogenous DHFR, such as CHO-DG44 and CHO-DUK (Hacker et al., 2009; Barnes et al., 2000). There are fewer cell lines that are GS-, however the GS system is a dominant selectable marker and can therefore be used in cells that do produce endogenous GS. Despite this, the GS selection system works best in mouse myeloma cell line NSO, as it contains no endogenous GS and therefore prevents cells that haven’t been successfully transfected from surviving as a result of amplifying the endogenous GS gene (Butler, 2005; Hacker et al., 2009; Barnes et al., 2000). Furthermore, MSX does not have to be used to prevent endogenous GS activity during selection with GS- host cell lines, and lower concentrations of MSX can be used to inhibit GS activity during amplification (Lai et al., 2013; Butler, 2005; Fan et al., 2012). As the GS system seems to hold advantages over the DHFR system, more cell lines are being developed which are GS- such as CHOK1SV GS-KO (described in section 1.4)(Butler, 2005; Fan et al., 2012).

1.3 Down-stream processing
Following the production of a biopharmaceutical using the developed platform, it must go through a series of down-stream processing events in order to get it to a usable product.

Following fermentation, cells are harvested using centrifugation followed by depth filtration to remove residual cell debris. They are then lysed to extract the recombinant protein. A purification step, usually Protein A choromotography, is required to separate the recombinant protein from contaminants, nucleic acids, host cell protein, and lipids (Hogwood et al., 2013; Shukla et al., 2007).

In order to meet regulatory standards three further “polishing” purification steps are included; protein inactivation, chromatographic polishing steps, and viral filtration. Viruses are inactivated using a low pH incubation step, as most monoclonal antibodies are stable at a low pH. Protein chromatographic techniques, such as cation-exchange or anion-exchange chromatography, are then used to reduce residual impurities. Viral filters are used in pressurized tanks following chromatography steps (Shukla et al., 2007).

Finally, an ultrafiltration step is carried out to buffer exchange the product into formulation buffer, ready to be used a therapeutic (Shukla et al., 2007).

[bookmark: _Toc241633396]1.4 CHOK1SV GS-KO cell line
CHOK1SV GS-KO is a knock-out version of Lonzas proprietary cell line, CHOK1SV. Some CHO cells can survive up to 5 mM MSX selection as a result of endogenous GS which, as explained previously, can hamper selection efficiency of high-producing cell lines during cell line development (Sanders & Wilson, 1984; Lai et al., 2013). For this reason Lonza created CHOK1SV GS-KO cell line, which expresses no endogenous GS.

Cellectis Meganuclease technology was used to introduce deletions in both alleles of the GS gene in CHOK1SV cells. The deletions were targeted to exon 2 as this exon contains the ATG start codon, meaning deletions would prevent expression of the gene rather than disrupting protein function. The deletions were confirmed using western blotting and gene sequencing, and clones with bi-allelic deletions were then further characterized (Personal Communication with Dr Stuart Martin and Dr Robert Young, Lonza Biologics, 2013).

Growth characterization showed that CHOK1SV GS-KO showed slightly improved growth over CHOK1SV in media containing glutamine, and massively reduced growth in media devoid of glutamine. This further confirmed deletions in the GS gene. CHOK1SV GS-KO clones also demonstrated higher mAb titers, with titers of up to 5.95 g/L being achieved, and no change in product quality. Initial data suggests that CHOK1SV GS-KO cells may also be more stable than CHOK1SV cells, possibly a result of them not requiring MSX for maintenance during cell line production (Personal Communication with Dr. Stuart Martin and Dr. Robert Young, Lonza Biologics, 2013). 

Increased growth rates and mAb titers are of huge benefit, as they will reduce the timescale for cell line development, resulting in therapeutics being made available much faster. It will also reduce the costs of production and therefore treatments, making them more widely available. 

[bookmark: _Toc241633397]1.5 Bioreactor growth 
There are two main large-scale manufacturing culture systems; fed-batch culture and continuous perfusion culture, with fed-batch being the most popular (Birch & Racher, 2006; Butler, 2005).

During fed-batch culture, nutrient supply to cells is maintained through the addition of small volumes of bolus feeds. Cells are harvested at the end of the process (Birch & Racher, 2006). Whereas during continuous perfusion culture, fresh media is added and spent media is removed continuously throughout culture. This means cells are supplied with sufficient nutrients and any toxic metabolic by-products are removed. Cells are kept inside the reactor using a retainer device (Birch & Racher, 2006; Chu & Robinson, 2001; Butler, 2005). 

Perfusion culture allows a short-exposure time of the product to cultivation conditions. Toxic by-products of metabolism which may effect product quality, cell growth rate, and thereby product titer, can be removed. However fed-batch cultures are faster to develop, have easier scalability and are easier to set-up. They currently remain the most-popular choice for large-scale manufacturing processes (Huang et al., 2010).

Another increasingly used culture system is the disposable bioreactor that most commonly involves the use of a wave-agitated bag system. These systems require less time and cost spent on sterilization however they are currently only used for small-scale systems such as during early development or for inoculum cultures for large-scale culture (Singh, 1999; Birch and Racher, 2006).

Fed-batch cultures progress through a standard growth pattern of a short lag phase, followed by several days of exponential growth. Cells then enter stationary phase where cell density is maintained but growth has slowed. Cell density and viability then drop during death phase. It is during stationary phase where we see the highest level of protein production in fed-batch cultures (Huang et al., 2010).

Although general regulation of certain functions is understood, such as cell cycle control, little is known about the global gene expression underlying the characteristic fed-batch growth pattern in specific cell lines. By understanding the dynamic control of growth and protein production throughout culture, it may be possible to identify novel engineering targets for improving both characteristics in a host cell line. This is the basis for part of the research presented in this thesis. These two performance characteristics are the focus of this work as they both contribute to the final product titer.

However as previously stated, cell lines perform differently in the expression of different recombinant proteins. This research profiles one industrially important cell line throughout a developed fed-batch process and paves the way for profiling and understanding other systems. However the control of certain processes and the responses to certain stresses will not necessarily be the same in every system.

1.6 Previous engineering to improve titer
The major drivers for CHO cell line engineering are to provide increased supplies at lower costs.  More and more people are requiring treatment with a biological therapy such as monoclonal antibodies. This is due to both a rapidly ageing population and higher life expectancies leading to increased number of diagnoses with diseases where biopharmaceuticals are the most effective treatment, the most prominent being cancer (Kelly and Smith, 2014; Siddiqui & Rajkumar, 2012). Additionally, we are seeing an increase in the market of biosimilars, furthering the competition between suppliers and therefore creating pressure to reduce costs of production further and further (Shukla & Gottschalk, 2013). 

Various engineering strategies have previously been employed in an attempt to increase productivity to meet the increasing demand, and thereby reduce costs. The following engineering and optimization strategies have allowed increases in product titers from 50 mg/L to 5-10 g/L over the past 25 years (Lim et al., 2010; Zhu, 2012; Lai et al., 2013). 

Several attempts have been made to genetically alter CHO cells in such a way as to increase the amount of the heterologous protein produced. These have included; engineering to reduce rates of apoptosis and/or autophagy, increasing cell proliferation, engineering of the unfolded protein response (UPR), engineering of secretion pathways, and chaperone engineering (Kim et al., 2012; Arden & Betenbaugh, 2004; Tigges & Fussenegger, 2006).  

Media and feeds have also been optimized in order to improve product titers. This has largely been based on a better understanding of the cells nutritional needs so that nutrients can be supplied at the correct times and concentrations. Feeds have also been adapted in order to minimize the production of toxic by-products of metabolism such as lactate and ammonia (Birch & Racher, 2006; Huang et al., 2010).

Vector design dictates the expression levels of a transgene and therefore is heavily implicated in product titer. Most expression systems cause random integration of the recombinant gene into the host genome, which can cause variable and unstable expression depending on the chromatin state in the area. This is termed the position effect. To ensure access of transcriptional machinery to the recombinant gene, and therefore stable, high levels of expression, regulatory elements are included in the vector design to ensure an “open” chromatin state around the gene (Cacciatore et al., 2010).

One example of this is the inclusion of scaffold/matrix attachment regions (S/MARs) that help maintain chromatin in an open state allowing access of transcriptional machinery. During interphase, S/MARs attach chromatin to the nuclear matrix. Studies have shown that highly expressed genes are often associated with the nuclear matrix (Wurm, 2004; Jayapal et al., 2007; Li et al., 2010; Cacciatore et al., 2010; Stief et al., 1989). They are also involved in histone hyperacetylation, leading to the recruitment of DNA demethylases, which demethylate proximal DNA, allowing increased levels of transcription. Studies have shown that their inclusion proximal to the recombinant gene leads to higher expression levels that can be better correlated with copy number (Wurm, 2004; Jayapal et al., 2007; Li et al., 2010; Cacciatore et al., 2010). 

Another strategy employed to control the position effect is the use of ubiquitous chromatin opening elements (UCOE). These regulatory elements were identified in housekeeping genes and maintain chromatin in an open form so as to prevent transgene silencing (Butler, 2005). In a study where UCOE were included in the expression vector, it was shown that higher expression levels were observed across the pool of transfectants (Ye et al., 2010; Zhu, 2012).

Strong promoters are another important aspect of vector design and have also undergone optimization in order to improve product titer. The most commonly used promoters are viral promoters including cytomegalovirus (CMV) and simion virus 40 (SV40). CMV promoter is still one of the most popular choices of promoter in the biopharmaceutical industry, however viral promoters have limitations such as being prone to epigenetic silencing and causing massive overexpression, placing stress on the cell, leading to apoptosis. Therefore much research has been placed into the development of novel expression systems (Chen et al., 2013).

One prime example of this was the development of the CHEF1 promoter, a now commonly used promoter system. CHEF1a (Chinese hamster elongation factor-1a) is a highly expressed CHO gene. Regulatory elements were used from the promoter region to develop the endogenous vector system that was shown in the original research to drive higher expression of reporter genes than commercial CMV-based vectors in CHO cell line DG44 (Chen et al., 2013; Running Deer & Allison, 2004). Much research is still being carried out in this area to find endogenous-based promoters with stronger activity. A particularly interesting novel approach to this kind of promoter design is the development of synthetic promoters. This has been significantly improved with the recent advances in CHO cell genomic tools.

Synthetic promoters offer the ability to build an expression system using well-characterized, controllable, strong drivers of expression whilst eliminating uncontrollable elements that are the cause of epigenetic silencing, cellular stress or death with viral promoters (Chen et al., 2013; Brown et al., 2014). Elements are chosen by screening libraries produced of either random sequences or sequences that have been taken from upstream of strongly expressed genes. There has been some studies into the use of this technique is CHO cells however it still remains understudied (Brown et al., 2014; Grabherr et al., 2011). Additionally Le et al. (2013) used CHO cell transcriptomic data to identify dynamically expressed genes, isolate the promoter regions of these genes and successfully use these to express recombinant genes in a dynamic manner. However this, like CHEF1a promoter, uses the entire promoter region of a known gene, which can be inefficient and also difficult to define and isolate (Le et al., 2013).

One of the aims of this research is to use transcriptomic data to identify suitable promoter regions for constitutive or dynamic expression and then isolate common known regulatory elements found within these regions. In this manner an “intelligent” library can be developed for the use in designing novel constitutive or dynamic synthetic promoters.


1.7 Control of CHO gene expression
As discussed in section 1.6, several attempts have been made to engineer CHO cells with increased productivity and cell growth rates, to reach increasing demands. Much research has also gone into engineering the vector containing the gene of interest to optimize expression of the homologous gene. However, less attention has been given to the control of the host cell gene expression machinery, which is ultimately responsible for carrying out transcription of the vector, along with regulating host cell physiology, behavior, and performance.

[bookmark: _Toc241633398]1.7.1 Eukaryotic gene expression regulation
Eukaryotic gene expression begins with the production of mRNA, starting with the synthesis of a pre-mRNA during transcription and continuing with processing into a mature mRNA ready for translation into a functional protein. The highest level of regulation is exerted during transcription, a process carried out by multi-subunit enzymes, RNA polymerases. There are three known RNA polymerases that are present and active in animal cells. RNA polymerase I (RNAPI) synthesizes ribosomal RNA (rRNA), RNA polymerase II (RNAPII) produces messenger RNAs (mRNA) and small nuclear RNAs (snRNA) and RNA polymerase III (RNAPIII) synthesizes transfer RNAs (tRNA) and other small RNAs (Nachaev & Adelman, 2011; Conaway & Conaway, 2013; Cramer et al., 2008; Cramer, 2007). 

There are three stages of transcription; initiation, elongation and termination. Although in recent years it has been recognized that all three stages represent points for regulation of gene expression, initiation is the first point at which control can be exerted and is generally considered to carry the highest level of regulation (Conaway & Conaway, 2013).
At transcription initiation, in the production of mRNA, RNAPII binds alongside a set of associated proteins to the transcription initiation site creating the pre-initiation complex (PIC) (figure 1.2A). The PIC consists of the template DNA, RNAPII, and five general transcription factors (GTFs); TFIID, TFIIB, TFIIF, TFIIE, and TFIIH, and allows a basal level of expression from the gene (Woychick & Hampsey, 2002). In a model for transcription initiation, in the minimal promoter found most commonly in genes, TFIID comprises of a TATA-binding protein (TBP) along with around ten TBP associated factors (TAFs). TBP binds to a TATA box upstream of the transcription initiation site and induces a sharp bend in the DNA. TFIIA then binds to the complex and stabilizes TFIID (Woychick & Hampsey, 2002; Smale & Kadonaga, 2003). TFIIB contains a helix-turn-helix motif that allows it to bind to a sequence directly upstream of the TATA box and mediate binding of RNAPII. RNAPII is bound and stabilized by TFIIF before it is positioned at the initiation start site by TFIIB. The carboxy-terminal domain (CTD) of RNAPII is then bound by TFIID. TFIIE binds RNAPII, recruits TFIIH and regulates TFIIH activity. TFIIH melts around 15 base pairs of DNA, providing a single stranded template for RNAPII to transcribe. Following this, TFIIH phosphorylates RNAPII CTD releasing it from TFIID and allowing promoter clearance and entrance into the elongation phase by recruitment of elongation factors (summarized in figure 1.2B). TFIIE, TFIIF and TFIIH also act in the early stages of elongation to prevent promoter-proximal stalling events. Following transcription termination, RNAPII is recycled by a phosphatase returning it to its un-phosphorylated form (Woychick & Hampsey, 2002; Smale & Kadonaga, 2003; Li et al., 2007). 
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Figure 1.2 The transcription pre-initiation complex: The pre-initiation complex (PIC) assembles at the transcription start site of a gene allowing recruitment of RNAPII and transcription initiation (A). The components of the PIC assemble in a specific order during transcription initiation leading to promoter clearance and entrance into elongation phase (B).
In addition to the basal transcription machinery, eukaryotes also employ a system of transcription factors (TFs), which bind to the promoter and enhancer regions upstream or, less commonly, downstream of the transcription initiation site (figure 1.2A). Transcription factors interact with the transcriptional machinery, thereby influencing the rate of gene expression, allowing the cell to respond to its environment in a fast and dynamic manner (Carey, 1998; Kornberg, 1999). 

Consensus sequences are cis-acting DNA elements that facilitate the assembly of TFs in a stereo-specific manner. Often TFs will change their function and conformation in response to other interacting proteins. The term enhancesome is used to describe a group of interacting TFs, the sequences to which they are bound and the co-regulators and accessory proteins which facilitate in transcriptional regulation from the enhancer region (Kornberg, 1999; Reményi et al., 2004; Carey, 1998). Unique combinations of TFs interact with RNAPII in a synergistic fashion allowing the cell to use combinations of a relatively small number of proteins to control the expression of an exponentially larger number of genes. In eukaryotes over 30,000 genes are regulated by between 2,000 and 3,000 proteins in a spatio-temporal pattern (Carey, 1998; Kornberg, 1999; Reményi et al., 2004).

TFs have two domains; a DNA-binding domain and an activation domain. The DNA-binding domain binds consensus sequences, which are generally between five and fifteen base pairs long. The specificity and affinity for consensus sequences can be influenced by the afore mentioned accessory proteins, which bind to adjacent sites of DNA. The activating regions are less well understood but can act directly or via co-regulators and are thought to influence transcription in two ways; through histone modifications and/or via direct interaction with a mediator protein bound to the PIC (Reményi et al., 2004; Kornberg, 1999; Myers & Kornberg, 2000).

[bookmark: _Toc241633399]1.7.2 Recruitment of histone modification enzymes
Histone modification is a relatively new concept in gene regulation. In some areas of the genome, DNA is tightly wound around protein complexes termed histones. These areas of tight DNA/histone interactions, called heterochromatin, prevent access of transcriptional machinery to gene promoters thereby reducing gene expression. Such tight interactions occur due to the electrostatic attraction between negatively charged DNA and positively charged histones. Modifications to the globular domains or amino termini of the tails of histones can occur, altering the dynamics of the chromatin, and resulting in changes in gene expression. A number of modifications can take place, each carried out by different histone modification enzymes. Modifications include; methylation, acetylation, ubiquitination, ADP-ribosylation and phosphorylation (Berger, 2002; Li et al., 2007).

The modifications are proposed to effect gene expression in several ways. The most commonly described mechanism is a change in the previously mentioned electrostatic interaction between histones and DNA. With the exception of methylation, all modifications induce changes to the charge of the histone, thereby altering the way in which it interacts with DNA. For example, acetylation of lysine residues on histone tails, by histone acetyltransferase enzymes, reduces the positive charge of the histone. This diminishes the electrostatic attraction between the histone and DNA, causing the DNA to “unravel” into a more open and accessible conformation, termed euchromatin (figure 1.3) (Li et al., 2007; Roth et al., 2001).

A series of protein modifications to the histones may also produce a “code” that can be read by other proteins with the potential to change chromatin function and dynamics. It is also proposed that histone modifications may impact higher-order chromatin structure, such as the formation of fibers from the folding of long stretches of nucleosomes. It is most likely that any given set of histone modifications influence gene expression by a combination of the above mechanisms (Li et al., 2007; Jenuwein & Allis, 2001; Shogren-Knaak et al., 2006; Suka et al., 2001).

Histone modification enzymes can be recruited by TFs bound to enhancer regions. Their recruitment causes stronger TF binding and, through the above mentioned mechanisms, lead to open nucleosomal DNA, accessible to general transcription factors and RNAPII. The unwinding caused by histone modifications can in turn lead to further TF binding as a result of opening up more DNA elements (Utley et al., 1998; Li et al., 2007).


[image: ]

Figure 1.3 Histone Acetylation leads to increased gene expression: Acetylation of histones by histone modification enzyme, histone acetyl-transferase, leads to a loss of electrostatic interaction between negatively charged DNA and positively charged histones. This causes DNA to unwind into a euchromatin state. Euchromatin is more accessible to transcriptional machinery, including transcription factors, allowing increased expression levels of genes in the stretch of DNA (B). Histone deacetylase (HDAC) removes acetyl groups, returning histones to a more positive charge thereby increasing the electrostatic interaction between histones and DNA. This causes the complex to return to a heterochromatin state with reduced gene expression (A) (based on Roth et al., 2001; Li et al., 2007).

[bookmark: _Toc241633400]
1.7.3 Mediator Proteins
Mediator proteins are multi-protein complexes that are exclusive to eukaryotes and bind to RNAPII. They transfer positive or negative regulatory effects from transcription factors bound to gene-specific enhancer regions through direct contact with both the transcription factor activation domain and the PIC. An array of different mediator compositions have been discovered, containing different combinations of protein “subunits” (Conaway & Conaway, 2013). This allows them the specificity to bind different transcription factors at enhancer sites both distal and proximal to the transcription initiation site.  In the event of a distal enhancer region, direct contact can be achieved by accessory proteins creating bends in the DNA in a manner which results in looping of the DNA so that transcription factors are positioned correctly for direct contact with the mediator and PIC (Conaway & Conaway, 2013; Carey, 1998) (figure 1.4). 
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Figure 1.4 Accessory proteins allow distal enhancer regions direct contact with mediator proteins: DNA-bending proteins (blue triangles) are a type of accessory protein that binds to sequences of DNA, creating a bend, resulting in looping of DNA.  This brings transcription factors (orange, blue and purple ovals) into direct contact with mediator protein at the PIC (adapted from Carey, 1998).


Mediator proteins are thought to act in several ways including promoting and facilitating the formation of a functional PIC and regulation of the CTD kinase activity of TFIIH, thereby supporting promoter clearance (Conaway & Conaway, 2013; Woychick & Hampsey, 2002; Hampsey & Reinberg, 1999; Flanagan et al., 1991).
It has recently emerged that mediator proteins also function during elongation. The complex promotes elongation in several ways including; over-coming factors which can terminate elongation, and promoting assembly of elongation factors. Promotion of CTD phosphorylation, which is also thought to recruit and assemble proteins important for pre-mRNA processing, such as capping and splicing, mean mediators are likely to also affect these later stages of gene expression  (Conaway & Conaway, 2013; Malik et al., 2007; Takahashi et al., 2011; Nachaev & Adelman, 2011).

Transcription factors that influence gene expression through histone modifications act before those that act via the basal transcriptional machinery. This therefore affords mediator-like proteins the ultimate role in controlling whether transcription is initiated and how frequently initiation occurs (Myers & Kornberg, 2000).

An overview of how our understanding of the roles of transcription factors in eukaryotic gene expression can be utilized in CHO cells during bioproduction is given in section 5.1.

1.8 Methods for measuring gene expression
The basis of this research is the profiling of gene expression throughout a fed-batch cell culture process. This can be achieved by measuring the level of transcript/mRNA associated with a gene or the amount of protein product associated with a gene. 
Using proteomic techniques to measure the quantity of each protein is arguably the best measurement of gene expression as it takes into account both transcriptional, and translational rates and tells us how much of the “active form” of the gene is being produced, and is present in the cell. Furthermore, recent studies have shown a poor correlation between mRNA and protein levels measured from the same cells, indicating the important impact of post-transcriptional processes on the production of an active protein. Ghazalpour et al. (2011) showed that the average correlation in mouse was 0.27 and only around half of genes had significantly correlated protein and transcript abundances (Haider & Pal, 2013; Ghazalpour et al., 2011; Vogel & Marcotte, 2012). However until recently proteomics techniques were not advanced enough to be able to analyze the entire proteome of the cell (Vogel & Marcotte, 2012, Zubarev, 2013).

[bookmark: _Toc241633402]With the technological advancements in mass-spectrometry, including the development of the Orbitrap mass detector, faster and more sensitive global proteomic analyses have been made more affordable, and therefore more accessible (Vogel & Marcotte, 2012; Haider & Pal, 2013).  However there still remains the issue that the proteome has a much larger dynamic range than the transcriptome making it much more difficult, time-consuming and costly to analyse. Therefore, in studies similar to this one, transcriptomic analysis remains preferential method of measuring gene expression (Cox & Mann, 2007; Zubarev, 2013).


1.9 Thesis Overview
1.9.1 Project aims/objectives
· To profile transcription factor expression in CHOK1SV GSKO E22 cell line throughout fed-batch fermentation
· To compare Illumine Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays for the above purpose
· To profile global gene expression in CHOK1SV GSKO E22 cell line, in relation to changing cell physiology throughout fed-batch fermentation
· Identify engineering targets for the manipulation of transcription factor activity in order to improve cell line performance
1.9.2 Overview of chapters
· Chapter 1 provides an overview of the literature that provides the background on the research areas covered in this project and discusses what the project aims to achieve.
· Chapter 2 describes the materials and methods used throughout the project 

· Chapter 3 compares the use of Illumine Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays for transcriptomic analysis at both a global and transcription factor-specific level. It compares both expression levels, and fold changes observed across three time points in a fed-batch culture. A fold change limit is determined in order to reduce the number of transcripts that are only differentially expressed in one dataset, and cannot be validated by a second. In this way the amount of analysis can be reduced.

· Chapter 4 profiles the transcript-level changes underpinning the physiological changes that are observed throughout fed-batch culture of CHOK1SV GSKO E22 cell line, using Illumine Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays. Functional characterization, pathway analysis, and regulation pattern analysis are carried out on differentially expressed genes in early and mid/late culture. A novel way for identifying synthetic promoter elements is discussed and several potential regulatory elements are identified based on the data.

· Chapter 5 profiles the expression and regulation of transcription factors throughout fed-batch fermentation of CHOK1SV GSKO E22 cell line, using Illumine Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays. Functional characterization and regulation analysis are carried out on differentially expressed transcription factors. Deeper functional characterization of validated differentially expressed transcription factors was used to identify potential transcription factors, or groups of transcription factors, that may be useful targets for engineering cell line performance.

· Chapter 6 is the concluding remarks regarding the project as a whole



Chapter 2: Materials and methods























2.1 Bioreactor running and sampling
2.1.1 Bioreactor operation
Three 10 L fed-batch bioreactors of E22 CHOK1SV GS-KO cell line were run in parallel for 15 days. The three bioreactors were inoculated from the same wavebag, at a seeding density of around 0.3 x 106 cells/mL, and bolus feeds were given to each on days 3, 6, 8, and 10. The bioreactors were a part of another project therefore there were slight differences between the bioreactors in the way bolus feeds were given. Bioreactor 1 was given water flushes through the bolus line following each feed. Bioreactors 2 and 3 were not given any flushes through the bolus line following each feed. Samples were taken each day to monitor pH and glucose.

[bookmark: _Toc241633413]2.1.2 Calculation of growth rate 
Viable cell densities and culture viability was recorded each day (ViCellTM Cell Viability Analyzer, Beckham Coulter). Viable cell density was used to calculate growth rate (μ) using eq. 1.

Equation. 1 - Calculation of culture growth rate (μ)



[bookmark: _Toc241633414](VCD is viable cell density (cells/ml); 1 = latest time point in analysis; 0 = earliest time point in analysis)
2.1.3 Calculation of specific protein production
Monoclonal antibody (mAb) titer was measured each day from day 4. A sample was taken and centrifuged at 1000 rpm for 6 minutes and the supernatant removed and stored at -20 °C.

mAb concentration was then measured in-house at Lonza (Slough) using the Protein A high-performance liquid chromatography (PrA HPLC) method. This involved selective binding of mAb to a POROS protein A immunodetection column (Invitrogen). The column was then washed to remove non-bound protein. Following this, solvent conditions were altered to elute bound material. Elution was monitored at 280 nm and product was quantified using an IgG standard.

Specific protein production (qp) was calculated from mAb titer using eq. 2.

Equation 2 - Calculation of specific protein production (qp)



(mAb is monoclonal antibody titer (g/L); VCD is viable cell density (cells/ml); 1 = latest time point in analysis; 0 = earliest time point in analysis)
	     	

     
[bookmark: _Toc241633415]2.1.4 Calculation of the integral of viable cell concentration
The integral of viable cell concentration (IVCC) was calculated at each time point using eq. 3. Eq.3 was substituted into eq. 4 to calculate cumulative IVCC (IVCCc) for each time point. mAb titer was plotted as a function of IVCC and the equation of the trendline provided a measure of average qp for the whole culture.

Equation 3 - Calculation of integral of viable cell concentration (IVCC)



(VCD is viable cell density (cells/ml), t= time (hours) 1 = latest time point in analysis; 0= earliest time point in analysis, t= time point)


Equation 4 - Calculation of cumulative integral of viable cell concentration (IVCCc)


	     
[bookmark: _Toc241633416](IVCC is integral of viable cell concentration (cell hours. mL-1), 1 = latest time point in analysis; IVCCC-1 = the cumulative IVCC at the previous time point (cell hours. mL-1)

2.1.5 Bioreactor sampling
Samples were collected on days 4, 6, 7, 8, and 9. A sample volume containing 10 million cells was aliquoted into a 2 ml eppendorf tube and microcentrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 1000 g for 5 minutes. The supernatant was transferred to separate 2 mL eppendorf tube and stored at -80 °C. The cell pellet was washed with 1 mL DPBS (Sigma Life Science) and microcentrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 1000 g for 5 minutes, following which the supernatant was removed and discarded. Inside a fume hood, 2 mL Trizol (Life technologies) reagent was added to the eppendorf tube and the pellet was syringed (syringe and needle both BD Plastipak) up and down until the pellet was completely in solution. The suspension was stored at -80 °C to maintain RNA integrity.


2.2 RNA-extraction
Samples were thawed at room temperature and RNA was extracted using Ambion Trizol RNA extraction kit (Life technologies). 0.4 ml chloroform was added to each eppendorf and incubated at room temperature for 3 minutes. Samples were then centrifuged at 12,000 g for 15 minutes at 4 °C (Sigma laboratory centrifuges, 4K15). The colourless upper-phase was transferred into a new RNase-free eppendorf and the rest discarded. An equal volume of 70% ethanol (Ethanol: Fischer Scientific, RNase-free water: Thermo Scientific) was added to each eppendorf, mixed by vortexing (Grant-bio, PV-1) and inverted several times to disperse visible precipitate. Sample was then transferred in 700 μl volumes to a spin cartridge inside a collection tube and centrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 12,000 g for 15 seconds at room temperature. The flow through was discarded and the step repeated until the full volume of each sample was processed. 350 μl of wash buffer I was added to each spin cartridge and centrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 12,000 g for 15 seconds at room temperature. Following this the collection tube and flow-through were both discarded and the spin cartridge inserted into a new collection tube. 80 μL DNaseI mixture (Invitrogen) (see table 2.1) was added to each spin cartridge and incubated at room temperature for 15 minutes. 350 μL wash buffer I was then added to the spin cartridge and centrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 12,000 g for 15 seconds at room temperature. Following this the flow-through and collection tube were discarded and the spin cartridge inserted into a new collection tube. 500 μL wash buffer II with ethanol was added to the spin cartridge and centrifuged (Thermo electron corporation, Heraeus Pico 17 centrifuge) at 12,000 g for 15 seconds at room temperature. The flow-through was discarded and the wash repeated. The membrane was dried by centrifuging (Thermo electron corporation, Heraeus Pico 17 centrifuge) the spin cartridge/collection tube at 12,000 g for 1 minute at room temperature. The collection tube was discarded and the spin cartridge inserted into a collection tube. 100 μl RNase-free water (Thermo Scientific) was added to the center of the spin cartridge and incubated for 1 minute at room temperature, before centrifuging (Thermo electron corporation, Heraeus Pico 17 centrifuge) it for 1 minute at 12,000 g at room temperature to elute the RNA. Finally the spin cartridge was discarded and the purified RNA stored at -80°C.

	Constituent
	Volume (μL)

	10X DNase I reaction buffer
	8

	Re-suspended DNase
	10

	RNase-free water
	62



Table 2.1 Composition of DNaseI treatment: Tabulation of the composition of the DNase I treatment (Invitrogen) and the volumes of each constituent. Volumes are for one sample.

[bookmark: _Toc241633418]2.3 RNA quality analysis

[bookmark: _Toc241633419]2.3.1 Nanodrop analysis of RNA samples
RNA samples were assessed spectrophotometrically using the Nanodrop 2000 (Thermo Scientific) to determine RNA concentration and purity. The nanodrop was blanked using 1 μL RNase-free water. The arm was wiped and 1 μL of each sample was added in turn, with the arm being wiped between each sample. RNA concentration, 260:230 and 260:280 ratios were recorded for each sample.

[bookmark: _Toc241633420]2.3.2 Bioanalyser analysis of RNA samples
The integrity of each RNA sample was assessed using a Bioanalyser (Agilent Technologies). This was carried out at a core facility at the University of Sheffield. Electropherograms and RIN (RNA integrity number) values were recorded for each sample.



2.4 Affymetrix CHO gene 2.0 ST array transcriptomic analysis


Affymetrix CHO gene 2.0 ST arrays were run at the University of Sheffield Microarray Core Facility following the standard Affymetrix array protocols. Probesets are designed against the CHOK1 GenBank (2011) assembly (GenBank Assembly ID GCA_000223135.1, corresponds to the CriGri_1.0 genome assembly by Beijing Genomics Institution, 2011). Analysis was carried out at the gene-level.

Data was extracted using the Affymetrix software packages; Expression control and Transcriptome Analysis Console. Expression console was used to carry out quality control of the array data and to extract the raw fluorescence values for each transcript on each array. Transcriptome analysis console was used to carry out differential expression analysis between time points and extract differentially expressed genes above a p value of 0.05 (FDR corrected ANOVA). Further data manipulation was carried out using Excel.

2.5 Illumina Hi-Seq 2000 RNA-sequencing transcriptomic analysis

Illumina HiSeq 2000 RNA-sequencing using 100-base pair paired-end reads was carried out by the Genome Enterprise Limited RNA-sequencing facility at The Genome Analysis Centre (TGAC). The sequencing was carried out one sample per lane leading to reads of between 175.5 million and 206.8 million reads per sample.

Reads were processed through Tuxedo package for analysis of RNA-sequencing data, being aligned to the TGAC in-house reference using TopHat and Bowtie (ECACC catalogue number 85051005, reference produced in 2012). Data was normalized to FPKM values (fragments per kilobase of exon per million fragments mapped). This accounted for both gene length and the total number of reads carried out on each sample. The final part of the Tuxedo package, CuffDiff, carried out the statistical testing to determine which transcripts were differentially expressed (statistical test based on the t-test). Analysis was carried out at the gene-level rather than exon-level.

2.6 Identification of transcription factors
A list of 482 transcription factors was assembled, which were then identified in each dataset. The list consisted of transcription factors identified by a GO search of the CHOK1 GenBank (2011) assembly (GenBank Assembly ID GCA_000223135.1, corresponds to the CriGri_1.0 genome assembly by Beijing Genomics Institution, 2011) using the GO term GO:0003700. A set of 7 genes were then added to the list that were identified through literature searches (full list in appendix 1). GO search was carried out at chogenome.org (http://chogenome.org/GenBankSearch.php). 

2.7 Data correlation
2.7.1 Measurement of expression correlation
The alias for the transcripts for each dataset was searched for in the other dataset in order to identify transcripts in common. The alias was used to do this, as it was the only common identifier between the two datasets. 8809 transcripts could be found in both datasets.

The expression data from both datasets was increased by 1 before taking the log2 value, as this prevented log transformation of any zero values. The logged expression data at all three time points, for each dataset, were then plotted against each other. A Spearman’s rank correlation was carried out on the data to test the significance of the correlation.

2.7.2 Measurement on fold change correlation

Significant differential gene expression was analysed between days 4 and 7 post-inoculation, days 7 and 9 post-inoculation, and between days 4 and 9 post-inoculation. In the latter, any changes covered in the first two analyses were disregarded creating the day 4 vs. day 9 novel group. These represent gradual gene expression changes that are only significant accumulatively, over the time-course. 

The significant differential gene expression changes were then validated using both datasets. To be classified as a validated differential gene expression, the transcript had to be significantly differentially expressed, in the same direction, in both datasets, regardless of the fold change measured. Further statistical testing could have been carried out to identify whether the fold change values were significantly similar between the two methods, however this was beyond the scope of this project as we were only interested in validating a change occurring rather than validating the amount of change.

A Spearman’s rank correlation was carried out on the data to test the significance of the correlation.

2.8 Calculation of fold change cut-off

Fold change measurements of validated transcript differential expression, for all three comparison groups (day 4 vs. day 7, day 7 vs. day 9 and day 4 vs. day 9 novel), from both datasets were plotted as a frequency histogram. A Log-Gaussian distribution was then applied to the data. Based on the curve, the 98% confidence interval of the mean was calculated. The lower confidence interval limit was therefore the fold change value at which 99% of the validated data laid above. 

Equation 5 – Calculation of a 98% confidence interval

χ ± 2.33 x σ/√n
(χ is the sample mean, σ is the sample standard deviation and n is the number of data points in the sample)

2.9 Functional Classification
Significantly differentially expressed transcripts were classified into one of 20 functional groups without being limited to one functional classification. The functional categories were different for global transcripts and transcription factors, see table 2.2.  Categories were based on Reactome pathway categories (accessed at http://www.reactome.org) and adapted to fit the requirements of the data. The number of transcripts falling into each functional group was then analysed.
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Table 2.2 Functional classification categories: Categories to which significantly differentially expressed transcripts were assigned during functional analysis. The categories are different for classification of global transcripts and classification of transcription factor transcripts.

2.10 KEGG pathway analysis
Mus musculus uniprot IDs were assigned to the transcripts so that KEGG pathway analysis could be carried out on differentially expressed genes. The Cricetulus griseus genome was not used as the annotation is not as complete and therefore the pathway annotation would not have been possible. Furthermore studies have shown that most CHO transcripts show the most sequence homology with mus musculus sequences (Wlaschin et al., 2005) and, homology has been reported at around 92%, dependant on the cell line (Ernst et al., 2006). Uniprot IDs of differentially expressed transcripts were then concatenated with a colour representation of the direction of their fold change; up-regulated transcripts were labelled red, and down-regulated transcripts were labelled blue. The list of genes was mapped onto pathways using KEGG search&color function. 

2.11 Cluster analysis
All transcripts that demonstrated significant differential expression between any two time points in culture were allocated into one of 14 regulation patterns (table 2.3, figure 2.1). The number of transcripts falling into each regulation pattern, within each functional group, was then analysed using cluster analysis and principal component analysis in RStudio (script in appendix 2). Cluster analysis was carried out in this way so as to use Euclidean distances between the functional groups in multi-dimensional space to group the functions based on the 14 common “variables” which each had the same scale. The proportion of transcripts with each regulation pattern, within each functional group was also analysed.
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Table 2.3 Table of differential expression patterns: Differentially expressed transcripts were classified into one of 14 expression patterns based on their regulation throughout culture. Each is represented as its regulation between days 4 and 7 followed by its regulation between days 7 and 9. Categories m and n are transcripts that only showed significant differential expression between days 4 and 9.
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Figure 2.1 Differential expression patterns: Differentially expressed transcripts were classified into one of 14 expression patterns based on their regulation throughout culture. Each is represented as its regulation between days 4 and 7 followed by its regulation between days 7 and 9. Where up- or down-regulation is followed by regulation in the opposite direction, it is indicated whether the day 9 value is significantly up- or down-regulated relative to the day 4 value.



2.12 Identification of regulatory elements in gene promoter regions for identification of synthetic promoter elements

The promoter region of selected genes was searched for regulatory regions for use in novel synthetic promoters. The promoter region was defined as 500 base pairs upstream and 100 base pairs downstream of transcriptional start site of the gene. Although some regulatory elements act from longer distances and may be missed, this region will capture most regulatory elements. Dr. Joseph Longworth provided the gene promoter sequences. The sequence was submitted to the online web tool TFBIND. TFBIND searched the submitted sequence for known concensus sites, using the TRANSFAC R.3.4 database, and gave a read out including which concensus sequences were identified in the sequence, how many times the consensus site was detected, and the similarity of each identified site in the submitted sequence to the concensus site. A set of 6 control promoter regions of genes, selected at random, were also analysed.  TRANSFAC R.3.4 database was used, rather than a newer version, as this version is available publicly online for free and, as this was a proof-of-concept study, it was sufficient for the needs of the project.

To identify regulatory elements in the promoter regions of constitutively expressed genes, elements that were present in 1.5 times the number of genes in the data, compared to the control genes were selected. To identify phasic regulatory elements two promoter regions were compared to a control set of 6. Therefore elements that were in both identified genes from the dataset, and in half or less of the control genes were selected.























Chapter 3: A comparison of transcriptomic techniques





















This chapter compares the use of two transcriptomic profiling tools, Affymetrix CHO gene 2.0 ST arrays and Illumina Hi-Seq RNA-sequencing, for analyzing the cellular transcriptome of CHO cells. It examines the correlation between expression data and fold change data for differentially expressed genes that are validated by both data sets. The correlation between the datasets is also analyzed for transcription factor transcripts, a group of commonly low-expression transcripts. Additionally a novel technique is used for defining a fold change threshold, which can be used in differential expression analysis in order to reduce the number of “non-validatable” transcripts.

3.1 Introduction
High-throughput transcriptomic analysis can measure global cellular gene expression. This allows us to analyze sets of genes faster and more efficiently but also makes it possible to do broad non-a-priori-knowledge led analyses. Traditionally this has involved using DNA microarray technology. However recent advancements in next-generation sequencing technology, along with a reduction in it’s cost, has made an alterative technology, RNA-sequencing, more accessible (Ozsolak & Milos, 2011).

DNA microarray technology is based on the hybridization of DNA fragments to complementary DNA probes, designed to cover the entire genome in a species-specific manner. mRNA is purified from RNA samples and reverse transcribed to cDNA, which is fragmented to create a library of short cDNA fragments representing the entire cell transcriptome. The cDNA library is then fluorescently labeled and hybridized to the microarray chip. The chip is washed to clear any un-hybridized DNA and the fluorescence at each location is measured to give a reading of relative expression of the corresponding gene (Wang et al., 2009; Okoniewski & Miller, 2006; Heller, 2002).
 
In contrast RNA-sequencing involves directly sequencing the whole-genome mRNA meaning it does not rely on pre-determined gene sequences and can be used to discover novel transcripts, novel transcript isoforms, and single nucleotide polymorphisms (SNPs). RNA is purified to extract mRNA, which is then reverse transcribed and fragmented to generate cDNA libraries. Adapters are ligated to the ends of the cDNA fragments to allow hybridization to the flow-cell for sequencing. High-throughput sequencing is carried out from one or both ends (single- or paired-end reads) (Wang et al., 2009; Wilhelm & Landry, 2009). The data is analyzed using Tuxedo software package. In brief, this package contains several programs that align the reads to a reference genome and assemble them into transgfags in order to count the reads for each transcript. The counts are normalized to account for exon length and the sequencing depth. This normalized value is the FPKM, fragments per kilobase of exon per million fragments mapped. FPKM values are merged with an annotated transcriptome and statistically analyzed across samples to test for differential expression (Trapnell et al., 2012). 

With an increasing number of options for carrying out transcriptomic analyses, it has become somewhat difficult to know the best technique for specific projects, particularly those involving less well-annotated gene models such as CHO cells. RNA-sequencing has a broader dynamic-range than microarrays, is not limited by pre-determined DNA sequences so can be used for novel transcript discovery, and is thought to be superior at detecting low abundance transcripts and rare transcript isoforms. However, microarrays are better understood by most researchers, are much cheaper to run and do not require complex alignment steps (Zhao et al., 2014; Wang et al., 2009; Ozsolak & Milos, 2011).

Previous research comparing microarrays and RNA-sequencing for transcriptomic profiling of other cell lines, has shown a strong correlation between the datasets. However there has been no previous research into which technique is best for profiling CHO cell lines. This knowledge will likely become increasingly useful, as being able to profile gene expression throughout culture will lead to the development of novel cell-specific engineering strategies to improve cell line performance.

This chapter directly compares the use of microarrays and RNA-sequencing for transcriptomic profiling of CHO cell lines. Affymetrix CHO gene 2.0 ST arrays and Illumina Hi-seq 2000 RNA-sequencing were used to profile gene expression throughout a fed-batch culture process of CHOK1SV GS-KO cell line, E22. The two datasets were significantly, strongly correlated for both global transcripts and transcription factor transcripts. However the dynamic range and standard deviation of the RNA-sequencing data were larger that those of the Affymetrix array data. Fold change frequency data from the two techniques was used to determine a fold change threshold for use in future research which will reduce the number of differentially expressed transcripts that cannot be validated by a second method. 






















3.2 Results
3.2.1 Bioreactor profiling data
Three fed-batch bioreactors of E22 CHOK1SV-GSKO cell line producing cB72.3 monoclonal antibody were ran in parallel, and samples were taken daily to measure viable cell density and product titer. 

Viable cell density reached an average maximum of 32.2 x 106 cells/ml at day 9 and viability remained above 95% until day 11, after which it dropped off as growth entered death phase. Specific protein production reached an average maximum of 1.47 mg/L/cell/hour at day 13. The final average product titer was 5.7 g/L (figure 3.1).
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Figure 3.1 Growth and product data from three 15-day fed-batch bioreactors of E22 CHOK1SV-GSKO cell line: Maximum average cell density of 32.2 x 10-6 cells/mL was reached at day 9 and percentage viability remained high until growth entered death phase at day 11. The final average product titer was 5.7 g/L and the highest specific productivity was reached at day 13 with an average of 1.47 mg/L/cell/hour.



3.2.2 RNA extraction
Samples were collected from the bioreactors on days 4, 7, and 9 post-inoculation in order to extract cellular RNA. RNA quality and integrity were analysed using a nanodrop and Agilent Bioanalyser respectively.

The samples taken from each bioreactor, each day are shown in table 3.1.  RIN, RNA integrity number, is a measure of RNA integrity calculated by the Agilent Bioanalyser. The Bioanalyser separates the sample RNA electrophoretically based on size and measures the RNA species using laser-induced fluorescence. An electropherogram is produced as a read-out with individual peaks showing different weights of RNA species. An example electropherogram is shown in figure 3.2.
18S
28S








Figure 3.2 Example electropherogram produced by the Agilent Bioanalyser: Electropherogram read off of the electrophoretic separation of RNA species of different weights by the Agilent Bioanalyser. The two large peaks are the 18S and 28S ribosomal RNA. In good quality RNA we expect a ratio of around 2 between these two peaks. The presence of lots of smaller peaks, particularly towards the left hand side of the graph, would be indicative of poor integrity RNA.
An algorithm based on various features including the ratio between the area underneath the 18S and 28S rRNA peaks is used by the software to calculate the RIN for the sample.  It is recommended for this value to be no lower than 7 for next-generation sequencing projects. All samples had a value above 9. A value was not calculated for the sample from bioreactor 3 on day 7 due to an error in the running of the ladders, in the Bioanalyser. However the profile from which the value is calculated was examined and the RNA was determined to have high integrity, as the 18S and 28S rRNA showed the correct ratio and there were not many smaller peaks, which are indicative of degraded RNA.

Nanodrop 2000 was used to analyse the concentration of RNA in the samples and their purity. In pure samples we would expect to see a 260/280 ratio of around 2 and a 260/230 ratio of between 2 and 2.2. All samples fell within these two ranges (table 3.1).
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Table 3.1 Quality, integrity, and quantitative data for RNA samples: Data is shown for RNA samples extracted from bioreactor samples taken at three time points from three bioreactors. RIN is a measure of integrity, RNA concentration allows us to calculate the total amount of RNA we have in the sample, 260/280 and 260/230 ratios allow us to check the quality/purity of the samples. In pure samples a 260/280 ratio close to 2 and a 260/230 ratio of 2-2.2 is expected. All samples display high integrity and purity.














3.2.3 Global expression data

[image: ]Affymetrix CHO gene 2.0 ST array measured the expression of 30,934 transcripts in total.  RNA-sequencing measured the expression of 13,721 transcripts in total. Of these transcripts, 8809 transcripts could be aligned between the two datasets by alias (figure 3.3).











Figure 3.3 Number of transcripts measured by each transcriptomic technique: RNA-sequencing measured the expression of 13,721 transcripts. Affymetrix CHO gene ST arrays measured the expression of 30,934 transcripts. Of these, 8809 transcripts could be aligned by alias to compare the measurements made between the two techniques.






3.2.4 Annotation of transcripts

Of the 30,934 transcripts in the Affymetrix data, 11,628 were not annotated and 3,906 were annotated but not unique. This left 15,400 annotated and unique transcripts that could be analysed for expression and differential expression. Of the 13,721 transcripts in the RNA-sequencing data, 569 had no useful annotation, and 329 were annotated but not unique. This left 12,823 annotated and unique transcripts that could be analysed for differential expression (Figure 3.4). Due to the way that transcript counts are carried out in RNA-sequencing, where there were multiple expression values for one transcript, these values could be added to get a total expression value. Therefore non-unique transcripts could still be analysed for gene expression but were not used in differential expression analysis. It is not possible to add the relative fluorescence values for the Affymetrix and therefore non-unique transcripts were not analysed.

These figures show that a higher proportion of the RNA-sequencing data was annotated and unique and therefore able to be used for differential analysis. Furthermore a smaller proportion was non-annotated. However these proportions equate to 12,823 and 15,400 transcripts, for RNA-sequencing and Affymetrix arrays respectively, that can be used in differential expression analyses (Figure 3.4). Therefore there are still more transcripts for analysis arising from the Affymetrix array data than from the RNA-sequencing, however the latter requires less pre-analysis filtering making the analysis more straightforward.
Of the unique, annotated transcripts, 8809 were in common between the two datasets, this equates to 69% and 57% of the RNA-sequencing and Affymetrix array data respectively.














Figure 3.4 Fractions of transcripts annotated and unique within each dataset:  A higher fraction of the RNA-sequencing transcripts were annotated and unique compared to the Affymetrix array data.










3.2.5 Transcription factor expression data

A list of 482 transcription factors was assembled, which were then identified in each dataset. The list consisted of transcription factors identified by a GO search of the CHOK1 GenBank (2011) assembly (GenBank Assembly ID GCA_000223135.1, corresponds to the CriGri_1.0 genome assembly by Beijing Genomics Institution, 2011) using the GO term GO:0003700 A set of 7 genes were then added to the list that were identified through literature searches (full list in appendix 1). All 482 transcription factors were identified in the Affymetrix array data, and 258 were identified in the RNA-sequencing data.

3.2.6 Expression correlation between two transcriptomic techniques

3.2.6.1 Correlation between global expression data
The expression data for the 8,809 aligned transcripts, across three time points (resulting in 26,427 pairs of data), was significantly, strongly correlated (Spearman’s rank correlation, r2=0.8123, p<0.0001) (figure 3.5). Transcripts measuring 0 in RNA-sequencing and therefore not expressed, were excluded from this analysis.
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Figure 3.5 Transcript expression is significantly, strongly correlated between Affymetrix CHO gene 2.0 ST array and RNA-sequencing transcriptomic data: The correlation in expression measured by the two transcriptomic techniques, RNA-sequencing and Affymetrix CHO gene ST arrays of 8809 transcripts across three time points. The two datasets show a significant, strong correlation (Spearman’s rank correlation, r2=0.8123, p<0.0001). The red line shows the trend line of the data and the equation of this trend.










3.2.6.2 Correlation between transcription factor expression data

The expression data for the 258 aligned transcription factors, across three time points (resulting in 774 pairs of data), was significantly, strongly correlated (Spearman’s rank correlation, r2=0.7867, p<0.0001) (figure 3.6). Transcripts measuring 0 in RNA-sequencing and therefore not expressed, were excluded from this analysis.
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Figure 3.6 Transcription factor transcript expression is significantly, strongly correlated between Affymetrix CHO gene 2.0 ST array and RNA-sequencing transcriptomic data: The correlation in expression measured by the two transcriptomic techniques, RNA-sequencing and Affymetrix CHO gene ST arrays of 258 transcription factor transcripts across three time points. The two datasets show a significant, strong correlation (Spearman’s rank correlation, r2=0.7867, p<0.0001). The red line shows the trend line of the data and the equation of this trend.
3.2.7 Correlation in fold change measurements of differential gene expression between two transcriptomic techniques

3.2.7.1 Correlation between global fold change measurements
Between days 4 and 7, RNA-sequencing data measured 3531 transcripts as being significantly differentially expressed (p<0.05) and the CHO gene ST 2.0 array data measured 2823 transcripts as being significantly differentially expressed (p<0.05). Of these transcripts, 1011 were validated (table 3.2).

Between days 7 and 9 RNA-sequencing data measured 3595 transcripts as being significantly differentially expressed (p<0.05). The CHO gene 2.0 ST array measured 2951 transcripts as significantly differentially expressed (p<0.05). 1227 transcripts were validated between the two datasets (table 3.2).

In the day 4 vs. day 9 novel group, RNA-sequencing measured 653 significant differentially expressed transcripts (p<0.05) whereas in the CHO gene 2.0 ST array data there were 1888 significant differentially expressed transcripts (p<0.05). Of these, 88 transcripts were validated (table 3.2).
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Table 3.2 Significant differentially expressed genes in each dataset: The number of transcripts that were significantly differentially expressed in each transcriptomic dataset is shown. The validated transcripts were significantly differentially expressed in the same direction in both datasets (p<0.05).

Using the validated transcripts from all comparison groups, the correlation between the fold change measured by each transcriptomic technique was analysed (figure 3.7). The data demonstrated that there is a strong, significant correlation between the fold change in gene expression as measured by each technique (Spearman’s rank correlation, r2=0.7178, p<0.0001). 
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Figure 3.7 Differentially expressed transcript fold change is significantly, strongly correlated in Affymetrix CHO gene 2.0 ST array and RNA-sequencing transcriptomic data: The correlation in fold change of validated, differentially expressed transcripts measured by RNA-sequencing and Affymetrix CHO gene ST 2.0 arrays. The fold change measured by the two transcriptomic techniques are significantly, strongly correlated (Spearman’s rank correlation, r2=0.7178, p<0.0001).
3.2.7.2 Correlations between transcription factor fold change measurements

Between days 4 and 7, RNA-sequencing data measured 79 transcription factor transcripts as being significantly differentially expressed (p<0.05) and the CHO gene ST 2.0 array data measured 56 transcripts as being significantly differentially expressed (p<0.05). Of these transcripts 26 were validated (table 3.3).

Between days 7 and 9 RNA-sequencing data measured 79 transcription factor transcripts as being significantly differentially expressed (p<0.05). The CHO gene ST array measured 52 transcripts as significantly differentially expressed (p<0.05). 21 transcripts were validated between the two datasets (table 3.3).

In the day 4 vs. day 9 novel group, RNA-sequencing measured 19 significant differentially expressed transcription factor transcripts (p<0.05) whereas in the CHO gene ST 2.0 array data there were 41 significant differentially expressed transcripts (p<0.05). Of these, 3 transcripts were validated (table 3.3).
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Table 3.3 Significant differentially expressed transcription factors in each dataset: The number of transcription factor transcripts that were significantly differentially expressed in each transcriptomic dataset is shown. The validated transcripts were significantly differentially expressed in the same direction in both datasets (p<0.05).
Using the validated transcription factor transcripts from all comparison groups, the correlation between the fold change measured by each transcriptomic technique was analysed (figure 3.8). The data demonstrated that there is a strong, significant correlation between the fold change in gene expression as measured by each technique (Spearman’s rank correlation, r2=0.6355, p<0.0001). 
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Figure 3.8 Differentially expressed transcription factor fold change is significantly correlated in Affymetrix CHO gene 2.0 ST array and RNA-sequencing transcriptomic data: The correlation in fold change of validated, differentially expressed transcription factors measured by RNA-sequencing and Affymetrix CHO gene ST 2.0 arrays. The fold change measured by the two transcriptomic techniques are significantly correlated (Spearman’s rank correlation, r2=0.3978, p<0.001).

3.2.8 Standard deviations and dynamic ranges of two transcriptomic techniques
Table 3.4 shows the range of standard deviations for samples from time-points 4, 7, and 9 days post-inoculation, for the measurement by both transcriptomic techniques.  The range of standard deviations was higher in the RNA-sequencing data relative to the Affymetrix array data.  This was true for both global transcripts and transcription factor transcripts.
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Table 3.4 Standard deviations and dynamic ranges for global and transcription factor expression datasets: The range of standard deviations across the three time points for global and transcription factor expression data, from both Affymetrix array and RNA-sequencing techniques. The range of standard deviations is higher in the RNA-sequencing datasets than the Affymetrix datasets for both the global transcripts and the transcription factor transcripts.



In concordance with Zhao et al. (2014), dynamic range was defined as the range of measured expression levels within each technique. This was calculated between the highest and lowest measured expressions at each of the three time-points. The ranges in dynamic range are shown in table 3.4. Dynamic range was higher in the RNA-sequencing data than the Affymetrix array data for all three time points for both global and transcription factor transcripts.

3.2.9 Fold change thresholds for data analysis  

In order to investigate the amount by which the differentially expressed transcripts are changing, we looked at the distribution of fold changes within the validated group of transcripts (figure 3.9). A Log-Gaussian distribution was fitted to the histogram in order to apply a 98% confidence interval. This interval lies at 1.313 to 1.357 therefore we can say that 99% of the data that could be validated by both transcriptomic techniques lies above a fold change threshold of 1.3. Therefore any data with fold change of less than 1.3, calculated by one of the transcriptomic techniques, is highly unlikely to be able to be validated by the second transcriptomic technique.
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Figure 3.9 A Log-Gaussian distribution fitted to the validated differentially expressed transcript data shows 99% of validated data lies above a fold change of 1.3: Histogram shows the distribution of the fold changes of validated differentially expressed transcripts, measured by each technique. A Gaussian distribution curve fitted to the data shows that the lower limit of a 98% confidence interval lays at 1.3. Therefore 99% of validated data lies above a fold change of 1.3.







3.3 Discussion
3.3.1 A comparison of Affymetrix arrays vs. RNA-sequencing
The main aim of this chapter is to compare Illumina Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays to identify which is the best technique for analysing CHO cell transcriptomes. Additionally we compare the techniques for use in analysing low-expression transcripts, transcription factors.

The two transcriptomic techniques have been compared in other organisms, including most recently human T cells, but to my knowledge have not been analysed in CHO cells (Zhao et al., 2014). The CHO cell genome is particularly poorly annotated which poses additional challenges for transcriptomic analysis. However it is important to understand how the transcriptome changes through culture in order to identify potentially useful engineering strategies. As prices of profiling the transcriptome drop, we are heading towards a time where each company will likely profile each of their proprietary cell lines with the potential to use the data to intelligently design feeding strategies and cell line/product-specific engineering strategies. It is therefore important to know the best technique for carrying this out in terms of cost efficiency and data quality. Additionally an efficient pipeline is required for this to become a possibility– this will be covered in chapter 4.

3.3.1.1 Bioreactor Data
Bioreactor data was consistent across all three bioreactors, demonstrated by very low standard errors in all measurements. Therefore we can infer that any conclusions drawn from the transcriptomic data of these three replicate cultures will be consistent for the general performance characteristics observed. Furthermore, high purity and integrity of the extracted RNA will have resulted in high quality, accurate sequencing, and transcriptomic analysis. This adds support to any conclusions or hypotheses drawn from the data.

3.3.1.2 Expression data
The number of “common” transcripts that could be found in both transcriptomic datasets was 8,809, of a total of 12,823 and 15,400 unique, annotated transcripts with RNA-sequencing and Affymetrix arrays respectively. In a study by Zhao et al. (2014) using human T cells, 18,306 transcripts were in common between 22,300 RNA-sequencing transcripts and 20,472 Affymetrix array transcripts (Zhao et al., 2014). Therefore the proportion of transcripts in common in the study was relatively low. However this is most likely due to the method of validation rather than the absence of common transcripts. As the aliases were matched up to identify common transcripts, any slight change in the alias between the two datasets would result in the match being missed. For this reason, in all further analyses, false negatives are not analysed i.e. the absence of a transcript in a list of expressed transcripts would not be assumed to not be expressed. In future the RNA-sequencing read sequences could be aligned to the Affymetrix probe sequences to get amore definite match on common sequences. However this would require automation through script. 

Another contributor to the low number of common transcripts was the number of “unannotated” transcripts, a result of a non-complete annotation of the CHO genome, as is available for other organisms. A large proportion of the transcripts measured in each technique had no alias assigned to them. This was a particularly large problem in the Affymetrix data where 35.4 % was unannotated compared to 2.4 % of the RNA-sequencing data. The number of annotated but non-unique transcripts was also larger in the Affymetrix array data; 13.1 % compared to 1.4% in the RNA-sequencing data.

Despite the increased proportion of unannotated and non-unique transcripts, there was still expression data for a larger number of unique, annotated transcripts in the Affymetrix data. Therefore the issues discussed don’t reduce the amount of useful data coming from the technique but do complicate the analysis and mean additional filter steps are necessary before the “useful” data can be analysed. This negative impact on array data analysis has also been noted in other comparative studies (Zhao et al., 2014).

In the transcription factor analysis, a predefined list of 482 genes with transcription factor function were analysed in each dataset. All 482 genes were identified in the Affymetrix data, however only 258 were found in the RNA-sequencing data. The difference is likely a result of the reference that each technique uses. Affymetrix CHO gene 2.0 ST arrays are designed based on the CHOK1 GenBank (2011) assembly, which was used to identify the transcription factors by GO term at chogenome.org. Whereas the RNA-sequencing data used the TGAC in-house reference (ECACC catalogue number 85051005) and therefore, for some of the transcripts, the alias may not have been exactly the same despite being the same transcript sequence.

3.3.1.3 Correlation between transcriptomic datasets
There is a strong significant correlation between the expressions of the 8,809 transcripts as measured by RNA-sequencing and Affymetrix arrays (Spearman’s rank correlation, r2=0.8353, p<0.0001). This suggests that the accuracy of each technique is similar, and that comparable results can be obtained using either method. This is in line with studies in other cell lines including; human T cells, where a significant correlation of r=0.88-0.90 was observed between data from samples taken at 6 time points over a 3 day time-course experiment (Zhao et al., 2014) and human kidney and liver cells, where a significant correlation of 0.73-0.75 was observed (Marioni et al., 2008).  It should be noted that as this study used three replicates, the amount of variability between the two datasets may be exaggerated, and with the addition of more replicates, the correlation may be even stronger.

The same conclusion can be drawn by looking at the correlation between the fold changes of the validated differential gene expressions, i.e. those that were significantly differentially expressed in the same direction in both datasets (Spearman’s rank correlation, r2=0.7178, p<0.0001). However the number of validated differentially expressed transcripts is relatively small compared to the number of transcripts determined to be differentially expressed by each technique individually. This same pattern is seen across all three comparison groups (table 3.2). Therefore there are a large number of transcripts that would be determined to be differentially expressed when using one technique that cannot be validated by a second. This could be due a large number of transcripts with a small fold change being classified as significantly differentially expressed due to low variation between repeat samples. However as the fold change is so small it is not registered by both techniques. This is further discussed in section 3.3.2.

Transcription factor expression is also significantly, strongly correlated between the two datasets (Spearman’s rank correlation, r2=0.8218, p<0.0001). This demonstrates that even with low expression transcripts there is still a high level of consistency between the datasets and that they are equally accurate at measuring this type of data expression. To my knowledge, this is the first large-scale profiling of transcription factor expression in a cell line and therefore there have not been any previous comparative studies to identify the strongest technology for performing this type of analysis.

A significant correlation was also observed between the fold changes of validated differentially expressed transcription factors (Spearman’s rank correlation, r2=0.6355, p<0.0001). The correlation is less strong, however since the dataset was much smaller, this is to be expected.

An additional method of comparison to the Spearman’s rank correlation is the Bland-Altman analysis, which measures the bias between two comparable methods. The graphs have to be interpreted informally and there is little information in the literature to allow for comparative analyses, therefore they were not included in the main analysis. However the graphs shown in appendix 8 show that RNA-sequencing demonstrates higher bias on low expression levels, whereas RNA-sequencing demonstrates more bias on high expression levels.

3.3.1.4 Standard deviations and dynamic ranges of transcriptomic techniques
The standard deviations associated with each technique provide a measure of spread of the data and thereby can be used as a proxy for the range of expression levels that each technique is able to measure. The standard deviation was higher in the RNA-sequencing datasets for both the global and transcription factor expression data, indicating that it may be better at measuring a larger range of expressions than the Affymetrix arrays. The dynamic range was also higher in the RNA-sequencing data compared to the Affymetrix data for both the global and transcription factor data. The range of values for the global RNA-sequencing data was 1.12 – 7.63 x 106, compared to 1.31 – 1.44 x 103 for the array data. These are in concordance with Zhao et al (2014), who also reported a higher dynamic range in RNA-sequencing data than in microarray data, 2.6 x 105 compared to 3.6 x 103 respectively (Zhao et al., 2014).

The higher standard deviation and dynamic range of the RNA-sequencing data suggests that it will more accurately measure “extreme” expression values. Therefore it will be particularly useful in studies measuring the expression of low expression transcripts or rare transcript isoforms.

3.3.2 Calculation of a fold-change threshold for use in future research
In order to be certain of any conclusions or hypotheses for future work, data that can be validated is critical. We looked at a way to predict which data had a high chance of being validated from one dataset, before carrying out validation using a second. We did this using fold-change thresholds.

A change in gene expression is not the only measurement of a change in a gene effect. Other factors must also be considered such as translation efficiency, post-translational modifications, degradation rates and the dose required to achieve a specific effect. Therefore it could be argued that no fold change threshold should be set on gene expression fold changes, as a small fold change in the expression of one gene can be more efficacious than a large fold change in the expression of another. However this is not always a feasible option. Further analyses can be time-consuming and when faced with thousands of differential expressions, it may be necessary to reduce this list and setting a fold change is one way of achieving it. Additionally fold change limits can eliminate small fold changes that are so small that they are not detected by both techniques and would not likely be efficacious in a biological setting.

A Gaussian distribution fitted to the frequency distribution of validated fold changes throughout culture, measured by both techniques, had a 98% confidence interval lower limit of 1.307. From this we can say that 99% of validated fold changes, measured by RNA-sequencing or Affymetrix arrays, had a fold change of over 1.3. Therefore by setting this limit in future projects we can reduce the workload without losing a significant amount of the data. 




















3.4 Conclusions
We see a high level of correlation between the expression and fold change values measured using RNA-sequencing and Affymetrix arrays. This suggests that both techniques are similarly accurate at measuring transcriptomic data in CHO cells. The Affymetrix data demonstrated a lower standard deviation and dynamic range indicating that towards the extremes of expression levels, we may see less accurate measurements relative to using RNA-sequencing data. Despite this, when analysing the expression and differential expression of transcription factors, a class of commonly low-expression transcripts, we still saw a significant correlation between the datasets from the two techniques. Affymetrix arrays show a high amount of redundancy in the probeset data and therefore data analysis is complicated somewhat, as additional filter steps are required to remove unannotated and non-unique transcripts. Furthermore RNA-sequencing has additional applications such as the ability to identify novel transcript isoforms and single nucleotide polymorphisms However, as the cost of running Affymetrix arrays is significantly cheaper than running RNA-sequencing (~£7,000 vs. ~£20,000 in this project), it still remains an attractive method for future transcriptomic analyses. Yet, as the cost of RNA-sequencing drops, this is likely change, as it seems to be a more accurate and powerful technique.

A fold change limit of 1.3 has been determined for use differential expression analysis in future projects. This limit should reduce the number of non-validatable significant gene changes, reducing workload and making analysis simpler.

3.5 Future Work
The main limitation of the work described in this chapter is the poor annotation of the CHO genome. A large number of genes were unannotated meaning they could not be analyzed. Future work into gaining a more complete annotation of a CHO cell line needs to be carried out in order to gain the most information from such sequencing projects. As both techniques relied on a reference genome, this problem applied to both.

The two annotations of the transcriptomic datasets were done using different references. It would be interesting to carry out the annotation of each against the same, one genome and see whether this increases the number of validated differentially expressed genes between the two techniques. The list of transcription factors was taken from the genome annotation used for the Affymetrix analysis. Since the identification of genes was done by alias, it meant that a smaller number were found in the RNA-sequencing data relative to the Affymetrix data.  Using the same reference genome would reduce this problem. Alternatively, the transcripts could be searched by sequence, however this would involve automation by script.








Chapter 4: Transcriptomic profiling of a fed-batch fermentation of a producer CHOK1SV cell line








































This chapter profiles gene expression as cells undergo the physiological changes of progressing through a fed-batch culture. Affymetrix CHO gene 2.0 ST arrays and Illumina Hi-Seq RNA-sequencing transcriptomic techniques are both used. Differential gene expression analysis is carried out between three-time points throughout exponential and stationary phases of culture. A functional and pathway analysis is carried out on the differentially expressed genes to uncover the genetic basis for the changes we see in cell physiology and performance across these time points. Cluster analysis also reveals the regulation patterns of functional categories of genes and identifies groups of functions that are characterized in similar ways. Gene expression data is also used in a novel way to identify promoter elements for synthetic promoters.

4.1 Introduction

Cells undergoing fed-batch fermentation cycle through 4 growth phases. An initial lag phase where cells adapt to new culture media is followed by an exponential growth phase. Growth rate then slows down and maximum cell density is reached. Cells enter stationary phase where cell growth is slower but antibody production increases. Following this, cells enter decline where cell density and cell viability begin to drop (Wurm et al., 2004). This is demonstrated with the CHOK1SV GS-KO E22 cell line by the bioreactor data in chapter 3. The underlying genetic control of the physiological changes that define the performance of CHO cells as they transition throughout these growth phases is largely unknown. This chapter analyses the level of changes that occur in the transcriptome between early and late stage exponential phase, and stationary phase and profiles the changes using functional characterization of differentially expressed genes, pathway analysis, and regulation pattern analysis.

The expression data throughout culture gives us a clear description of what is expressed, at what level, and when. By identifying the promoter regions of genes with desirable expression patterns we can look for promoter elements that could be used in novel expression systems.

As discussed in chapter 1, vector design is a crucial part of cell line development for recombinant gene expression. Traditionally strong viral promoters such as the cytomegalovirus (CMV) have been used to drive constitutive, high expression. However they are often unpredictable and can cause cellular stress, leading to a reduction in product titer (Kim et al., 2012; Brown et al., 2014). Furthermore, until recently, very little was known about the elements within the CMV promoter or how it worked and therefore the system could not be optimized (Brown et al., 2015). Instead effort went into developing synthetic promoters consisting of a core promoter region and enhancer sites from screening known regulatory elements or randomized DNA sequences (Schlabach et al., 2010, Brown et al., 2014). Synthetic promoters have had some success and research is still going in to improving the efficacy of such expression systems. However to our knowledge the choice of regulatory elements for use in synthetic promoters has never been based on expression data. In this chapter we describe a method for using high expression transcripts to identify potential regulatory elements for screening for use in novel potent expression systems, as well as phase-specific systems.
4.2 Results

4.2.1 Expression levels

4.2.1.1 Range in expression levels and pattern of distribution

Figure 4.1 displays the expression of every transcript at each time point throughout culture, measured by RNA-sequencing and Affymetrix arrays. A similar pattern in expression levels is observed in both datasets. There are a small number of transcripts at the extremes of very high or very low expression, with the bulk of transcripts having “average” expression levels. This pattern is also demonstrated by frequency distribution histograms in Appendix 3.

RNA-sequencing showed a larger range in transcript expression levels between the highest and lowest expressed transcripts (demonstrated by the dynamic ranges in chapter 3) and showed expression levels of 0, a feature not possible with Affymetrix array data.
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Figure 4.1 Transcript expression ranges for global genes: Graphs display the range in expression of global transcripts in Affymetrix array (A) and RNA-sequencing (B) datasets. A similar pattern is observed between the two datasets; there are a small number of transcripts with high expression, a large number with “average” expression levels followed by a sharp drop off to a small number of transcripts with low level expression. RNA-sequencing has the largest range of expression. 

4.2.1.2 Highest expressed transcripts

As described in section 4.2.1.1, only a small number of transcripts have exceptionally high relative expression, after which the expression levels drop off into a group of transcripts with an “average” level of expression. In order to get a better understanding of what these transcripts are doing, a functional analysis was carried out and a brief description of the function of each transcript recorded (the results of this are shown in appendix 4). This resulted in the analysis of 108 genes for the RNA-sequencing data and 133 genes for the Affymetrix data, although several of the Affymetrix array genes had no useful annotation.

A large proportion of these transcripts were ribosomal proteins in both datasets. In the Affymetrix dataset there was also a large number of histone proteins and genes involved in the cytoskeleton represented. In the RNA-sequencing, the functions of the genes with the highest expression are slightly more wide spread; however there is a large number of cytoskeleton genes, signaling genes, and genes involved in intracellular trafficking present.


4.2.1.3 Expression levels of differentially expressed transcripts
Validated differentially expressed transcripts were identified in the expression data of transcripts common to both datasets. This was carried out to identify whether differential expression only occurred in transcripts within a specific expression range or whether regulation was widespread.
Figure 4.2 demonstrates that differentially expressed transcripts were spread throughout the expression data in both datasets, indicating that regulation is composed of a large and small increases in mRNA level.
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Figure 4.2 Expression and differential expression of common global transcripts in transcriptomic datasets: The expression levels of all global transcripts, common to both datasets are shown (black lines). A red symbol above the expression level indicates whether the transcript is validated as being differentially expressed at any point in culture. Differentially expressed transcripts are distributed across the whole expression range in both datasets.

4.2.2 Functional classification of differentially expressed transcripts

Differentially expressed global transcripts (identified in chapter 3 section 3.2.7.1) were classified into 20 functional categories with each transcript not being limited to one functional category (functional categories can be seen in figure 4.3). The miscellaneous functional category was composed of transcripts with unknown function, no annotation or a very rare function.

In both datasets, the highest represented categories by differentially expressed transcripts between days 4 and 7 of culture are metabolism and signal transduction (Figure 4.3 A and C). Between days 7 and 9 these two categories remain highly represented in the RNA-sequencing data but not in the Affymetrix data. In both datasets, cell cycle, DNA repair, DNA replication, and gene expression become more highly represented by differentially expressed transcripts between days 7 and 9 of culture (figure 4.3 B and D).

In both datasets, between days 4 and 7, more differentially expressed transcripts are up-regulated than are down-regulated within each functional category. However between days 7 and 9 we see the inverse and, in general, we see more down-regulated differentially expressed transcripts than up-regulated.
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Figure 4.3 Functional grouping of differentially expressed global transcripts during early- and mid/late-stage culture: Differentially expressed global transcripts were functionally classified into 20 functional categories. Between days 4 and 7, the highest represented categories by differentially expressed transcripts are metabolism and signal transduction. Between days 7 and 9 of culture, DNA repair, DNA replication, and gene expression become more highly represented by differentially expressed transcripts.
4.2.3 Cluster analysis of differentially expressed transcripts

4.2.3.1 Cluster analysis

The pattern of regulation of each transcript was classified into one of 14 regulation patterns. These groups can be seen in chapter 2 (section 2.11). The numbers of transcripts falling into each regulation type was analyzed across each functional category to assess the similarity between the ways in which transcripts with different functions are regulated. The results for each dataset are represented by the dendrograms in figure 4.4. 

A high level of consistency was seen between datasets in the way transcripts belonging to certain groups of functions were regulated. DNA repair and DNA replication were regulated in a highly similar pattern, as were transcripts involved in metabolism of proteins and immune system to each other. Transcripts involved in cellular response to stress, organelle biogenesis, cell death, cell-cell communication, and cell adhesion were all also regulated in a similar manner. Membrane protein, membrane trafficking, transmembrane transport, ECM organization, and developmental biology transcripts were all very close to each other along the dissimilarity scale, suggesting transcripts with these functions are controlled in a similar manner and/or have a lot of over-lapping functionality. Cell cycle was relatively independently controlled, as it was only close to gene expression on the dissimilarity scale in the RNA-sequencing data and miscellaneous in the Affymetrix data. Finally signal transduction and metabolism were controlled in a similar manner in both datasets (figure 4.4).
Chapter 4: Transcriptomic profiling of a fed-batch fermentation of a producer CHOK1SV cell line
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Figure 4.4 Dendrograms displaying the relationship between transcript function and patterns of regulation:  Dendrograms showing the levels of similarity between transcript function and the way in which they are regulated throughout culture based on RNA-sequencing data (A) and Affymetrix data (B). Groupings by colour indicate functions where the transcripts are regulated in similar ways and those where the regulation of transcripts is in a relatively independent pattern.



4.2.3.2 Regulation patterns of functional categories

Transcripts involved in DNA repair and DNA replication consistently showed the same regulation pattern in both datasets. A high proportion of transcripts were represented by two patterns of regulation; no differential expression between days 4 and 7 followed by down-regulation between days 7 and 9, and down-regulation between days 4 and 9 (figure 4.5).


















A
B
25
2
19
22
1
1
24
3
24
1
16
1
23
1
4
25














[image: ]






Figure 4.5 Proportion of DNA repair and DNA replication genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). No differential expression between days 4 and 7 followed by down-regulated between days 7 and 9, and down-regulation between days 4 and 9 were the largest represented regulation patterns.


Metabolism of proteins and immune system transcripts were also regulated in a similar pattern. In both datasets and functions, around half of transcripts are either up-regulated or down-regulated between days 4 and 9. A small proportion of transcripts are also regulated by patterns a –d; no differential expression between days 4 and 7, followed by either up- or down-regulation between days 7 and 9, and up- or down-regulation between days 4 and 7, followed by no differential expression between days 7 and 9 (figure 4.6).
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Figure 4.6 Proportion of Metabolism of proteins and Immune system genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). Up- or down-regulation between days 4 and 9 of culture represented around half of the transcripts in both functions, across both datasets.





Transcripts with functions associated with cellular response to stress, organelle biogenesis, cell death, cell-cell communication, and cell adhesion were close to each other along the dissimilarity scale. The regulatory pattern represented in all of the functions across the two dataset was down-regulation between days 4 and 9. However up-regulation between days 4 and 9 was also highly represented in every function across both datasets apart from in the RNA-sequencing organelle biogenesis genes (figure 4.7).
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Figure 4.7 Proportion of cellular response to stress, organelle biogenesis, cell death, cell-cell communication, and cell adhesion genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). The common regulatory pattern between all functions, across both datasets is down-regulation between days 4 and 9. 



Membrane proteins, membrane trafficking, transmembrane transport of small molecules, ECM organization, and developmental biology genes were also similarly regulated throughout culture. There were four regulatory patterns which were represented by every function in both datasets; no differential expression between days 4 and 7, followed by down-regulation between days 7 and 9, up-regulation between days 4 and 7, followed by no differential expression between days 7 and 9, and either up- or down-regulation between days 4 and 9. No differential expression between days 4 and 7, followed by up-regulation between days 7 and 9
was also represented by every function in the RNA-sequencing data (figure 4.8).
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Figure 4.8 Proportion of membrane protein, membrane trafficking, transmembrane transport, ECM organization, and developmental biology genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). Regulatory patterns which were represented by every function in both datasets were; no differential expression between days 4 and 7, followed by down-regulation between days 7 and 9, up-regulation between days 4 and 7, followed by no differential expression between days 7 and 9, and either up- or down-regulation between days 4 and 9.   



Transcripts involved in cell cycle regulation/cell growth were regulated in a relatively unique pattern. In the Affymetrix data cell cycle transcripts were only close to miscellaneous transcripts on the dissimilarity scale of regulation pattern, and in the RNA-sequencing data they were only regulated in a similar manner to gene expression genes.  A large proportion of transcripts involved in cell growth were regulated as no differential expression between days 4 and 7, followed by down-regulation between days 7 and 9. A large proportion were also down-regulated between days 4 and 9 (figure 4.9).
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Figure 4.9 Proportion of cell cycle genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data and RNA-sequencing data. Up- or down-regulation between days 4 and 9 of culture represented around half of the transcripts in both functions, across both datasets.



Metabolism and signal transduction transcripts are regulated in a similar pattern in both datasets. Over half of transcripts in each function are represented by up- or down-regulation between days 4 and 9. A large number of transcripts are also represented by no differential expression between days 4 and 7, followed by up- and down- regulation between days 7 and 9 and up- or down- regulation between days 4 and 7, followed by no differential expression between days 7 and 9 (figure 4.10).
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Figure 4.10 Proportion of metabolism and signal transduction genes regulated by each regulation pattern: Proportion of transcripts with a function relating to development, regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). Over half of the transcripts in both functions, across both datasets, are represented by up- or down-regulation between days 4 and 9.



4.2.4 Pathway analysis of differentially expressed transcripts

KEGG pathway analysis was used to carry out a group analysis on the differentially expressed transcripts. By analyzing the significantly differentially expressed transcripts, it can be established whether groups are working together to affect a cellular process. Instead of using validated transcripts, each dataset was instead analyzed individually and functions that were regulated in both datasets, even if by different genes, were classed as validated regulated processes. In this way we can validate a regulated process even if it is done in slightly different way. The pathways analysed were metabolism, protein processing in the endoplasmic reticulum (ER), cell cycle, pathways in cancer, and PI3K-Akt signaling pathway. These pathways were chosen due to their importance in affecting cell line performance (cell growth, productivity, and product quality) and their high representation by significantly differentially expressed transcripts. Descriptions of regulated changes within each pathway are explained below and detailed mapping of genes on to the pathways are provided in appendix 6.

4.2.4.1 Metabolism
The metabolism KEGG map is a hugely complex map consisting of large number of metabolic pathways and processes (figure 4.11). Several sections were identified as being regulated throughout fed-batch culture in both datasets.  Fatty acid biosynthesis and elongation appear to be down-regulated between days 4 and 7 of culture. Fatty acid elongation is up-regulated between days 7 and 9 of culture in both datasets, and fatty acid biosynthesis is up-regulated between days 7 and 9 in the Affymetrix data. Nucleotide biosynthesis is regulated in both datasets but the directions are conflicting. A large amount of regulation is occurring in amino acid biosynthesis, between days 4 and 7. Valine, isoleucine, and leucine degradation is up-regulated between days 4 and 7, whereas glutathione metabolism is down-regulated. Glutathione metabolism is then up-regulated between days 7 and 9 in the RNA-sequencing data, but is not validated by the Affymetrix data. N-glycan biosynthesis is down-regulated between days 7 and 9 in both datasets and between days 4 and 7 in the RNA-sequencing data. Heperan sulfate glucosaminoglycan biosynthesis is also down-regulated between days 7 and 9 in both datasets.
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Figure 4.11 KEGG metabolism pathway: Metabolism pathway for mus musculus as represented in KEGG pathways. Significantly differentially expressed transcripts were mapped on to the pathway using KEGG Search&Color function. Image taken from http://www.genome.jp/kegg/pathway.html.

4.2.4.2 Protein processing in the ER
The protein processing in the ER KEGG map is shown in figure 4.12. Regulation of several genes involved in this pathway was observed however few could be validated between the two datasets. 
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Figure 4.12 KEGG map of protein processing in the ER: Protein processing in the ER pathway for mus musculus as represented in KEGG pathways. Significantly differentially expressed transcripts were mapped on to the pathway using KEGG Search&Color function. Image taken from http://www.genome.jp/kegg/pathway.html. 




4.2.4.3 Cell cycle
The KEGG map of processes involved in cell cycle regulation is shown in figure 4.13. Proliferating cell nuclear antigen (PCNA), a protein essential for replication, is down-regulated between days 4 and 7 of culture and again between days 7 and 9 of culture. Inhibitors of c-myc are down-regulated in both datasets between days 7 and 9 of culture, and c-myc is itself up-regulated between days 7 and 9 in the RNA-sequencing data, but is not validated by the Affymetrix array data. Anaphase-promoting complex (APC/C), a driver of cell cycle progression, is down-regulated between days 4 and 7, and up-regulated between days 7 and 9. Additionally, G1 to S, and S to G2 progression are down-regulated between days 4 and 7 and down-regulated between days 7 and 9.
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Figure 4.13 KEGG cell cycle pathway: Cell cycle pathway for mus musculus as represented in KEGG pathways. Significantly differentially expressed transcripts were mapped on to the pathway using KEGG Search&Color function. Image taken from http://www.genome.jp/kegg/pathway.html.

4.2.4.4 Pathways in cancer
The pathways in cancer KEGG pathway map is shown in figure 4.14. The maps demonstrate an increase in cell proliferation through cancer pathways between days 4 and 7, followed by down-regulation between days 7 and 9. PDGFR is up-regulated between days 4 and 7 of culture. 
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Figure 4.14 KEGG map of pathways in cancer: Pathways in cancer map for mus musculus as represented in KEGG pathways. Significantly differentially expressed transcripts were mapped on to the pathway using KEGG Search&Color function. Image taken from http://www.genome.jp/kegg/pathway.html.



4.2.4.5 PI3K-Akt signaling
The KEGG map of PI3K-Akt signaling is shown in figure 4.15. Signaling towards protein synthesis is up-regulated between days 7 and 9 in both datasets. PHLPP and PP2A, both inhibitors of Akt, are down-regulated between days 7 and 9, and up-regulated between days 4 and 7. Rkt, ITGB, and ITGA are up-regulated between days 4 and 7. Akt itself is up-regulated between days 7 and 9 in the RNA-sequencing, and between days 4 and 7 in the Affymetrix array data.
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Figure 4.15 KEGG map of PI3K-Akt signaling pathways: PI3K-Akt signaling pathways map for mus musculus as represented in KEGG pathways. Significantly differentially expressed transcripts were mapped on to the pathway using KEGG Search&Color function. Image taken from http://www.genome.jp/kegg/pathway.html





4.2.5 Intelligent selection of synthetic promoter regulatory elements
4.2.5.1 Constitutive, high expression regulatory elements
To generate constitutive, high level of expression of a transgene, synthetic promoters comprised of promoter elements that are known to drive high levels of expression are used. In order to identify elements for generating novel synthetic constitutive promoters, transcripts that were within the highest expressed category in both datasets, as well as showing no significant differential expression throughout culture in either dataset, were selected. The genes selected were; Arpc1b, Cfl1, Eef1a1, Eif3k, Rpl34, Rplp2, and Ube2d3 (table 4.1).

The promoter region sequence of each of the genes was then isolated and ran through TFBIND web tool to identify promoter elements contained within the sequences. The elements that were identified in more than 1.5 times the number of gene promoter regions, compared the control set of promoter regions, are shown in figure 4.16. There was no sequence for Ube2d3 from the CHO genome and therefore the promoter region of this gene was not used.
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Table 4.1 Genes used in promoter sequence analysis for identification of high expression, constitutive promoter elements: All 7 genes were within the highest expressed transcripts in both transcriptomic datasets, and were not significantly differentially expressed throughout culture in either dataset. The promoter regions of 6 of the genes were isolated for analysis to identify common regulatory elements. The sequence of Ube2d3 could not be found within the CHO genome and therefore the promoter region of the gene was not used in the analysis.
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Figure 4.16 Regulatory elements identified at a 1.5x higher frequency in constitutive, high expression genes relative to control genes: Each promoter element was found in the promoter regions of transcripts that were validated as being constitutive, high expression transcripts in both transcriptomic datasets at a frequency 1.5x that of control promoter regions. The graph shows the number of promoters the element was found in.




4.2.5.2 High expression, phasic regulatory elements
To identify regulatory elements that could be used in phasic novel synthetic promoters, genes that had been regulated significantly in both datasets, and by a large amount were analysed. The fold change was multiplied by the initial expression value in order to weight the transcripts by how much of an increase in mRNA production the promoter region induced. Transcripts that fell within the “most regulated” based on the weighted fold change scores, in both transcriptomic datasets were used for promoter sequence analysis. 

For fold changes between days 7 and 9 and between days 4 and 9 novel, no validated transcripts were identified in the “most regulated” categories. For fold changes between days 4 and 7, three genes were validated; Fabp4. Hmgcs1, and Sprr1a (table 4.2).

The promoter region sequence of each of the genes was ran through TFBIND web tool to identify promoter elements contained within the sequences. There was no sequence available for Sprr1a in the CHO genome and therefore only the promoters of two of the genes could be analysed. The regulatory elements that were found in the promoter regions of both genes, and in half, or less, of the control promoter regions, are shown in graph 4.17.
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Table 4.2 Genes used in promoter sequence analysis for identification of high expression, phasic promoter elements: All 3 genes were significantly differentially expressed between day 4 and 7 of culture, and were within the highest regulated transcripts in both transcriptomic datasets. The promoter regions of 2 of the genes were isolated for analysis to identify common regulatory elements. The sequence of Sprr1a could not be found within the CHO genome and therefore the promoter region of the gene was not used in the analysis.
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Figure 4.17 Promoter elements found in the promoter regions of both validated phasic high expression transcripts and half or less of control promoter regions: Each promoter element was found in the promoter regions of phasic, high expression transcripts Fabp4 and Hmgcs1 and half or less of control promoter regions.




4.3 Discussion

4.3.1 How transcriptome-level changes control physiological changes
Transcriptomic data demonstrated that a large amount of regulation in gene transcription occurs throughout culture. Up to 28% of genes were regulated between any two time points, measured by one of two transcriptomic techniques, throughout fed-batch culture (chapter 3, table 3.2). These changes were shown to occur as a large number of small changes rather than a few transcripts being regulated by a large amount (chapter 3, figure 3.9). Suggesting physiological changes are the result of an accumulation of subtle changes. Additionally, regulated transcripts were not limited to a certain expression level; regulation occurred in transcripts across the whole range of expression levels (figure 4.2).  This represents a huge bioinformatics challenge in analyzing such datasets, to understand what the transcriptome-level changes underlying the physiological changes that we see throughout culture are doing. Often a fold change cut off of 2 is applied to differential gene expression, to make analysis manageable. However the data in chapter 3 (figure 3.9) demonstrates that by applying this cut off, a large number of gene changes could be missed. 

4.3.2 Global transcript expression levels
An analysis of the distribution of expression levels of transcripts demonstrated that a similar pattern was observed across both datasets; the majority of the transcripts demonstrated an “average” expression level, while only few had exceptionally high expression levels. A deeper functional analysis into what these transcripts were doing revealed that many of them were ribosomal proteins, and structural cytoskeleton proteins. As these proteins are all critical to the functioning of the cell it is reasonable that we see such high levels in their expression. Furthermore it has been documented that increased expression of ribosomal proteins is associated with poor prognosis in some human cancers (Pomeroy et al., 2002) and that several ribosomal proteins are oncogenes in zebrafish (Amsterdam et al., 2004). Although within this study there has been no comparison to assess whether the high expression is an increase from the original cell line, a high expression of these ribosomal proteins is likely to be beneficial to cell in its requirements for fast growth. Cytoskeleton proteins have been shown to demonstrate increased expression levels in an IgG-expressing CHO cell line exposed to butyrate treatment and cold culture conditions of 33 °C, hypothesized to improve secretion pathways and thereby protein production (Kantardjieff et al., 2010). Therefore again, although it cant be determined whether the expression is an up-regulation to allow the cells to adapt to being high-producers, the high expression of these genes may be due to the beneficial effect they have on cell physiology and cell line performance.

4.3.3 Functional classification of differentially expressed transcripts
During early stage culture, between days 4 and 7, we saw that a large proportion of the differentially expressed transcripts were involved in cell signaling, and metabolism. Additionally more transcripts were up-regulated between these two time points than down-regulated. Although some transcripts may be negative regulators of the functions, in general the data indicates we are seeing an increase in the amount of signaling and metabolism pathways that are active. This may be due to the cell preparing to enter into stationary phase of growth which, among other physiological changes, involves undergoing a switch from lactate production to lactate consumption and thereby a change in metabolism. This change is a well-known occurrence that is desirable for optimal cell line performance as it maintains viability and improves product titers (Mulukulta et al., 2012; Zagari et al., 2013). Lactate concentration data in appendix 7 demonstrates a switch to lactate consumption mid-stage culture. 

During later stage culture, between days 7 and 9, differentially expressed genes were highly represented by cell cycle, DNA repair, DNA replication, and gene expression functions. Furthermore there was a switch to more transcripts being down-regulated than up-regulated between these two time points. A down-regulation in cell cycle genes is consistent with the falling growth rate observed and described in chapter 3. A down-regulation in DNA replication and DNA repair genes is also consistent with the growth data, as if the cells are proliferating less, the requirement to replicate DNA will lessen and therefore the need to repair DNA damaged during DNA replication will also be reduced. A reduction in cell growth may lead to a reduction in the production of reactive oxygen species (ROS), which are known DNA-damaging agents, therefore the requirement for DNA-repair processes may lessen (Havens et al., 2006). However, contrary to this, a large amount of ROS are also produced during protein folding, due to the oxidizing environment required to form disulfide bonds.  Therefore we would expect there to still be a rising amount of ROS being produced (Malhotra & Kaufman, 2007). The expression of DNA repair genes has been linked to transcription factor family E2F, particularly E2F1 (Ren et al., 2002). E2F1 is significantly down-regulated between day 7 and 9, consistent with the down-regulation in DNA repair genes observed during this functional analysis. This is discussed further in chapter 5.

4.3.4 Analysis of the regulation patterns of functional categories of transcripts
Cluster analysis and principal component analysis of transcripts that were significantly differentially expressed at any point throughout culture, were applied to identify functional categories that are regulated in similar patterns and those that are regulated relatively independently (Eisen et al., 1998). This kind of analysis has previously been used to compare differences between cancer cell lines at the gene level (Perou et al., 1999; Ross et al., 2000), and to cluster yeast cell genes on their expression response to different environmental stresses (Gasch et al., 2000). However, to our knowledge, this is the first time this kind of analysis has been performed in a CHO cell line or to profile the responses of functional groupings of genes to the changing cellular environment throughout culture.

The two datasets showed a similar pattern in regulation of functional categories. The proportion of transcripts that were regulated by each regulation pattern was also analysed to identify the patterns by which individual functional categories or sets of functions are regulated.

Cluster analysis demonstrated that DNA repair and DNA replication are regulated in a very similar way. They are generally down-regulated throughout culture, as was observed in the functional classification analysis in section 4.2.2. As discussed previously, due to the association of DNA repair and DNA replication with cell growth, it is logical that the expression of genes involved in these functions should be consistent with growth rate. It should be noted that as with any closely related functions, there may be a lot of GO overlap as several genes are likely to be annotated as being involved in both functions. Therefore the similarity between the regulation patterns of genes involved in these functions may be an artifact of their annotation.

Transcripts annotated as being functional in metabolism of proteins and the immune system were also regulated in a similar manner. However, the pattern of regulation of the transcripts was much more widespread, with a mix of both up-regulation and down-regulation. Immune system transcripts have little importance from a cell line performance perspective, however metabolism of proteins is important to both specific productivity and product quality. The regulation pattern is not clear which may be a result of the functional category not distinguishing between metabolism of host cellular proteins, and the recombinant proteins; early in culture when cell growth is high, there will be a larger turnover in host cell proteins whereas later in culture, specific protein production increases.

Cellular response to stress, organelle biogenesis, cell death, cell-cell communication and cell adhesion were all also regulated in a highly similar manner. The link between cellular response to stress and cell death is not surprising as programmed cell death is a common cellular response to extreme stress. The link between cell-cell communication and cell adhesion is also to be expected as there is also a lot of GO overlap between these two functions. The general pattern of regulation is a gradual one, with significant differential expression being between days 4 and 9, both up- and down-regulated. This suggests only a small amount of change in the expression throughout culture of the genes involved in these functions. The mix of up- and down-regulation could be a result of the transcripts being a mix of positive and negative regulators of the functions.

Transcripts involved in membrane proteins, membrane trafficking, transmembrane transport, ECM organization, and developmental biology were also regulated in similar patterns. The regulation patterns most highly represented were both up- and down-regulated, either gradually throughout culture or between days 7 and 9 of culture. Since many of these categories are highly linked in their functions, it is not surprising we see coordinated regulation of the transcripts associated with them. Again there may also be some GO overlap meaning some transcripts are involved in several of the functions. The reason why regulation tends to occur at later culture stages may be to deal with the increase in intracellular transport and secretion of recombinant protein, as specific productivity increases. Developmental biology has no obvious function in recombinant protein production, for which the cells have been optimized to carry out. Therefore the remaining regulation of expression of transcripts associated with this function is surprising. It may be a remnant feature of the cells original physiology and function, or it may be that the transcripts annotated as being involved in differentiation have other, so far un-annotated, functions.
Cell growth was regulated in a relatively independent manner. In general, transcripts involved in cell growth were down-regulated throughout growth. This is consistent with both the cell growth rate from the bioreactor data, and the functional classification analysis (section 4.2.2).

Transcripts involved in metabolism and signal transduction had similar regulation patterns, however the main regulation patterns that they followed were varied. Metabolism and signal transduction were highly represented in the functional classification data between days 4 and 7, however a proportion of the transcripts also demonstrated no significant regulation between these time points, as can be seen in the regulation pattern analysis. Both signal transduction and metabolism are broad categories and cover a large range of processes; this may explain why the regulation patterns are so varied. Since neither are directly applicable to the engineering strategies we are aiming to develop, these were not dissected further, however for future profiling studies these categories could be dissected and analyzed further.

4.3.5 KEGG pathway analysis
KEGG is one of the main pathway analysis programs for analyzing genomic data. It allows a form of group testing, where lists of genes can be analysed to see whether cellular functions or components are significantly regulated by groups of genes (Manoli et al., 2006). In this way we can further understand the effect of gene expression changes on cellular function. In order to carry out this level of analysis, gene lists must be entered using an accepted identifier; uniprot IDs were chosen in this project. Ideally the whole dataset would be annotated in this way so that statistical over-representation could be carried out. Due to incomplete annotation of the CHOK1 genome, and of the transcriptomic datasets, this could not be carried out. Therefore on the maps presented, we cannot assume that unmarked genes and pathways were not significantly regulated, limiting the conclusions that can be drawn from the data. Validated significantly differentially expressed genes were used in the analysis; these were genes that had been significantly regulated in the same direction between the same time points in both datasets.

Fatty acid biosynthesis and elongation is down-regulated between days 4 and 7, and fatty acid elongation is up-regulated between days 7 and 9. Fatty acid biosynthesis is also up-regulated between days 7 and 9 in the Affymetrix data. The reason for regulation of fatty acid biosynthesis is unclear and has not previously been described. One explanation is that it may be an effect of a switch from lactate production to lactate consumption (described in section 4.3.3, lactate concentration data in appendix 7). The switch to lactate consumption occurs when cell growth slows and glycolytic flux is low. Less consumption of glucose may therefore result in glucose being stored by the cell as fatty acid (Mulukulta et al., 2012; Zagari et al., 2013).

Reduction in the glycolytic flux, leading to the lactate switch, is also thought to be controlled by Akt-signalling. Akt is a protein involved in several processes including protection against apoptosis, protein synthesis, cellular proliferation, and fatty acid biosynthesis. It has been shown to be over-expressed in several cancers (Portsmann et al., 2005). Its regulation was shown in the PI3K-Akt signaling pathway to also be regulated between days 4 and 7. Inhibitors of Akt, PHLPP and PP2A, were down-regulated between days 7 and 9 suggesting activation of Akt. Akt was itself up-regulated between days 7 and 9 in the RNA-sequencing data but not in the Affymetrix data. Therefore the increase in Akt activity and/or expression could also be a cause for the increase in fatty acid biosynthesis observed in later stages of culture, through both its direct effect on fatty acid biosynthesis and its effect on reducing the glycolytic flux. Consistent with an increase in Akt activity, there is increased expression of genes towards increasing protein synthesis via the PI3K-Akt signaling pathway. This is also consistent with an increase in specific productivity at this time point in culture (bioreactor growth and mAb production data in chapter 2).

The switch from lactate production to lactate consumption is a highly uncontrollable process in bioproduction (Mululkulta et al., 2012). Since we are seeing a large amount of control around it during the fed-batch process it poses a viable engineering target. However it should be noted that the current KEGG annotation of fatty acid biosynthesis and elongation is based on only a small number of genes and therefore the regulated area appears deceptively large. A further, deeper investigation into the control of fatty acid biosynthesis and the lactate switch should be carried out before engineering strategies are devised. 

Surprisingly, the KEGG metabolism pathways showed down-regulation in N-glycan biosynthesis between day 7 and 9. This is surprising, as with an increase in recombinant protein production, requiring N-glycosylation, we would expect an increase in this pathway. Heperan sulfate glucosaminoglycan biosynthesis is also down-regulated between days 7 and 9. Heperan sulfate is structurally similar to heparin, and both are involved in several processes including cell growth (Sasisekharan & Venkataraman, 2000). Its link to cell proliferation may explain why heperan sulfate biosynthesis decreases with cell growth rate.

A small amount of regulation around protein processing in the ER was observed between days 7 and 9, however very few transcripts were validated between the two datasets.

The cell cycle regulation KEGG maps provided unexpected results. Several transcripts involved in promoting cell cycle progression were down-regulated between days 4 and 7 and/or up-regulated between days 7 and 9. Between days 4 and 7, we see high growth rate and would therefore not expect these genes to be down-regulated. Between days 7 and 9, growth rate drops and therefore we would expect the expression of cell cycle promoting genes to drop (bioreactor growth data in chapter 2). However, on the contrary, the pathways in cancer KEGG maps demonstrated a general up-regulation of pathways towards increasing cell proliferation between days 4 and 7, which is more in line with the bioreactor growth data. Furthermore PDGFR, a tyrosine kinase receptor involved in promoting several cellular processes including cell growth, was up-regulated between days 4 and 7 (Cao, 2013). This may therefore mean that in general, the cells growth rate is primarily being controlled by cancer pathways, rather than traditional ones. Additionally PDGFR and heperan sulfate represent up-regulation of two cell surface receptors involved in cell growth, while growth rate is high. This may therefore indicate that the cells are acting in a paracrine or autocrine fashion in order to boost cell growth rate.

4.3.6 Summary of transcriptome-level changes underlying changes in cell physiology throughout fed-batch culture

Functions that were regulated in a clear manner, and have an obvious function in optimal cell line performance are summarized and related to cell growth rate in figure 4.18. Metabolism and cell signaling are up-regulated as cell growth declines between days 4 and 7. Cell cycle, DNA replication, DNA repair, and gene expression are down-regulated with cell growth rate between days 7 and 9. This suggests that there is a delay in down-regulation of cell cycle and cell cycle-related genes as growth declines. Additionally a large proportion of cell cycle genes analysed were down-regulated between days 4 and 9. PI3K-Akt signaling towards protein synthesis was up-regulated between days 7 and 9, as cell growth rate drops. This is consistent with an increase in specific protein production. Metabolism of proteins, cellular response to stress, and cell death genes are both up- and down-regulated between days 4 and 9. Organelle biogenesis genes are generally down-regulated between days 4 and 9.
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Figure 4.18 Summary figure of how functional groups of transcripts are regulated in relation to cellular growth rate: Cellular growth rate of a fed-batch fermentation of CHOK1SV E22 cell line is presented. The regulation of functional groups of transcripts, relevant to cell line performance, are shown in relation to growth rate. Direction of regulation are indicated by colour; red=up-regulated, blue=down-regulated, green=mix of up- and down-regulated transcripts




4.3.7 Identification of synthetic promoter regulatory elements

The transcriptomic data was used in a proof of concept analysis to identify regulatory elements that have proven potential ability to regulate high, constitutive expression or phasic expression. Genes that had the required expression pattern and level in both datasets were identified and the promoter regions of these genes were analysed to identify common promoter elements. 

This has provided a database of promoter elements that could be tested for use in novel synthetic expression systems. To our knowledge, this is the first time that promoter elements have been identified for use in synthetic promoters in this way. It is a proof of concept analysis demonstrating how transcriptomic data can be used to intelligently design expression systems with the capability to drive high expression levels and/or phasic expression. However it should be noted that this analysis was limited by the public availability of consensus site databases, and for more accurate identification of promoter elements, this proof-of-concept analysis should be repeated with a more up-to-date database of regulatory elements.







4.4 Conclusions
A majority of the global transcripts demonstrated an “average” expression level, with only a very small proportion demonstrating “high” expression levels. A functional analysis of the highest expressed transcripts revealed that a large number of these genes were ribosomal protein genes and structural cytoskeleton genes. The importance of such genes in general cell physiology explains why the expression levels would be so high. Furthermore high expression of ribosome proteins are associated with cancer (Pomeroy et al., 2002), and high cytoskeleton proteins have been associated with improved secretion systems in CHO cells, thereby allowing high product titers  (Kantardjieff et al., 2010). 

Differentially expressed genes were distributed throughout the range of expression levels, and the majority of these had relatively low fold changes. This suggests that the physiological changes observed throughout fed-batch culture are an accumulation of small changes in a lot of genes, and are a mix of both large and small changes in mRNA level of any given gene.

The highest regulated functional categories differed between early and mid/late-stage culture. Early culture differential gene expressions were primarily of genes involved in signaling and metabolism, consistent with a change in metabolism as cells enter stationary phase of growth. Mid/late-culture significant gene expression changes were most represented by cell cycle, DNA repair, DNA replication, and gene expression functional categories. This is consistent with a drop in growth rate between days 7 and 9.
Cluster analysis demonstrated that certain functional groups were regulated in highly similar ways whereas others were regulated relatively independently, such as cell cycle regulation. Cell cycle regulation was shown to be down-regulated in later stages of culture, consistent with cell growth data and functional characterization of differential gene expression.
KEGG pathway analysis, further functionally analyzed the differential gene expressions occurring during fed-batch culture, in a group-level analysis. Certain pathways were regulated as expected; there is a decrease in expression of cell proliferation cancer pathways between days 7 and 9. Other results were more unforeseen; fatty acid biosynthesis and elongation were down-regulated between days 4 and 7, and up-regulated between days 7 and 9. It is hypothesized that this may be due to low glycolytic flux as the cell undergoes a switch from lactate production to lactate consumption. It may also be due to direct or indirect affects of increased Akt signaling during this time period. The data profiles a large amount of regulation around the lactate switch in production to consumption. As this is a highly uncontrollable process in bioproduction it may pose a viable target for engineering (Mululkulta et al., 2012).

Finally a novel method for identifying promoter elements for potent, and phase-specific, synthetic promoters has been described. Furthermore a database of potentially useful promoter elements has been created, based on the data in this project.


4.5 Future work
Initial future work would likely focus on deeper analysis of complex functions such as metabolism and signal transduction. These two processes were both two large and broad to take any meaningful conclusions from the pathway analysis or functional regulation analysis. Both functions should be broken down into more discrete sections and re-analysed as independent functions. In this way more detailed information could be gained about regulation of signaling and metabolic processes.

Carrying on from this, it would be interesting to delve further into the control of the switch from lactate production to lactate consumption. The current level of data analysis infers that there regulation around this process between days 7 and 9 of culture. A switch to lactate consumption is a desirable process in bioproduction as it tends to allow sustained viability and higher product titers, however it remains a somewhat uncontrollable process (Mulukulta et al., 2012; Zagari et al., 2013). Therefore deeper analysis of the data, surrounding the control of this process, could offer some potentially viable engineering strategies. 

This chapter discussed a novel method for identifying elements for use in synthetic promoters, based on identification of high expression and/or phase-specific genes, using transcriptomic data. This generated a group of elements which in future projects can be tested out for their ability to drive reporter gene expression alongside a minimal promoter. Additionally, further profiling of each element could be carried out; a whole-genome search could be carried out to identify which genes contain the consensus sequence within their promoter regions, and the expression of these genes analysed. Additionally the transcription factors know to bind to each of the identified promoter elements could be identified and analysed for their expression levels throughout expression. This could lead to the development of synthetic promoters containing elements that are known to drive high expression, in addition to having high levels of the required transcription factors present throughout culture.
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This chapter profiles transcription factor expression during fed-batch culture, using both Affymetrix CHO gene 2.0 ST arrays and Illumina Hi-Seq RNA-sequencing transcriptomic techniques. Differential gene expression between three time points is analyzed and the level of variation in expression compared to that of global transcripts. A functional analysis is also used to compare the regulation of transcription factor functions between early and late stage culture. Furthermore cluster analysis is carried out to identify specific regulatory patterns of individual, and groups of, functions and relate them to cell physiology. Several hypotheses are made based on the data regarding transcription factors that could be engineered to improve cell line performance. 

5.1 Introduction

The current knowledge of gene expression regulation demonstrates how pivotal transcription factors are to the functioning of a cell, and how they allow a cell to respond dynamically to its environment by altering gene expression quickly, and appropriately. Knowledge of which transcription factors are present and active in individual cell lines, and how they influence cellular functioning could be particularly useful in bioprocess for improving cellular responses to stress and optimizing product output.

As CHO cells have been used in industry for over 50 years, and evolve so rapidly, the specific genetic composition of individual cell lines is largely unknown, and therefore knowledge of which transcription factors are active is very limited. Furthermore, investigations profiling the effects of engineering the activity of specific transcription factors in CHO cell lines has been limited. Transcription factor E2F1 was overexpressed in CHOK1 cells and was shown to effect cell growth (Lee et al. 1996). X-box-binding-protein 1 (XBP1) overexpression has been demonstrated to increase the capacity of the endoplasmic reticulum and golgi body, thereby allowing increased recombinant protein production in CHOK1 cells (Tigges & Fusseneger, 2006). Further, Gulis et al. (2014) went on to demonstrate that regulation of this overexpression using an inducible promoter element reduced product stress-induced cellular apoptosis (Gulis et al., 2014). Overexpression of activating transcription factor 4 (ATF4) also causes an increase in specific protein production of both Antithrombin ΙΙΙ in CHO 13D-3SD cell line (Ohya et al., 2008) and IgG antibody in CHO DP-12-SF cell line (Haredy et al., 2013). 
 
Despite this apparent success of using transcription factors to engineer performance characteristics in CHO cell lines, research has been limited to transcription factors with well-profiled functionality, and there has been no large-scale profiling of transcription factor expression in industrially important cell lines. This chapter aims to fill this knowledge gap and identify transcription factors that could potentially be used to intelligently engineer cell lines with improved performance characteristics.

Affymetrix CHO gene 2.0 ST arrays and Illumina Hi-seq 2000 RNA-sequencing were used to profile transcription factor expression throughout fed-batch culture of CHOK1SV GS-KO cell line, E22. Transcription factors displayed a similar range and distribution of expression levels as global data but had lower levels of regulation at the transcriptional level. The highest expressed transcription factors demonstrated significant regulation throughout culture, suggesting that they have not been de-regulated by the cell, and could still be engineered in order to optimize cell line performance. Several transcription factors were identified as potential engineering targets based on their functional annotation, and expression and regulation throughout the fed-batch process.


































5.2 Results

5.2.1 Transcription factor expression throughout culture

5.2.1.1 Expression pattern
Figure 5.1 displays the expression of every transcript (Figure 5.1 A and B) and every transcription factor (figure 5.1 C and D) at each time point throughout culture, measured by RNA-sequencing and Affymetrix arrays. 

The pattern of transcription factor expression is similar between the datasets from the two transcriptomic techniques (figure 5.1 C and D). There are a moderately small number of transcripts with either relatively low or relatively large expression, with the bulk of transcripts having a very similar “moderate” level of expression. This pattern is the same for the global data and is also demonstrated in the frequency distribution histograms in appendix 3.

RNA-sequencing showed a larger range in expression level between the highest and lowest expressed transcript at both the global and transcription factor levels (also demonstrated by the dynamic ranges - chapter 3) (figure 5.1). Additionally the range of expression of the transcription factors compared to the global transcripts in the RNA-sequencing data was relatively small, i.e. the maximum expression for a transcription factor, as measured by RNA-sequencing, was much smaller than that of the maximum global transcripts. However this was not the case in the Affymetrix data where the maximum transcript factor transcript level was almost equal to that of the highest expressed global transcript (figure 5.1).
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Figure 5.1 Transcript expression ranges for global and transcription factor genes: Graphs display the range in expression of global transcripts (A and B) and transcription factor transcripts (C and D) in Affymetrix (A and C) and RNA-sequencing (B and D) datasets. A similar pattern is observed between the two datasets; there are a small number of transcripts with high expression, a large number with “average” expression levels followed by a sharp drop off to a small number of transcripts with low level expression. RNA-sequencing has the largest range of expression. Transcription factors measured by both techniques display a large range in expression relative to the global datasets, with the proportion between the maximum transcription factor expression level and the maximum global transcript level being higher in the Affymetrix array data than the RNA-sequencing data.







5.2.1.2 Level of variation throughout culture
The range in fold changes observed for validated differentially expressed transcription factors is much smaller than that of the global differentially expressed transcripts i.e. the amount of variation in transcript factor transcript expression throughout culture is much smaller than that of the global population of transcripts (figure 5.2 A).


Furthermore by looking at the distribution of fold changes observed within each dataset, we can see that the majority of differentially expressed transcription factor transcripts have a fold change of 2 or less (figure 5.2 B and C). This suggests that, although regulated, the amount of variation, at the fold-change level, of transcription factors is relatively very low.
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Figure 5.2 Transcription factor expression fold change throughout culture:  The range of transcription factor fold change in the RNA-sequencing and Affymetrix array data is highlighted within the global transcript data, demonstrating the reduced scale of expression fold changes within the transcription factor group (A).  Transcription factor expression changes are predominantly of a fold change of 2 or less in both the RNA-sequencing data (B) and the Affymetrix array data (C).






5.2.1.3 Highest expressed transcription factors

As described in section 5.2.1.1, the bulk of the transcription factors demonstrate a “moderate” level of expression with only a few transcripts having particularly high levels of expression. Figure 5.3 shows the top 5% of transcripts with the highest level of expression within each dataset.

There is a lot of consistency in which transcription factors fall within this “high expression” category between the two datasets. Transcription factors that were seen in the top 5% in both datasets were; Atf4, Myc, Nfic, Fosl1, Rela, Pparg, Nfe2l1, Nfe2l2, Zhx1, and Atf6.


Although highly expressed, many of the transcription factors do not appear to be deregulated, as several of the transcripts demonstrate significant differential expression at some point throughout culture. 7 of the 15 transcription factors from the RNA-sequencing data were significantly regulated, and 13 of the 23 transcription factors from the Affymetrix array data were significantly regulated.
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Figure 5.3 Top 5% highest expressed transcription factors as measured by Affymetrix arrays and RNA-sequencing: the highest expressed transcription factors are ordered by FPKM for RNA-sequencing data (A) and relative fluorescence for Affymetrix array data (B). Several transcription factors are in common between the two datasets; Atf4, Myc, Nfic, Fosl1, Rela, Pparg, Nfe2l1, Nfe2l2, Zhx1, and Atf6. Transcripts undergoing significant differential expression between any time points throughout culture are indicated (*, p<0.05).





5.2.1.4 Transcription factors with the highest level of differential expression


In order to profile the transcription factors that demonstrate the highest level of change throughout culture, all validated differential expressions were ordered by the average of the changes observed by each transcriptomic technique. Those with an average fold change of over 1.5 are shown in figure 5.4. 

Only four transcription factors had a validated average fold change of over 2, these were; Fos, Irf9, E2F8, and E2F7.
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Figure 5.4 Validated differentially expressed transcription factors with the highest average fold changes: Fold change in FPKM and average fluorescence are shown for the transcription factors which had an average fold change of over 1.5. All transcripts were significantly differentially expressed in the same direction, in both datasets, between two time points in culture.

5.2.2 Functional analysis of differentially expressed transcription factors


Differentially expressed transcription factors (identified in chapter 3 section 3.2.7.2) were classified into 20 functional categories with each transcript not being limited to one functional category (functional categories can be seen in figure 5.5). The miscellaneous functional category was composed of transcripts with unknown function, no annotation or a very rare function.

In the data from both technique the highest number of regulated transcription factors are in the following functional categories; cell growth/cell cycle, development, signal transduction, and differentiation. These same functions are the most represented in differential expression data between both days 4 and 7 (figure 5.5 A and C), and days 7 and 9 (figure 5.5 B and D).

As with the global data (chapter 3) we see slightly more transcripts up-regulated than down-regulated between days 4 and 7 in each functional category, whereas between days 7 and 9 we see more transcripts down-regulated than up-regulated in each category. This pattern is more prominent in the Affymetrix data than the RNA-sequencing data.
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Figure 5.5 Functional grouping of differentially expressed transcription factors in early- and mid/late-stage culture: Differentially expressed transcription factors were functionally classified into 20 functional categories. Similar patterns are observed with the classifications between RNA-sequencing and Affymetrix data (A vs. C and B vs. D). Transcription factors involved in apoptosis, cellular response to stress, DNA replication, and organelle biogenesis and the most regulated both between days 4 and 7 and between days 7 and 9 of fed-batch culture.
5.2.3 Regulation of transcription factors 

5.2.3.1 Cluster analysis

The pattern of regulation of each transcript was classified into one of 14 regulation patterns. These can be seen in chapter 2, section 2.11 The numbers of transcripts falling into each regulation type was analyzed across each functional category to assess the similarity between the ways in which transcription factors with different functions are regulated. The results for each dataset are demonstrated as dendrograms in figure 5.6. 

The results were highly consistent between datasets. Transcription factors involved in developmental biology were relatively unique in the pattern in which they were regulated as can be seen by the large distance along the dissimilarity scale from any other functions. Cell cycle, differentiation and signal transduction were very close to each other along the dissimilarity scale, suggesting that transcription factors with these functionalities are controlled in a similar manner or have a lot of overlapping functionality. Cellular response to stress, metabolism, cell death, and immune system also demonstrated similar patterns of regulation to one another, as did DNA replication, DNA repair, reproduction, and epigenetic changes to each other.

As more transcription factors were identified in the Affymetrix data additional functional groups were represented in this dataset; intracellular transport, and response to DNA damage. This was the only source of variation seen between the cluster analyses of the two datasets.
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Figure 5.6 Dendrograms displaying the relationship between transcription factor function and patterns of regulation:  Dendrograms showing the levels of similarity between transcription factor function and the way in which they are regulated throughout culture based on RNA-sequencing data (A) and Affymetrix data (B). Development demonstrates a relatively unique regulation pattern. Cell cycle, signal transduction and differentiation are regulated in a similar manner in both datasets. Cellular response, metabolism, cell death, and immune system transcripts are regulated in a similar way in both datasets. DNA repair, DNA replication, reproduction, and epigenetic changes are regulated in a similar way in both datasets.



5.2.3.2 Regulation patterns of functional categories
Development showed a relatively independent regulation pattern and when the proportion of transcripts falling into each pattern of regulation was analysed, it was revealed that development was represented in almost all of the regulation patterns. The largest represented regulation patterns across the two datasets were down-regulation between days 4 and 7, followed by no significant differential expression between days 7 and 9, and down-regulation between days 4 and 9, in RNA-sequencing data and Affymetrix array data respectively (figure 5.7).
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Figure 5.7 Proportion of development genes regulated by each regulation pattern: Proportion of transcripts, with a function relating to development, regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). The largest represented regulation patterns were down-regulation between days 4 and 7 followed by no significant differential expression between days 7 and 9 and down-regulation between days 4 and 9, in RNA-sequencing data and Affymetrix array data respectively.


Cell cycle, signal transduction and differentiation were shown to have a similar regulation pattern. Again, the transcripts of these functional categories are regulated in numerous patterns. However no differential expression between days 4 and 7, followed by down-regulation between days 7 and 9 accounted for one of the largest proportions of transcripts in all three functions across both datasets. This excludes signal transduction in the Affymetrix data where it was the second largest represented regulation pattern behind up-regulation between day 4 and 7, followed by no significant differential expression between days 7 and 9 (figure 5.8).
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Figure 5.8 Proportion of cell cycle, signal transduction, and differentiation genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). No differential expression between days 4 and 7 followed by down-regulated between days 7 and 9 accounted for one of the largest proportions of transcripts in all three functions across both datasets, excluding signal transduction in the Affymetrix data where it was the second largest represented regulation pattern.



Cell death, immune system, metabolism and cellular response to stress also show a similar regulation pattern. In the Affymetrix array data, a large proportion of transcripts are represented by four regulation patterns; up- or down-regulation between days 4 and 7 followed by no significant change in expression between days 7 and 9, and no significant change in expression between days 4 and 7 followed by up- or down-regulation between days 7 and 9. In the RNA-sequencing data, these regulation patterns are also highly represented in all four functions, however several other groups are also highly represented, meaning particular regulation patterns cannot be pinpointed (figure 5.9).
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Figure 5.9 Proportion of cell death, immune system, metabolism, and cellular response to stress genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B). In the Affymetrix array data, the four functions are highly regulated by patterns a-d however the regulation patterns are more varied in the RNA-sequencing data.




Transcripts involved in epigenetic changes, reproduction, DNA repair and DNA replication are regulated in similar patterns. In the Affymetrix data all four categories are mainly represented by regulation patterns tending towards down-regulation between days 7 and 9; down-regulation between days 4 and 7 followed by down-regulation between days 7 and 9 (highest proportion of DNA replication transcripts), down-regulation between days 4 and 9 (highest proportion of reproduction and epigenetic changes transcripts), and no significant differential expression between days 4 and 7 followed by down-regulation between days 7 and 9 (highest proportion of DNA repair transcripts). In the RNA-sequencing data DNA replication is represented in equal parts by 5 regulation patterns, with three of these patterns involving down-regulation towards the end of culture. DNA repair is equally highly represented by up-regulation between days 4 and 7 followed by down-regulation between day 7 and 9, and no significant differential expression between days 4 and 7 followed by down-regulation between days 7 and 9. Therefore there is still a tendency towards down-regulation in the later stages of culture. However the highest represented regulation pattern for reproduction and epigenetic changes transcripts is no significant differential expression between days 4 and 7 followed by up-regulation between day 7 and 9. In summary, in both datasets DNA repair and replication transcripts tend to be mainly down-regulated towards the end of culture but the regulation of those involved in reproduction and epigenetic changes varies between the two datasets (figure 5.10).
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Figure 5.10 Proportion of epigenetic changes, reproduction, DNA repair, and DNA replication genes regulated by each regulation pattern: Proportion of transcripts regulated by each regulation pattern (a-n) measured by Affymetrix array data (A) and RNA-sequencing data (B).  In both datasets DNA repair and DNA replication are primarily down-regulated towards the end of culture but the regulation of reproduction transcripts and epigenetic changes transcripts varies between the two datasets.




5.2.4 Engineering approaches derived from validated differentially expressed transcription factors


When utilizing transcriptomic data to identify potential engineering approaches to improve cell line performance characteristics, it may be more beneficial to base hypotheses on regulated transcripts rather than high expression transcripts. Regulation of a transcript suggests that it is most likely important to the cell, as the cell is using energy to regulate its expression. Additionally it means that it is possible to regulate it at a transcriptional level. With high-expression transcripts, there lies the potential that all regulation takes place at a translational or post-translational level which means that manipulation at a transcriptional level may not have much effect on overall gene activity. Furthermore a high expressed transcript displaying no differential regulation may already have been overexpressed and de-regulated by the cell, and therefore further over-expression would be futile.

For these reasons the engineering hypotheses drawn from the data in this project are based on validated differentially expressed transcription factors.

The transcription factors with validated differential expression between days 4 and 7, and days 7 and 9 are displayed in table 5.1 and 5.2 respectively. Additionally those with a significant involvement in cell cycle control/cell growth are highlighted as this is the primary objective for improving cell line performance.
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Table 5.1 Transcription factors that are validated as being differentially expressed between days 4 and 7 of fed-batch culture:  Profiles of transcription factors that are significantly differentially expressed between days 4 and 7 of growth, in the same direction, in both transcriptomic datasets. Pattern of regulation in each dataset is represented as; pattern between days 4 and 7, pattern between days 7 and 9 (UP = significantly up-regulated, DOWN = significantly down-regulated, NO = no significant change in expression). Consensus sequence is identified for those with regulatory sequences available and a summary of the function of each transcription factor is stated. Highlighted transcription factors are those identified as being important for cell growth.
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Table 5.2 Transcription factors that are validated as being differentially expressed between days 7 and 9 of fed-batch culture: Profiles of transcription factors that are significantly differentially expressed between days 7 and 9 of growth, in the same direction, in both transcriptomic datasets. Pattern of regulation in each dataset is represented as; pattern between days 4 and 7, pattern between days 7 and 9 (UP = significantly up-regulated, DOWN = significantly down-regulated, NO = no significant change in expression). Consensus sequence is identified for those with regulatory sequences available and a summary of the function of each transcription factor is stated. Highlighted transcription factors are those identified as being important for cell growth.




Between days 4 and 7, 26 transcript factors are differentially expressed, in the same direction, in both transcriptomic datasets. Of these, 6 transcription factors are important for cell growth;. Smad6, Znfx1, Batf2, Tead3, Pcgf1, and Nfe2l2. The expression of these transcription factors and those related to their function are shown in figure 5.11.

Between days 7 and 9, 21 transcript factors are differentially expressed, in the same direction, in both transcriptomic datasets. Of these, 7 transcription factors are important for cell growth;. Znfx1, Fos, E2F1, E2F7, Tfdp1, E2F8, and Myc. The expression of these transcription factors and those related to their function are shown in figure 5.12.
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Figure 5.11 Expression of transcription factors involved in cell cycle regulation that are validated as being differentially expressed between days 4 and 7 of fed-batch culture and transcripts related to their function: The expression of transcription factors at 4, 7, and 9 days post-inoculation of fed-batch culture. Data from RNA-sequencing (FPKM, left on dual graphs) and Affymetrix arrays (relative fluorescence (log2), right on dual graphs) is included. Data from the two datasets for Nfe2l2 and related transcripts are split across two graphs. Where two transcripts were annotated as one gene both transcript expressions are shown. Significant differential expression between two time points is indicated (*, p<0.05).
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Figure 5.12 Expression of transcription factors involved in cell cycle regulation that are validated as being differentially expressed between days 7 and 9 of fed-batch culture and transcripts related to their function: The expression of transcription factors at 4, 7, and 9 days post-inoculation of fed-batch culture. Data from RNA-sequencing (FPKM, left on dual graphs) and Affymetrix arrays (relative fluorescence (log2), right on dual graphs) is included. Where two transcripts were annotated as one gene both transcript expressions are shown. Significant differential expression between two time points is indicated (*, p<0.05).



5.3 Discussion

5.3.1 Characterization of transcription factor expression throughout fed-batch culture

5.3.1.1 Expression levels

Transcription factors are typically viewed as often low-expression genes (Craig et al., 2013). The range in expression of the transcription factors compared to the range in expression of the global transcripts was much reduced in the RNA-sequencing data, but the same in the Affymetrix data. By looking at the frequency distribution of expression levels across the two datasets (appendix 3), we can see that the global and transcription factor data for each dataset show a similar distribution, skewed towards lower expression with a tail of a small number of transcripts with high expression values. From the data in this project it appears that, in general, transcription factors have a similar range and distribution of expression values to the global transcripts. As transcription factors are often controlled at the post-transcriptional level, it may be that they don’t appear at relatively low copy numbers until the protein level. In this project, we used transcriptomic analysis as the aim was to profile the expression of global and transcription factor genes simultaneously. At present, many proteomics techniques do not have a large enough dynamic range to be able to carry out such a broad analysis type (Gnatenko et al., 2006). This data further supports the use of transcriptomic analysis as it appears transcription factors appear at a similar expression range to global and therefore, although the dynamic range is larger with transcriptomic analysis, it is not necessarily required.


5.3.1.2 Variation throughout culture

The range in fold change in expression of validated differentially expressed transcription factors was higher in the RNA-sequencing data than the Affymetrix array data. However in both data sets the range was much smaller compared to the range in fold changes observed for the global validated differentially expressed transcripts. This shows that the amount of regulation at the transcriptional level is much smaller in transcription factor transcripts compared to global transcripts. The regulation of transcription factors is often at the post-translational level and therefore the observed data may not be surprising as there may be further regulation of expression after translation. Another possible explanation is that the cell is more conservative about how much variation it allows in the expression of any given transcription factor. If this is the case then by altering the expression of a transcription factor by a significant amount during culture, we might see a large impact and potentially improve cell line performance in a more efficacious way than has been achieved by altering the expression of other transcripts. This hypothesis is supported by a study by Bustamante et al. (2005), which found transcription factors likely to be a driver in evolutionary adaptation, owing to their overrepresentation as rapidly evolving genes, suggesting they are key contributors to phenotypic diversity (Bustamante et al., 2005).


5.3.1.3 Highest expressed transcripts

Transcription factors which fell into the top 5% of the highest expressed in both datasets were; Atf4, Myc, Nfic, Fosl1, Rela, Pparg, Nfe2l2, Nfe2l1, Zhx1, and Atf6. Of these transcripts, only three show no level of regulation in either dataset between any of the time points. This shows that the highest expressed transcription factors, in general, are not showing signs of “de-regulation” by the cell, i.e. they have not been constitutively over-expressed by the cell. This has not previously been profiled in any CHO cell lines and suggests that manipulation of high expression transcripts is still likely to impact cell line performance. Several of these transcription factors may be useful for improving cell line performance and therefore could be used as targets for engineering strategies. Myc, Nfic, and Rela are involved in cell cycle regulation, Nfe2l2 is involved in oxidative stress response, and Atf6 is important for ER stress response (Bargou et al., 1997; Bouchard et al., 1998; Haze et al., 1999; Lee et al., 2009; Li & Kong, 2009). 

Those showing signs of de-regulation were; Atf4, Nfic, and RelA. These transcripts displayed no differential expression, at any time throughout culture, in either dataset. It is a common event in cancer cell lines to de-regulate the expression of a gene, allowing constitutively high levels of expression, often leading to a change in physiology, e.g. increased cell growth. Transcription factors including myc, and E2F family members have previously been shown to be deregulated in some cancer cell lines (Evan & Vousden, 2001). Due to the CHO cell lines similar requirement to grow fast and resist cellular stress, it is therefore not surprising that we see deregulation of certain transcription factors.

Several of the transcription factors identified in the top 5 % of the highest expressed, were different between the two datasets. This is either due to the fact that the transcription factor was not identified in the other dataset, an annotation problem discussed in chapter 3, or because there is a large difference in the relative expression as measured by each technique. The latter suggests that the gene is an outlier in the correlation described in chapter 3, which could be a result of the reduced dynamic range achievable by the Affymetrix arrays.


5.3.1.4 Most regulated transcription factors

As mentioned in section 5.2.1.2, transcription factors show a lower range in fold changes of validated differentially expressed transcripts compared to that of the global population. Figure 5.3 (section 5.2.1.3) shows the validated differentially expressed transcripts, with the highest fold changes. Only four transcripts had a validated fold change of over 2; Fos, Irf9, E2f8, and E2f7. Fos, E2f7 and E2f8 are all involved in cell cycle regulation and, as validated fold changes, are potential targets for engineering (section 5.3.2). As they have high levels of regulation, it is hypothesized that any engineering strategy would have a large impact on cell functioning.


5.3.1.5 Functional analysis 

A functional analysis of the differentially expressed transcription factors within each dataset, between days 4 and 7, and days 7 and 9 was carried out in order to identify functional groups of transcription factors that are predominantly regulated during one phase of fed-batch culture; exponential or stationary. However, surprisingly, cell growth, development, signal transduction, and differentiation were the most represented functional groups between both time comparisons, within both datasets.
As the physiology of the cell is changing throughout culture, we would expect representation of functional categories by differentially expressed transcripts to change between early and late culture (as was seen in the global data in chapter 4). The lack of change within the transcription factors may be due to insufficient functional knowledge surrounding each transcript, leading to artificial overrepresentation of well-studied functions such as development and differentiation (Vaquerizas et al., 2009). Further functional annotation of understudied genes would improve this type of analysis particularly when looking at a specific class of genes as opposed to carrying out global analyses.


5.3.1.6 Regulation patterns of individual functions

In chapter 4, cluster analysis and principal component analysis of global transcripts that were significantly differentially expressed at any point throughout culture, were used in order to identify whether functional categories were regulated in similar manner to other functional categories, or whether they were regulated relatively independently. In this chapter the same analysis was carried out but at the transcription factor level, in order to identify how functional groups of transcription factors are regulated. To our knowledge, this is the first time this kind of analysis has been performed in a CHO cell line, to profile the regulation of expression of transcription factors, or to profile the responses of functional groupings of genes to the changing cellular environment throughout culture.

Both datasets showed the same pattern in regulation of common functional categories. The proportion of transcripts that were regulated by each regulation pattern was also analysed to better understand the way in which individual functional categories or sets of functions are regulated.

Transcripts involved in development were controlled in a relatively independent manner and were generally down-regulated throughout culture. As genes in development have no obvious function during cell culture, the control of the regulation may be due to either a remnant feature of the cells original physiology or the transcripts may have other functions, more relevant to the cell as it is now in fed-batch culture setting, which are not currently annotated.

Transcripts with functions involved in cell cycle control, signal transduction and differentiation were regulated in a similar manner to each other. A large proportion of these transcripts in both datasets showed no differential expression between days 4 and 7 followed by down-regulation between days 7 and 9.  This coincides with a drop in the growth rate as cells transition into stationary phase of growth where resources are directed towards protein production instead. This explains why cell cycle control genes would be controlled in such a manner. Signal transduction covers a large range of signaling processes and cascades and therefore these patterns would need to be further dissected to get an understanding of why we see this pattern of regulation. As signaling as a whole is not directly applicable to engineering strategies for improving cell line performance, this level of analysis was outside the scope of this project and was not carried out. As with transcripts involved in development, transcripts involved in differentiation have no obvious application in a cell culture process and therefore it may be that they are involved in other, un-annotated functions. 

Cell death, immune system, metabolism and stress response genes were all regulated in a similar pattern. However the general trend of their regulation patterns was not consistent between the two datasets and therefore no validated conclusions can be drawn regarding their regulation patterns.

DNA repair and DNA replication were regulated in a similar manner, potentially owing to an overlap in gene annotation. The general trend in the pattern of regulation of differentially expressed transcripts involved in these functions was towards down-regulation throughout culture, particularly between days 7 and 9. This corroborates the general down-regulation of cell cycle transcripts throughout culture, as since the cell is cycling slower, and cell growth rate drops, the requirement to replicate DNA, and repair damage incurred during DNA replication, will lessen. Transcripts involved in epigenetic changes and reproduction were regulated in a similar manner, however the trend in pattern was different between the datasets. 

5.3.2 Hypotheses for potential transcription factor expression engineering 


Hypotheses for potential engineering targets were based on significantly differentially expressed transcription factors, as manipulation of these transcripts is more likely to give a beneficial effect, for reasons discussed in section 5.2.4.1. A primary aim of the project is to identify ways to improve cell line performance through optimization of cell growth, and therefore the hypotheses are centered on transcription factors that are involved in this function.

Smad6
Smad6 prevents NFkB activation by suppressing IL1R-TLR signaling (Slotwinski et al., 2009). In both transcriptomic datasets we see up-regulation of Smad6 between days 4 and 7. Furthermore it was one of the transcription factors with the highest fold changes during culture. Therefore by knocking down the activity of Smad6 early in culture, we could see higher NFkB activity, and thereby increased growth at the beginning of culture. No validated differential expression was seen for NFkB, however due to its importance for accelerated cell growth, it may be de-regulated so as to allow consistent levels of high expression. This is consistent with its de-regulation in cancer cell lines including Hodgkin/Reed-Sternberg cells (Krappmann et al., 1999).

Znfx1
Znfx1 antisense RNA 1 (Zfas1) is a tumour suppressor gene that is often down-regulated in mammary tumours.  Although studies have shown that there is no link between the expression of Znfx1 and Zfas1, knockdown of Zfas1 leads to up-regulation of Znfx1 and a cancer phenotype. It is therefore thought that Znfx1 could be, at least in part, responsible for the effect of Zfas1 knockdown induced cancer phenotype (Askarian-Amiri et al., 2011; Shore & Rosen, 2014). Znfx1 is up-regulated between days 4 and 7 and also between days 7 and 9, in both datasets. It is hypothesized that further overexpressing Znfx1 may improve cell growth in the E22 cell line.

Batf2
Ap1 promotes cell growth and has been implicated in tumour progression (Karin et al., 1997; Kappelmann et al., 2014). Batf2 prevents the interaction of Ap1/Jun with the Ap1 consensus DNA promoter region, thereby preventing target gene expression, and reducing cell proliferation (Williams et al., 2001). In particular it is thought to prevent proliferation signals produced by the CYR61 by preventing AP1 binding to the CYR61 promoter site (Dash et al., 2010). Batf2 is down-regulated between days 4 and 7 in both datasets and had one of the highest fold changes amongst the transcription factor transcripts. Its down-regulation coincides with an up-regulation in CYR61 transcript and occurs during early culture where a high growth rate is observed. It is hypothesized that by reducing the expression of Batf2 early in culture an accelerated growth rate may be achieved during the first several days of culture, and maximum cell density may be reached earlier

Tead3

TEAD3 associates with YAP, a protein that is phosphorylated and inactivated in the hippo signaling pathway, to control organ size and allow tumour suppression (Lian et al. 2010). YAP and TEAD3 promote cell proliferation and oncogenic transformation. Tead3 shows validated up-regulation between days 4 and 7 of culture, therefore, by engineering the expression of either transcription factor, or the two in combination, cell growth could be improved.
Pcgf1
Pcgf1 is part of a transcriptional repressor polycomb group (PcG) complex, which controls the expression of several cell cycle genes including Bcl6 and CDKN1A. As part of the PcG complex, Pcgf1 promotes cell proliferation and is thought to function like an oncogene, having a positive effect on cancer (Sauvageau  Sauvageau, 2010; Hatzi et al., 2013; Yamamoto et al., 2014). In both datasets Pcgf1 is up-regulated between days 4 and 7. Although cell growth rate has begun to drop by day 7, it is high at days 4 and 5 and therefore an increase in expression of Pcgf1 is consistent with this. An increase in expression of Pcgf1 should theoretically lead to a reduction in the expression of the genes it represses; Bcl6 and CDKN1A. However in both datasets an up-regulation of Bcl6 is observed between days 4 and 7 or days 7 and 9 of culture. CDKN1A could only be found annotated in the Affymetrix array data, in which is was not differentially expressed. Overexpression of Pcgf1 may still promote a higher growth rate in early culture stages however as its targets do not appear to be regulated in the way in which they would be hypothesized to, it is potentially not an ideal engineering target.

Nfe2l2

Nfe2l2/Nrf2 is a transcription factor involved in the coordination of the cellular oxidative stress response. Following activation by cellular oxidants, it binds to antioxidant response elements (AREs) in the promoter regions of several antioxidant-detoxifying genes, activating their expression (Cho & Kleeberger, 2009). It is significantly up-regulated between days 4 and 7 in both datasets and between days 7 and 9 in the Affymetrix array data. As fed-batch culture progresses, the environment of the cells becomes limiting. Nutrients are used up and toxic by-products are produced. This includes the production of damaging reactive oxygen species (ROS) produced during aerobic respiration, and by the ER during protein folding (Jeong et al., 2004; Malhotra & Kaufman, 2007). Therefore we expect the oxidative stress response to be up-regulated throughout culture. In both datasets Nfe2l2 is one of the highest expressed transcription factors throughout culture. Nfe2l2 regulates the expression of several oxidative stress response- related genes including; Nqo1, GCLC, GCLM, SRXN1, TXNRD1, HMOX1, GSTA3, GSTA4, and UGT1A7c (Cho et al., 2006; Nguyen et al., 2009; Niture et al., 2010; Kalthoff et al., 2010; Krejsa et al., 2010; Bell et al., 2011; Boutten et al., 2011). The genes do not follow the same expression pattern and only two demonstrate validated differential expression; HMOX1 is down-regulated between days 4 and 7, and then up-regulated between days 7 and 9, GCLM is down-regulated between days 4 and 7 and further down-regulated between days 7 and 9. By engineering the expression of Nfe2l2, we may be able to control the oxidative stress response to allow optimal cell performance.

Fos and Jun

Fos forms a protein complex with Ap1/Jun and is involved in cell proliferation regulation (Karin et al., 1997; Kappelmann et al., 2014). The expression of both Fos and Ap1/Jun are significantly down-regulated between days 7 and 9, coinciding with a drop in cell growth rate. Furthermore, Fos demonstrated the highest average validated fold change for a transcription factor throughout culture. By overexpressing either transcription factor, or both in combination, during early stage culture a faster growth rate in the first several days could be achieved. Fos and Ap1/Jun also form a larger complex with SMAD3 and SMAD4 at the AP1/SMAD-binding site, thereby regulating TGF-beta-mediated signaling. The expression of both SMAD genes also followed a similar pattern to that of Fos and Ap1/Jun (Zhang et al., 1998).

E2F1, E2F7, E2F8, and Tfdp1

E2F1 is a cell cycle regulator; its expression promotes faster proliferation and thereby an increased growth rate. E2F7 and E2F8 directly repress E2F1 expression (Li et al., 2008; Moon & Dyson, 2008). Between days 7 and 9 E2F1 is down-regulated, as we would expect with a reducing growth rate. However surprisingly, there is a reduction in the expression of E2F7 and E2F8 between days 7 and 9. It would be expected that their expression would increase during these time points in order to curtail E2F1 expression. This suggests that E2F7 and E2F8 are highly expressed in early culture stages to act as a “harness” of E2F1 activity. Additionally, all three transcription factors were in the highest validated fold changes group for transcription factors. Therefore by reducing their expression between days 4 and 7 early growth rate may be increased and maximum cell density could be reached earlier. Furthermore, E2F1 was shown to regulate the expression of sets of genes involved in DNA surveillance and damage repair (Ren et al., 2002). A drop in expression of DNA repair genes between days 7 and 9 was noted in chapter 4 (section 4.2.2), consistent with the expression of E2F1. Therefore regulation of E2F1 may allow increased growth rate while maintaining genomic integrity. Tfdp1 was down-regulated between days 7 and 9 in both datasets and is a functional partner of E2F1 (Datta et al., 2002). Therefore it may also be a useful engineering target.

Myc

Myc activates several genes involved in cell growth. It is therefore frequently deregulated in cancer cell lines and has previously been used as a target for cellular engineering strategies (Ifandi & Al-Rubeai, 2003; Dang, 2012). Consistent with this, Myc was one of the highest expressed transcription factors throughout culture, in both datasets. However the expression of Myc increases throughout culture, with a significant up-regulation in expression observed in both datasets between days 7 and 9. This is contradictory to the growth rate data and to what we would expect to see. 

This surprising contradiction to growth rate was also observed with the genes involved in fatty acid biosynthesis and elongation in chapter 4. It describes a situation where the cells are supplied with sufficient nutrients and oxygen during culture, yet appear to slow down growth but continue to up-regulate genes and pathways associated with driving increased cellular proliferation. It raises the question as to what is causing the cells to slow cellular growth rate, when sufficient nutrients are available. There are several potential explanations for this including that of contact inhibition. It may be that past a certain cell density, the contact incurred between the cells as they are agitated in the bioreactor, reaches a limit where the contact incurred causes a feedback-signaling pathway, leading to reduced cell growth. An alternative theory is that cells are not actually slowing down growth but are accumulating damage and being destroyed by the perturbation experienced within the bioreactor. Therefore they are not registered as dead cells so viability remains high but growth rate is underestimated. This theory is supported by research by Yuk et al. that reported a large amount of host cellular protein in the supernatant, which continued to increase with viable cell density. This may also be explained by the increased destruction of cells, thereby leading to the release of cellular proteins (Yuk et al., 2015). There may also be other explanations for the observations in this project, and it would require further dissemination before any firm hypotheses could be drawn.































5.4 Conclusions 

Transcription factors were shown to have the same expression distribution as global genes at the transcript level. This provides further support for using transcriptomic analysis over proteomic analysis when analyzing the expression of such transcripts along side that of global genes. Several of the highest expressed transcription factors exhibited significant regulation at some point throughout culture, thereby demonstrating that they have not become de-regulated by the cell as the CHO cell line has evolved. They are therefore still likely to be useful engineering targets.

The level of regulation at a transcriptional level was much lower in transcription factors compared to global genes. This was observed in both transcriptomic datasets. This observation is consistent with transcription factors primarily being regulated at a post-translational level.

A functional characterization of differentially expressed genes demonstrated that there was no difference between the most regulated functions between early and late culture. It was hypothesized that this may be due to poor annotation of understudied transcription factors and high amounts of annotation information for well-studied functions. A better and more complete annotation of the CHO genome would improve this level of analysis considerably.  

Several hypotheses have been developed surrounding engineering of discrete groups of transcription factors to improve cell line performance. 
5.5 Future work
Several engineering strategies were identified within this study regarding the manipulation of expression of individual or groups of transcription factors in order to improve cell line performance. Initial future work would likely involve testing the suggested engineering strategies by characterizing the effect of overexpression or knockdown of transcription factor expression of cell growth, cell viability, and specific productivity. Knock down or knock out could be carried out using RNA silencing, or genome editing tools such as CRISPR/Cas, as this could be done in a relatively high-throughout manner.

As in chapter 3, a major restriction of the research described in this chapter was the lack of annotation, and this restricted the depth of analysis carried out. Further, more detailed annotation of the CHO genome would be hugely beneficial this type of analysis in the future.

Further analysis could be carried out regarding transcription factor activity. The expression of genes known to be regulated by specific transcription factors could be analyzed as a further indicator of how active the transcription factor is at different time points throughout culture. Additionally it may be useful to impose the expression data on to maps of how transcription factors interact. Many work with functional partners and accessory proteins, or in cascades, and this may provide a more complete analysis of how the expression of groups of transcription factors may impact cell physiology. It would also be interesting to compare the expression levels to those in a chinese hamster somatic tissue, to identify whether specific transcription factors have been up-regulated by the cell line throughout the years of culturing them.

Other regulatory elements could be identified for use in synthetic promoters based on the highest expressed transcription factors. Additionally the expression of the transcription factors regulating the identified regulatory elements could be analysed in order to ensure that the elements used have a consistently highly expressed factor available to bind to them throughout culture.

As mentioned, a large part of transcription factor expression regulation is at the post-translational level. It would therefore be useful to carry out a proteomic analysis of transcription factors on a nuclear protein extraction of samples taken throughout fed-batch fermentation. A proteomic technique was not carried out in this project, as with a limited dynamic range, it would have been difficult to detect the expression of low abundance transcription factors, whilst also carrying out a global expression analysis. However pairing the transcript data with functional protein-level data would allow further engineering strategies to be developed. Alternatively protein-level data could be obtained for certain transcription factors only using a low-throughput Western blot technique where antibodies were available.





Chapter 6 Concluding Remarks






































The purpose of the research presented in this thesis was to compare techniques for high-throughput transcriptomic analysis of CHO cells and use transcriptomic analysis to identify ways to improve cell line performance. This was broken down into three objectives. These objectives, including how they were met through the project are discussed in this chapter.

The first object was to profile the changes occurring in the transcriptome during fed-batch fermentation. This was carried out to gain an understanding of the gene expression changes that underlay the physiological changes observed throughout the different growth phases of fed-batch culture. Chapter 4 describes the global expression at three time points throughout culture and functionally analyses the highest expressed transcripts and the differential gene expressions that take place. In early culture stages, a large proportion of the regulated transcripts were involved in signaling and metabolism, whereas towards the end of culture, cell cycle, DNA repair, DNA replication, and gene expression were more highly represented. It was demonstrated some functional categories are regulated in very similar patterns whereas others are regulated relatively independently. Cell cycle control was regulated in an independent manner and tended to be down-regulated at later stages in culture, consistent with cell growth data. Furthermore regulation of cell cycle seems to happen through cancer pathways more than traditional cell cycle regulation pathways.  The expression data was used to identify regulatory elements that could be potentially used in the generation of novel potent gene expression systems. This is the first time regulatory elements have been identified in this way.

The second objective was to compare the use of Illumina Hi-Seq 2000 RNA-sequencing and Affymetrix CHO gene 2.0 ST arrays for transcriptomic analysis of CHO cells. Array technology has been the traditional and gold-standard method for transcriptome analysis for many years. However with the advancement in sequencing technology, and reductions in costs, RNA-sequencing has become a viable and competitive option. As many industrial companies now wish to carry out transcriptomic profiling of proprietary cell line it will be beneficial to determine which technique should be used for future projects. Additional filter steps had to be carried out to analyse the data produced from the Affymetrix CHO gene 2.0 ST arrays as a large proportion of the probestets were either non-unique or had no useful annotation associated with them. A significant correlation was observed between the expression and fold change data for both global and transcription factor transcripts. Illumina RNA-sequencing data has a higher standard deviation and range suggesting it may be more accurate for measuring the expression of low-expression transcripts or isoforms. However the cost of running Affymetrix arrays is significantly cheaper than running RNA-sequencing (~£7,000 vs. ~£20,000 in this project), and therefore it is still an attractive method for performing transcriptomic analyses. Yet, as the cost of RNA-sequencing drops, this is likely change, as it seems to be a more accurate and powerful technique.

The final objective was to identify transcription factors that could potentially be engineering targets for improving cell line performance. Chapter 5 profiled the expression of transcription factors at three time points throughout fed-batch culture of CHOK1SV GSKO E22 cell line. This project demonstrated that a large proportion of the highest expressed transcription factors in both datasets, showed significant regulation at some point throughout culture. Thereby they are not showing signs of de-regulation, suggesting that their expression could still be optimised and that they are therefore still potential engineering targets.  Differentially expressed transcription factors were determined to be the most appropriate engineering targets as a level of regulation suggests that the gene is active and can be manipulated at the transcriptional level. As improving cell growth was the primary aim of the project, transcription factors involved in cell cycle regulation/growth were the focus of the hypothesis generation. Several transcription factors, and groups of transcription factors, were profiled and identified as being potentially useful for improving cell line performance. Engineering of their expression, individually or in groups, could improve cell growth rate and therefore product titers. 

Both the engineering targets and regulatory elements identified in this thesis need to be tested out functionally before they can be confirmed to be useful engineering strategies. However this project has provided two “databases” of potential engineering strategies based on transcriptomic data. This is the first time transcriptomic analysis of CHO cells has been used to identify novel engineering strategies for improving bioengineering processes. Additionally, a pipeline for analysing transcriptomic data has been formed, which can be used in future profiling projects.











































References

AMSTERDAM, A., SADLER, K. C., LAI, K., FARRINGTON, S., LEES, J. A., HOPKINS, N. & BRONSON, R. T. 2013. Many Ribosomal Protein Genes Are Cancer Genes in Zebrafish. Figshare.
ARDEN, N. & BETENBAUGH, M. J. 2004. Life and death in mammalian cell culture: strategies for apoptosis inhibition. Trends in Biotechnology, 22, 174-180.
ASKARIAN-AMIRI, M. E., CRAWFORD, J., FRENCH, J. D., SMART, C. E., SMITH, M. A., CLARK, M. B., RU, K., MERCER, T. R., THOMPSON, E. R., LAKHANI, S. R., VARGAS, A. C., CAMPBELL, I. G., BROWN, M. A., DINGER, M. E. & MATTICK, J. S. 2011. SNORD-host RNA Zfas1 is a regulator of mammary development and a potential marker for breast cancer. Rna-a Publication of the Rna Society, 17, 878-891.
BARGOU, R. C., EMMERICH, F., KRAPPMANN, D., BOMMERT, K., MAPARA, M. Y., ARNOLD, W., ROYER, H. D., GRINSTEIN, E., GREINER, A., SCHEIDEREIT, C. & DORKEN, B. 1997. Constitutive nuclear factor-kappa B-RelA activation is required for proliferation and survival of Hodgkin's disease tumor cells. Journal of Clinical Investigation, 100, 2961-2969.
BARNES, L. M., BENTLEY, C. M. & DICKSON, A. J. 2000. Advances in animal cell recombinant protein production: GS-NS0 expression system. Cytotechnology, 32, 109-123.
BELL, K. F., AL-MUBARAK, B., FOWLER, J. H., BAXTER, P. S., GUPTA, K., TSUJITA, T., CHOWDHRY, S., PATANI, R., CHANDRAN, S., HORSBURGH, K., HAYES, J. D. & HARDINGHAM, G. E. 2011. Mild oxidative stress activates Nrf2 in astrocytes, which contributes to neuroprotective ischemic preconditioning. Proceedings of the National Academy of Sciences of the United States of America, 108, E1-E2.
BERGER, S. L. 2002. Histone modifications in transcriptional regulation. Current Opinion in Genetics & Development, 12, 142-148.
BIRCH, J. R. & RACHER, A. J. 2006. Antibody production. Advanced Drug Delivery Reviews, 58, 671-685.
BOUCHARD, C., STALLER, P. & EILERS, M. 1998. Control of cell proliferation by Myc. Trends in Cell Biology, 8, 202-206.
BOUTTEN, A., GOVEN, D., ARTAUD-MACARI, E., BOCZKOWSKI, J. & BONAY, M. 2011. NRF2 targeting: a promising therapeutic strategy in chronic obstructive pulmonary disease. Trends in Molecular Medicine, 17, 363-371.
BROWN, A. J., SWEENEY, B., MAINWARING, D. O. & JAMES, D. C. 2014. Synthetic Promoters for CHO Cell Engineering. Biotechnology and Bioengineering, 111, 1638-1647.
BROWN, A. J., SWEENEY, B., MAINWARING, D. O. & JAMES, D. C. 2015. NF-kappa B, CRE and YY1 elements are key functional regulators of CMV promoter-driven transient gene expression in CHO cells. Biotechnology Journal, 10, 1019-1028.
BROWNE, S. M. & AL-RUBEAI, M. 2007. Selection methods for high-producing mammalian cell lines. Trends in Biotechnology, 25, 425-432.
BUSTAMANTE, C. D., FLEDEL-ALON, A., WILLIAMSON, S., NIELSEN, R., HUBISZ, M. T., GLANOWSKI, S., TANENBAUM, D. M., WHITE, T. J., SNINSKY, J. J., HERNANDEZ, R. D., CIVELLO, D., ADAMS, M. D., CARGILL, M. & CLARK, A. G. 2005. Natural selection on protein-coding genes in the human genome. Nature, 437, 1153-1157.
BUTLER, M. 2005. Animal cell cultures: recent achievements and perspectives in the production of biopharmaceuticals. Applied Microbiology and Biotechnology, 68, 283-291.
CACCIATORE, J. J., CHASIN, L. A. & LEONARD, E. F. 2010. Gene amplification and vector engineering to achieve rapid and high-level therapeutic protein production using the Dhfr-based CHO cell selection system. Biotechnology Advances, 28, 673-681.
CAO, Y. 2013. Multifarious functions of PDGFs and PDGFRs in tumor growth and metastasis. Trends in Molecular Medicine, 19, 460-473.
CAREY, M. 1998. The enhanceosome and transcriptional synergy. Cell, 92, 5-8.
CHEN, J., HAVERTY, J., DENG, L., LI, G., QIU, P., LIU, Z. & SHI, S. 2013. Identification of a novel endogenous regulatory element in Chinese hamster ovary cells by promoter trap. Journal of Biotechnology, 167, 255-261.
CHO, H.-Y. & KLEEBERGER, S. R. 2010. Nrf2 protects against airway disorders. Toxicology and Applied Pharmacology, 244, 43-56.
CHO, H. Y., REDDY, S. P. & KLEEBERGER, S. R. 2006. Nrf2 defends the lung from oxidative stress. Antioxidants & Redox Signaling, 8, 76-87.
CHU, L. & ROBINSON, D. K. 2001. Industrial choices for protein production by large-scale cell culture. Current Opinion in Biotechnology, 12, 180-187.
CONAWAY, R. C. & CONAWAY, J. W. 2013. The Mediator complex and transcription elongation. Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms, 1829, 69-75.
COSTA, A. R., RODRIGUES, M. E., HENRIQUES, M., AZEREDO, J. & OLIVEIRA, R. 2010. Guidelines to cell engineering for monoclonal antibody production. European Journal of Pharmaceutics and Biopharmaceutics, 74, 127-138.
COX, J. & MANN, M. 2007. Is proteomics the new genomics? Cell, 130, 395-398.
CRAIG, H. L., WIRTZ, J., BAMPS, S., DOLPHIN, C. T. & HOPE, I. A. 2013. The significance of alternative transcripts for Caenorhabditis elegans transcription factor genes, based on expression pattern analysis. Bmc Genomics, 14.
CRAMER, P. 2007. Finding the right spot to start transcription. Nature Structural & Molecular Biology, 14, 686-687.
CRAMER, P., ARMACHE, K. J., BAUMLI, S., BENKERT, S., BRUECKNER, E., BUCHEN, C., DAMSMA, G. E., DENGL, S., GEIGER, S. R., JASLAK, A. J., JAWHARI, A., JENNEBACH, S., KAMENSKI, T., KETTENBERGER, H., KUHN, C. D., LEHMANN, E., LEIKE, K., SYDOW, J. E. & VANNINI, A. 2008. Structure of eukaryotic RNA polymerases. Annual Review of Biophysics, 37, 337-352.
DANG, C. V. 2012. MYC on the Path to Cancer. Cell, 149, 22-35.
DASH, R., SU, Z. Z., LEE, S. G., AZAB, B., BOUKERCHE, H., SARKAR, D. & FISHER, P. B. 2010. Inhibition of AP-1 by SARI negatively regulates transformation progression mediated by CCN1. Oncogene, 29, 4412-4423.
DATTA, A., NAG, A. & RAYCHAUDHURI, P. 2002. Differential regulation of E2F1, DP1, and the E2F1/DP1 complex by ARF. Molecular and Cellular Biology, 22, 8398-8408.
EISEN, M. B., SPELLMAN, P. T., BROWN, P. O. & BOTSTEIN, D. 1998. Cluster analysis and display of genome-wide expression patterns. Proceedings of the National Academy of Sciences of the United States of America, 95, 14863-14868.
ERNST, W., TRUMMER, E., MEAD, J., BESSANT, C., STRELEC, H., KATINGER, H. & HESSE, F. 2006. Evaluation of a genomics platform for cross-species transcriptome analysis of recombinant CHO cells. Biotechnology Journal, 1, 639-650.
EVAN, G. I. & VOUSDEN, K. H. 2001. Proliferation, cell cycle and apoptosis in cancer. Nature, 411, 342-348.
FAN, L., KADURA, I., KREBS, L. E., HATFIELD, C. C., SHAW, M. M. & FRYE, C. C. 2012. Improving the efficiency of CHO cell line generation using glutamine synthetase gene knockout cells. Biotechnology and Bioengineering, 109, 1007-1015.
FLANAGAN, P. M., KELLEHER, R. J., SAYRE, M. H., TSCHOCHNER, H. & KORNBERG, R. D. 1991. A MEDIATOR REQUIRED FOR ACTIVATION OF RNA POLYMERASE-II TRANSCRIPTION INVITRO. Nature, 350, 436-438.
GASCH, A. P., SPELLMAN, P. T., KAO, C. M., CARMEL-HAREL, O., EISEN, M. B., STORZ, G., BOTSTEIN, D. & BROWN, P. O. 2000. Genomic expression programs in the response of yeast cells to environmental changes. Molecular Biology of the Cell, 11, 4241-4257.
GHAZALPOUR, A., BENNETT, B., PETYUK, V. A., OROZCO, L., HAGOPIAN, R., MUNGRUE, I. N., FARBER, C. R., SINSHEIMER, J., KANG, H. M., FURLOTTE, N., PARK, C. C., WEN, P.-Z., BREWER, H., WEITZ, K., CAMP, D. G., II, PAN, C., YORDANOVA, R., NEUHAUS, I., TILFORD, C., SIEMERS, N., GARGALOVIC, P., ESKIN, E., KIRCHGESSNER, T., SMITH, D. J., SMITH, R. D. & LUSIS, A. J. 2011. Comparative Analysis of Proteome and Transcriptome Variation in Mouse. Plos Genetics, 7.
GNATENKO, D. V., PERROTTA, P. L. & BAHOU, W. F. 2006. Proteomic approaches to dissect platelet function: half the story. Blood, 108, 3983-3991.
GRABHERR, M. G., PONTILLER, J., MAUCELI, E., ERNST, W., BAUMANN, M., BIAGI, T., SWOFFORD, R., RUSSELL, P., ZODY, M. C., DI PALMA, F., LINDBLAD-TOH, K. & GRABHERR, R. M. 2011. Exploiting Nucleotide Composition to Engineer Promoters. Plos One, 6.
GRAINGER, R. K. & JAMES, D. C. 2013. CHO Cell Line Specific Prediction and Control of Recombinant Monoclonal Antibody N-Glycosylation. Biotechnology and Bioengineering, 110, 2970-2983.
GULIS, G., RODRIGUES SIMI, K. C., DE TOLEDO, R. R., MARANHAO, A. Q. & BRIGIDO, M. M. 2014. Optimization of heterologous protein production in Chinese hamster ovary cells under overexpression of spliced form of human X-box binding protein. Bmc Biotechnology, 14.
HACKER, D. L., DE JESUS, M. & WURM, F. M. 2009. 25 years of recombinant proteins from reactor-grown cells - Where do we go from here? Biotechnology Advances, 27, 1023-1027.
HAIDER, S. & PAL, R. 2013. Integrated Analysis of Transcriptomic and Proteomic Data. Current Genomics, 14, 91-110.
HAMPSEY, M. & REINBERG, D. 1999. RNA polymerase II as a control panel for multiple coactivator complexes. Current Opinion in Genetics & Development, 9, 132-139.
HAREDY, A. M., NISHIZAWA, A., HONDA, K., OHYA, T., OHTAKE, H. & OMASA, T. 2013. Improved antibody production in Chinese hamster ovary cells by ATF4 overexpression. Cytotechnology, 65, 993-1002.
HATZI, K., JIANG, Y., HUANG, C., GARRETT-BAKELMAN, F., GEARHART, M. D., GIANNOPOULOU, E. G., ZUMBO, P., KIROUAC, K., BHASKARA, S., POLO, J. M., KORMAKSSON, M., MACKERELL, A. D., JR., XUE, F., MASON, C. E., HIEBERT, S. W., PRIVE, G. G., CERCHIETTI, L., BARDWELL, V. J., ELEMENTO, O. & MELNICK, A. 2013. A Hybrid Mechanism of Action for BCL6 in B Cells Defined by Formation of Functionally Distinct Complexes at Enhancers and Promoters. Cell Reports, 4, 578-588.
HAVENS, C. G., HO, A., YOSHIOKA, N. & DOWDY, S. F. 2006. Regulation of late G(1)/S phase transition and APC(Cdh1) by reactive oxygen species. Molecular and Cellular Biology, 26, 4701-4711.
HAZE, K., YOSHIDA, H., YANAGI, H., YURA, T. & MORI, K. 1999. Mammalian transcription factor ATF6 is synthesized as a transmembrane protein and activated by proteolysis in response to endoplasmic reticulum stress. Molecular Biology of the Cell, 10, 3787-3799.
HELLER, M. J. 2002. DNA microarray technology: Devices, systems, and applications. Annual Review of Biomedical Engineering, 4, 129-153.
HOGWOOD, C. E. M., TAIT, A. S., KOLOTEVA-LEVINE, N., BRACEWELL, D. G. & SMALES, C. M. 2013. The dynamics of the CHO host cell protein profile during clarification and protein A capture in a platform antibody purification process. Biotechnology and Bioengineering, 110, 240-251.
HUANG, C., JR., LIN, H. & YANG, X. 2012. Industrial production of recombinant therapeutics in Escherichia coli and its recent advancements. Journal of Industrial Microbiology & Biotechnology, 39, 383-399.
HUANG, Y.-M., HU, W., RUSTANDI, E., CHANG, K., YUSUF-MAKAGIANSAR, H. & RYLL, T. 2010. Maximizing Productivity of CHO Cell-Based Fed-Batch Culture Using Chemically Defined Media Conditions and Typical Manufacturing Equipment. Biotechnology Progress, 26, 1400-1410.
IFANDI, V. & AL-RUBEAI, M. 2003. Stable transfection of CHO cells with the c-myc gene results in increased proliferation rates, reduces serum dependency, and induces anchorage independence. Cytotechnology, 41, 1-10.
JAYAPAL, K. R., WLASCHIN, K. F., HU, W.-S. & YAP, M. G. S. 2007. Recombinant protein therapeutics from CHO cells - 20 years and counting. Chemical Engineering Progress, 103, 40-47.
JENUWEIN, T. & ALLIS, C. D. 2001. Translating the histone code. Science, 293, 1074-1080.
JEONG, D. W., KIM, T. S., CHO, I. T. & KIM, I. Y. 2004. Modification of glycolysis affects cell sensitivity to apoptosis induced by oxidative stress and mediated by mitochondria. Biochemical and Biophysical Research Communications, 313, 984-991.
KALTHOFF, S., EHMER, U., FREIBERG, N., MANNS, M. P. & STRASSBURG, C. P. 2010. Interaction between Oxidative Stress Sensor Nrf2 and Xenobiotic-activated Aryl Hydrocarbon Receptor in the Regulation of the Human Phase II Detoxifying UDP-glucuronosyltransferase 1A10. Journal of Biological Chemistry, 285, 5993-6002.
KANTARDJIEFF, A., JACOB, N. M., YEE, J. C., EPSTEIN, E., KOK, Y.-J., PHILP, R., BETENBAUGH, M. & HU, W.-S. 2010. Transcriptome and proteome analysis of Chinese hamster ovary cells under low temperature and butyrate treatment. Journal of Biotechnology, 145, 143-159.
KAPPELMANN, M., BOSSERHOFF, A. & KUPHAL, S. 2014. AP-1/c-Jun transcription factors: Regulation and function in malignant melanoma. European Journal of Cell Biology, 93, 76-81.
KARIN, M., LIU, Z. G. & ZANDI, E. 1997. AP-1 function and regulation. Current Opinion in Cell Biology, 9, 240-246.
KELLY, R. J. & SMITH, T. J. 2014. Delivering maximum clinical benefit at an affordable price: engaging stakeholders in cancer care. Lancet Oncology, 15, E112-E118.
KIM, J. Y., KIM, Y.-G. & LEE, G. M. 2012. CHO cells in biotechnology for production of recombinant proteins: current state and further potential. Applied Microbiology and Biotechnology, 93, 917-930.
KORNBERG, R. D. 1999. Eukaryotic transcriptional control. Trends in Cell Biology, 9, M46-M49.
KRAPPMANN, D., EMMERICH, F., KORDES, U., SCHARSCHMIDT, E., DORKEN, B. & SCHEIDEREIT, C. 1999. Molecular mechanisms of constitutive NF-kappa B/Rel activation in Hodgkin/Reed-Sternberg cells. Oncogene, 18, 943-953.
KREJSA, C. M., FRANKLIN, C. C., WHITE, C. C., LEDBETTER, J. A., SCHIEVEN, G. L. & KAVANAGH, T. J. 2010. Rapid Activation of Glutamate Cysteine Ligase following Oxidative Stress. Journal of Biological Chemistry, 285, 16116-16124.
KRETZMER, G. 2002. Industrial processes with animal cells. Applied Microbiology and Biotechnology, 59, 135-142.
LAI, T., YANG, Y. & NG, S. K. 2013. Advances in Mammalian cell line development technologies for recombinant protein production. Pharmaceuticals (Basel, Switzerland), 6, 579-603.
LE, H., VISHWANATHAN, N., KANTARDJIEFF, A., DOO, I., SRIENC, M., ZHENG, X., SOMIA, N. & HU, W.-S. 2013. Dynamic gene expression for metabolic engineering of mammalian cells in culture. Metabolic Engineering, 20, 212-220.
LEE, D.-S., PARK, J.-T., KIM, H.-M., KO, J. S., SON, H.-H., GRONOSTAJSKI, R. M., CHO, M.-I., CHOUNG, P.-H. & PARK, J.-C. 2009. Nuclear Factor I-C Is Essential for Odontogenic Cell Proliferation and Odontoblast Differentiation during Tooth Root Development. Journal of Biological Chemistry, 284, 17293-17303.
LEE, K. H., SBURLATI, A., RENNER, W. A. & BAILEY, J. E. 1996. Deregulated expression of cloned transcription factor E2F-1 in Chinese hamster ovary cells shifts protein patterns and activates growth in protein-free medium. Biotechnology and Bioengineering, 50, 273-279.
LI, B., CAREY, M. & WORKMAN, J. L. 2007. The role of chromatin during transcription. Cell, 128, 707-719.
LI, F., VIJAYASANKARAN, N., SHEN, A., KISS, R. & AMANULLAH, A. 2010. Cell culture processes for monoclonal antibody production. Mabs, 2, 466-479.
LI, J., RAN, C., LI, E., GORDON, F., COMSTOCK, G., SIDDIQUI, H., CLEGHORN, W., CHEN, H.-Z., KORNACKER, K., LIU, C.-G., PANDIT, S. K., KHANIZADEH, M., WEINSTEIN, M., LEONE, G. & DE BRUIN, A. 2008. Synergistic function of E2F7 and E2F8 is essential for cell survival and embryonic development. Developmental Cell, 14, 62-75.
LI, W. & KONG, A.-N. 2009. Molecular Mechanisms of Nrf2-Mediated Antioxidant Response. Molecular Carcinogenesis, 48, 91-104.
LIAN, I., KIM, J., OKAZAWA, H., ZHAO, J., ZHAO, B., YU, J., CHINNAIYAN, A., ISRAEL, M. A., GOLDSTEIN, L. S. B., ABUJAROUR, R., DING, S. & GUAN, K.-L. 2010. The role of YAP transcription coactivator in regulating stem cell self-renewal and differentiation. Genes & Development, 24, 1106-1118.
LIM, Y., WONG, N. S. C., LEE, Y. Y., KU, S. C. Y., WONG, D. C. F. & YAP, M. G. S. 2010. Engineering mammalian cells in bioprocessing - current achievements and future perspectives. Biotechnology and Applied Biochemistry, 55, 175-189.
MALHOTRA, J. D. & KAUFMAN, R. J. 2007. Endoplasmic reticulum stress and oxidative stress: A vicious cycle or a double-edged sword? Antioxidants & Redox Signaling, 9, 2277-2293.
MALIK, S., BARRERO, M. J. & JONES, T. 2007. Identification of a regulator of transcription elongation as an accessory factor for the human Mediator coactivator. Proceedings of the National Academy of Sciences of the United States of America, 104, 6182-6187.
MANOLI, T., GRETZ, N., GRONE, H.-J., KENZELMANN, M., EILS, R. & BRORS, B. 2006. Group testing for pathway analysis improves comparability of different microarray datasets. Bioinformatics, 22, 2500-2506.
MARIONI, J. C., MASON, C. E., MANE, S. M., STEPHENS, M. & GILAD, Y. 2008. RNA-seq: An assessment of technical reproducibility and comparison with gene expression arrays. Genome Research, 18, 1509-1517.
MOON, N.-S. & DYSON, N. 2008. E2F7 and E2F8 keep the E2F family in balance. Developmental Cell, 14, 1-3.
MULUKUTLA, B. C., GRAMER, M. & HU, W.-S. 2012. On metabolic shift to lactate consumption in fed-batch culture of mammalian cells. Metabolic Engineering, 14, 138-149.
MYERS, L. C. & KORNBERG, R. D. 2000. Mediator of transcriptional regulation. Annual Review of Biochemistry, 69, 729-749.
NECHAEV, S. & ADELMAN, K. 2011. Pol II waiting in the starting gates: Regulating the transition from transcription initiation into productive elongation. Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms, 1809, 34-45.
NGUYEN, T., NIOI, P. & PICKETT, C. B. 2009. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative Stress. Journal of Biological Chemistry, 284, 13291-13295.
NITURE, S. K., KASPAR, J. W., SHEN, J. & JAISWAL, A. K. 2010. Nrf2 signaling and cell survival. Toxicology and Applied Pharmacology, 244, 37-42.
OHYA, T., HAYASHI, T., KIYAMA, E., NISHII, H., MIKI, H., KOBAYASHI, K., HONDA, K., OMASA, T. & OHTAKE, H. 2008. Improved production of recombinant human antithrombin III in Chinese hamster ovary cells by ATF4 overexpression. Biotechnology and Bioengineering, 100, 317-324.
OKONIEWSKI, M. J. & MILLER, C. J. 2006. Hybridization interactions between probesets in short oligo microarrays lead to spurious correlations. Bmc Bioinformatics, 7.
OZSOLAK, F. & MILOS, P. M. 2011. RNA sequencing: advances, challenges and opportunities. Nature Reviews Genetics, 12, 87-98.
PANDHAL, J., DESAI, P., WALPOLE, C., DOROUDI, L., MALYSHEV, D. & WRIGHT, P. C. 2012. Systematic metabolic engineering for improvement of glycosylation efficiency in Escherichia coli. Biochemical and Biophysical Research Communications, 419, 472-476.
PEROU, C. M., JEFFREY, S. S., VAN DE RIJN, M., REES, C. A., EISEN, M. B., ROSS, D. T., PERGAMENSCHIKOV, A., WILLIAMS, C. F., ZHU, S. X., LEE, J. C. F., LASHKARI, D., SHALON, D., BROWN, P. O. & BOTSTEIN, D. 1999. Distinctive gene expression patterns in human mammary epithelial cells and breast cancers. Proceedings of the National Academy of Sciences of the United States of America, 96, 9212-9217.
POMEROY, S. L., TAMAYO, P., GAASENBEEK, M., STURLA, L. M., ANGELO, M., MCLAUGHLIN, M. E., KIM, J. Y. H., GOUMNEROVA, L. C., BLACK, P. M., LAU, C., ALLEN, J. C., ZAGZAG, D., OLSON, J. M., CURRAN, T., WETMORE, C., BIEGEL, J. A., POGGIO, T., MUKHERJEE, S., RIFKIN, R., CALIFANO, A., STOLOVITZKY, G., LOUIS, D. N., MESIROV, J. P., LANDER, E. S. & GOLUB, T. R. 2002. Prediction of central nervous system embryonal tumour outcome based on gene expression. Nature, 415, 436-442.
PORSTMANN, T., GRIFFITHS, B., CHUNG, Y. L., DELPUECH, O., GRIFFITHS, J. R., DOWNWARD, J. & SCHULZE, A. 2005. PKB/Akt induces transcription of enzymes involved in cholesterol and fatty acid biosynthesis via activation of SREBP. Oncogene, 24, 6465-6481.
REMENYI, A., SCHOLER, H. R. & WILMANNS, M. 2004. Combinatorial control of gene expression. Nature Structural & Molecular Biology, 11, 812-815.
REN, B., CAM, H., TAKAHASHI, Y., VOLKERT, T., TERRAGNI, J., YOUNG, R. A. & DYNLACHT, B. D. 2002. E2F integrates cell cycle progression with DNA repair, replication, and G(2)/M checkpoints. Genes & Development, 16, 245-256.
ROSS, D. T., SCHERF, U., EISEN, M. B., PEROU, C. M., REES, C., SPELLMAN, P., IYER, V., JEFFREY, S. S., VAN DE RIJN, M., WALTHAM, M., PERGAMENSCHIKOV, A., LEE, J. C. E., LASHKARI, D., SHALON, D., MYERS, T. G., WEINSTEIN, J. N., BOTSTEIN, D. & BROWN, P. O. 2000. Systematic variation in gene expression patterns in human cancer cell lines. Nature Genetics, 24, 227-235.
ROTH, S. Y., DENU, J. M. & ALLIS, C. D. 2001. Histone acetyltransferases. Annual Review of Biochemistry, 70, 81-120.
RUNNING DEER, J. & ALLISON, D. S. 2004. High-level expression of proteins in mammalian cells using transcription regulatory sequences from the Chinese hamster EF-1alpha gene. Biotechnology progress, 20, 880-9.
SALK, J. E., KRECH, U., YOUNGNER, J. S., BENNETT, B. L., LEWIS, L. J. & BAZELEY, P. L. 1954. Formaldehyde treatment and safety testing of experimental poliomyelitis vaccines. American journal of public health and the nation's health, 44, 563-70.
SANDERS, P. G. & WILSON, R. H. 1984. AMPLIFICATION AND CLONING OF THE CHINESE-HAMSTER GLUTAMINE-SYNTHETASE GENE. Embo Journal, 3, 65-71.
SASISEKHARAN, R. & VENKATARAMAN, G. 2000. Heparin and heparan sulfate: biosynthesis, structure and function. Current Opinion in Chemical Biology, 4, 626-631.
SAUVAGEAU, M. & SAUVAGEAU, G. 2010. Polycomb Group Proteins: Multi-Faceted Regulators of Somatic Stem Cells and Cancer. Cell Stem Cell, 7, 299-313.
SCHLABACH, M. R., HU, J. K., LI, M. & ELLEDGE, S. J. 2010. Synthetic design of strong promoters. Proceedings of the National Academy of Sciences of the United States of America, 107, 2538-2543.
SHOGREN-KNAAK, M., ISHII, H., SUN, J. M., PAZIN, M. J., DAVIE, J. R. & PETERSON, C. L. 2006. Histone H4-K16 acetylation controls chromatin structure and protein interactions. Science, 311, 844-847.
SHORE, A. N. & ROSEN, J. M. 2014. Regulation of mammary epithelial cell homeostasis by lncRNAs. International Journal of Biochemistry & Cell Biology, 54, 318-330.
SHUKLA, A. A. & GOTTSCHALK, U. 2013. Single-use disposable technologies for biopharmaceutical manufacturing. Trends in Biotechnology, 31, 147-154.
SHUKLA, A. A., HUBBARD, B., TRESSEL, T., GUHAN, S. & LOW, D. 2007. Downstream processing of monoclonal antibodies - Application of platform approaches. Journal of Chromatography B-Analytical Technologies in the Biomedical and Life Sciences, 848, 28-39.
SIDDIQUI, M. & RAJKUMAR, S. V. 2012. The High Cost of Cancer Drugs and What We Can Do About It. Mayo Clinic Proceedings, 87, 935-943.
SINGH, V. 1999. Disposable bioreactor for cell culture using wave-induced agitation. Cytotechnology, 30, 149-158.
SLOTWINSKI, R., SLOTWINSKA, S. M., BALAN, B. J. & KEDZIORA, S. 2009. Toll-like receptor signaling pathway in sepsis. Central European Journal of Immunology, 34, 124-128.
SMALE, S. T. & KADONAGA, J. T. 2003. The RNA polymerase II core promoter. Annual Review of Biochemistry, 72, 449-479.
STIEF, A., WINTER, D. M., STRATLING, W. H. & SIPPEL, A. E. 1989. A NUCLEAR-DNA ATTACHMENT ELEMENT MEDIATES ELEVATED AND POSITION-INDEPENDENT GENE ACTIVITY. Nature, 341, 343-345.
SUKA, N., SUKA, Y., CARMEN, A. A., WU, J. S. & GRUNSTEIN, M. 2001. Highly specific antibodies determine histone acetylation site usage in yeast heterochromatin and euchromatin. Molecular Cell, 8, 473-479.
TAKAHASHI, H., PARMELY, T. J., SATO, S., TOMOMORI-SATO, C., BANKS, C. A. S., KONG, S. E., SZUTORISZ, H., SWANSON, S. K., MARTIN-BROWN, S., WASHBURN, M. P., FLORENS, L., SEIDEL, C. W., LIN, C., SMITH, E. R., SHILATIFARD, A., CONAWAY, R. C. & CONAWAY, J. W. 2011. Human Mediator Subunit MED26 Functions as a Docking Site for Transcription Elongation Factors. Cell, 146, 92-104.
TIGGES, M. & FUSSENEGGER, M. 2006. Xbp1-based engineering of secretory capacity enhances the productivity of Chinese hamster ovary cells. Metabolic Engineering, 8, 264-272.
TRAPNELL, C., ROBERTS, A., GOFF, L., PERTEA, G., KIM, D., KELLEY, D. R., PIMENTEL, H., SALZBERG, S. L., RINN, J. L. & PACHTER, L. 2012. Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nature Protocols, 7, 562-578.
UTLEY, R. T., IKEDA, K., GRANT, P. A., COTE, J., STEGER, D. J., EBERHARTER, A., JOHN, S. & WORKMAN, J. L. 1998. Transcriptional activators direct histone acetyltransferase complexes to nucleosomes. Nature, 394, 498-502.
VAQUERIZAS, J. M., KUMMERFELD, S. K., TEICHMANN, S. A. & LUSCOMBE, N. M. 2009. A census of human transcription factors: function, expression and evolution. Nature Reviews Genetics, 10, 252-263.
VOGEL, C. & MARCOTTE, E. M. 2012. Insights into the regulation of protein abundance from proteomic and transcriptomic analyses. Nature Reviews Genetics, 13, 227-232.
VOGL, T., HARTNER, F. S. & GLIEDER, A. 2013. New opportunities by synthetic biology for biopharmaceutical production in Pichia pastoris. Current Opinion in Biotechnology, 24, 1094-1101.
WALSH, G. 2010. Biopharmaceutical benchmarks 2010. Nature Biotechnology, 28, 917-924.
WANG, Z., GERSTEIN, M. & SNYDER, M. 2009. RNA-Seq: a revolutionary tool for transcriptomics. Nature Reviews Genetics, 10, 57-63.
WILHELM, B. T. & LANDRY, J.-R. 2009. RNA-Seq-quantitative measurement of expression through massively parallel RNA-sequencing. Methods, 48, 249-257.
WILLIAMS, K. L., NANDA, I., LYONS, G. E., KUO, C. T., SCHMID, M., LEIDEN, J. M., KAPLAN, M. H. & TAPAROWSKY, E. J. 2001. Characterization of murine BATF: a negative regulator of activator protein-1 activity in the thymus. European Journal of Immunology, 31, 1620-1627.
WLASCHIN, K.F., NISSOM, P.M., GATTI, M.D., ONG, P.F., ARLEEN, S., TAN, K.S., RINK, A., CHAM, B., WONG, K., YAP, M. & HU, W.S. 2005. EST sequencing for gene discovery in Chinese hamster ovary cells. Biotechnology and Bioengineering, 91, 592-606.
WOYCHIK, N. A. & HAMPSEY, M. 2002. The RNA polymerase II machinery: Structure illuminates function. Cell, 108, 453-463.
WURM, F. M. 2004. Production of recombinant protein therapeutics in cultivated mammalian cells. Nature Biotechnology, 22, 1393-1398.
YAMAMOTO, Y., ABE, A. & EMI, N. 2014. Clarifying the Impact of Polycomb Complex Component Disruption in Human Cancers. Molecular Cancer Research, 12, 479-484.
YE, J., ALVIN, K., LATIF, H., HSU, A., PARIKH, V., WHITMER, T., TELLERS, M., EDMONDS, M. C. D. L. C., LY, J., SALMON, P. & MARKUSEN, J. F. 2010. Rapid Protein Production Using CHO Stable Transfection Pools. Biotechnology Progress, 26, 1431-1437.
YUK, I. H., NISHIHARA, J., WALKER, D., JR., HUANG, E., GUNAWAN, F., SUBRAMANIAN, J., PYNN, A. F. J., YU, X. C., ZHU-SHIMONI, J., VANDERLAAN, M. & KRAWITZ, D. C. 2015. More similar than different: Host cell protein production using three null CHO cell lines. Biotechnology and Bioengineering, 112, 2068-2083.
ZAGARI, F., JORDAN, M., STETTLER, M., BROLY, H. & WURM, F. M. 2013. Lactate metabolism shift in CHO cell culture: the role of mitochondrial oxidative activity. New Biotechnology, 30, 238-245.
ZHANG, Y., FENG, X. H. & DERYNCK, R. 1998. Smad3 and Smad4 cooperate with c-Jun/c-Fos to mediate TFG-beta-induced transcription (vol 394, pg 909, 1998). Nature, 396, 491-491.
ZHAO, S., FUNG-LEUNG, W.-P., BITTNER, A., NGO, K. & LIU, X. 2014. Comparison of RNA-Seq and Microarray in Transcriptome Profiling of Activated T Cells. Plos One, 9.
ZHU, J. 2012. Mammalian cell protein expression for biopharmaceutical production. Biotechnology Advances, 30, 1158-1170.
ZUBAREV, R. A. 2013. The challenge of the proteome dynamic range and its implications for in-depth proteomics. Proteomics, 13, 723-726.












Appendices













































Appendix 1 Table of transcription factors found in the Affymetrix array and RNA-sequencing data
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Appendix 2 R script used for cluster and principle component analysis

#Open file containing data
read.csv(“filename.csv”)
cluster<- read.csv(“filename.csv”)
#Cluster analysis and plotting dendrogram
distance<-dist(cluster)
hclust<-hclust(distance)
plot(hclust)
#Principle component analysis and creating PCA graphs
cluster1<-cluster[,-1]
princomp(cluster1)
princomp(cluster1)$scores
score<- princomp(cluster1)$scores
plot(score[,1],score[,2]
library(calibrate)
names<-cluster[,1]
plot(score[,1],score[,2],xlim=c(0,22))
textxy(score[,1],score[,2],names)
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Appendix 3 Frequency distribution histograms of global and transcription factor expression levels in Affymetrix and RNA-sequencing data
A
B
C
D
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Appendix 3 Frequency distribution histograms of global and transcription factor expression levels in Affymetrix and RNA-sequencing data: Histogram of expression levels for global data (C and D) and transcription factor data (A and B) in Affymetrix array (A and C) and RNA-sequencing (Band D) data. Both datasets from both techniques show the same pattern of distribution of expression levels. A small number of transcripts have particularly high or low expression with most transcripts demonstrating a relatively “average” level of expression.

Appendix 4 Highest expressed transcripts in Affymetrix and RNA-sequencing data

RNA-sequencing data
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Affymetrix array data
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Appendix 5 Number of differentially expressed transcripts in each functional category


Global functional categorization
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Transcription factor functional categorization
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Appendix 6 KEGG pathway analysis mapped data

Day 4 vs. day 7 Affymetrix arrays metabolic pathways
[image: 4v7affyglobalmetabolism.png]
























Down-regulated      Up-regulated
ay 7 vs. day 9 Affymetrix arrays metabolic pathways
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Down-regulated      Up-regulated

Day 4 vs. day 7 RNA-sequencing metabolic pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 RNA-sequencing metabolic pathways
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Down-regulated      Up-regulated


Day 4 vs. day 7 Affymetrix arrays protein processing in the ER pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 Affymetrix arrays protein processing in the ER pathways
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Down-regulated      Up-regulated

Day 4 vs. day 7 RNA-sequencing protein processing in the ER pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 RNA-sequencing protein processing in the ER pathways
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Down-regulated      Up-regulated
Day 4 vs. day 7 Affymetrix arrays PI3K-Akt signaling pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 Affymetrix arrays PI3K-Akt signaling pathways
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Down-regulated      Up-regulated
Day 4 vs. day 7 RNA-sequencing PI3K-Akt signaling pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 RNA-sequencing PI3K-Akt signaling pathways
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Down-regulated      Up-regulated
Day 4 vs. day 7 Affymetrix arrays Pathways in cancer
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Down-regulated      Up-regulated
Day 7 vs. day 9 Affymetrix arrays Pathways in cancer
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Down-regulated      Up-regulated
Day 4 vs. day 7 RNA-sequencing Pathways in cancer
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Down-regulated      Up-regulated
Day 7 vs. day 9 RNA-sequencing Pathways in cancer
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Down-regulated      Up-regulated
Day 4 vs. day 7 Affymetrix arrays Cell cycle pathways

[image: ]

























Down-regulated      Up-regulated
Day 7 vs. day 9 Affymetrix arrays Cell cycle pathways
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Down-regulated      Up-regulated
Day 4 vs. day 7 RNA-sequencing Cell cycle pathways
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Down-regulated      Up-regulated
Day 7 vs. day 9 RNA-sequencing Cell cycle pathways
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Appendix 7 Lactate concentration throughout fed-batch culture
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Appendix 7 Lactate concentration throughout fed-batch culture: Lactate concentration (g/L) throughout a 15-day culture period. Supernatant samples were taken every day and measured using the Nova Biomedical Bioanalyser. Purple arrows represent the time points at which samples were taken for transcriptomic analysis (days 4, 7, and 9 post-inoculation) (n=3). 














Appendix 8 – Bland Altman Analyses
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Appendix 8 Bland-Altman analysis of expression and fold change measurements taken using RNA-sequencing vs. Affymetrix CHO gene 2.0 ST arrays: Bland-Altman analysis of the bias in using two different transcriptomic techniques to measure gene expression and fold-change. A and B show the bias in measuring global gene expression and transcription factor gene expression respectively, using the two techniques. C and D show the bias in measuring gene expression fold change for validated differentially expressed global genes and transcription factors respectively. RNA-sequencing demonstrates more bias (demonstrated by low ratios) on lower expression values whereas Affymetrix CHO gene ST arrays demonstrates more bias (demonstrated by high ratios) on higher expression values.
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Alias

Analysis status

Arpclb Promoter region used
Cfl1 Promoter region used

Eeflal Promoter region used
Eif3k Promoter region used
Rpl34 Promoter region used
Rplp2 Promoter region used

Ube2d3 No sequence data available










Alias Analysis	status

Arpc1b Promoter	region	used

Cfl1 Promoter	region	used

Eef1a1 Promoter	region	used

Eif3k Promoter	region	used

Rpl34 Promoter	region	used

Rplp2 Promoter	region	used

Ube2d3 No	sequence	data	available
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Alias Analysis Status
Fabp4 Promoter region used
Hmgcs1 Promoter region used

Sprrla

No sequence data available
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Product Global	sales	in	2013	($	billions)

Humira	(adalimumab) 11

Enbrel	(etanercept) 8.76

Remicade	(infliximab) 8.37

Lantus	(insulin	glargine) 7.95

Rituxan/MabThera	(rituximab) 7.91

Avastin	(bevacizumab) 6.97

Herceptin 6.91

Neulasta	(pegfilgrastim) 4.39

Lucentis	(ranibizumab) 4.27

Epogen/Procrit/Eprex/ESPO	(epoetin	alfa) 3.35
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Pattern of Regulation

Pattern of Regulation

Alias _ Affymetrix arrays - RNA-sequencing Consensus sequence Summary of function
Smad6 UP,NO UP,NO suppresses IL1R-TLR signalling, preventing NFkB activation
Nr6al UP,NO UP,UP 5'-TCAAGGTCA-3' gene regultion during gametogenesis
Nfil3 UP,UP UP,NO ;T'[A‘GTE;:QQ([:?;;ITT:[IE%Z, Uniprot mouse component of circadian clock. Gene regulation in osteoblasts
Nrda2 DOWN, NO DOWN,NO AAGGTCAC differentiation and maintenance of neurons during development
Znfx1 UP,UP UP,UP not much functional information. Znfx1 antisense RNA 1 (Zfas1) may function as a tumour suppressor
Batf2 DOWN, NO DOWN,UP blocks proliferation signals produced by CYR61 by blocking AP1 binding to CYR61 promoter
Tef UP,DOWN UP,DOWN regulates expression of thyroid-stimulating hormone beta
Dbp UP,UP UP,UP modulates important circadian clock genes
Tead3 UP,NO UP,NO hippo signalling pathway, involved in organ size and tumour suppression
Ets2 UP,NO UP,NO not much functional information
Bachl UP,DOWN UP,NO AGGATGACTCAGCAC coordinates expression of MAFK
Thra UP,NO UP,NO nuclear hormone receptor
Gabpa DOWN,NO DOWN,NO CCGGAAGTGGC not much functional information
Nfkb2 DOWN,NO DOWN,NO inflammation, immunity, differentiation, apoptosis
Pcgfl UP,NO UP,NO promotes cell cycle progression and enhances proliferation. May downregulate CDKN1A in cancer
Stat6 DOWN,NO DOWN,NO CATTTCCTGAGAAAT involved in IL4 and IL3 signalling
Stat3 UP,NO UP,NO TTCCAGGAAG mediates response to interleukins and growth factors
ElIfl DOWN,NO DOWN,UP GAACCAGGAAGTG involved in neural, vascular and epithelial development
Lhx9 DOWN,UP DOWN,NO CCCATTAATTAATCACC involved in gonadal development
Zhx1 UP,NO UP,NO controls methylation atterns during development
Prrx1 DOWN,NO DOWN,NO GTAACTAATTAACTACT establishment of mesodermal muscle types
Nfe2l2 UP,UP UP,NO CAGCATGACTCAGCA coordinated upregulation of genes involved in response to oxidative stress
Fosl1 DOWN,NO DOWN,UP GGTGACTCATG (H.sapiens) not much functional information
Etsl UP,NO UP,NO CCCACTTCCTGTCTC expression of cytokines and chemokines in a wide range of cellular contexts
Hoxc8 DOWN,NO DOWN,DOWN TTGGGGTAATTAACGT provides positional information to cells during development
Nrlh3 DOWN,NO DOWN,NO TGACCTAAATAACCTCTG regulation of cholesterol homeostasis










Alias

Pattern	of	Regulation	

-	Affymetrix	arrays

Pattern	of	Regulation	

-	RNA-sequencing

Consensus	sequence Summary	of	function

Smad6 UP,NO UP,NO suppresses	IL1R-TLR	signalling,	preventing	NFkB	activation

Nr6a1 UP,NO UP,UP 5'-TCAAGGTCA-3' gene	regultion	during	gametogenesis

Nfil3 UP,UP UP,NO

TTATGTAACGT	H.Sapiens																																					 	

5'-[GA]TTA[CT]GTAA[CT]-3'	uniprot	mouse

component	of	circadian	clock.	Gene	regulation	in	osteoblasts

Nr4a2 DOWN,	NO DOWN,NO AAGGTCAC differentiation	and	maintenance	of	neurons	during	development

Znfx1 UP,UP UP,UP not	much	functional	information.	Znfx1	antisense	RNA	1	(Zfas1)	may	function	as	a	tumour	suppressor

Batf2 DOWN,	NO DOWN,UP blocks	proliferation	signals	produced	by	CYR61	by	blocking	AP1	binding	to	CYR61	promoter

Tef UP,DOWN UP,DOWN regulates	expression	of	thyroid-stimulating	hormone	beta

Dbp UP,UP UP,UP modulates	important	circadian	clock	genes

Tead3 UP,NO UP,NO hippo	signalling	pathway,	involved	in	organ	size	and	tumour	suppression

Ets2 UP,NO UP,NO not	much	functional	information

Bach1 UP,DOWN UP,NO AGGATGACTCAGCAC coordinates	expression	of	MAFK

Thra UP,NO UP,NO nuclear	hormone	receptor

Gabpa DOWN,NO DOWN,NO CCGGAAGTGGC not	much	functional	information

Nfkb2 DOWN,NO DOWN,NO inflammation,	immunity,	differentiation,	apoptosis

Pcgf1 UP,NO UP,NO promotes	cell	cycle	progression	and	enhances	proliferation.	May	downregulate	CDKN1A	in	cancer

Stat6 DOWN,NO DOWN,NO CATTTCCTGAGAAAT involved	in	IL4	and	IL3	signalling

Stat3 UP,NO UP,NO TTCCAGGAAG mediates	response	to	interleukins	and	growth	factors

Elf1 DOWN,NO DOWN,UP GAACCAGGAAGTG involved	in	neural,	vascular	and	epithelial	development

Lhx9 DOWN,UP DOWN,NO CCCATTAATTAATCACC involved	in	gonadal	development

Zhx1 UP,NO UP,NO controls	methylation	atterns	during	development

Prrx1 DOWN,NO DOWN,NO GTAACTAATTAACTACT establishment	of	mesodermal	muscle	types

Nfe2l2 UP,UP UP,NO CAGCATGACTCAGCA coordinated	upregulation	of	genes	involved	in	response	to	oxidative	stress

Fosl1 DOWN,NO DOWN,UP GGTGACTCATG	(H.sapiens) not	much	functional	information

Ets1 UP,NO UP,NO CCCACTTCCTGTCTC expression	of	cytokines	and	chemokines	in	a	wide	range	of	cellular	contexts

Hoxc8 DOWN,NO DOWN,DOWN TTGGGGTAATTAACGT provides	positional	information	to	cells	during	development

Nr1h3 DOWN,NO DOWN,NO TGACCTAAATAACCTCTG regulation	of	cholesterol	homeostasis
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Alias _ Affymetrix arrays - RNA-sequencing Consensus sequence Summary of function
Znfx1 UP,UP UP,UP not much functional information. Znfx1 antisense RNA 1 (Zfas1) may function as a tumour suppressor
Fos NO,DOWN UP,DOWN GTGAGTCA forms a complex with Jun/AP1. Thought to be important for cell proliferation
Nfya NO,DOWN NO,DOWN CTCAGCCAATCAGCGC regulates core clock component ARNTL/BMAL1
E2f1 NO,DOWN NO,DOWN TTTGGCEGC or CGGC_SCGGGAGG regulates expression of genes involved in cell cycle regulation or DNA replication
(both H.Sapiens)
Jun NO,DOWN NO,DOWN AAGATGATGTCAT H.sapiens sexual differentiation. Also involved in other hypotheses
E2f7 NO,DOWN NO,DOWN directly represses E2F1. Cell cycle regulation
Nfib NO,DOWN UP,DOWN 5'-TTGGCNNNNNGCCAA-3' not enough functional information
GGAAAATGAAACTG or
Statl NO,DOWN NO,DOWN CATTTCCCGGAAACC or mediates nuclear responses to interferons, cytokines and growth factors
TTTCCAGGAAA (All H.Sapiens)
Tfdp1l DOWN,DOWN NO,DOWN cell cycle regulation and DNA repication. E2F/DP complex appears to mediate cell growth and apoptosis
E2f8 NO,DOWN NO,DOWN directly represses E2F1. Cell cycle regulation
Myc UP,UP NO,UP CACGTG cell cycle progression, apoptosis and cellular transformation
Adnp2 NO,UP NO,UP not enough functional information
Crebl DOWN,DOWN NO,DOWN TGACGTCA regulation of circadian rhythm and differentiation of adipose cells
Dbp UP,UP UP,UP TATTGCACAAT (H.Sapiens) carries vitamin D sterols and prevents polymerization of actin
Hoxc6 NO,UP NO,UP CAAATTAATTAATAAAA provides cells with positional identities as part of the developmental regulatory system
Irf9 NO,UP NO,UP mediates interferon signalling
Nr3cl NO,DOWN NO,DOWN AGAACAGAATGTTCT effects inflammatory responses and regulates adipogenesis
Smad3 UP,DOWN NO,DOWN CA?:ggEégggégiégéig or cellular signal transduction, involved in wound healing
Tef UP,DOWN UP,DOWN 5'-[TC][AG][AG]TTA[TC][AG]-3" |not enough functional information
Tgifl NO,UP NO,UP TATATTGACAGCTGCGT might function during development to transmit nuclear signals
Zhx2 NO,DOWN DOWN,DOWN not enough functional information










Alias

Pattern	of	Regulation	

-	Affymetrix	arrays

Pattern	of	Regulation	

-	RNA-sequencing

Consensus	sequence Summary	of	function

Znfx1 UP,UP UP,UP not	much	functional	information.	Znfx1	antisense	RNA	1	(Zfas1)	may	function	as	a	tumour	suppressor

Fos NO,DOWN UP,DOWN GTGAGTCA forms	a	complex	with	Jun/AP1.	Thought	to	be	important	for	cell	proliferation

Nfya NO,DOWN NO,DOWN CTCAGCCAATCAGCGC regulates	core	clock	component	ARNTL/BMAL1

E2f1 NO,DOWN NO,DOWN

TTTGGCGC	or	CGGGCGGGAGG	

(both	H.Sapiens)

regulates	expression	of	genes	involved	in	cell	cycle	regulation	or	DNA	replication

Jun NO,DOWN NO,DOWN AAGATGATGTCAT	H.sapiens sexual	differentiation.	Also	involved	in	other	hypotheses

E2f7 NO,DOWN NO,DOWN directly	represses	E2F1.	Cell	cycle	regulation

Nfib NO,DOWN UP,DOWN 5'-TTGGCNNNNNGCCAA-3'	 not	enough	functional	information

Stat1 NO,DOWN NO,DOWN

GGAAAATGAAACTG	or	

CATTTCCCGGAAACC	or	

TTTCCAGGAAA	(All	H.Sapiens)

mediates	nuclear	responses	to	interferons,	cytokines	and	growth	factors

Tfdp1 DOWN,DOWN NO,DOWN cell	cycle	regulation	and	DNA	repication.	E2F/DP	complex	appears	to	mediate	cell	growth	and	apoptosis

E2f8 NO,DOWN NO,DOWN directly	represses	E2F1.	Cell	cycle	regulation

Myc UP,UP NO,UP CACGTG cell	cycle	progression,	apoptosis	and	cellular	transformation

Adnp2 NO,UP NO,UP not	enough	functional	information

Creb1 DOWN,DOWN NO,DOWN TGACGTCA regulation	of	circadian	rhythm	and	differentiation	of	adipose	cells

Dbp UP,UP UP,UP TATTGCACAAT	(H.Sapiens) carries	vitamin	D	sterols	and	prevents	polymerization	of	actin

Hoxc6 NO,UP NO,UP CAAATTAATTAATAAAA provides	cells	with	positional	identities	as	part	of	the	developmental	regulatory	system

Irf9 NO,UP NO,UP mediates	interferon	signalling

Nr3c1 NO,DOWN NO,DOWN AGAACAGAATGTTCT effects	inflammatory	responses	and	regulates	adipogenesis

Smad3 UP,DOWN NO,DOWN

CAAATCCAGACATCAC/GC	or	

TACGCCCCGCCACTCTG

cellular	signal	transduction,	involved	in	wound	healing

Tef UP,DOWN UP,DOWN 5'-[TC][AG][AG]TTA[TC][AG]-3' not	enough	functional	information

Tgif1 NO,UP NO,UP TATATTGACAGCTGCGT might	function	during	development	to	transmit	nuclear	signals

Zhx2 NO,DOWN DOWN,DOWN not	enough	functional	information
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Alx1
Alx3
Alx4
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ankrd26
Ar
Ar
Arx
Atfl
Atf2
Atf3
Atf4
Atf5
Atf6
Atfeb
Atf7
Bachl
Bachl
Barhl2
Barx1l
Barx2
Batf
Batf2
Cal3
Cbfa2t2
Cbfa2t3
Cdx1
Cebpd
Cebpe
Cebpg
Ceh-37
Cers2
Cersb
Clptm1
Clptm1
Crebl
Creb3
Creb3l1
Creb3l2
Creb3lI3
Creb3l4
Creb5
Creb5
Crebl2
Cux1
Cux2
Dbp
Dbx1
Dbx2
Ddit3
Dgkg
DIx1
DIx2
DIx3
DIx4
DIx4
DIx5
Dmbx1
Dmrt2

Dmrtc2
Dock?2
Dock2
Dock?2
Duxa
E2f1
E2f3
E2f6
E2f7
E2f8
EGR1
EGR2
Ehf
Elf1
Elf2
Elf4
EIf5
Elk1
Elk3
Elk4
Enl
En2
Eomes
Erf
Erg
Esrl
Esrra
Esrrb
Esrrg
ETS1
Ets2
Etvl
Etv3
Etv3l
Etv4
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Etv4
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Fev
Fev
Flil
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Foxi3
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Foxn2
Foxn4
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Foxo4
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Foxp3
Foxp4
Foxp4
Foxp4
Foxp4
Foxp4
Foxrl
Foxr2
Foxsl
Gabpa
Gatal
Gata2
Gata3
Gatab

Gatad2b

Gbx1
Gbx2
Gcefcl
Gcefcl
Gcefcl
Golga4d
GR
Gsk3a
Gsk3a
Gsx1
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Hhex
HIf
HIx
Hmbox1
Hmx2
Hmx2
Hmx3
Hmx3
Hnfla
Hnflb
Hnf4a
Hnfdg
Homez
Hoxal
Hoxal0
Hoxall
Hoxa3
Hoxa5
Hoxab
Hoxa7/
Hoxa9
Hoxb1
Hoxb13
Hoxb?2
Hoxb4
Hoxb5
Hoxb6
Hoxb7
Hoxb8
Hoxcl0
Hoxcll
Hoxc5
Hoxc6
Hoxc8
Hoxc9
Hoxd10
Hoxd10
Hoxd12
Hoxd13
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Hsf4
Hyp
Hyp
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Mycn
Mycs
Myst2
Mytl
Myt1l
Mytll
Myt1l
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Neil2
Nfat5
Nfatc2
Nfatc2
Nfatc2
Nfatc3
Nfatcd
Nfe2
Nfe2l1l
Nfe2l2
Nfia
Nfib
Nfic
Nfil3
Nfil3
Nfix
Nfkb1
Nfkb1
Nfkb2
Nfkb2
Nfkb2
Nfx1
NfxI1
Nfya
Nkx2-1
Nkx2-5
Nkx2-5
Nkx2-6
Nkx2-8
Nkx3-1
Nkx3-2
Nkx6-1
Nkx6-2
Nkx6-3
Nobox
NrOb1l
NrOb2
Nridl
Nridl
Nr1d2
Nr1h2
Nr1h3
Nrilh4
Nrilh4
Nrli2
Nrli3
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Nr3cl
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Onecut3 Sim1l

Otx1
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Pax3
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Pbx2
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Pcgfl
Pdx1
Pgbdl
PGCla
Pgr
Phox2a
Phox2b
Pitx2
Pitx3
Pknox1
Pknox2
Poulfl
Pou2fl
Pou2f3
Pou3f4
Pou4f2
Pou5f1
Pou5f1
Pou5f1
Pou5f2
Pou6fl
Pou6f2
Pou6f2
Ppara
Ppara
Ppard
Pparg
Prrx1
Prrx2
Prrx2
Rara
Rarb
Rarb
Rarg
Rax
Rbpj
Rbpjl
Rel
Rela
Rere
Rere
Rhoxfl
Rhoxf2b
Rora
Rorb
Rorc
Runx1
Runx1
Runx1tl
Runx2
Runx3
Rxra
Rxrb
Rxrg

Sim2
Six1
Six2
Six2
Six6

Smadl
Smadl
Smad1l
Smadl
Smadl
Smad1l
Smadl
Smad?2
Smad3
Smad5
Smad6
Smad6
Smad9
Smyd5
Spl
Spdef

Spib
Spic
Spic

Srf

St18

Statl

Stat2

Stat3

Stat4

Stat4

Stat5a
Stat5b
Stat6
T
T
Taf4
Tafdb

Tbrl

Tbrl

Tbx1

Tbx10
Tbx15
Tbx18
Tbx19
Tbx2

Tbx20
Tbx21
Tbx22

Tbx3

Tbx4

Tbx5

Tbx6
Tcf9

Teadl
Tead2
Tead2
Tead3
Tead4
Tef
Tef
Tfdp1l
Tfdp2
Tgifl

Tgif2
Thra
Thra
Thrb
Tp53
Tp63
Tp73
Trpsl
Trpsl
Tsc22d1
Tsc22d1
Tsc22d2
Tsc22d2
Tsc22d4
Tshzl
Tshz2
Tshz3
Unc-4
Unc-4
Unc-4
Vax2
Vdr
Vdr
Vps72
Vps72
Vps72
Vsx1
Vsx2
Vin
Vin
Xbp1l
Zebl
Zeb?2
Zfhx2
Zfhx3
Zhx1
Zhx2
Zhx3
Zkscanl
Zkscanl
Zkscan4
Zkscan4
Zkscan5
Zkscan5
/nfl8
Znf187
Znf192
/nf213
Znf263
Znf274
nf274
/nf274
Znf445
Znf449
Znf449
Znf496
Znfx1
Znfx1
Zscan20
Zscan2l
Zscan29
Zscan4
/Zscan4
/Zscang

Adnp  Foxa2
Adnp2 Foxfla
Alx3 Foxf2

Ankrd26 Foxhl
Ar Foxj2
Atfl Foxj3
Atf2 Foxk2
Atf3 Foxm1
Atf4 Foxn2
Atfé Foxn4d
Atfeb  Foxol
Atf7 Foxo3
Bachl Foxo4
Barhl2  Foxpl
Barxl  Foxp2
Barx2  Foxp4
Batf2 Foxr2
Bmyc Foxsl
Carl3 Gabpa
Cbfa2t2 Gata2
Cbfa2t3 Gata3
Cebpe Gatab
Cebpg Gatad2b
Clptm1l Gcfcl
Crebl Gm9S8
Creb3 Golga4d
Creb3ll Hhex
Creb3I2 Hix
Creb5 Hmbox1
Crebl2 Hnf4a
Cuxl  Hnf4g
Cux2 Homez
Dbp Hoxal
Ddit3 Hoxall
Dgkg  Hoxab
DIx1 Hoxb1
DIx2 Hoxb?2
DIx4 Hoxb4
Dmrt2 Hoxb5
Dock2 Hoxb6
E2f1 Hoxb7
E2f3  Hoxcl0
E2f6 Hoxcb6
E2f7 Hoxc8
E2f8 Hoxc9
Egr2 Hoxd13
Ehf Hsfl
Elfl Hsf2
Elf2 Irf2
Elf4 Irf3
EIf5 Irf4
Elk1 Irf5
Elk3 Irf7
Elk4 Irf8
En2 Irf9
Erg Irx4
Esrl Irx5
Esrra Irx6
Esrrg Isl1
Etsl Isx
Ets2 Jdp2
Etvl Jun
Etv3 Lass2
Etv4 Lass6
Etve Lhx4
Flil Lhx9
Fos Lim2
Fosll Lmxla
Fosl2 Lmxlb

Mafb
Maff
Mafg
Mafk
Mef2a
Mef2c
Mef2d
Meisl
Meis2
Meox2
Mga
Mrpl28
Msx2
Mtal
Mta2
Mta3
Myc
Mycs
Myst2
Mytl
Mytll
Nanog
Neil2
Nfat5
Nfatc3
Nfe2ll
Nfe2l2
Nfia
Nfib
Nfic
Nfil3
Nfix
Nfkb1
Nfkb2
Nfx1
NfxI1
Nfya
Nobox
Nrid1l
Nr1d2
Nr1h2
Nr1h3
Nrih4
Nrli2
Nrli3
Nr2cl
Nr2c2
Nr2el
Nr2fl
Nr2f2
Nr3cl
Nr3c2
Nrdal
Nrda2
Nr5al
Nr5a2
Nr6al
Otx2
Pax3
Pax6
Pbx1
Pbx3
Pcgfl
Pgr
Pitx2
Pknox1
Pknox2
Pou2fl
Pou2f3

Pou5f1 Tsc22d1
Pou6fl Tsc22d2
Ppara Tsc22d4

Ppard
Pparg
Prrx1
Prrx2
Rara
Rarb
Rarg
Rbpj
Rel
Rela
Rere
Rora
Rorb
Runx1
Runx2
Rxra
Rxrb
Rxrg
Satb1
Satb2
Shox2
Sim1
Smadl
Smad?2
Smad3
Smad5
Smadb6
Smad9
Smyd5
Spl
Srf
St18
Statl
Stat2
Stat3
Stat4
Stat5a
Stat5b
Stat6
T
Taf4da
Tafdb
Tbx10
Tbx15
Tbx18
Tbx19
Tbx2
Tbx21
Tbx22
Tbx3
Tbx5
Teadl
Tead2
Tead3
Tead4
Tef
Tfdpl
Tfdp2
Tgifl
Tgif2
Thra
Thrb
Trp53
Trp63
Trp73
Trpsl

Tshzl
Tshz2
Ttf1
Vdr
Vps72
Vsx1
Vitn
Xbp1
Zebl
Zeb?2
Zfhx2
Zfhx3
Zfp187
Zfp445
Zhx1
Zhx2
Zhx3
Zkscanl

Zkscanl7

Zkscan5
Znfx1
Zscan20
/Zscan21
Zscan29










Adnp Dmrtc2 Foxo4 Hsf1 Mycn Nr5a2 Satb1 Tgif2 Adnp Foxa2 Mafb Pou5f1 Tsc22d1

Adnp2 Dock2 Foxo6 Hsf2 Mycs Nr6a1 Satb2 Thra Adnp2 Foxf1a Maff Pou6f1 Tsc22d2

ADNP2-like Dock2 Foxp1 Hsf4 Myst2 Onecut2 Shox Thra Alx3 Foxf2 Mafg Ppara Tsc22d4

Alx1 Dock2 Foxp2 Hyp Myt1 Onecut2 Shox2 Thrb Ankrd26 Foxh1 Mafk Ppard Tshz1

Alx3 Duxa Foxp3 Hyp Myt1l Onecut3 Sim1 Tp53 Ar Foxj2 Mef2a Pparg Tshz2

Alx4 E2f1 Foxp4 Hyp Myt1l Otx1 Sim2 Tp63 Atf1 Foxj3 Mef2c Prrx1 Ttf1

Ankrd26 E2f3 Foxp4 Hyp Myt1l Otx2 Six1 Tp73 Atf2 Foxk2 Mef2d Prrx2 Vdr

Ankrd26 E2f6 Foxp4 Hyp Nanog Pax3 Six2 Trps1 Atf3 Foxm1 Meis1 Rara Vps72

Ankrd26 E2f7 Foxp4 Irf1 Neil2 Pax3 Six2 Trps1 Atf4 Foxn2 Meis2 Rarb Vsx1

Ankrd26 E2f8 Foxp4 Irf2 Nfat5 Pax4 Six6 Tsc22d1 Atf6 Foxn4 Meox2 Rarg Vtn

Ankrd26 EGR1 Foxr1 Irf3 Nfatc2 Pax6 Smad1 Tsc22d1 Atf6b Foxo1 Mga Rbpj Xbp1

Ankrd26 EGR2 Foxr2 Irf4 Nfatc2 Pbx1 Smad1 Tsc22d2 Atf7 Foxo3 Mrpl28 Rel Zeb1

Ankrd26 Ehf Foxs1 Irf5 Nfatc2 Pbx2 Smad1 Tsc22d2 Bach1 Foxo4 Msx2 Rela Zeb2

Ankrd26 Elf1 Gabpa Irf6 Nfatc3 Pbx3 Smad1 Tsc22d4 Barhl2 Foxp1 Mta1 Rere Zfhx2

Ankrd26 Elf2 Gata1 Irf7 Nfatc4 Pbx4 Smad1 Tshz1 Barx1 Foxp2 Mta2 Rora Zfhx3

Ar Elf4 Gata2 Irf8 Nfe2 Pcgf1 Smad1 Tshz2 Barx2 Foxp4 Mta3 Rorb Zfp187

Ar Elf5 Gata3 Irf9 Nfe2l1 Pdx1 Smad1 Tshz3 Batf2 Foxr2 Myc Runx1 Zfp445

Arx Elk1 Gata5 Irx1 Nfe2l2 Pgbd1 Smad2 Unc-4 Bmyc Foxs1 Mycs Runx2 Zhx1

Atf1 Elk3 Gatad2b Irx3 Nfia PGC1a Smad3 Unc-4 Car13 Gabpa Myst2 Rxra Zhx2

Atf2 Elk4 Gbx1 Irx3 Nfib Pgr Smad5 Unc-4 Cbfa2t2 Gata2 Myt1 Rxrb Zhx3

Atf3 En1 Gbx2 Irx4 Nfic Phox2a Smad6 Vax2 Cbfa2t3 Gata3 Myt1l Rxrg Zkscan1

Atf4 En2 Gcfc1 Irx5 Nfil3 Phox2b Smad6 Vdr Cebpe Gata5 Nanog Satb1 Zkscan17

Atf5 Eomes Gcfc1 Irx6 Nfil3 Pitx2 Smad9 Vdr Cebpg Gatad2b Neil2 Satb2 Zkscan5

Atf6 Erf Gcfc1 Irx6 Nfix Pitx3 Smyd5 Vps72 Clptm1l Gcfc1 Nfat5 Shox2 Znfx1

Atf6b Erg Golga4 Isl1 Nfkb1 Pknox1 Sp1 Vps72 Creb1 Gm98 Nfatc3 Sim1 Zscan20

Atf7 Esr1 GR Isl2 Nfkb1 Pknox2 Spdef Vps72 Creb3 Golga4 Nfe2l1 Smad1 Zscan21

Bach1 Esrra Gsk3a Isx Nfkb2 Pou1f1 Spib Vsx1 Creb3l1 Hhex Nfe2l2 Smad2 Zscan29

Bach1 Esrrb Gsk3a Jdp2 Nfkb2 Pou2f1 Spic Vsx2 Creb3l2 Hlx Nfia Smad3

Barhl2 Esrrg Gsx1 Jun Nfkb2 Pou2f3 Spic Vtn Creb5 Hmbox1 Nfib Smad5

Barx1 ETS1 Gsx2 Lbx1 Nfx1 Pou3f4 Srf Vtn Crebl2 Hnf4a Nfic Smad6

Barx2 Ets2 Hhex Lhx2 Nfxl1 Pou4f2 St18 Xbp1 Cux1 Hnf4g Nfil3 Smad9

Batf Etv1 Hlf Lhx3 Nfya Pou5f1 Stat1 Zeb1 Cux2 Homez Nfix Smyd5

Batf2 Etv3 Hlx Lhx4 Nkx2-1 Pou5f1 Stat2 Zeb2 Dbp Hoxa1 Nfkb1 Sp1

Ca13 Etv3l Hmbox1 Lhx5 Nkx2-5 Pou5f1 Stat3 Zfhx2 Ddit3 Hoxa10 Nfkb2 Srf

Cbfa2t2 Etv4 Hmx2 Lhx6 Nkx2-5 Pou5f2 Stat4 Zfhx3 Dgkg Hoxa6 Nfx1 St18

Cbfa2t3 Etv4 Hmx2 Lhx8 Nkx2-6 Pou6f1 Stat4 Zhx1 Dlx1 Hoxb1 Nfxl1 Stat1

Cdx1 Etv4 Hmx3 Lhx9 Nkx2-8 Pou6f2 Stat5a Zhx2 Dlx2 Hoxb2 Nfya Stat2

Cebpd Etv6 Hmx3 Lmx1a Nkx3-1 Pou6f2 Stat5b Zhx3 Dlx4 Hoxb4 Nobox Stat3

Cebpe Evx1 Hnf1a Lmx1a Nkx3-2 Ppara Stat6 Zkscan1 Dmrt2 Hoxb5 Nr1d1 Stat4

Cebpg Evx2 Hnf1b Lmx1b Nkx6-1 Ppara T Zkscan1 Dock2 Hoxb6 Nr1d2 Stat5a

Ceh-37 Fam20c Hnf4a Lmx1b Nkx6-2 Ppard T Zkscan4 E2f1 Hoxb7 Nr1h2 Stat5b

Cers2 Fev Hnf4g Mafb Nkx6-3 Pparg Taf4 Zkscan4 E2f3 Hoxc10 Nr1h3 Stat6

Cers6 Fev Homez Maff Nobox Prrx1 Taf4b Zkscan5 E2f6 Hoxc6 Nr1h4 T

Clptm1 Fli1 Hoxa1 Mafg Nr0b1 Prrx2 Tbr1 Zkscan5 E2f7 Hoxc8 Nr1i2 Taf4a

Clptm1 Fos Hoxa10 Mafk Nr0b2 Prrx2 Tbr1 Znf18 E2f8 Hoxc9 Nr1i3 Taf4b

Creb1 Fosl1 Hoxa11 Mef2a Nr1d1 Rara Tbx1 Znf187 Egr2 Hoxd13 Nr2c1 Tbx10

Creb3 Fosl2 Hoxa3 Mef2b Nr1d1 Rarb Tbx10 Znf192 Ehf Hsf1 Nr2c2 Tbx15

Creb3l1 Foxa1 Hoxa5 Mef2c Nr1d2 Rarb Tbx15 Znf213 Elf1 Hsf2 Nr2e1 Tbx18

Creb3l2 Foxa2 Hoxa6 Mef2d Nr1h2 Rarg Tbx18 Znf263 Elf2 Irf2 Nr2f1 Tbx19

Creb3l3 Foxa3 Hoxa7 Meis1 Nr1h3 Rax Tbx19 Znf274 Elf4 Irf3 Nr2f2 Tbx2

Creb3l4 Foxb1 Hoxa9 Meis2 Nr1h4 Rbpj Tbx2 Znf274 Elf5 Irf4 Nr3c1 Tbx21

Creb5 Foxf1 Hoxb1 Meis3 Nr1h4 Rbpjl Tbx20 Znf274 Elk1 Irf5 Nr3c2 Tbx22

Creb5 Foxf2 Hoxb13 Meox2 Nr1i2 Rel Tbx21 Znf445 Elk3 Irf7 Nr4a1 Tbx3

Crebl2 Foxh1 Hoxb2 Mga Nr1i3 Rela Tbx22 Znf449 Elk4 Irf8 Nr4a2 Tbx5

CUX1 Foxi2 Hoxb4 Mixl1 Nr2c1 Rere Tbx3 Znf449 En2 Irf9 Nr5a1 Tead1

Cux2 Foxi2 Hoxb5 Mkx Nr2c2 Rere Tbx4 Znf496 Erg Irx4 Nr5a2 Tead2

Dbp Foxi3 Hoxb6 Mnx1 Nr2e1 Rhoxf1 Tbx5 Znfx1 Esr1 Irx5 Nr6a1 Tead3

Dbx1 Foxi3 Hoxb7 Mrf Nr2e3 Rhoxf2b Tbx6 Znfx1 Esrra Irx6 Otx2 Tead4

Dbx2 Foxj1 Hoxb8 Mrf Nr2f1 Rora Tcf9 Zscan20 Esrrg Isl1 Pax3 Tef

Ddit3 Foxj2 Hoxc10 Mrpl28 Nr2f2 Rorb Tead1 Zscan21 Ets1 Isx Pax6 Tfdp1

Dgkg Foxj3 Hoxc11 Msx1 Nr2f6 Rorc Tead2 Zscan29 Ets2 Jdp2 Pbx1 Tfdp2

Dlx1 Foxk2 Hoxc5 Msx2 Nr3c1 Runx1 Tead2 Zscan4 Etv1 Jun Pbx3 Tgif1

Dlx2 Foxl1 Hoxc6 Msx3 Nr3c2 Runx1 Tead3 Zscan4 Etv3 Lass2 Pcgf1 Tgif2

Dlx3 Foxm1 Hoxc8 Mta1 Nr3c2 Runx1t1 Tead4 Zscan4 Etv4 Lass6 Pgr Thra

Dlx4 Foxm1 Hoxc9 Mta2 Nr4a1 Runx2 Tef Etv6 Lhx4 Pitx2 Thrb

Dlx4 Foxn2 Hoxd10 Mta3 Nr4a2 Runx3 Tef Fli1 Lhx9 Pknox1 Trp53

Dlx5 Foxn4 Hoxd10 Myc Nr4a3 Rxra Tfdp1 Fos Lim2 Pknox2 Trp63

Dmbx1 Foxo1 Hoxd12 Myc Nr4a3 Rxrb Tfdp2 Fosl1 Lmx1a Pou2f1 Trp73

Dmrt2 Foxo3 Hoxd13 Mycb Nr5a1 Rxrg Tgif1 Fosl2 Lmx1b Pou2f3 Trps1
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Figure 2 — Diagram of Histone Acetylation — Diagrammatic representation of
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Alias

Function

Aff4 gene expression, increases catalytic rate of RNAP2
Aldh2 mitochondiral enzyme
Ankrd11
Anxa4 involved in exocytosis
Arpclb actin polymerization to form actin networks
Atf4 TF, regulates glucose homeostasis, response to ER stress, apoptosis
Ccdc102a
Ccdcl124 required for cytokinesis
Cfl1 exhibits pH-sensitive F-actin depolymerizing activity
Chmp5 involved in endosomal sorting, and thereby degradation of membrane proteins
Cib4
Cited1 Transcriptional co-activator, positively regulates TGFb signalling
Ckap5 regulates microtubule dynamics and microtubule organization
Clu clusterin, acts as extracellular chaperone that prenets aggregation of nonnative proteins
Col4a5s major structural component of glomerular basement membranes
Coqg3 mitochondrial enzyme
Cux1 TF, cell cycle control, DNA damage repair
Dapk3 involved in the regulation of apoptosis, autophagy, transcription, translation and cytoskeleton reorganization
Dnajb2 regulation of cell proliferation
Dym required for golgi apparatus organization and bone development
Eeflal promotes aminoacyl-tRNA binding to the A site of ribosomes during protein synthesis
Eif3k translation initiation factor
EmI2 inhibitis microtubule growth, thereby causing shorter microtubules
Enol involved in glycolysis, growth control, hypoxia tolerance and allergic response
Fam114a2
Fam49b
Foxm1l transcriptional regulator, controls cell cycle and DNA replication
Gm10132
Gm15887
Gnb2I1 involved in a variety of signalling pathways thereby effecting several functions including translation, cell cycle control
Gnpdal glucosamine metabolic process
Gpil glycolysis, cytokine, angiogenic factor
Gstzl glutathione metabolism
Gtf2ird1 TF involved in cell cycle regulation and skeletal muscle differentiation
H2-K1 antigen presentation
Hacll catalyzes carbon-carbon cleavage
Hexb degradation of GM2 gangliosides
Hnrnpull transcriptional regulator, plays a role in mRNA processing anf transport
Hprt plays a central role in the generation of purine nucleotides through the purine salvage patwhay
Hsp90abl molecular chaperone, thereby effects cell cycle control and signal transduction
Hsp90b1 molecular chaperone, thereby effects ERAD
Hspa9 involved in cell prolferation and cellular aging
Idh3g mitochondrial enzyme
Lamp2 implicated in metastasis. May function in protection of the lysosomal membrane and signal transduction
Mamdc2
Map3k7 essential componene tof the MAP kinase signal transduction pathway
Map4k4 response to environmental stress
Max transcriptionalregulator, forms complex with MYC or MAD
Mfge8 phogocytosis to remove apoptotic cells in many tissues
Mras involved in signal transuction for controlling cell proliferation
Mtmrl lipid phosphatase
Ncor2 promotes chromatin condensation
Noll1l ribosome biogenesis
Nt5c2 nucleotidase, hydrolyses nucleotide into nuceloside and phosphate
Nucb1l involved in calcium homeostasis by binding calcium in the golgi
NULL
Pdia3 catalyses the rearrange,ent of disulfide bonds in proteins
Pesl ribosomal biogenesis
Phf17 part of a complex with acetyltransferase activity, promotes apoptosis, may function as a renal tumour suppressor
Plod3 promotes collagen cross-links thereby increasing collagen stability
Polr2a RNA polymerase 2 subunit, catalyses transcription
Psmb3 cleavage of peptide binds, broad specificity
Rab10 involved in secretion, key regulators of intracellular trafficking
Rabl5 intraflagellar transport
Rfc2 DNA replication elongation factor
Rpl13a ribosomal protein
Rpl23 ribosomal protein
Rpl32 ribosomal protein
Rpl34 ribosomal protein
Rpl36al ribosomal protein
Rpld ribosomal protein
Rplp0 ribosomal protein
Rplp2 ribosomal protein
Rps10 ribosomal protein
Rpsll ribosomal protein










Alias Function

Aff4 gene	expression,	increases	catalytic	rate	of	RNAP2

Aldh2 mitochondiral	enzyme

Ankrd11

Anxa4 involved	in	exocytosis

Arpc1b actin	polymerization	to	form	actin	networks

Atf4 TF,	regulates	glucose	homeostasis,	response	to	ER	stress,	apoptosis

Ccdc102a

Ccdc124 required	for	cytokinesis

Cfl1 exhibits	pH-sensitive	F-actin	depolymerizing	activity

Chmp5 involved	in	endosomal	sorting,	and	thereby	degradation	of	membrane	proteins

Cib4

Cited1 Transcriptional	co-activator,	positively	regulates	TGFb	signalling

Ckap5 regulates	microtubule	dynamics	and	microtubule	organization

Clu clusterin,	acts	as	extracellular	chaperone	that	prenets	aggregation	of	nonnative	proteins

Col4a5 major	structural	component	of	glomerular	basement	membranes

Coq3 mitochondrial	enzyme

Cux1 TF,	cell	cycle	control,	DNA	damage	repair

Dapk3 involved	in	the	regulation	of	apoptosis,	autophagy,	transcription,	translation	and	cytoskeleton	reorganization

Dnajb2 regulation	of	cell	proliferation

Dym required	for	golgi	apparatus	organization	and	bone	development

Eef1a1 promotes	aminoacyl-tRNA	binding	to	the	A	site	of	ribosomes	during	protein	synthesis

Eif3k translation	initiation	factor

Eml2 inhibitis	microtubule	growth,	thereby	causing	shorter	microtubules

Eno1 involved	in	glycolysis,	growth	control,	hypoxia	tolerance	and	allergic	response

Fam114a2

Fam49b

Foxm1 transcriptional	regulator,	controls	cell	cycle	and	DNA	replication

Gm10132

Gm15887

Gnb2l1 involved	in	a	variety	of	signalling	pathways	thereby	effecting	several	functions	including	translation,	cell	cycle	control

Gnpda1 glucosamine	metabolic	process

Gpi1 glycolysis,	cytokine,	angiogenic	factor

Gstz1 glutathione	metabolism

Gtf2ird1 TF	involved	in	cell	cycle	regulation	and	skeletal	muscle	differentiation

H2-K1 antigen	presentation

Hacl1 catalyzes	carbon-carbon	cleavage

Hexb degradation	of	GM2	gangliosides

Hnrnpul1 transcriptional	regulator,	plays	a	role	in	mRNA	processing	anf	transport

Hprt plays	a	central	role	in	the	generation	of	purine	nucleotides	through	the	purine	salvage	patwhay

Hsp90ab1 molecular	chaperone,	thereby	effects	cell	cycle	control	and	signal	transduction

Hsp90b1 molecular	chaperone,	thereby	effects	ERAD

Hspa9 involved	in	cell	prolferation	and	cellular	aging

Idh3g mitochondrial	enzyme

Lamp2 implicated	in	metastasis.	May	function	in	protection	of	the	lysosomal	membrane	and	signal	transduction

Mamdc2

Map3k7 essential	componene	tof	the	MAP	kinase	signal	transduction	pathway

Map4k4 response	to	environmental	stress

Max transcriptionalregulator,	forms	complex	with	MYC	or	MAD

Mfge8 phogocytosis	to	remove	apoptotic	cells	in	many	tissues

Mras involved	in	signal	transuction	for	controlling	cell	proliferation

Mtmr1 lipid	phosphatase

Ncor2 promotes	chromatin	condensation

Nol11 ribosome	biogenesis

Nt5c2 nucleotidase,	hydrolyses	nucleotide	into	nuceloside	and	phosphate

Nucb1 involved	in	calcium	homeostasis	by	binding	calcium	in	the	golgi

NULL

Pdia3 catalyses	the	rearrange,ent	of	disulfide	bonds	in	proteins

Pes1 ribosomal	biogenesis

Phf17 part	of	a	complex	with	acetyltransferase	activity,	promotes	apoptosis,	may	function	as	a	renal	tumour	suppressor

Plod3 promotes	collagen	cross-links	thereby	increasing	collagen	stability

Polr2a RNA	polymerase	2	subunit,	catalyses	transcription

Psmb3 cleavage	of	peptide	binds,	broad	specificity

Rab10 involved	in	secretion,	key	regulators	of	intracellular	trafficking

Rabl5 intraflagellar	transport

Rfc2 DNA	replication	elongation	factor

Rpl13a ribosomal	protein

Rpl23 ribosomal	protein

Rpl32 ribosomal	protein

Rpl34 ribosomal	protein

Rpl36al ribosomal	protein

Rpl4 ribosomal	protein

Rplp0 ribosomal	protein

Rplp2 ribosomal	protein

Rps10 ribosomal	protein

Rps11 ribosomal	protein
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Rpsl4d ribosomal protein
Rps23 ribosomal protein
Rps24 ribosomal protein
Rps29 ribosomal protein
Rps3a ribosomal protein
Rps7 ribosomal protein
Rpsa ribosomal protein
Rpsa-ps10 ribosomal protein
S100a6 may function as a calcium sensor and contribute to cellular calcium signalling
Sdcbp adaptor proteins at adherens junctions
Serpinel regulates mRNA stability
Shprh E3 uniquitin -protein ligase involved in DNA repair
Sipall3 cell signalling
Sirt2 deacetylase, feeds into several cellular functions including cell cycle, genome integrity, microtubule dynamics, cell differentiation, metabolic pathways and aut
Slc25a25 mitochondrial solute carrier
Snapc3 required for transcitption of RNAP2 and RNAP3 small-nucelar genes
Snrpa involved in the assembly of the spliceosome
Snrpd2 componene tof the spliceosome
Sprrla keratinocyte protein
Stxbp1l involved in neurotransmission
Tnipl NFkB activation inhibitor
Tpm3 binds to actin filaments and is involved in muscle contraction
Tptl microtubule stabilization
Txnrd1 protection against oxidative stress, plays a role in selenium metabolism
Tywl wybutosine biosynthesis pathway component
Ubc polyubiquitin enzyme, polyubiquitin chains have different functions when attached to different proteins
Ube2d3 ubiquitination enzyme - NFkBI degradation, DNA damage tolerance pathway, DNA repair
Ube2jl ubiquitination enzyme - ERAD
Usp19 ubiquitination enzyme -decreased protein synthesis, cell proliferation, moduates transcription of myofibrillar proteins
Vps52 may be involved in retorgrade transport from early and late endosomes to the late golgi
Wnk1 regulation of electrolyte homeostasis, cell signalling, survival and proliferation
Zdhhc15 palmitoyltransferase

Zfp207

kinetochore-binding protein involved in the spindle-assembly checkpoint signalling










Rps14 ribosomal	protein

Rps23 ribosomal	protein

Rps24 ribosomal	protein

Rps29 ribosomal	protein

Rps3a ribosomal	protein

Rps7 ribosomal	protein

Rpsa ribosomal	protein

Rpsa-ps10 ribosomal	protein

S100a6 may	function	as	a	calcium	sensor	and	contribute	to	cellular	calcium	signalling

Sdcbp adaptor	proteins	at	adherens	junctions

Serpine1 regulates	mRNA	stability

Shprh E3	uniquitin	-protein	ligase	involved	in	DNA	repair

Sipa1l3 cell	signalling

Sirt2

h i s t o ne	deacetylase,	feeds	into	several	cellular	functions	including	cell	cycle,	genome	integrity,	microtubule	dynamics,	cell	differentiation,	metabolic	pathways	and	aut

o

p h a g y

Slc25a25 mitochondrial	solute	carrier

Snapc3 required	for	transcitption	of	RNAP2	and	RNAP3	small-nucelar	genes

Snrpa involved	in	the	assembly	of	the	spliceosome

Snrpd2 componene	tof	the	spliceosome

Sprr1a keratinocyte	protein

Stxbp1 involved	in	neurotransmission

Tnip1 NFkB	activation	inhibitor

Tpm3 binds	to	actin	filaments	and	is	involved	in	muscle	contraction

Tpt1 microtubule	stabilization

Txnrd1 protection	against	oxidative	stress,	plays	a	role	in	selenium	metabolism

Tyw1 wybutosine	biosynthesis	pathway	component

Ubc polyubiquitin	enzyme,	polyubiquitin	chains	have	different	functions	when	attached	to	different	proteins

Ube2d3 ubiquitination	enzyme	-	NFkBI	degradation,	DNA	damage	tolerance	pathway,	DNA	repair

Ube2j1 ubiquitination	enzyme	-	ERAD

Usp19 ubiquitination	enzyme	-decreased	protein	synthesis,	cell	proliferation,	moduates	transcription	of	myofibrillar	proteins

Vps52 may	be	involved	in	retorgrade	transport	from	early	and	late	endosomes	to	the	late	golgi

Wnk1 regulation	of	electrolyte	homeostasis,	cell	signalling,	survival	and	proliferation

Zdhhc15 palmitoyltransferase

Zfp207 kinetochore-binding	protein	involved	in	the	spindle-assembly	checkpoint	signalling
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Gene Function
Ssr2 a TRAP protein, binds calcium to the ER therevy regulating the retention of ER resident proteins
Actb actin involved in cell motility
Ywhae adapter protein involved in a large number of both general and specialized signalling pathways
B2m antigen presentation
Atp5b ATP synthase, creates ATP from ADP in the presence of a proton gradient
Calr calcium-binding chaperone that promotes folding, oligomeric assembly and quality control in the ER
Glul catalyzes production of glutamine
Glul catalyzes production of glutamine
Clu clusterin, acts as extracellular chaperone that prenets aggregation of nonnative proteins
Cyb5r3 desaturation and elongation of fatty acids, cholesterol biosynthesis, drug metabolism
Dynll1 dyein acts as a motor for the retrograde motility of vesicles and organelles along microtubules
Dynll1 dyein acts as a motor for the retrograde motility of vesicles and organelles along microtubules
Ckslb essentai; for the biological function of CDKs
S100a11 facilitates the differentiation and cornification of keratinocytes
Gnas G protein, modulator of several transmembrane signalling systems
Lgalsl galectin, may regulate apoptosis, cell proliferayion and cell differentiation. Strong inducer of T-cell apoptosis
Mgstl glutathone transferase, glutathione peroxidase activity
Enol has a role in glycolysis, growth control, hypoxia tolerance and allergic responses
Hspa8 heat shock protein, repressor of transcriptional activation, required for activation of splicing. Participates in ERAD
Hsc70 heat shock protein, repressor of transcriptional activation, required for activation of splicing. Participates in ERAD

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Tgas006mO08.1

histone protein

Hist2h2aal histone protein
Hist2h2aal histone protein
Histlh2bm histone protein
Histlh2af histone protein
Hist1h2af histone protein
Histlh2ab histone protein
Histlh2ab histone protein
Histlh2ab histone protein
Histlh2ab histone protein
H2b-I histone protein
H1f0 histone protein
Bnip3| induces apoptosis
Vim intermediate filaments
Twsgl involved in development and differentiation
Tpil isomerase activity, involved in glucose metabolism
Fkbpla keeps TGFBR1 in an inactive conformation to prevent activation in the absence of a ligand
Tubala major constituent of microtubules
Tuba major constituent of microtubules
Erh may have a role in the cell cycle
Ybx1 mediates pre-mRNA alternative splicing regulation, promotes MYC mRNA stability
Anxa2 membrane-binding protein
Myl12b myosin cell contrile activity
Plac8 negative regulation of apaoptosis and mutlicellular organism growth, positive regulation of cell proliferation, brown fat cell differentiation
Banfl nuclear assembly, chromating organization, gene expression and gonad development
Aldoa plays a key role in glycolysis and gluconeogenesis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Gapdh plays a role in glycolysis and nuclear functions including transcription, RNA transport, DNA replication and apoptosis
Eeflal promotes binding of aminoacyl-tRNA to the A site of ribosomes during protein biosynthesis
Eeflal promotes binding of aminoacyl-tRNA to the A site of ribosomes during protein biosynthesis
Cfl1 regulates actin cytoskeleton dynamics
Rhoa regulates the assembly of focal adhesions and actin stress fibers
Arpclb regulation of actin polymerization
Gjal regulator of bladder capacity, acts by enhancing intercellular electrical and chemical transmission
Eif3k required for several steps in the initiation of protein synthesis
Rps26 ribosomal protein
Rps23 ribosomal protein
Rps2 ribosomal protein
Rps2 ribosomal protein

Rpsl7

ribosomal protein










Gene Function

Ssr2 a	TRAP	protein,	binds	calcium	to	the	ER	therevy	regulating	the	retention	of	ER	resident	proteins

Actb actin	involved	in	cell	motility

Ywhae adapter	protein	involved	in	a	large	number	of	both	general	and	specialized	signalling	pathways

B2m antigen	presentation

Atp5b ATP	synthase,	creates	ATP	from	ADP	in	the	presence	of	a	proton	gradient

Calr calcium-binding	chaperone	that	promotes	folding,	oligomeric	assembly	and	quality	control	in	the	ER

Glul catalyzes	production	of	glutamine

Glul catalyzes	production	of	glutamine

Clu clusterin,	acts	as	extracellular	chaperone	that	prenets	aggregation	of	nonnative	proteins

Cyb5r3 desaturation	and	elongation	of	fatty	acids,	cholesterol	biosynthesis,	drug	metabolism

Dynll1 dyein	acts	as	a	motor	for	the	retrograde	motility	of	vesicles	and	organelles	along	microtubules

Dynll1 dyein	acts	as	a	motor	for	the	retrograde	motility	of	vesicles	and	organelles	along	microtubules

Cks1b essentai;	for	the	biological	function	of	CDKs

S100a11 facilitates	the	differentiation	and	cornification	of	keratinocytes

Gnas G	protein,	modulator	of	several	transmembrane	signalling	systems

Lgals1 galectin,	may	regulate	apoptosis,	cell	proliferayion	and	cell	differentiation.	Strong	inducer	of	T-cell	apoptosis

Mgst1 glutathone	transferase,	glutathione	peroxidase	activity

Eno1 has	a	role	in	glycolysis,	growth	control,	hypoxia	tolerance	and	allergic	responses

Hspa8 heat	shock	protein,	repressor	of	transcriptional	activation,	required	for	activation	of	splicing.	Participates	in	ERAD

Hsc70 heat	shock	protein,	repressor	of	transcriptional	activation,	required	for	activation	of	splicing.	Participates	in	ERAD

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Tgas006m08.1 histone	protein

Hist2h2aa1 histone	protein

Hist2h2aa1 histone	protein

Hist1h2bm histone	protein

Hist1h2af histone	protein

Hist1h2af histone	protein

Hist1h2ab histone	protein
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Myl12b myosin	cell	contrile	activity
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Eef1a1 promotes	binding	of	aminoacyl-tRNA	to	the	A	site	of	ribosomes	during	protein	biosynthesis

Eef1a1 promotes	binding	of	aminoacyl-tRNA	to	the	A	site	of	ribosomes	during	protein	biosynthesis
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Sample RIN RNA concentration (ng/ul) Total RNA (ug) 260/280 260/230
Bioreactor 1 Day 4 9.5 1237.20 115.06 2.19 2.10
Day 7 9.9 943.50 87.75 2.10 2.14
Day 9 10 713.30 66.34 2.09 2.10
Bioreactor 2 Day 4 10 877.30 81.59 2.10 1.99
Day 7 10 791.40 73.60 2.08 2.23
Day 9 10 764.50 71.10 2.08 2.22
Bioreactor 3 Day 4 9.3 530.20 49.31 2.08 2.06
Day 7 N/A 657.60 61.16 2.07 1.99
Day 9 9.7 675.90 62.86 2.08 2.13
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