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Abstract 

  

Membrane proteins (MPs) are a medically relevant type of protein that are 

involved in a number of diseases and disorders, such as Alzheimer’s, anxiety, and 

depression. In order to accurately design biotherapeutics that treat these diseases, 

structural information regarding the protein must be known. Many MPs, however, are 

large, complexly-folded proteins that span the cell membrane several times. As a result, 

expression of a sufficient amount of MP to enable structural studies is the main 

bottleneck in MP structure determination. Thus the goal of the presented thesis was to 

engineer mammalian cells, particularly HEK293, for enhanced MP production. 

 The serotonin transporter (SERT) was chosen as a model MP for expression 

studies, as it has been shown to be a difficult to express MP that is toxic to cells when 

overexpression is attempted. The most successful method employed to increase the 

expression of SERT in HEK293 cells was overexpression of an anti-apoptosis gene, Bcl-

xL. Overexpression of Bcl-xL led to a statistically significant 1.3-fold increase in the 

expression of functional SERT, as determined by radioligand binding assay. Analysis of 

endoplasmic reticulum stress response gene expression indicated that Bcl-xL 

overexpression alleviates the ER stress response that is triggered by overexpression of 

SERT. 

 In addition to membrane protein overexpression studies, our work also focused on 

characterizing the proteome of HEK293 cells, and comparing HEK293 and Chinese 
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hamster ovary (CHO) cells at the transcriptome level. Gene Ontology annotation and 

KEGG pathway mapping were performed, and enriched pathways and molecular 

functions in HEK cells were identified. In addition, insights that could be used for 

targeted cell and genetic engineering to improve recombinant protein production in HEK 

and CHO cells were made by directly comparing HEK to CHO at the transcriptome level.  

Advisor: Michael J. Betenbaugh 
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Preface 

 

 Structural determination of membrane proteins relevant to a number of human 

diseases and disorders is highly desired by the biotechnology and medical industries, as 

knowledge regarding the exact structure of a protein is required to most effectively 

design a therapeutic drug to target the given protein and treat the disease(s) that it’s 

involved in. This dissertation consists of five chapters, mainly focusing on ways to 

improve expression of hard-to-express integral membrane proteins, with the serotonin 

transporter (SERT) used as a model protein. 

 Chapter 1 provides a review of general membrane protein structure and function, 

with a focus on the SLC6 family of integral membrane proteins, to which SERT and 

GAT1 both belong. Methods to increase membrane protein expression, including choice 

of expression cell line, genetic engineering methods, and cellular engineering methods, 

are also discussed. 

 Chapter 2 focuses on utilizing anti-apoptosis engineering, specifically the 

overexpression of Bcl-xL, to increase the expression of functional SERT in HEK293 

cells.   

 Chapter 3 consists of ‘omics analysis on HEK293T cells and CHO-K1 cells. The 

HEK293T proteome and transcriptome was analyzed, in addition to the CHO-K1 

transcriptome, allowing a direct comparison between the HEK293T and CHO-K1 

transcriptomes to be made. 
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 Chapter 4 reviews high-throughput screening and selection of mammalian cells 

for protein production and crystallization, and discusses a custom FACS sorting protocol 

developed to select clones expressing GAT1 at a high level. Part of this chapter will be 

published in Biotechnology Journal (2015, submitted). 

 Lastly, Chapter 5 concludes this dissertation and discusses final conclusions that 

can be drawn from the work presented, as well as suggestions for future work. 
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Chapter 1: Introduction  

Abbreviations  

IMP, Integral membrane protein; TMD, transmembrane domain; SLC6, Solute carrier 6; 

RTK, receptor tyrosine kinase; SERT, serotonin transporter; GAT1, GABA transporter 1; 

NTT, neurotransmitter transporter; HEK, human embryonic kidney; GFP, green 

fluorescent protein; CHO, Chinese hamster ovary; PTM, post-translational modification; 

GOI, gene of interest; ER, endoplasmic reticulum 

1.1 Summary 

Integral membrane proteins (IMPs) are of great clinical interest, as they are 

involved in a vast array of diseases and disorders, such as depression, Alzheimer’s, and 

anxiety.  Due to this fact, MPs are hot targets for biotechnology companies, as the design 

and development of therapeutics that target MPs and treat the diseases that they’re 

involved in is a lucrative field. In order for the most effective therapeutics to be designed, 

structural information of the MP of interest must be known. Knowledge of the MP’s 

structure allows for the design of biotherapeutics that directly target and interact with the 

MP in such a way as to alleviate the disease/disorder that it’s involved in. Interestingly, 

although MPs are of great therapeutic interest, they are underrepresented in the Protein 

Structure Database, as only 576 unique MP structures are available as of December 2015 

(http://blanco.biomol.uci.edu/mpstruc/), which represents about 1% of all high-

resolution structures [1, 2]. The main hurdle in MP structure determination is obtaining a 

sufficient amount of protein to perform structural studies, such as X-Ray crystallography. 

Some MPs are naturally produced at a high enough level in cells that they can be directly 

harvested and crystallized without the need for engineering. Other, more complex, MPs 

http://blanco.biomol.uci.edu/mpstruc/
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can be transfected into cells and exogenously expressed at a level sufficient for structural 

studies. Oftentimes, however, advanced cell and genetic engineering are required in order 

to obtain sufficient expression of a MP. While recently crystallized MPs highlight the 

advancement of the field, there are many challenges facing researchers that aim to 

determine the structure of MPs. The overexpression of MPs is a challenging task, as MPs 

are generally large and complexly folded, and can possess several transmembrane 

domains (TMDs). Two membrane proteins, GABA transporter 1 (GAT1) and the 

serotonin transporter (SERT), both members of the solute carrier 6 neurotransmitter 

transporter family, were used as model MPs in this thesis. There are many strategies that 

can be employed in order to overcome the expression bottleneck, ranging from choice of 

expression vector and cellular host, to advanced cell and genetic engineering techniques. 

These available options, and examples of their successful implementation in the 

literature, will be highlighted in the remainder of this chapter.   

1.2 General Membrane Protein Function  

Membrane proteins, such as transporters and receptors, play a large role in what 

enters the cell, and also in transduction of extracellular signals. The eukaryotic cell 

membrane consists of a phospholipid bilayer (Figure 1.1). Polar, hydrophilic heads form 

the exterior of the membrane, while hydrophobic fatty acid tails form the interior. MPs 

include both peripheral and integral proteins. Peripheral proteins are typically associated 

with the membrane via a protein-protein interaction, while integral MPs span the 

phospholipid bilayer that the membrane is comprised of [3]. IMPs can possess several of 

these transmembrane domains (TMDs), each up to several hundred amino acids in length, 
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and most commonly consist of alpha-helices or sometimes multiple beta strands. G 

protein-coupled receptors (GPCRs), for example, all possess seven transmembrane 

domains. Another example is the Solute carrier 6 (SLC6) family of IMPs, which will be 

discussed in more detail in coming sections. This family of neurotransmitter transporters 

each has 12 TMDs. Receptor Tyrosine Kinases (RTKs), on the other hand, possess only 

one alpha-helical TMD. The structure and function of the aforementioned MP types will 

now be discussed in further detail. 

1.3 GPCR Structure and Function 

G-Protein coupled receptors (GPCRs) are the largest class of cell surface 

receptors. As previously mentioned, they have 7 TMDs, with the N-terminus typically 

extracellular, and the C-terminus intracellular. An intracellular loop between the 5
th

 and 

6
th

 a-helices binds to the heterotrimeric G-protein. GPCRs bind ligands extracellularly 

such as neurotransmitters, hormones, or lipids, and activate intracellular effectors (often 

enzymes) through the activation of heterotrimeric G-proteins, which consist of three 

subunits: alpha (which binds GDP/GTP), beta and gamma [3].Lipid modifications of the 

subunits link the heterotrimeric G-protein to the lipid bilayer. GPCRs are activated by the 

binding of a ligand or chemical signal, resulting in a conformational change. The GPCR 

in the active conformation acts as a guanine nucleotide exchange factor for Galpha and 

stimulates the replacement of GDP by GTP. Active Galpha (bound to GTP) dissociates 

from the GPCR and from the beta and gamma subunits which always stay together. The 

active Galpha subunit can then bind to an effector protein, thus turning the initial binding 

of a ligand/signal outside the cell into an output intracellularly.  
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1.4 RTK Structure and Function 

RTKs possess a single, alpha-helical TMD, and are characterized by an 

extracellular binding domain and a cytoplasmic domain with kinase activity. The ligands 

that bind to RTKs are growth factors, which are small peptides that stimulate cell 

differentiation, division, migration, and survival. When a ligand binds to an RTK, 

receptor dimerization occurs, which brings the cytoplasmic parts of the RTK close to 

each other. Dimerization leads to the phosphorylation of C-terminal RTK tyrosine 

residues. Phosphorylated RTK recruits signaling proteins that bind to phosphotyrosine 

residues, ultimately resulting in amplification of the signal through a kinase cascade 

involving other proteins, such as Ras, raf-1, MEK, and MAPK [3]. 

 

1.5 Solute Carrier 6 Family of Neurotransmitter Transporters  

Unlike GPCRs and RTKs, which are both classes of receptors, solute carrier 6 

(SLC6) MPs are transporters. Both of the model IMPs used in this thesis, SERT and 

GAT1, belong to the solute carrier 6 (SLC6) family of neurotransmitter transporters 

(NTTs). The SLC superfamily consists of roughly 350 transporters organized into 55 

subfamilies [4]. The SLC6 subfamily is one of the largest, containing 20 genes that are 

expressed in the brains of mammals. Nine of these twenty are classified as 

neurotransmitter transporters, and play the critical role of regulating neurotransmitter 

signaling by facilitating uptake of released neurotransmitters from the extracellular space 

into neurons. They are secondary active transporters, as they use the Na+ electrochemical 

potential difference across the cell membrane as energy for transport of 

neurotransmitters. SLC6 family members are also considered symporters, since the 
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coupled transport of Na+ and neurotransmitter occur in the same direction. The SLC6 

family is further divided into four subclasses, determined by substrate specificity and 

sequence similarity: amino acid, amino acid/orphan, monoamine (to which SERT 

belongs), and GABA (to which GAT1 belongs). NTTs are found in three of the four 

subclasses: Amino acid, monoamine, and GABA. Monoamine NTTs regulate the uptake 

of serotonin, dopamine, and norepinephrine, while the GABA NTTs regulate the uptake 

of GABA, and the amino acid NTTs are responsible for the uptake of glycine. The 

structure of all SLC6 NTTs (Figure 1.2A) consists of 12 transmembrane domains 

connected by intracellular and extracellular loops, with the N and C termini located 

intracellularly. The extracellular loop between the 3
rd

 and fourth transmembrane domains 

is a site for N-linked glycosylation [5]. 

1.5.1 SERT 

The serotonin transporter (SERT) is a monoamine transporter that is responsible 

for the termination of serotonin neurotransmitter transmission, by reuptake of serotonin 

from the synaptic cleft to presynaptic terminals (Figure 1.2B). In mammals, SERT is 

primarily found in the brain, peripheral nervous system, placenta, epithelium, and 

platelets. The serotonin neurotransmitter is a well-studied and well-known 

neurotransmitter, and deficiencies in SERT have been linked to diseases such as anxiety, 

depression, autism, obesity, and gastrointestinal disorders [5].  

 

1.5.2 GAT1 

GAT1 belongs to the GABA subfamily of the SLC6 neurotransmitter transporter 

family. Similarly to SERT, GAT1 reuptakes a neurotransmitter (GABA) from the 
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synaptic cleft into presynaptic terminals. Unlike SERT, however, GAT1 also reuptakes 

GABA into glial cells, which are non-neuronal cells that maintain homeostasis, provide 

support and protection for neurons, and form myelin in the central and peripheral nervous 

systems. GAT1 is found primarily in the brain and the peripheral nervous system, and 

defects of GAT1 have been associated with epilepsy, anxiety, and schizophrenia [5]. 

1.6 MP crystallization and structure determination – history and challenges 

Membrane proteins such as transporters, receptors, and ion channels control what 

enters and leaves the cells, and play a critical role in maintaining human health and 

homeostasis. As a result, deficiencies or defects in these proteins can lead to an array of 

disorders and diseases, and MPs are one of the most important targets in the 

pharmaceutical industry. In fact, they represent around 60% of approved drug targets [6]. 

In order to design drugs and therapies that accurately and efficiently target these proteins, 

knowledge of the structure of the MP of interest will be invaluable. Unfortunately, MPs 

are severely underrepresented in the protein structure database, as only 576 unique MP 

structures are available as of December 2015 (http://blanco.biomol.uci.edu/mpstruc/), 

which represents about 1% of all high-resolution structures [7]. The overexpression of 

these large, intricately-folded proteins poses a major hurdle for structure determination, 

which has been reviewed extensively [8, 9]. While MPs are underrepresented in the 

structural databases, there have been a number of successful crystallization efforts that 

have been facilitated with updated technology and technique in recent years.  GPCRs 

have been the most widely-studied group of MPs, and there are several examples of 

successfully crystallized GPCRs,  including Rhodopsin [10] , beta-adrenergic receptors 

http://blanco.biomol.uci.edu/mpstruc/
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[11, 12], and the A2a adenosine receptor [13].  These have been groundbreaking 

acheivements in the field of MP crystallization, and Lefkowitz and Kobilka were 

awarded the Nobel Prize in chemistry for their work on crystallizing the beta2-adrenergic 

receptor-Gs protein complex [14]. The solute carrier (SLC) family of transporters has far 

fewer proteins whose structure has been determined. To date, only one SLC6 MP has 

been successfully crystallized, the DAT dopamine transporter [15]. The structural 

determination of SLC MPs has proven to be a formidable challenge, primarily due to 

difficulties with producing a sufficient amount of protein in cells to use in structural 

determination methods, such as X-ray crystallography.  The complex protein processing 

and folding that’s required to express a protein with 12 TMDs is significant, and attempts 

to overexpress these large and intricate proteins often results in the expression of 

misfolded, nonfunctional protein that is useless for structural studies [8]. There are a 

number of factors that contribute to the ease of MP expression in cells, such as the choice 

of cell line and expression system used. In addition, cell and genetic engineering can be 

utilized to increase the expression of functional, correctly-folded MP in the cell line of 

choice. Factors which contribute to the expression of MPs are highlighted in the 

following sections.  

 
1.7 Factors that influence expression of MPs in cells for structural studies 

 

1.7.1 Choice of expression system  

One of the first things to consider in the MP expression workflow is the choice of 

expression system and vector construct that will be transfected into the expression host. 
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The promoter used to drive expression of the MP is of particular interest, with strong 

promoters such as CMV leading to enhanced expression of MP DNA [16]. The main 

drawback of using a strong promoter is the possibility of epigenetic silencing of the 

promoter. Epigenetic silencing can be combatted via the use of matrix attachment regions 

and/or replication initiation regions [17-19]. 

Another important consideration is whether to use a constitutive or inducible 

expression system. While constitutive expression systems are the norm for most biotech 

research applications, the overexpression of MPs leads to difficulties that can make an 

inducible system desirable. The expression of MPs is generally toxic to cells, and can 

greatly slow down cell growth and decrease viability. Thus, a common approach is to 

grow cells to a high confluency/density before inducing expression of the MP. The most 

commonly used inducible system in mammalian cells uses the Tetracycline operator and 

repressor to inhibit expression of the MP until tetracycline is added to the growth media, 

thus inducing expression [20, 21]. Examples of MPs that have been successfully 

crystallized utilizing a tetracycline-inducible system in mammalian cells include the 

human ammonia transporter RhCG [22] and bovine rhodopsin [23].  Life Technologies 

sells a widely used tetracycline-inducible system, “T-Rex,” which can be applied to both 

Chinese Hamster Ovary (CHO) and HEK293 cells. 

In addition to choice of promoter and expression system, the use and location of 

tags for protein expression assessment and/or purification must be carefully considered. 

Fluorescent tags, such as green fluorescent protein (GFP), can be fused or linked to a MP 

and then used as a surrogate for MP expression level [24, 25]. Fluorescent proteins are 
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especially useful in assays such as flow cytometry and confocal microscopy [26-28]. 

Tags can also be added to the MP, such as polyhistidine, which aid in protein purification 

[29]. A potential drawback of tagging MPs is the possibility that the tag will interfere 

with MP folding and functionality. Thus, it is imperative that tag location (N or C 

terminus) and type be tested before expression and structural studies. Fluorescent tags 

will be discussed in further detail in Chapter 4.  

1.7.2 Choice of cell line  

Perhaps the most important consideration when overexpressing MPs is the type of 

cell that will be used for expression. Mammalian MPs have been successfully expressed 

and crystallized in a number of cell types, ranging from relatively simple bacterial 

systems, such as E. coli, to more complex mammalian cells, such as CHO or HEK293 

[22]. Each of these cell types have their own advantages and disadvantages which must 

be assessed for each MP expression study. E. coli have the advantage of being a 

relatively simple, well understood cell type that is easy to handle and work with, 

requiring only minimal lab space and equipment. A number of MPs have been expressed 

and crystallized in E. coli, and examples include fatty acid amide hydrolase and FXYD 

Domain Containing Ion Transport Regulator 1 [30, 31]. Yeast, slightly more complex 

than E. coli, has also been used to express and crystallize MPs [32, 33]. A number of MP 

crystal structures have been elucidated using insect cells, such as Sf9, as the expression 

host. Infection with recombinant baculovirus and the MP of interest is typically used to 

express MPs in insect cells [12, 34]. One of the disadvantages of using insect cells, 

however, is that host protein biosynthesis is shut down upon baculovirus infection [2]. 
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Folding chaperones and other proteins that aid in the expression of functional MP are 

thus not expressed, and additional cell engineering is often required to combat this and 

express functional protein.  

Mammalian cells are the most complex cell type that is used for protein 

production, and are the preferred hosts in the biotech industry [35]. CHO cells are the 

most widely used cell type [36], while other cell types, such as HEK293, have gained 

interest in recent years. The main advantages of mammalian cells are that they most 

closely mimic the natural environment of human proteins, and are capable of performing 

complex post-translational modifications (PTMs), such as N-linked glycosylation [37]. 

The glycan (sugar) groups that are attached to proteins expressed in mammal cells 

directly influence the half-life and bioactivity of the protein, and are often critical for 

producing a functional protein with high biocompatibility, an important consideration for 

proteins that will be given to humans as biotherapeutics. Due to the PTM capabilities of 

mammalian cells, they have gained traction in recent years for the expression of MPs. 

Human cells, in particular, have outstanding protein glycosylation ability, as it has been 

estimated that up to 2% of the human transcriptome encodes proteins related to 

glycosylation [38]. For production of proteins that will be used to treat diseases in 

humans, using human cells to produce these proteins also has the advantage of avoiding 

antigenic effects that can be caused by introducing into humans a protein that was made 

in nonhuman cells, e.g. murine. In addition to HEK293 cells, several new and exciting 

human cell lines have been developed that have yielded promising results in expressing 

recombinant proteins [37, 39]. Cell lines with altered glycosylation, such as HEK GNTI-
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negative cells, have also been investigated, as these cells have the advantage of attaching 

some, but not all, glycans, which can aid in purification and crystallization studies [40]. 

 An important study highlighting the varying capabilities of different cell lines to 

express a MP was conducted by Tate et al, in which they compared the expression of 

SERT across seven different cell lines, as well as different expression systems [2]. While 

it was determined that for SERT, optimal expression was achieved by using tetracycline-

inducible HEK293 cells, different MPs may behave differently in cell lines, and it is thus 

wise to perform an expression comparison such as Tate's when starting a MP expression 

project.  

1.7.3 Genetic engineering techniques  

While use of different expression systems and host cells can impact the 

expression level of functional MP, oftentimes additional engineering efforts must be 

applied. Genetic engineering is one of the two broad categories that advanced 

engineering efforts typically fall under. Genetic engineering usually involves engineering 

the gene that codes for the MP of interest. Directed evolution is an example genetic 

engineering technique that has been successfully applied to a number of proteins of 

therapeutic interest, including MPs. Directed evolution involves making a vast array of 

mutations to a gene, and then selecting for variants that possess the desired phenotype. 

Error-prone PCR is one of the most common directed evolution techniques, and Sarkar et 

al used it to evolve a mammalian GPCR for enhanced expression in E. coli, Pichia 

Pastoris, and HEK293 cells [41]. Systematic scanning mutagenesis is another method of 
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genetic engineering that has been applied to making MP variants that have enhanced 

thermostability, which will help facilitate crystallization of the MP [42, 43]. Another 

interesting form of directed evolution harnesses the natural mutagenesis capabilities of B 

cells to evolve a gene of interest. Ramos B cells are capable of somatic hypermutation, 

and when a gene of interest (GOI) is inserted into a plasmid that allows recombination 

and insertion of the GOI into a B cell line, variants will be produced via somatic 

hypermutation. Majors et al used this technique to evolve a Bcl-xL gene fused to yellow 

fluorescent protein to identify a variant that had enhanced expression and led to 

decreased apoptosis [44].  

1.7.4 Cellular engineering techniques  

In addition to genetic engineering, cellular engineering is a main category of 

engineering which can be used to increase MP expression. While genetic engineering 

directly targets the GOI, cellular engineering, as the name suggests, is on the whole cell 

level. Knowledge of the pathways important in MP expression can be used to devise a 

cellular engineering strategy. For example, it is known that folding of a MP in the 

endoplasmic reticulum (ER) is one of the main bottlenecks in MP production. Molecular 

folding chaperones can be transfected into cells in order to alleviate the folding burden on 

cells. For example, the folding chaperone calnexin has been used successfully in insect 

cells to increase the functional expression of SERT [45]. Folding chaperones such as 

calnexin, however, have varying effectiveness for different MPs and for different cell 

lines. Thus it is important for a variety of chaperones to be tested for a given MP and host 

cell. 
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Another pathway which has been successfully engineered to increase MP 

production is the apoptosis pathway. Apoptosis, or programmed cell death, is often an 

issue in cells that are under a high stress, such as lack of media nutrients, high cell 

densities, and high levels of exogenous protein production. There have been many 

previous studies demonstrating the capabilities of antiapoptosis genes, such as Bcl-xL 

and Bcl-2, to decrease apoptosis and lead to higher production of a protein of interest.  

Bcl-xL has been previously demonstrated to aid in the expression of MPs in CHO cells 

[46] as well as increase cell productivity during extended bioreactor runs [47-51]. Bcl-xL 

belongs to the Bcl-2 family, which contains both pro and anti-apoptotic genes [52]. Bcl-

xL prevents apoptosis by maintaining the mitochondrial membrane potential and thus 

preventing the release of cytochrome C during apoptotic insults [53], thereby blocking 

the caspase activation and resulting apoptosis that cytochrome C release leads to.  

1.7.5 Utilization of ‘omics data 

In today’s information age, scientists are able to access and analyze an incredible 

amount of data. One of the most rapidly growing fields, which is sure to have an even 

larger impact in coming years, is the utilization of ‘omics data to direct cell and genetic 

engineering projects [54]. Genomic, transcriptomic, and proteomic data for a number of 

important cell lines, including CHO and HEK, are available and have been analyzed [55-

58].This information can be used to determine the strengths and weaknesses of a given 

cell line, and scientists can then make an educated decision regarding the cell line that 

will likely be best for a given application, such as MP overexpression. Omics data can 

also reveal pathways that are depleted in a given cell line that are ripe for cell 
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engineering. A study by Baycin-Hizal et al identified more than 6000 proteins in CHO-

K1 cells, including secreted and glycosylated proteins. Using the data gathered from mass 

spectrometry, codon usage preferences of CHO cells were elucidated, as well as enriched 

and depleted KEGG pathways [57]. In addition, transcriptomic analysis of high-

producing cell lines can provide key insights into which genes and pathways may be 

responsible for a desired phenotype, such as high production or growth rate. Dietmair et 

al investigated differences between a HEK293 cell line stably expressing a recombinant 

protein and the parental cell line using a combination of transcriptomics, metabolomics, 

and fluxomics [58].  They found that in the recombinant protein expressing cell line there 

was an increased expression of ER stress-related genes, identifying the ER stress 

response pathway as a target for engineering. A number of transcriptome studies on CHO 

cells have been performed, identifying genes important for high cellular growth rate [59], 

sustained cell specific productivity [60], and monoclonal antibody production [61]. As 

the cost and difficulty of ‘omics based studies continues to decrease, it will inevitably 

grow as one of the most useful tools to characterize cell lines and guide cell engineering 

efforts. 

1.8 Conclusion 

Integral membrane proteins are typically large, complexly-folded proteins that in 

addition to performing basic cellular functions, are also implicated in a number of human 

diseases. Knowledge of a given MPs structure is critical to facilitate the design of drugs 

and therapeutics to target the MP and to treat the disease(s) that it’s involved in. 

Expression of a sufficient amount of MP to facilitate structural studies is a formidable 
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challenge, and is one of the main bottlenecks in MP structure determination. A number of 

strategies can be used to enhance expression of recombinant MPs in cells, such as using 

mammalian cells with an inducible expression system to express the MP of interest, as 

well as engineering cells to improve their MP expression capabilities. The next chapter of 

this thesis will focus on cellular engineering of HEK293 cells to increase the expression 

of the serotonin transporter, a medically relevant MP involved in a number of diseases 

and disorders.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

Figures  

 

Figure 1.1: Mammalian cell schematic (A) and cell membrane diagram (B).  

A: http://yourgenome.org/  

B: http://hyperphysics.phy-astr.gsu.edu/ 
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Figure 1.2: Structure and localization of the serotonin transporter. 1.2A: SERT is an IMP 

that consists of 12 TMDs. The extracellular loop between domains 3 and 4 is 

glycosylated, and both the N and C termini of SERT are intracellular. 1.2B: SERT is 

localized to the presynaptic terminal, where it regulates the level of the serotonin 

neurotransmitter by reuptaking it into the presynaptic terminal. 1.2A: http://www2.mrc-

lmb.cam.ac.uk/personal/cgt/index.html. 1.2B: adapted from [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

http://www2.mrc-lmb.cam.ac.uk/personal/cgt/index.html
http://www2.mrc-lmb.cam.ac.uk/personal/cgt/index.html


18 

 

Chapter 2: Overexpression of Bcl-xL increases expression of functional SERT in 

HEK293 cells 

Abbreviations used: 

IMP, integral membrane protein; GPCR, G protein-coupled receptor; SERT, serotonin 

transporter; SLC6, solute carrier 6; PTM, post-translational modification; TCA, citric 

acid cycle (or tricarboxylic acid cycle); UPR, unfolded protein response 

2.1 Summary 

Integral membrane proteins (IMPs) play a role in a number of diseases and 

disorders, such as anxiety, Alzheimer’s, and depression. Although these proteins can 

potentially be the target of biotherapeutics, they are severely underrepresented in the 

protein structure database. In order for the most effective therapeutics to be designed for 

a particular MP, the structure of the given MP must be known. One of the main 

bottlenecks in determining the structure of IMPs is producing a sufficient amount of 

protein in order to perform structural studies, such as x-ray crystallography. Integral 

membrane proteins are large, complex proteins that are intricately folded and often have 

multiple transmembrane domains. In an attempt to overcome this expression bottleneck, 

we have engineered an HEK293 cell line to overexpress the anti-apoptosis gene Bcl-xL.  

By overexpressing Bcl-xL in a cell line that expresses a serotonin transporter (SERT) –

GFP fusion under a tetracycline inducible promoter, we were able to increase the 

expression of functional SERT by 1.3-fold. SERT expression was assessed via flow 

cytometry, confocal microscopy, and radioligand binding assays. This was a significant 

increase in functional IMP expression, and will help to facilitate structural studies of the 
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serotonin transporter. The results of this study demonstrate the ability of anti-apoptosis 

engineering to aid in the expression of toxic IMPs, and are the first demonstration of 

using overexpression of the Bcl-xL gene in HEK293 cells to enhance expression of a 

membrane protein.   

2.2 Introduction 

IMPs, such as SERT, play a large role in a number of diseases and disorders, such 

as autism, depression, and anxiety [5]. Thus, MPs are of great therapeutic relevance, and 

represent around 60% of approved drug targets [6]. In order for the most effective 

therapeutic drugs that treat MP-associated diseases to be designed, structural information 

regarding the MP must be known. One of the most common techniques for obtaining 

structural information is X-ray crystallography [62]. Several MPs, particularly GPCRs, 

have been crystallized in recent years, demonstrating the progress that has been seen in 

the MP crystallization field [63]. However, even with these recent successes, MPs are 

severely underrepresented in the protein structure database, as only 576 unique MP 

structures are currently available [http://blanco.biomol.uci.edu/mpstruc/], which 

represents about 1% of all high-resolution structures [1]. Membrane proteins pose several 

unique challenges for structure determination, and the main bottleneck is producing a 

large enough quantity of a given MP to facilitate structural studies via techniques such as 

X-ray crystallography [64].   

MPs are generally large, complex proteins that span the membrane several times. 

Due to their complex structure, they require intricate folding in order to result in 

functional protein. Oftentimes the host cells are not capable of handling the enhanced 



20 

 

folding burden that arises from MP overexpression, and cells can die as a result, or 

produce misfolded, nonfunctional protein that is essentially useless for structural studies  

[65]. Choice of cell host is one way in which these obstacles can be overcome, and 

mammalian cells possess several characteristics that are desirable for MP overexpression. 

Most importantly, they are capable of post-translation modifications (PTMs), such as N-

linked glycosylation, that aid in producing functional, stable protein. In addition, unlike 

virally-transfected insect cells, mammalian cells maintain host cell protein production 

after transfection [2]. These proteins include molecular chaperones which assist in protein 

folding, which is a critical pathway in producing functional, correctly-folded MP. While 

CHO cells are the mammalian cell line of choice in industry for the production of 

secreted proteins, such as antibodies [35],  HEK293 cells were investigated in this study 

for their MP production potential.  

SERT was chosen as a model protein in this study. SERT is a member of the 

solute carrier 6 (SLC6) family of neurotransmitter transporters [5, 66], and is responsible 

for the reuptake of the serotonin neurotransmitter into the presynaptic nerve termini [45]. 

SERT and other members of the SLC6 subclass are key therapeutic targets for the 

treatment of a wide range of central nervous system diseases and disorders, as well as the 

targets of abuse drugs, such as cocaine [67]. SERT is characterized by 12 transmembrane 

helices, and possesses a large extracellular loop between the 3rd and 4th TM helices that 

is a site for N-linked glycosylation, one of the most critical types of PTMs for the 

expression of functional protein  [9]. The complex structure of SERT presents a 

formidable challenge for determining its exact structure. While studies on bacterial 
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homologs of the SLC6 family have been performed [68], crystallization of mammalian 

protein is necessary in order to optimize the design of therapeutics to specifically target 

IMPs to treat the disorders that they are implicated in. In order to overcome the 

expression bottleneck that has prevented SERT from being crystallized, the expression 

system used to produce SERT can be engineered and optimized for MP production. In 

addition to the choice of host cell, there are several factors to consider when designing an 

expression platform to optimize MP overexpression, including the promoter to drive MP 

expression and the expression system to use (e.g. constitutive vs inducible promoter). 

Previous expression studies with SERT found that the highest expression of functional 

protein was obtained from tetracycline-inducible HEK293 cells [2]. Thus, this expression 

system was utilized in the current study. 

 While choice of host cell and expression platform can aid in MP production, it 

typically is not sufficient for the overexpression of complex MPs, such as SERT. Genetic 

and/or cell engineering techniques can be applied to further enhance MP production. 

Potential techniques include directed evolution of the MP of interest [41], folding 

chaperone co-expression [45], and anti-apoptosis engineering  [46, 69]. Anti-apoptosis 

engineering prevents cell death caused by stress from sources such as nutrient depletion, 

toxin accumulation, or in this case, the folding and processing of a MP  [70]. 

 In the current study, cell engineering has been performed in the form of stably 

overexpressing the anti-apoptosis gene Bcl-xL. Bcl-xL has been previously demonstrated 

to increase cell specific productivity [71], aid in the expression of MPs [46] and 

monoclonal Abs [50] in CHO cells, as well as increase cell survival during extended 
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bioreactor runs [47, 48]. Bcl-xL belongs to the Bcl-2 family, which contains both pro and 

anti-apoptotic genes [52]. Bcl-xL prevents apoptosis by maintaining the mitochondrial 

membrane potential and thus preventing the release of cytochrome C during apoptotic 

insults [70], thereby blocking the caspase activation and resulting apoptosis that 

cytochrome C release leads to. It has also been implicated in modulation of calcium 

release from the ER, which, in addition to directly controlling apoptosis, is thought to 

have a metabolic effect as well [70, 72]. 

 The results of the present study demonstrate that Bcl-xL overexpression led to 

enhanced expression of functional SERT, determined by flow cytometry, confocal 

microscopy, and radioligand binding assays.  As mentioned above, our lab has previously 

demonstrated the utility of Bcl-xL in enhancing the expression of RTKs in CHO cells 

[46], and here we present, to our knowledge, the first results that demonstrate the ability 

of Bcl-xL to increase the expression of functional  IMP (SERT) in tetracycline-inducible, 

adherent HEK293 cells. 

2.3 Materials and methods 

2.3.1 Cell Culture 

Aseptic cell culture was performed in a biosafety cabinet (Labconco, Kansas City, MO). 

Cells were incubated at 37˚ C and 5% CO2 in humidified incubators (Thermo Fisher 

Scientific, Carlsbad, CA). 

2.3.2 Cell Lines 
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An HEK293 cell line expressing SERT- enhanced GFP fusion (SAH924) was kindly 

gifted by the Tate lab. For simplicity, GFP will be used as the abbreviation for enhanced 

GFP for the remainder of this dissertation. The cells express the fusion protein under Life 

Technologies’ (Carlsbad, CA) tetracycline-inducible T-Rex system. Cells were 

maintained in 4.5 g/L glucose Dulbecco’s modified Eagle’s medium (DMEM; Life 

Technologies) and supplemented with 10% Tetracycline-negative Fetal Bovine Serum 

(Corning; Corning, NY). Cells were grown at 37˚ C in a humidified incubator with 5% 

CO2. Untransfected T-Rex HEK293 cells were used as a control cell line for various 

experiments. 

2.3.3 Plasmid Constructs 

A pcDNA3.1 plasmid (Life Technologies) with a neomycin antibiotic resistance gene and 

the human Bcl-xL gene has been described previously [50].  

2.3.4  

Transfections 

Lipofectamine 3000 reagent (Life Technologies) was used to transfect plasmids into the 

SAH924 cell line in Opti-MEM I media (Life Technologies) according to the 

manufacturer’s protocol. Stable cell lines were selected for 14 days using 600 ug/mL 

geneticin. 

2.3.5 Western Blot 
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Cells were lysed in 1x radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling 

Technology; Danvers, MA) containing Complete Mini ethylenediaminetetraacetic acid-

free protease inhibitor cocktail (Roche Diagnostics; Mannheim, Germany). Precipitate 

was separated by centrifugation, and the soluble protein lysate solution was collected. 

Protein concentrations were determined using a BCA protein assay kit (Pierce; Rockford, 

IL). Samples were incubated with 6X SDS loading dye for 5 minutes at 95˚ C.  Equal 

amounts of protein were loaded into wells of 10% acrylamide gels and separated by 

electrophoresis for approximately two hours at 100 volts. Proteins were transferred to a 

nitrocellulose membrane (Bio-Rad; Hercules, CA) for 75 minutes at 100 volts. 

Membranes were blocked for two hours in TBST solution containing 5% milk. A rabbit 

anti-Bcl-xL primary antibody, and an anti-rabbit HRP-conjugated secondary antibody  

(Cell Signaling Technology) were used. Membranes were visualized using a ChemiDoc 

UV transilluminator (Bio-Rad, Hercules, CA) and  SuperSignal™ West Pico 

Chemiluminescent Substrate (Thermo Fisher, Carlsbad, CA).   

2.3.6 Confocal Microscopy 

Cells were seeded on 4 well cover slides (Nunc™ Lab-Tek™ II Chambered Coverglass, 

Thermo Fisher, Carlsbad CA) at 80,000 cells/well. Twenty four hours after seeding, 

SERT-GFP expression was induced with 1 ug/mL tetracycline (Sigma-Aldrich; St. Louis, 

MO). Twenty four hours post-induction, cells were visualized on a Zeiss LSM 510 

Confocor III confocal microscope (Oberkochen, Germany) at 40x magnification using a 

green laser to visualize localization of GFP. Cells were washed with PBS before 

visualization, and were visualized directly on the slides. ImageJ software was used to 
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analyze images to determine the ratio of total cell fluorescence to internal (without 

membrane) fluorescence. Three cells from SAH924 and SAH924+Bcl-xL were analyzed, 

and average fluorescence and standard deviation calculated and plotted.  

2.3.7 Flow Cytometry 

Immediately following confocal microscopy, flow cytometry was performed on a BD 

FACSCalibur (BD Biosciences; East Rutherford, NJ) machine. After confocal imaging, 

cells were harvested in PBS and placed in 5 mL polystyrene tubes (BD Falcon, East 

Rutherford, New Jersey). Fluorescence was measured using a 488nm laser at FL1= 366 

volts. Cyflogic software (CyFlo Ltd; Turku, Finland) was used to analyze the FCS files 

and calculate geometric mean fluorescence.  

2.3.8 Radioligand Binding Assay 

A radioligand binding assay to determine the level of functional SERT was performed by 

Juni Andrell of the Tate lab at the University of Cambridge. Twenty four hours post-

induction, cells were harvested at 10 million cells/mL in PBS supplemented with 0.1M 

NaCl and 0.02M Tris. Samples were frozen at -80˚ C and shipped to our collaborators in 

the Tate lab, where the binding assay was performed.  

2.3.9 Viability Effect of Bcl-xL 

SAH924 cells with or without Bcl-xL overexpression were plated at 450,000 cells/well in 

6 well tissue culture treated plates (Corning, Corning, New York). SERT expression was 

induced by 1 ug/mL tetracycline 24 hours after plating. Cell counts from induced and 

uninduced cells were taken every 24 hours for 5 days after induction: one well of cells 
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from each cell line was harvested using the media from each well to pipet up and down 

and knock off the cells from the well that was to be harvested. Triplicate live/dead cell 

counts from each well were performed each day using trypan blue solution (Corning; 

Corning, NY) with a hemocytometer (Electron Microscopy Sciences, Hatfield, PA) and a 

light microscope (Zeiss, Oberkochen, Germany). 

2.3.10 Metabolic impact of Bcl-xL  

SAH924 and SAH924+Bcl-xL cell lines were plated in triplicates at 80,000 cells/well on 

PM-M1 and PM-M2 plates (Biolog, Hayward, CA). Cells plated on PM-M1 plates were 

suspended in IF-M1 media supplemented with 5% dialyzed FBS, 0.3 mM L-glutamine, 

and 1x pen/strep antibiotic. Cells plated on PM-M2 plates were suspended in a 50:50 

mixture of IF-M1 and IF-M2 media, with galactose added to 4mM concentration. After 

inoculation, plates were incubated at 37˚ C, 5% CO2 for 48 hours. Twenty four hours into 

the incubation, SERT-eGFP expression was induced using doxycycline (Sigma-Aldrich) 

dissolved in DI water, at a final well concentration of 1 ug/mL. Uninduced plates were 

given an equal volume of DI water (without doxycycline) as a control. After 48 hours 

total incubation,10 uL of 6x Biolog Redox Dye Mix MB was added to PM-M1 plates, 

and 10 uL of 6x Biolog Redox Dye Mix MA was added to PM-M2 plates. Plates were 

then loaded into an Omnilog machine (Biolog, Hayward, CA). Readings were made 

every 15 minutes for 6 hours, and the collected data was analyzed using Kinetic and 

Parametric Analysis Software, provided by Biolog. 

2.3.11 ER stress response gene expression 
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T-Rex HEK (negative control), SAH924, and SAH924+Bcl-xL cells were plated on 6 

well plates at 450,000 cells/well. Induced samples were induced with 1ug/mL 

tetracycline 24 hours after plating. Total RNA was extracted 1 and 2 days post-induction 

using a RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis was performed 

using M-MLV reverse transcriptase (Promega, Madison, WI) and PCR was performed 

using taq polymerase (Promega, Madison, WI) and primers to amplify 500 base pair 

fragments from calnexin and ATF6, and beta actin as a control. Amplified gene 

fragments were loaded in a 2% agarose gel, and gene fragments were separated via gel 

electrophoresis. UV visualization via ethidium bromide was performed and images were 

taken using a Carestream Gel Logic Pro system (Carestream, Rochester, NY). ImageJ 

software was used to calculate the intensity of each band, as “percent.” Relative intensity 

was calculated by dividing SERT percentages by SERT+Bcl-xL percentages for the 

given day (1 or 2) and gene (ATF6 or calnexin). 

2.4 Results 

2.4.1Expression of Bcl-xL  

 SDS-PAGE was performed on protein lysate from untransfected SAH924 cells, as 

well as SAH924 cells transfected with Bcl-xL. Anti-Bcl-xL primary antibody was used, 

and the results indicated that Bcl-xL was successfully transfected and expressed in the 

SAH924 cell lines (Figure 2.1). Cells transfected with Bcl-xL had a band at 

approximately 30 kDa, indicating that Bcl-xL had been stably transfected. 

2.4.2 Confocal microscopy 
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 After the stable expression of Bcl-xL was confirmed, its impact on SERT-GFP 

expression was investigated. Confocal microscopy was performed in order to determine 

the location of SERT-GFP fusion proteins in transfected and untransfected cells. Some 

SERT-GFP was located at the cell membrane in SAH924 cell lines, but a significant 

amount was internalized (Figure 2.2A1 and B1).  On the other hand, cells transfected 

with Bcl-xL had GFP primarily at the cell membrane (Figure 2.2A2 and B2). The average 

ratio of total fluorescence to internal fluorescence was calculated from three individual 

cells from each cell line using ImageJ software. Cells overexpressing Bcl-xL had a 

statistically significant increased amount of SERT-GFP localized to the cell membrane 

(Figure 2.2C). This served as the first indication that Bcl-xL may increase the expression 

of functional SERT in HEK293 cells. 

2.4.3 Flow cytometry  

 Immediately following confocal microscopy, flow cytometry was performed on 

the exact samples that had been previously visualized, in order to determine a relationship 

between fluorescence intensity (determined via flow cytometry) and localization 

(determined via confocal microscopy). Cells transfected with Bcl-xL had an average 

geometric mean fluorescence that was 1.5 times higher than untransfected, parental 

SAH924 cells (Figure 2.3).  

2.4.4 Radioligand binding assay  
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 To determine if the SERT produced in cells overexpressing Bcl-xL was 

functional, a radioligand binding assay was performed. Bcl-xL increased the expression 

of functional SERT, and the increase was statistically significant (Figure 2.4). 

2.4.5 Effect of Bcl-xL on cell viability 

 To determine the impact of Bcl-xL on cell viability, induced SAH924 and 

SAH924+Bcl-xL cells were counted every day for 5 days post induction. While all cell 

lines had similar viability for the first three days, on days 4 and 5 cells overexpressing 

Bcl-xL had a higher viability (Figure 2.5). 

2.4.6 Metabolic Effect of Bcl-xL 

 In order to investigate the potential impact of Bcl-xL overexpression on general 

cell metabolism, Biolog assays were performed on SAH924 and SAH924+Bcl-xL cells. 

Carbon metabolism was measured using PM-M1 plates, while nitrogen metabolism was 

measured using PM-M2 plates. The results (Figure 2.6) suggest that Bcl-xL may shift 

cellular metabolism by reducing glycolysis and increasing activity of the citric acid 

(TCA) cycle. 

2.4.7 ER stress response gene expression 

To determine if Bcl-xL overexpression was able to decrease the ER stress 

response in SERT-expressing cells, total RNA was extracted from cells with or without 

Bcl-xL overexpression, 1 and 2 days post-induction. rtPCR was performed, and 

approximately 500 base pair fragments of the ER stress response genes, ATF6 and 

calnexin, as well as the housekeeping gene, beta-actin, were amplified. Cells 
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overexpressing Bcl-xL appear to express less ATF6 one day post-induction, and less 

calnexin 2 days post-induction (Figure 2.7).  

2.5 Discussion 

Expression of sufficient levels of MP is one of the main bottlenecks preventing 

structural determination of these medically relevant proteins. IMPs play a role in a 

number of diseases and disorders, and structural information regarding these proteins 

must be known in order to most efficiently design therapeutics to target MPs and the 

diseases that they’re involved in. The serotonin transporter, responsible for the reuptake 

of the serotonin neurotransmitter into presynaptic termini, is a prime example of a 

difficult to express IMP with clinical relevance. Overexpression of SERT is hindered by 

the complex nature of the protein, which, when attempted to be overexpressed, leads to 

expression of misfolded protein and potentially cell death. A number of methods have 

been used in the past to increase the expression level of SERT, such as using mammalian 

HEK293 cells as an expression host and utilizing a tetracycline inducible system [2]. 

While utilizing these techniques has led to increased SERT expression, the expression 

level still is not sufficient for structural studies, such as x-ray crystallography, to be 

performed.  

In the current study, stable overexpression of the anti-apoptosis gene Bcl-xL was 

used to increase the expression of functional SERT in tetracycline-inducible HEK293. 

Bcl-xL has been previously demonstrated to aid in the expression of MPs and fusion 

proteins in CHO cells [46, 69, 73], as well as increase cell survival during extended 
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bioreactor runs [47, 48, 50]. The current study, however, is the first time that Bcl-xL has 

successfully been used to increase recombinant MP expression in HEK293 cells. 

 Cells stably transfected with Bcl-xL were shown to express an enhanced amount 

of SERT using multiple methods. After stable expression of Bcl-xL was determined via 

SDS-PAGE (Figure 2.1), confocal microscopy (Figure 2.2) immediately followed by 

flow cytometry (Figure 2.3) was performed. SERT-GFP was localized primarily at the 

membrane in SERT+Bcl-xL cells, and expressed a higher level of SERT-GFP, as 

determined by flow cytometry. Additionally, cells transfected with Bcl-xL expressed a 

statistically significant increased amount of GFP at the cell membrane, as compared to 

SAH924 cells (Figure 2.2C). While this was a promising result, it did not indicate if the 

overexpressed SERT in SAH924+Bcl-xL cells was functional. Expression of functional 

protein is necessary for structural studies, thus, it was imperative that the overexpressed 

SERT in this study be functional.  

In order to determine if the SERT produced by cells overexpressing Bcl-xL was 

functional, a radioligand binding assay was performed. The results of the binding assay 

indicated that Bcl-xL increased expression of SERT, and that the increase was 

statistically significant (Figure 2.4). Bcl-xL was also shown to increase cell viability 

(Figure 2.5), validating the well-known anti-apoptotic function of Bcl-xL.  

While Bcl-xL overexpression increased cell viability in cells expressing SERT, 

the viability improvement wasn’t seen until 4 days post SERT induction (Figure 2.5), 

which does not account for the increase in functional SERT in cells harvested 24 hours 

post-induction. We thus sought to identify factors within the first 24-48 hours post-
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induction that could trigger the apoptotic cell death seen four days post-induction in our 

cell viability study. Studies were performed to look at expression of ER stress response 

genes and to characterize carbon and nitrogen metabolism in SERT cell lines with or 

without Bcl-xL overexpression. Cells that overexpressed Bcl-xL had decreased carbon 

energy source metabolism compared to cells without Bcl-xL overexpression 24 hours 

post SERT induction (Figure 2.6). Particular carbon energy sources of interest which had 

decreased consumption in Bcl-xL-expressing cells were glucose, maltose, lactic acid, 

galactose, glycogen, and pyruvic acid (Figure 2.7A). Decreased glucose consumption in 

CHO cells overexpressing a similar anti-apoptosis gene, Bcl-2, has been previously seen 

[77]. In addition to altered carbon energy source metabolism, there was considerable 

variability between the two cell lines in terms of nitrogen metabolism (Figure 2.7B). Bcl-

xL expressing cells consumed less glutamine than control cells (Figure 2.6B, well B5), 

which has also been previously seen in CHO cells overexpressing Bcl-2 [77]. 

Interestingly, a number of the amino acid dipeptides  (Ala-Arg, Ala-Pro, Ala-Gln; second 

amino acid of each is metabolized by alpha-ketoglutarate) with increased metabolism in 

the Bcl-xL cell line are metabolized by alpha-ketoglutarate, and previous studies have 

shown that Bcl-xL can increase alpha-ketoglutarate activity [72]. While it is difficult to 

make any concrete claims regarding the differences in nitrogen metabolism when Bcl-xL 

is overexpressed based off of our data, our findings suggest that Bcl-xL overexpression 

may cause cells to utilize the TCA cycle more and glycolysis less, as demonstrated by a 

shift in nitrogen and carbon energy metabolism, respectively. Future studies involving 
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isotope labeling of metabolites, similar to the aforementioned study in CHO [77], would 

provide more detailed insights into the metabolic effect of Bcl-xL in HEK293 cells.  

ER stress triggers the unfolded protein response (UPR), a mechanism by which 

cells attempt to overcome a protein folding burden. It has been shown that if the UPR is 

unable to relieve ER stress, apoptosis will be triggered [74-76]. We hypothesized that 

cells without Bcl-xL overexpression had unmitigated ER stress and were thus limited in 

their ability to overexpress SERT-GFP 24 hours post-induction, with the unmitigated ER 

stress ultimately leading to the apoptotic cell death seen 4-5 days post-induction (Figure 

2.5). Conversely, we hypothesized that in SERT-expressing cells where Bcl-xL is also 

overexpressed, the enhanced expression of Bcl-xL is able to prevent the apoptotic cell 

death caused by ER stress, and thus result in increased cell viability 4-5 days post-

induction, as well as increased expression of functional SERT. To test our hypothesis, the 

expression of ER stress response genes was investigated 1 and 2 days post-induction. The 

ER stress response genes investigated in this study, ATF6 and calnexin, both play a role 

in the UPR, and their expression is upregulated during the UPR [74]. Our results suggest 

that the expression of ATF6 is reduced in cells overexpressing Bcl-xL 24 hours after 

induction of SERT expression, and that the expression of calnexin is reduced 48 hours 

post-induction in cells overexpressing Bcl-xL (Figure 2.7). Cells overexpressing Bcl-xL 

had a 44% decrease in ATF6 one day post-induction, and a 26% decrease in calnexin two 

days post-induction. Repeating this experiment, and also investigating the expression of 

additional ER stress response and pro-apoptotic genes, such as CHOP and Bax/Bak, 

respectively, may provide additional insights that would enable a more definitive 



34 

 

conclusion as to the mechanism by which Bcl-xL overexpression can increase SERT 

expression in HEK293 cells to be drawn.   

2.6 Conclusion 

The expression of large, complexly-folded membrane proteins at the level 

required for structural studies is a formidable challenge. While choice of expression 

system, cell type, and promoter can all influence MP expression, cell and/or genetic 

engineering techniques are typically required in order to increase expression to a 

sufficient amount. In the current study, SERT was chosen as a model MP, due to its 

complex folding and medical relevance. This study represents the first successful 

application of using overexpression of the anti-apoptosis gene Bcl-xL to increase the 

expression of an IMP in HEK293 cells. SERT expressed in HEK Bcl-xL cell lines was 

functional, as determined by a radioligand binding assay, and was expressed at a level 

that was significantly higher than in cells without Bcl-xL overexpression. Initial 

experiments investigating the mechanism of Bcl-xL in increasing SERT expression 

suggest that Bcl-xL prevents apoptosis caused by ER stress that is triggered by the 

attempted overexpression of SERT. Validation of our initial findings regarding the role of 

Bcl-xL in ER stress response and membrane protein production is currently in progress. 
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Figures 

Figure 2.1: Western blot of SAH924 cells for expression of Bcl-xL. Cell lines stably 

transfected with Bcl-xL have a strong band at ~30 kDa, indicating successful 

overexpression of Bcl-xL (lanes 2). 
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Figure 2.2: Confocal microscopy of SAH924 cells with and without Bcl-xL 

overexpression. A1 and A2: confocal images of SAH924 and SAH924+Bcl-xL, 

respectively. B1 and B2: enhanced view of a single cell from the red boxes in A1 and A2. 

C: Plot of average fluorescence ratios, whole cell:internal (without membrane). SERT 

expressed in cells with Bcl-xL is located primarily at the membrane, and is of higher 

intensity than SERT expressed in parental cells, without Bcl-xL overexpression. 
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Figure 2.3: Flow cytometry geometric mean fluorescence of SERT-expressing cell lines. 

Plotted values are averaged from three separate runs. Cells stably expressing Bcl-xL had 

an average geometric mean fluorescence that was 1.5-fold higher than SERT-expressing 

cells untransfected with Bcl-xL. 
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Figure 2.4: Radioligand binding assay results. SERT-expressing cells transfected with 

Bcl-xL had increased SERT activity compared to SERT cells without overexpressed Bcl-

xL.  
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Figure 2.5: Cell viability impact of Bcl-xL. Starting three days after SERT induction, 

cells transfected with Bcl-xL had significantly higher viabilities. 
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Figure 2.6: Metabolic effect of Bcl-xL.  Red indicates increased metabolism in SAH924 

cells. Green indicates increased metabolism in SAH924+Bcl-xL cells. (A) Average 

curves of three PM-M1 plates, looking at carbon energy sources. Cells overexpressing 

Bcl-xL consumed fewer carbon energy sources than cells without Bcl-xL. (B) Average 

curves of three PM-M2 plates, looking at nitrogen energy sources. Bcl-xL overexpression 

also caused changes in metabolism of nitrogen sources, with green curves indicating 

increased metabolism of the given amino acid/dipeptide in cells overexpressing Bcl-xL. 
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Figure 2.7: rtPCR results of SERT-expressing cells with and without Bcl-xL 

overexpression, 1 and 2 days post-induction. rtPCR was performed on total RNA extracts 

for the ER stress response genes ATF6 and calnexin, as well as the housekeeping control 

gene beta-actin. 

 

 

 

 

 

 

ATF6 area percent relative intensity

1 12904.53 30.719 1

2 7158.075 17.039 0.554673004

3 11598.57 27.61 1

4 10347.74 24.632 0.892140529

Calnexin area percent relative intensity

1 10744.61 24.833 1

2 9695.409 22.408 0.902347683

3 13137.7 30.364 1

4 9689.359 22.394 0.737518114

B-actin area percent relative intensity

1 11324.66 21.991 1

2 12301.39 23.888 1.086262562

3 15196.31 29.51 1

4 12673.87 24.611 0.833988478
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Chapter 3: Proteomic analysis of HEK293 cells, and transcriptomic comparison of 

HEK293 and CHO-K1 

Abbreviations used 

CHO, Chinese hamster ovary; HEK, human embryonic kidney; PTM, post-translational 

modification; GO, gene ontology; NSAF, normalized spectral abundance factor; BP, 

biological process; MF, molecular function; CC, cellular component; mTOR, Mammalian 

Target of Rapamycin 

3.1 Summary 

Advancements in the acquisition and analysis of ‘omics data has revolutionized 

the biotechnology industry, and can provide insights into the inner workings of cellular 

systems that can be used to optimize cells for a given function, such as production of a 

recombinant protein for biotherapeutic purposes. The number of systems biology studies 

utilizing ‘omics data in the literature has skyrocketed in recent years, and will continue to 

do so as data acquisition and analysis techniques are refined. Two of the most commonly 

used mammalian cell lines for the production of biologic drugs for treatment of human 

diseases are Chinese hamster ovary (CHO) and human embryonic kidney (HEK293) 

cells. These cell lines are capable of performing post-translational modifications (PTMs), 

such as N-linked glycosylation, that increase the half-life and efficacy of protein 

therapeutics. Although CHO and HEK are well-studied cell lines, there is much that can 

be gained by performing detailed ‘omics analysis, including streamlined cell culture and 

protein production processes that most efficiently produce a maximal amount of product. 

The genome and proteome of CHO cells has been elucidated in recent years and the 

human genome was released in a groundbreaking study in 2001. To date, however, a 
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detailed analysis of the HEK293 proteome has not been performed. In the current study, 

HEK293 proteomic data is provided and analyzed, and a comparison at the 

transcriptomic level between CHO and HEK cells is performed. ‘Omics data was 

annotated with Gene Ontology (GO) functions, and KEGG pathways were mapped in 

order to identify enriched and depleted functions and pathways in HEK and CHO cells. 

The results of the study provide insights that can be used to target cell and genetic 

engineering efforts in order to optimize HEK or CHO cells for the production of 

recombinant proteins. 

3.2 Introduction 

The production of biopharmaceuticals is a multibillion dollar industry, with sales 

in 2013 topping $130B [78]. Mammalian cells, such as CHO and HEK, are the preferred 

cell type for biologic drug production, and the use of mammalian cells for 

biopharmaceutical production has steadily increased over the last 20 years [78].  HEK 

cells are used in a broad range of biotechnology applications, and HEK293T cells, in 

particular, have been optimized for increased transient gene expression, and are 

commonly used in the biopharmaceutical industry for early stage production and 

evaluation of candidate biotherapeutics [79, 80]. One of the main advantages of human 

cells, such as HEK293, is their ability to perform PTMs, such as N-linked glycosylation, 

which have a major impact on the stability and half-life of expressed proteins. Human 

cells have outstanding protein glycosylation ability, as it has been estimated that up to 2% 

of the human transcriptome encodes proteins related to glycosylation [38]. For production 

of proteins that will be used to treat diseases in humans, using human cells to produce 
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these proteins also has the advantage of avoiding antigenic effects that can be caused by 

introducing into humans a protein that was made in nonhuman cells, e.g. murine. 

In order to maximize protein production in HEK293 cells, an increased 

understanding of the physiology of the cells is desirable, and would provide detailed 

information that could be used to maximize the strengths of HEK293 cells, as well as 

engineer ways to overcome their weaknesses. Over the past years, the rise of high-

throughput technologies has enabled the acquisition and analysis of ‘omics (proteomics, 

transcriptomics, genomics, etc) data from different organisms and cell types. In fact, the 

recent elucidation of the CHO genome, proteome, and secretome was made possible by 

advancements in ‘omics data acquisition and analysis technology [55-57, 81]. 

Information regarding the human genome sequence became publicly available in 

2001[82], and advances in microarray technology have made collecting transcriptomic 

data from a given cell line relatively straightforward and affordable. In addition, 

improvements in mass spectrometry technology enable the quantitative and qualitative 

identification of proteins present in a given organism [57, 83, 84]. 

In the current study, the proteome and transcriptome of HEK293T cells has been 

analyzed through GO annotations and KEGG pathway mapping. In addition, a direct 

comparison at the transcriptome level between HEK293T and CHO-K1 cells has been 

performed, elucidating enriched and depleted pathways in each cell type. Differences in 

codon usage frequency between CHO and HEK cells were also investigated. The results 

of this study provide valuable information regarding the general physiology of HEK293 

cells, as well as highlight the differences, at the transcriptome level, between two of the 
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most commonly used mammalian cell types in the biotechnology industry, HEK293T and 

CHO-K1. 

3.3 Materials and methods 

3.3.1 Cell lines 

Proteomic and transcriptomic data was generated from HEK293T cells. For simplicity, 

“HEK293” will be used in the remainder of this chapter, but it should be noted that the 

HEK cells used in this study were HEK293T cells, which contain the SV40 T-antigen 

and are highly transfectable. In addition to HEK293T, transcriptomic data was gathered 

from CHO-K1 cells purchased from ATCC (ATCC #CCL-61. American Type Culture 

Collection, Manassas, VA). 

3.3.2 ‘Omics data collection 

HEK293T transcriptome data was found online, courtesy of Marc Sultan 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM300493). CHO-K1 

transcriptome data was provided by Medimmune, using a CHO microarray from 

Affymetrix (Affymetrix® CHO Gene microarray). HEK293 proteome data was 

graciously provided by the Yates lab (Scripps Institute, San Diego). Mass spectrometry 

data acquisition and analysis was performed by the Yates lab on adherent HEK293 cells 

that were harvested at 75% confluency. In total, 11,271 protein groups were identified, 

which were comprised of 333,821 peptide identifications (257,410 unique peptide 

identifications) and 4,362,049 spectra identifications. Samples were run on an LTQ 

Orbitrap Velos.  A total of 34 MuDPITs were run.  A search engine developed by the 
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Yates lab, called ProLuCID, was used [85]. Afterward, the PSMs were initially filtered to 

a 1% peptide FDR using DTASelect2.  These data were then fed into a tool developed by 

the Yates lab, ProteinInferencer, to achieve a final 1% protein FDR [86]. MuDPIT 

performed in-line with the mass spectrometer and used both SCX and RP resin, with 12 

or 13 steps/fractions. 

3.3.3 KEGG pathway analysis 

KEGG pathways and their corresponding genes were downloaded from the KEGG 

website (http://www.genome.jp/kegg/). The search and color pathway tool 

(http://www.genome.jp/kegg/tool/map_pathway2.html) was used to construct colored 

KEGG pathways. 

3.3.4 Gene Ontology (GO) annotations 

Human GO annotations, as well as CHO-K1 homolog (mouse) annotations were 

downloaded from the gene ontology website (http://geneontology.org/page/download-

annotations). 

3.3.5 Hypergeometric test 

Enriched and depleted GO functional categories and KEGG pathways were statistically 

determined in MATLAB 2010a (Natick, MA, The Mathworks Inc, 2010) using 

MATLAB’s hygecdf and hygepdf functions. The output of the functions is a 

hypergeometric distribution of p-values, with the most enriched pathways possessing the 

smallest p-values. 

http://geneontology.org/page/download-annotations
http://geneontology.org/page/download-annotations
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3.3.6 NSAF (Protein Intensity) vs FPKM (RNA expression level) log2-log2 plot  

Abundance of identified proteins was estimated by calculating the normalized spectral 

abundance factor (NSAF) for each protein. To calculate NSAF, the spectral count for 

each protein was normalized to the length of the given protein to define the spectral 

abundance factor. The SAF values are then normalized by dividing each value by total 

SAF values. The mRNA expression levels used in this study are standard, normalized 

FPKM values; fragments of reads mapped per kilobase of exon model.  

3.4 Results 

3.4.1 Codon usage frequency 

To demonstrate the codon usage frequency for each amino acid in HEK293, a 

heat map was constructed. Figure 3.1 represents the relative frequency of each codon, in 

addition to a heat map demonstrating the frequency of each codon in HEK cells to CHO 

cells. While there are similarities between the two cell types, there are differences in the 

usage frequency of several codons, including alanine, proline, serine, and threonine. 

These findings highlight the fact that codon usage frequency is organism specific, and 

that codon optimization can be used to increase the expression of a gene of interest in a 

given organism. 

3.4.2 GO analysis of stable and unstable proteins 

Gene Ontology annotations are one of the main ways in which proteomic and 

transcriptomic data can be analyzed and characterized. A detailed evaluation of the genes 

present in the HEK proteome and transcriptome data, as well as CHO transcriptome data, 
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was performed, and enriched GO functional categories and KEGG pathways were 

identified and analyzed. GO functions can be split into three broad categories: molecular 

function (MF), biological process (BP), and cellular component (CC).  Biological process 

GO annotations were performed on the stable and unstable HEK proteins identified from 

a log2-log2 plot of protein intensity and mRNA expression level (Figure 3.2). 

Hypergeometric functions in MATLAB were utilized to determine p-values for each GO 

term, with the most significant/enriched categories represented in the pie charts in Figure 

3.2. The relationship between mRNA and protein abundance can provide critical insights 

regarding the types of proteins that are stable and unstable in a given cell type. Stable 

proteins are proteins that have high protein intensity despite a low level of mRNA. 

Conversely, unstable proteins have low protein intensity, despite a high level of mRNA. 

The p-value of each protein was calculated based on its relative mRNA and protein 

levels, in order to determine the significance of stability for each protein. Stable and 

unstable genes were annotated with GO terms, and significantly enriched BP groups are 

displayed in pie charts in Figure 3.2. Functions related to signaling, transcription, and cell 

cycle were enriched in the unstable group, while translational elongation, cellular amino 

acid metabolic process, and RNA processing functions were enriched in the stable group. 

3.4.3 GO analysis of HEK transcriptome and proteome, and Comparative GO 

Analysis of HEK and CHO transcriptome 

In addition, the hypergeometric test was also performed on HEK293 

transcriptome and proteome data combined, and pie charts of the most enriched GO 

categories for MF, BP, and CC were made (Figure 3.3). While differences in data 
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collection methods precluded a direct comparison of HEK and CHO proteome data, the 

two cell lines could be directly compared at the transcriptome level. The hypergeometric 

test was performed on transcriptome genes annotated with GO functions from HEK and 

CHO, and the most enriched MF, BP, and CC GO categories were plotted in pie charts 

(Figure 3.4). From the Molecular Function GO analysis (Figure 3.4A), ubiquitin-protein 

transferase activity was differentially expressed in HEK (2%) and CHO (1%), while 

structural constituent of ribosome, protein kinase activity, and chromatin binding were 

among the most enriched MF GO functions in HEK, while in CHO they were not.  For 

the BP comparison (Figure 3.4B), apoptotic process and protein phosphorylation were 

among the most enriched GO functions in HEK, but not in CHO, while phosphorylation, 

translational elongation, and translational termination were among the most enriched GO 

functions in CHO but not in HEK. Lastly, for the cellular component category, focal 

adhesion and mitochondrial matrix were enriched in HEK but not in CHO (Figure 3.4C).  

3.4.4 KEGG pathway analysis of HEK transcriptome and proteome 

Proteins from the HEK proteome, as well as the HEK and CHO transcriptomes, 

were annotated with KEGG IDs, and significantly enriched and depleted pathways were 

colored and mapped. Enriched pathways of interest that are relevant to recombinant 

protein production, particularly membrane proteins, in the HEK proteome were: protein 

processing in ER, mTOR signaling pathway, sphingolipid signaling pathway, and 

SNARE interactions in vesicular transport. The SNARE interactions in vesicular 

transport, colored according to the presence of each gene in the transcriptome and/or 
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proteome, is displayed in Figure 3.5, while the mTOR signaling pathway is shown in 

Figure 3.6. 

3.4.5 Comparative KEGG pathway analysis of HEK and CHO transcriptome 

Particular pathways of interest were also compared at the transcriptome level 

between HEK and CHO cells to demonstrate the presence of a given pathway’s genes in 

both HEK and CHO, just HEK or CHO, or neither cell type. The ratio of HEK/CHO 

enrichment p-values were calculated for each identified KEGG pathway. Relevant 

pathways with small ratios, which indicated increased enrichment in HEK, were selected 

and colored according to whether the genes in the pathway were present in just HEK, just 

CHO, or both. Relevant pathways with small HEK/CHO ratios were cell cycle, N-glycan 

biosynthesis, ribosome, and amino sugar and nucleotide sugar pathways. Particular genes 

of interest within the Cell Cycle pathway are denoted by a red star in Figure 3.7, and 

include Cdc25a, Cdc7, Cdc45, E2f4,5, E2f1,2,3,  PCNA, and CDK1. 

3.5 Discussion 

HEK cells are widely used in the biotechnology industry and in academic 

laboratory settings for the production of recombinant proteins with post-translational 

modifications. While advancements in bioreactor technology, media formulation, and 

transfection method have all led to increased protein production in HEK293, the complex 

underlying pathways of HEK293 have not been elucidated in detail. Advancements made 

in the field of proteomics have made it easier and more economically feasible to obtain 

and analyze ‘omics data than ever before. By performing a detailed analysis of a cell 
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type’s proteome, discoveries can be made regarding the cellular processes that are critical 

for desired user functions, such as overexpression of recombinant proteins for 

biotherapeutic use. The human genome became publicly available in 2001 [82], and 

‘omics studies on CHO cells have recently been performed [57, 81]. While previous 

‘omics studies have investigated the HEK293  transcriptome, metabolome, and fluxome 

[58], the study presented here is the first detailed analysis of the HEK293 proteome, and 

the first comparison of two of the most relevant mammalian cell lines in the 

biotechnology industry, HEK293 and CHO-K1, at the transcriptome level. By utilizing a 

deep sequencing approach to collect HEK293 proteome data, almost as many genes 

present in the HEK proteome (9.045)) were identified as genes present in the HEK293 

transcriptome data (10,058) (Figure 3.8). 

3.5.1 HEK codon usage frequency  

Codon optimization of a protein for the organism that it is to be expressed in is a 

method that is commonly used to increase recombinant protein production in cells [87]. 

In order to visualize the differential codon preferences of HEK and CHO cells, a codon 

usage heat map was generated. All amino acids (except tryptophan and methionine) are 

encoded by at least two different, synonymous codons. The usage frequency of each 

codon for a given amino acid is different in different organisms, due to organism-specific 

isoaccepting  tRNAs [88]. For each amino acid, the most frequently used codon is 

typically the one with the most abundant corresponding tRNA, facilitating high levels of 

protein expression [89]. Codon choice is positively linked to the abundance of 

corresponding tRNAs, thus resulting in organism specific codon usage frequencies. In 



53 

 

addition to tRNA abundance, GC/AU richness in mammals [90] can lead to increased 

gene expression [91]/degradation [92], respectively. In order to maximize protein 

expression in a given host, the gene of interest can be optimized to reflect the codon 

usage frequencies of the given organism. The greatest differences in codon frequency 

between HEK and CHO were for the amino acids alanine, proline, serine, and threonine 

(Figure 3.1). These findings highlight the need for codon optimization of nonhuman 

genes that will be expressed in human cells, such as HEK293, for biotherapeutic use. The 

codon usage frequency data presented in this study will be of particular utility when 

expressing mouse or rat recombinant proteins in human cells, as these proteins can be 

codon-optimized for optimal expression in human cells. 

3.5.2 GO analysis of stable and unstable HEK proteins 

Although less abundant mRNAs are expected to encode less abundant proteins 

[93], transcription and translation rates, as well as varying degradation rates of mRNA 

and protein, can all account for differences between the expressed mRNA and protein 

level of a given gene [94, 95]. In addition, the half-life of mRNA has been shown to vary 

widely, and ranges from minutes to over a hundred hours [94]. Certain classes of proteins 

have essential cellular and structural processes, and thus should be stable and have a low 

turnover rate. Some of the most enriched biological process GO functions for stable 

proteins identified in our study included translational elongation, cellular amino acid 

metabolic process, and RNA processing (Figure 3.2). These categories are related to 

protein synthesis, and the fact that they were enriched in the stable protein group in our 

data is supported by the fact that proteins are generally more stable than mRNA [96]. 
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Enriched BP GO functions from the unstable group included signaling, DNA-templated 

regulation of transcription, and cell cycle related functions (Figure 3.2). Several of the 

signaling functions were related to extracellular signaling, such as cell-cell signaling, cell 

surface receptor signaling pathway, transmembrane receptor protein tyrosine kinase 

signaling pathway, and phosphatidylinositol-mediated signaling. Secreted proteins are 

known to have short cellular half-lives, which supports the enrichment of these signaling-

related GO functions in our HEK data. A previous study in mouse fibroblast cells also 

identified functional groups related to transcription, signaling, and cell cycle as being 

unstable, similarly to our findings in HEK [96]. In addition, proteins related to signaling 

and transport have also been shown to be unstable in CHO [57]. These results support the 

fact that due to the need for rapid turnover of proteins related to signaling, transport, and 

the cell cycle in mammalian cells, proteins with these given functions are generally 

unstable. 

3.5.3 HEK and CHO GO annotations 

 Gene Ontology annotation of ‘omics data identified a number of GO functions 

related to protein production and cell growth that were enriched in the HEK293 

tanscritptome+proteome data (Figure 3.3). The most intriguing enriched GO functions 

related to protein expression were from the molecular function category, and included 

ubiquitin-protein transferase activity, chromatin binding, protein kinase activity, and 

structural constituent of ribosome. While the HEK and CHO proteomes could not be 

compared due to differences in data collection method, a direct comparison of the two 

cell types at the transcriptome level could be made. A number of GO functions were 
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differentially enriched between HEK293 and CHO cells at the transcriptome level 

(Figure 3.4). One of these functions, belonging to the MF GO category, was the 

aforementioned ubiquitin-protein transferase activity. In addition to being enriched in the 

previously discussed HEK transcriptome+proteome data, ubiquitin-protein transferase 

activity function was enriched in both the HEK and transcriptome data, and was slightly 

more abundant in HEK than CHO (Figure 3.4A). The enzymatic activity of this function 

catalyzes the transfer of ubiquitin, a small 8.5 kDa regulatory protein, from one protein to 

another. Ubiquitination, the addition of ubiquitin to a protein, is a post-translational 

modification that tags proteins for degradation or activation, and plays an important role 

in cell cycle regulation, gene expression, signal transduction, and apoptosis [97, 98]. It 

has been recently shown that knockdown of Skp2, part of a protein complex that triggers 

protein ubiquitination, via microRNA, increases cell-specific productivity in CHO cells 

[99]. These results indicate the potential of engineering pathways involved in 

ubiquitination, such as ubiquitin-protein transferase activity, for increased production of 

recombinant proteins.  

 A number of MF functions were also identified that were enriched in the HEK 

transcriptome but not the CHO transcriptome (Figure 3.4A). These include structural 

constituent of the ribosome, protein kinase activity, and chromatin binding. These are 

broad categories that can all be related to protein expression and activity, indicating that 

HEK293 cells are well suited for production of recombinant proteins. Two other MF 

functions, unfolded protein binding and chaperone binding , were two of the GO 

functions that had the largest difference in HEK p-value vs CHO p-value, as determined 
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by calculating the ratio of HEK p-value:CHO p-value. The unfolded protein binding and 

chaperone binding functions had two of the smallest HEK:CHO p-value ratios, indicating 

that these functions were much more enriched in HEK than CHO. 

  In addition to protein kinase activity, the HEK transcriptome data was also 

enriched for the protein phosphorylation BP category, which is supported by the 

aforementioned enrichment of protein kinase activity in the HEK transcriptome. Two BP 

functions related to translation were identified as being enriched in CHO transcriptome, 

but not in HEK: translational elongation and translational termination (Figure 3.4B). 

Differences in translational elongation and termination between HEK and CHO cells 

could potentially cause differences in protein expression between the two cell types. 

 Differences in GO function enrichment between HEK and CHO at the 

transcriptome level were also seen when comparing enriched Cellular Component 

functions between the two cell types (Figure 3.4C). Focal adhesion and mitochondrial 

matrix were of interest, and both were enriched in HEK but not in CHO. Enrichment of 

the focal adhesion pathway is particularly interesting, as cell adhesion to the extracellular 

matrix through focal adhesion pathway is known to moderate many cellular functions, 

including cell survival, proliferation, and motility [81]. Focal adhesion also plays a role in 

protein secretion by modulating cell spreading and cytoskeletal rearrangements during 

protein secretion [100]. 

3.5.4 KEGG pathway mapping 
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 The mapping and coloring of KEGG pathways represents the other main way (in 

addition to GO annotations) in which ‘omics data can be visually represented. KEGG 

pathway maps were created for relevant, enriched pathways from HEK293 proteome + 

transcriptome data, and also were utilized to compare, at the transcriptome level, 

pathways that were significantly more enriched in HEK than CHO. For HEK proteome + 

transcriptome data, relevant enriched pathways included SNARE interactions in vesicular 

transport (Figure 3.5), mTOR signaling pathway (Figure 3.6), protein processing in ER, 

and sphingolipid signaling pathway.  

 One of the most interesting KEGG pathways that was enriched in HEK293 

transcriptome+proteome data was SNARE interactions in vesicular transport. SNARE 

proteins are a large family of proteins that mediate the fusion of vesicles with their target 

membrane bound compartments, thus regulating intracellular trafficking pathways [101]. 

The majority of genes in the SNARE interactions in vesicular transport KEGG pathway 

were present in our HEK293 proteome data (Figure 3.5), demonstrating the deep 

sequencing of our HEK293 proteome data. Genes of this KEGG pathway that were 

identified in the HEK293 transcriptome, but not the proteome data, were Stx1-4 and 

VAMP1-3. Stx1-4, a member of the Syntaxin superfamily, possesses a C-terminal 

transmembrane domain, which may explain why it was not present in our HEK293 

proteome data, due to its difficulty to express and identify.  

 The SNARE interactions in vesicular transport pathway represents an intriguing 

target for genetic engineering to improve vesicular trafficking and expression of secreted 

proteins. Overexpression of SNARE proteins SNAP-23 and VAMP8, both of which were 
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present in our HEK transcriptome and proteome data, has been shown to increase 

production of SEAP and monoclonal antibodies in HEK, CHO-K1, and Hela cells [102]. 

These results indicate that engineering the post-ER secretory pathway has the potential to 

increase the expression of secreted proteins. 

 Mammalian Target of Rapamycin (mTOR) is a kinase that is a regulator of many 

cellular processes, including apoptosis, metabolism, and protein synthesis. 

Overexpression of mTOR in CHO cells has been shown to increase cell growth, viability, 

and antibody production  [103].  Pik3cd, which encodes the Class 1A catalytic subunit of 

phosphatidylinositol 3-kinase (PI3K), which is present in both the HEK transcriptome 

and proteome data in our study, was found to be the most differentially expressed gene in 

a transcriptomic study comparing two CHO cell lines with a 17.4 fold difference in 

specific monoclonal antibody productivity. Pik3cd had a 71.3-fold higher level of 

expression in the high producer cell line than in the low producer, indicating that the gene 

and its protein, p110δ, could potentially be used as markers for enhanced recombinant 

protein production [104]. Thus, while HEK293 cells are already enriched for the mTOR 

signaling pathway, there are still ways in which the pathway could be engineered to 

further increase the expression of recombinant proteins in HEK293 cells. 

 KEGG pathway mapping was also used to compare pathways between the HEK 

and CHO transcriptomes, particularly pathways more enriched in HEK cells. Pathways 

more enriched in HEK included cell cycle, N-glycan biosynthesis, ribosome, and amino 

sugar and nucleotide sugar pathways. A Cell Cycle pathway map, colored according to 

presence of each gene in the HEK and/or CHO transcriptome, is shown in Figure 3.7. 
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Particular genes of interest, represented by a red star in Figure 3.7, are CDC25A, CDC7, 

CDC45, E2f4,5, E2f1,2,3, PCNA, and CDK1. Of these genes, five were present only in 

HEK (CDC25A, CDC7, E2f4,5, E2f1,2,3, and PCNA). CDC25A and CDC7 are cell 

division cycle proteins that are required for progression from G1 to S phase of the cell 

cycle. The S, or Synthesis, stage of the cell cycle is where DNA replication occurs. Also 

found only in our HEK data, E2f4,5 and E2f1,2,3 also play a role in controlling the cell 

cycle. Like the aforementioned CDC genes, E2f1,2,3 helps control progression of the cell 

cycle from the G1 to S phase. E2f4,5 is required for multiciliate cell differentiation, and 

helps activate genes required for centriole biogenesis. In addition, PCNA is known to 

play a role in DNA replication. The presence of these five genes in our HEK data, but not 

in CHO, indicate that HEK cells may have enhanced DNA replication capabilities as 

compared to CHO cells, due to the presence of an increased amount of genes controlling 

the G1 to S transition. The deficiencies found in CHO demonstrate the potential for 

engineering the G1 to S transition by overexpression of genes, such as CDC25A, CDC7, 

E2f4,5, E2f1,2,3, and PCNA, that regulate progression of the cell cycle from the G1 to S 

phase. In fact, overexpression of CDC25a in CHO cells has been shown to increase gene 

copy number and specific production rate of an IgG [105]. In addition, overexpression of 

E2f-1 has been shown to increase the viable cell density of CHODG44 cells expressing a 

monoclonal antibody when grown in serum-free batch culture [106], and has also been 

shown to increase growth and prolong the S phase in CHOK1 cells grown in serum-free 

media [107]. Alternatively, cell cycle genes in HEK could be knocked down in order to 

arrest cells in the G1 phase, as it has been shown that genes involved in protein 
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production functions, such as ribosome biogenesis and protein translation, are highly 

expressed during the G1 phase [108-114]. A number of studies have used cellular 

engineering of the cell cycle to arrest CHO cells in the G1 phase which leads to an 

increase in specific productivity [115], and a similar strategy could be applied to HEK293 

by knocking down genes identified in this study, such as CDC7, CDC25a, and E2f1-3 

and E2f4,5, thus limiting progression of cells from the G1 to S phase of the cell cycle. 

3.6 Conclusions 

 This study represents the first detailed analysis of the HEK proteome, identifying 

enriched and depleted GO functions and KEGG pathways. In addition, by directly 

comparing HEK and CHO cells at the transcriptome level, insights were made that could 

be used to guide cell engineering efforts with the goal of increasing the recombinant 

protein expression capabilities of each cell type. The results presented here will be of 

value to researchers when deciding between using HEK or CHO cells for a given task, as 

the current results demonstrate the strengths and weaknesses of each cell type.  
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Figures 

Figure3.1: Codon usage frequency for HEK cells. The ratio of codon frequency in HEK 

cells to CHO is indicated by the color of the boxes using the heat map scale. Red 

indicates higher frequency in HEK. 
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Figure 3.2: Dot plot of protein intensity vs mRNA expression level. Stable proteins 

(orange dots) and unstable proteins (blue dots) outside the 95% confidence interval were 

annotated with GO functions, with Biological Process categories represented in the pie 

charts. GO functional groups with an asterisk (*) in the pie charts are a combination of 

multiple GO functions, listed in charts above or below the stable and unstable pie charts, 

respectively. 
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Figure 3.3: Pie charts of the most enriched GO categories for HEK293 transcriptome 

plus proteome data. A: Enriched Molecular Function GO categories.  B. Enriched 

Biological Process GO categories. C: Enriched Cellular Component GO categories. 

A: Molecular Function 

 

 

B: Biological Process 
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C: Cellular Component 
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Figure 3.4: Pie charts of the most enriched GO functions for HEK293 and CHO 

transcriptome data. A: Enriched Molecular Function GO functions. A1: HEK GO 

functions. Protein binding* = protein binding + identical protein binding.  Metal ion 

binding** = metal ion binding + zinc ion binding. Protein kinase activity*** = protein 

serine/threonine kinase activity. A2: CHO GO functions. Protein binding* = protein 

binding + identical protein binding.  B. Enriched Biological Process GO functions. B1: 

HEK GO functions. B2: CHO GO functions. C. Enriched Cellular Component GO 

functions. C1: HEK GO functions. C2: CHO GO functions. 
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B: Biological Process 
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Figure 3.5: KEGG pathway map of SNARE interactions in Vesicular Transport in 

HEK293, with genes colored according to presence or absence in the proteome and/or 

transcriptome.   
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Figure 3.6: KEGG pathway map of mTOR signaling pathway in HEK293, with genes 

colored according to presence or absence in the proteome and/or transcriptome.   
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Figure 3.7: Cell Cycle KEGG pathway, with genes colored according to presence in the 

HEK and/or CHO transcriptome. Particular genes of interest are denoted by a red star.  
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Figure 3.8:  Venn diagram depicting the number of unique genes present in just the 

HEK293T transcriptome data, just proteome data, or both. 
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Chapter 4: Selection methods for high-producing mammalian cell lines 

Abbreviations used 
 

PTM, post-translational modification; CHO, Chinese Hamster Ovary; HP, high producing; 

RMCE, Recombinase-mediated cassette exchange; POI, protein of interest; IRES, internal 

ribosome entry site; LDC, limiting dilution cloning; HTP, high-throughput; ELISA, enzyme-

linked immunosorbent assay; GOI, gene of interest; DHFR, dihydrofolate reductase; GS, 

Glutamine Synthetase; MTX, methotrexate; MSX, methionine sulfoximine; FACS, fluorescence-

activated cell sorting; eGFP, enhanced green fluorescent protein; LEAP, Laser-Enabled Analysis 

and Processing; Ab, antibody; WP, well plate; DWP, deep well plate 

4.1 Introduction  

 The production of recombinant proteins for biotherapeutics and research purposes 

is a large and rapidly expanding field. In 2013, total revenue of biotech companies 

located within the US, Canada, Europe, and Australia was almost $100B while the sale of 

Biologics in the US reached almost $64B in 2012 [116]. This represents a growth of over 

18% from 2011, which is 7 times higher than growth of the pharmaceutical sector overall 

[117]. In addition, biopharmaceuticals represent 1 in 5 of all new drug approvals and 1 in 

2 of new drugs in development [118]. 

While simpler organisms, such as bacteria and yeast, have been commonly used 

for the production of certain pharmaceuticals and proteins, it is increasingly more 

common and desirable to produce recombinant proteins for biotherapeutic use in humans 

in mammalian cells, such as Chinese hamster ovary (CHO) or HEK293 [36, 119, 120]. 

Compared to traditional expression systems, mammalian cells have the advantage of 

possessing the capability to perform post-translational modifications (PTMs), such as 
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glycosylation, on the proteins they produce. Such PTMs are critical for the stability and 

efficacy of recombinant proteins that will be used for therapeutic or research purposes 

[121, 122] and may cause unwanted immune responses if incorrectly generated [123].  

By far the most popular production host of choice for recombinant proteins is the CHO 

cell line [35]. Human cells, such as HEK293, have also gained interest in recent years. 

Human cells have outstanding protein glycosylation ability, as it has been estimated that 

up to 2% of the human transcriptome encodes proteins related to glycosylation [38]. For 

production of proteins that will be used to treat diseases in humans, using human cells to 

produce these proteins also has the advantage of avoiding antigenic effects that can be 

caused by introducing into humans a protein that was made in nonhuman cells [37]. In 

addition to HEK293 cells, several new and exciting human cell lines have been 

developed that have yielded promising results in expressing recombinant proteins. These 

include PER.C6, amniocyte cells, HKB-11, and HT 1080 [124]. The main caveat against 

the use of human cell lines is the possibility of viral contamination with human 

pathogenic viruses.  

While choice of expression system, cellular host, and transfection method all 

influence the cost and efficiency of a cell line development procedure, one of the most 

crucial steps is the selection method that is chosen to identify desirable variants from the 

heterogeneous transfectant pool. The random integration systems currently used lead to a 

transfectant pool of cells with unpredictable chromosomal integration sites, copy-

numbers inserted, and heterogeneous protein expression levels, necessitating high 

screening effort to select for a high producing (HP) clone. Alternatives thereof include 
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targeted integration systems such as the Life Technologies’ Flp-In system or 

recombinase-mediated cassette exchange (RMCE) protocols, which target the transfected 

gene to the same location in each cell, eliminating cell to cell variability in expression 

that arises from random integration [125]. As targeted integration systems, however, are 

based on single-copy integration, it’s difficult to compete with standard multi-copy 

approaches in terms of reaching high transcription levels. Thus, the major benefits of 

targeted integration may be that the developed cells are stable (by avoiding repeat-

induced gene silencing) closely followed by homogeneity of gene expression, i.e. 

between cells and proteins of interest (POIs). By simplifying the screening process and 

removing stability studies from the critical path, targeted integration systems benefit from 

shorter development times. Today, however, typically non-targeted methods are most 

frequently used. With the emergence of new, more efficient methods of genome 

targeting, such as CRISPR [126], this may change in the future. 

In addition to the unpredictable effects of random integration, CHO cell lines, and 

most other immortalized cell lines in culture, are subject to high clonal variation, both in 

terms of phenotype [127] and genotype [128]. This is undesirable in an industrial setting, 

since clonal cell lines (derived from a single cell) are required for the production of 

biologic drugs that are to be used in humans with the expectation that they will behave 

reproducibly and reliably. In addition to FDA-approval issues, a heterogeneous 

population has an impact on the protein productivity of the population. Since POI 

expression draws energy and resources from a cell, heterogeneous expression levels may 

result in outgrowth of low producers after continued passaging [129, 130]. In order to 
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generate a cell line that meets FDA approval requirements and produces the maximum 

amount of protein, selection methods must be employed to isolate the highest producing 

individual cells and scale them up into a population of high-expressing cells that are 

clonal in nature. These methods range from simple limiting dilution cloning (LDC) to 

complex automated and high throughput (HTP) techniques. This chapter will discuss 

various methods of cell line selection, as well as present data from selecting an HEK293 

cell line that overexpresses the GAT1 MP using a custom FACS-based protocol.  

4.2 Cell line selection methods 

4.2.1 Limiting Dilution Cloning 

By far the most common, traditional method to identify high-expressing clones is 

the process of limiting dilution cloning [36, 131, 132]. In this procedure, the stable pool 

of transfected cells is diluted to a low concentration and then plated, traditionally in 

multiwell plates such as 96 well plates, such that each well will receive 1-10 cells, 

depending on the expected recovery rate. While LDC can be a simple, useful tool to 

identify cells that have been successfully transfected, it has a number of limitations that 

hinder its utility as a viable selection technique for high-producing mammalian cells. 

First, it is highly labor intensive, and multiple rounds of subcloning must generally be 

performed in order to ensure monoclonality. In addition, for cell lines expressing 

nonsecreted proteins, such as membrane proteins, assays like enzyme-linked 

immunosorbent assay (ELISA) aren’t possible, and additional downstream processing is 

required to determine the productivity of each clone. Due to the amount of extra work 
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required to fully characterize each clone, the entire LDC process to create HP cell lines 

can take up to 8 months [133]. Even though there are much more efficient and stringent 

methods available today for the selection of HPs, LDC still has a utility due to its 

simplicity and lack of specialized equipment required [134]. Nevertheless, it’s not 

surprising that LDC has been phased out in the industrial setting in favor of more 

complex and effective techniques [36].  

4.2.2 Selection via antibiotic resistance 

In addition to LDC, there are a number of simple methods for the selection of HP 

clones. Antibiotic resistance is one of the most fundamental and widely-used approaches 

to select only for cells expressing a protein of interest, with the limitation that selection is 

targeted to the expression of the antibiotic resistance gene and not directly at the 

expression of the POI, so that the productivity of the resulting clones will vary and even 

non-POI producing clones may survive. Variations of this approach have been 

successfully employed to select high-producing cells. One approach is to weaken the 

antibiotic resistance gene on the plasmid that contains the gene of interest (GOI) [135], 

allowing HPs to be selected at a lower dose of selection antibiotic, and helping to avoid 

the issue of slow cell growth that commonly occurs at high doses [136]. Possibilities of 

how this can be achieved include expression using a weak promoter, such as HSV [137], 

or deoptimization of the selection gene for the host organism, so that transcription and/or 

translation will be decreased or its activity reduced. Westwood, Rowe, and Clark 

successfully employed this strategy with the Dihydrofolate Reductase (DHFR) selection 

gene [138]. Also, in terms of antibiotic resistance genes, it has been shown that different 
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resistance genes have different selection efficacies. Alper et al. determined that Zeocin > 

Hygromycin B > Neomycin > Puromycin at selecting successful transfectants, as 

determined via GFP expression in two commonly used human cell lines: HEK293 and 

HT1080 [39]. While these simple methods are useful in that they only require materials 

that are typically found in any biotech research lab, in order to generate cell lines with the 

highest production possible, more advanced methods of selection must be utilized.  

4.2.3 Selection methods for gene amplification 

Slightly more advanced than using resistance to a selection antibiotic to isolate 

HP cell lines, and more high-throughput than traditional LDC, DHFR and Glutamine 

Synthetase (GS) based selection systems have been widely used in CHO cells. Similarly 

to selection based on antibiotic resistance, both the DHFR and GS selection systems are 

predicated on the concept of transfecting cells with a selective marker that is on the same 

plasmid as the gene of interest. DHFR and GS systems, however, also rely on gene 

amplification to select for cells that express the GOI at a high level [139]. 

Since its discovery in 1980 [140], CHO cells deficient in the DHFR enzyme,  and 

thus unable to grow in media lacking purine and thymidine nucleotides, have been used 

to express and select a wide array of therapeutic proteins and antibodies [139, 141-144]. 

To further enhance the selection stringency, a drug, Methotrexate (MTX), that targets and 

inhibits DHFR, is added at increasing concentrations in order to abolish any remaining 

native DHFR activity and to select only for transfectants that have “amplified” the gene 

copy number and thus expression of DHFR (and hopefully the GOI as well) [139].  
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The DHFR selection system, however, has a number of drawbacks that scientists 

have attempted to overcome in recent years. DHFR selection suffers from long 

development time [145], as the iterative process of increasing MTX concentrations and 

subcloning  requires up to 6 months to generate a cell line that expresses the POI at a 

desirable level [139], which limits the ability to quickly evaluate and get a new drug 

candidate to market [146]. Another issue is the stability of the amplified gene, as 

amplified genes are not always stable [147]. As with antibiotic selection, the selective 

pressure during gene amplification is not on the expression of the POI, but of DHFR and 

thus may be leaky, allowing cells to survive who have lost or silenced the GOI but keep 

expressing DHFR.  

A similar method for selecting HP clones that also uses gene amplification is the 

GS selection system, licensed by Lonza. Like the DHFR system, the GS system is based 

on an enzyme; Glutamine Synthetase (GS). GS catalyzes the synthesis of glutamine from 

glutamate and ammonia, and is the cell’s only pathway for synthesizing glutamine [148]. 

A GS inhibitor, MSX (methionine sulfoximine) is added to the culture media and 

suppresses endogenous GS expression, ensuring that only cells transfected with the 

plasmid containing the GOI and a GS gene can survive and grow. The GS system suffers 

some of the same drawbacks as the DHFR system, including production time and 

instability of the amplified gene, which can be worse than the stability issues commonly 

associated with the DHFR system [149]. One recent development in the GS selection 

system is the creation of a CHO cell line with the endogenous GS knocked out [150] 

yielding a more stringent selection process. 
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4.2.4 Flow cytometry and fluorescence-activated cell sorting (FACS) 

Flow cytometry has quickly become one of the most widely used tools utilized by 

researchers to aid in the selection of cells with desirable phenotype(s). In particular, 

fluorescence activated cell sorting (FACS) allows researchers to sort out cells according 

to a level of fluorescence that is determined by the researcher. One of the most desirable 

characteristics of FACS is that it’s high-throughput, enabling the analysis of millions of 

cells/minute [26], saving time, labor, and money/resources. In addition to its utility as a 

tool for selecting high expressing variants, flow can also be used to analyze cellular 

growth and metabolism, which can both influence cellular productivity [151]. In order for 

FACS to be successfully utilized, the expression level of a protein of interest must 

somehow be converted into a fluorescent signal. Methods to achieve this generally fall 

into one of two broad categories: co-expression of the POI with a reporter protein whose 

expression level in different clones can be used to determine the expression level of the 

POI (Figure 4.1), or detection of a secreted POI on the surface or in close proximity of 

the individual producer cell with a fluorescently labeled antibody (Ab) that is specific to 

the particular POI or to a tag on the POI. Reporter expression is generally kept lower than 

the GOI expression in order to decrease the burden that reporter gene expression places 

on the cell. This can be achieved via use of a defective promoter, a leaky start codon, or 

by placing the reporter gene after an IRES and the GOI before it [152]. Commonly used 

reporter proteins include the fluorescent proteins GFP, YFP, and RFP [153], and proteins 

that localize to the cell surface and can be labeled with a fluorescent Ab such as CD4 or 

CD20 [24, 27, 28]. Enhanced GFP (eGFP), a GFP variant with a point mutation that 
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results in improved folding efficiency at 37º C, has facilitated the use of GFP as a 

reporter gene in mammalian cells [154-156]. The caveat is that GFP can be toxic to some 

cells at high concentrations, and thus may reduce growth and robustness of resulting 

producer cells [157].  

4.2.5 Combining FACS with traditional selection methods 

One of the most useful ways that FACS has been employed to isolate high 

producing clones is to streamline more traditional methods of selection, such as the 

DHFR [158] and GS systems [159]. In this way, FACS can replace the tedious, manual 

clone selection methods that have traditionally been employed in favor of the fast and 

easy HTP methods associated with FACS. Meng et al. [27] coupled expression of a POI 

using the DHFR system with GFP-based FACS (Figure 4.1A), which yielded clones with 

a greater than 6-fold increase in productivity.  

4.2.6 Linking protein expression level and fluorescence 

In recent years, a number of studies have developed novel methods for linking 

GOI and reporter gene expression to provide maximal GOI expression and correlation 

between reporter gene and GOI expression levels.  One of the most commonly used 

methods is to express the GOI and a reporter gene on the same plasmid, separated by an 

IRES[28, 159, 160] (Figure 4.1B). Utilizing an IRES allows the GOI and reporter gene to 

be transcribed on the same mRNA (leading to same relative expression levels) but to be 

translated as two separate proteins. As an alternative to the IRES system, Cairns et al. 

developed a method to link GOI and reporter expression using a weak, non-AUG start 



83 

 

codon [161] (Figure 4.1C). Ribosomes are capable of weakly translating the non-AUG 

start codon of the reporter, while the vast majority of translation initiates at the GOI, 

leading to increased GOI expression as compared to an IRES-based system. Alternatively 

to expressing the GOI and reporter gene as individual proteins, the two genes can be 

fused together to be expressed as a single protein (Figure 4.1D) [25]. While the reporter 

is typically fused to the C terminus of the GOI, it is important to consider the structure of 

the POI when determining where to place the reporter, so that the reporter does not 

compromise the structure and function of the POI. 

Secreted proteins cause additional challenges, because if the secreted protein isn’t 

somehow linked to the cell that secreted it, then FACS analysis cannot be performed.  

Recently, several innovative techniques have been developed to attach a secreted protein 

to a cell, or to trap it in close proximity to the cell that secreted it. Methods to keep a 

secreted antibody in close proximity to the cell that secreted it include gel microdrop 

[133, 162, 163], affinity capture surface display [164], and cold capture [164-167]. 

Secreted proteins can also be directly anchored to the cell membrane, facilitating FACS 

analysis. Methods to achieve this include anchoring the POI to the membrane via a 

transmembrane peptide [168] and using a furin cleavage peptide (RAKR) to transiently 

anchor a secreted antibody to the extracellular transmembrane cytosolic domain [169]. 

4.2.7 Automated selection systems 

In addition to flow cytometry and cell sorting, there are a number of other 

exciting ways in which researchers have utilized fluorescence as a tool to isolate HP 



84 

 

clones. One of the most promising areas involves the use of automated protocols that 

greatly reduce time and labor, while considerably increasing the throughput, efficiency, 

and accuracy of the screening process. These advanced technologies can be split into two 

main categories: fluorescence-based automated systems, and robotic systems.  

4.2.7A Fluorescence-based automated systems 

An example of a fluorescence-based automated system technique is combining 

cell growth in semisolid media with automated fluorescent detection and screening by an 

automated cell picker, such as ClonePix or CellCelector. By growing cells in semisolid 

media, cells are provided with the necessary nutrients to grow, yet are immobilized, 

facilitating the analysis of expression level of individual, immobilized cells via the 

addition of a fluorescently-labeled antibody to the surface of the semi-solid media. One 

of the biggest advantages of the semisolid media technique is that after analysis of 

productivity by an imaging system, HP clones can be isolated via an automated cell 

picker, reducing the time and labor required for selection of high-expressing variants, and 

increasing selection throughput as compared to more traditional, manual methods. A 

variety of substrates can be used to create semisolid media, including agar [170], agarose 

[171] and methylcellulose [172]. The main advantage of these techniques relative to 

FACS sorting is that the resulting fluorescence signal is an integral of productivity over 

the time the clone has developed, while FACS is typically a measurement of actual 

secretion rate at the time of analysis and thus gives no representation of growth and 

longer term performance of a clone.  
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One of the first studies to couple growth in semisolid media with fluorescence-

based automated systems was performed by Caron et al. [173]. Building on techniques 

developed by Jun et al. [149] and Mann et al. [174], Caron used the “fluorescent labeling 

in semisolid media” method and a CellCelector to detect recombinant proteins expressed 

in CHO and 293SF cells. In addition to the CellCelector, one of the most promising and 

useful fluorescence-based automated systems for identification of high producing clones 

is Molecular Device’s ClonePix System. The ClonePix system detects fluorescence by 

addition of a fluorescently-conjugated “CloneDetect” reagent. Hou et al. [175] found that 

utilizing the ClonePix system allowed them to go from transfection to stable, high-

expressing clones in as little as 4 weeks, with specific productivities exceeding 20 

pg/cell/day. The ClonePix software assesses each colony based on parameters defined by 

the user, such as size, shape, fluorescence and location. In Hou’s study, 384 colonies 

were picked into 96 WPs, of which 104 colonies were identified that had estimated 

productivities of industrial relevance: above 20 pg/cell/day.  

The automation afforded by fluorescence-based systems such as ClonePix and 

CellCelector, coupled with the fact that cells can grow in semisolid media for 2-3 weeks 

without subculturing [176], increases the number of clones that can be screened, while 

decreasing the amount of time and labor required as compared to traditional manual 

methods of selection. 

Another fluorescence-based automated system, Laser-Enabled Analysis and 

Processing (LEAP), utilizes scanning cytometry to identify high expressing clones. 

Developed by Cyntellect Inc [177], the LEAP system combines HTP in situ cell imaging 



86 

 

and laser mediated cell purification [178]. Cells are grown in multiwell plates that have 

been coated with a capture matrix, enabling the localization of secreted antibodies in the 

vicinity of the cells that secreted them. These are then stained with CellTracker Green 

(Life Technologies) reagent and a PE conjugated secondary antibody. After fluorescent 

detection, the LEAP system employs laser-mediated photomechanical cell lysis to kill off 

all the cells that don’t meet the user’s specifications. For the selection of HP cell lines, 

often only the single clone with the highest fluorescence within each well is spared and 

chosen for further study [178]. The entire process of clone imaging, ranking, and laser 

ablation is performed at less than 30s per well, each of which contains up to 10,000 cells. 

Hanania et al. demonstrated the utility of the LEAP system on CHO, NS0, and 

hybridoma cells, and the authors were able to achieve antibody productivities up to 20 

fold higher than the parental cell line (as measured by ELISA), thus not only saving time, 

but also identifying a higher-expressing cell line than with traditional techniques. 

A unique fluorescence-based high throughput method utilizing automated 

techniques for screening for high Ab-producing cells was developed by Park et al. [179], 

and employs the use of microarray technology [180] coupled with automated clone 

selection (via a GenePix scanner) to link Ab production to individual clones and analyze 

the level of production of each clone [179-183]. This method avoids the drawbacks of 

both traditional ELISA (laborious, time-consuming, and not incredibly sensitive) and 

FACS (assay of secreted protein production requires an extra step to capture secreted 

protein near the cell). Microengraving also has the advantage of enabling identification 

and isolation of cells that secrete antigen-specific Abs from a polyclonal mixture early in 
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the screening process, since the small volume of the microarray wells (25 pL) allows the 

secreted protein to rapidly accumulate to sufficient levels for quantification. These rare 

clones are often slow growing and are thus impossible to find via standard LDC which 

inherently favors fast-growing clones [180]. Three rounds of screening were performed in 

Park’s study [181], each round starting with a population of increasing Ab production as 

compared to the previous round. By the third and final round, a clone was obtained that 

had a specific production rate of 29.3 pg/cell/day, which was a 55% increase over the 

starting population, while traditional LDC/MTX selection only saw an increase of 5.8% 

over the starting cell line [123]. In addition to the successful application of 

microengraving microarray technology to the selection of HP antibody-expressing cell 

lines, the Park group has also applied the same microarray technology to a slightly 

different cell line development application: selection of cell lines expressing 

erythropoietin (EPO) with desirable glycosylation [179]. 

4.2.7B Robotic systems 

Unlike the previously discussed fluorescence-based automated systems for clone 

selection, the Cello robotic system does not depend on fluorescence for detection of 

clones and is capable of screening colonies and expanding static cultures. To achieve this, 

the Cello system employs automated microscopy and parallel automated cell culture to 

screen and scale-up clones. In brief, culture plates are prepped and placed in one of the 

Cello’s incubators [184]. The Cello software utilizes a barcode system to identify 

individual wells on a culture plate. Images of transfectants growing in 96 WPs are taken 

and used to identify single colonies, which are then automatically transferred to a 24 WP. 
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The Cello can then prepare samples for assays such as ELISA or HPLC. Based on the 

results of the given assay, Cello’s barcode system is utilized to identify the wells that 

should be expanded for further study. Lindgren et al. utilized the Cello system for 

selecting CHO cells expressing an IgG using Lonza’s GS system. They found that due to 

the decreased labor required by the Cello system, the number of projects per year that 

could be completed increased three fold over standard manual procedures. While high 

titers (up to 5 g/L) of IgG were obtained, they were not higher than what was achieved 

with the manual process. Thus, the main benefit of the Cello system is primarily 

decreased labor and time. 

CellSpot, another robotics-based automated technology, aims to overcome the 

limitations of ELISA, which is one of the most commonly used assays for secreted 

antibody production. Traditional ELISA is manual and done in a 96 WP format, limiting 

the throughput of the assay and thus decreasing the odds of finding an antibody with the 

most desirable characteristics. Also, standard plate-based ELISA is limited to antigens 

that can be purified and immobilized on the assay plate, and to which the antibody of 

interest can bind to and be retained for screening [185]. CellSpot technology was 

developed in order to overcome these limitations, and in this technique antibody secreting 

cells are grown and immobilized on viscous medium on top of a membrane [186]. 

Antibodies that are secreted by the immobilized cells are captured on an underlying 

surface that is coated with capture antibodies that bind the secreted antibodies. After the 

secreted antibodies are captured, multihued beads, each carrying a different biological 
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probe, are added to the footprints, which are analyzed via digitized fluorescent 

microscopy to elucidate the specificity of the antibody secreted by each given cell.  

To demonstrate the increased sensitivity of the CellSpot assay, ~1,000 wells each 

containing 5-10 clones were screened for binding to a single antigen by ELISA or 

CellSpot [186]. Half of the wells that were determined to be “negative” via ELISA 

actually contained one or more positive clones, as determined via CellSpot, 

demonstrating the increased sensitivity of CellSpot technology. In addition to possessing 

the ability to multiplex and test for specificity, an added advantage of CellSpot is that it 

can also be used to screen cells for antibody binding to integral membrane proteins. 

4.2.7C Complete automation of cell line selection process 

While the use of automated clone screeners has revolutionized the HP clone 

selection process, combining these technologies with equipment that automates other 

steps in the cell line development process provides maximal throughput and clone 

screening efficiency. To this effect, Shi and Liu performed a unique study in which they 

combined the use of FACS to select high producing cells with the automated clone 

analysis abilities of a Clone Select Imager and the automated cell culture prowess of the 

TECAN Liquid Handling System to develop an entirely automated cell line development 

process [187]. In this process, cells are first transfected with the gene of interest, and then 

treated with a selection agent to select only cells that have been successfully transfected. 

Stably-transfected cells are then stained with a fluorescent-labeled antibody for the POI, 

and high-expressing cells are single-cell sorted based on fluorescent intensity. These 
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single cell populations are then analyzed for colony formation via a CellSelect Imager, 

which takes a series of time-lapse images of each colony as it forms. Next, each colony is 

screened for productivity by ELSIA using the TECAN Freedom Evo liquid handling 

system. Automating this step of cell line development vastly increases the number of 

clones that can be analyzed to 2,000 – 10,000 during each TECAN cycle, thus greatly 

increasing the chances of identifying HP clones. Utilizing this protocol, Merck scientists 

were able to isolate clones with a specific productivity of 50-70 pg/cell/day when grown 

in fed-batch culture, and also found that clones sorted via FACS held their productivities 

over the course of 100 doublings, while clones obtained via traditional LDC that doubled 

80 times had only 1/3 of their starting productivity. 

4.2.8 Isolation of high-expressing GAT1 clones via a custom FACS protocol 

As discussed in Chapter 1, MP expression poses some unique challenges, in 

addition to those encountered during the expression of antibodies and other proteins of 

therapeutic interest.  Thus, when it comes to the production of MPs, it is critical to select 

not only for cells expressing the highest amount of MP possible, but also to ensure that 

the overexpressed protein is in a stable, correctly folded conformation that will facilitate 

subsequent structural studies, such as X-ray crystallography. A number of techniques can 

be employed to facilitate the expression of correctly folded MP for structural studies 

[188]. For example, a single point mutation can increase thermostability, and individual 

thermostabilizing mutations may potentially be additive when combined [189]. To isolate 

thermostabilizing mutations, systematic scanning mutagenesis is most often employed 

[42, 43, 190-192]. In addition, researchers will often test a variety of tags to facilitate 
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protein purification, and also vary their location (N or C terminus) in order to find the 

optimal expression conditions. Codon optimization can also be employed for enhancing 

expression and crystallization [42, 43, 193, 194]. 

 After such engineering efforts are made, it is critical to select a clone that 

expresses the MP of interest not only at a high level, but is also correctly folded and 

located at the cell membrane.  This study utilized a custom FACS-based protocol 

developed by our collaborators at the University of Cambridge, followed by fluorescence 

microscopy, to select for clones expressing the GABA Transporter (GAT1) fused to 

eGFP at a high level while primarily localized to the cell membrane. GAT1 belongs to 

the GABA subfamily of the SLC6 neurotransmitter transporter family. GAT1 is 

responsible for the reuptake of the GABA neurotransmitter from the synaptic cleft into 

presynaptic terminals (Figure 4.2). GAT1 also reuptakes GABA into glial cells, which 

are non-neuronal cells that maintain homeostasis, provide support and protection for 

neurons, and form myelin in the central and peripheral nervous systems. GAT1 is found 

primarily in the brain and the peripheral nervous system, and defects of GAT1 have been 

associated with epilepsy, anxiety, and schizophrenia [5].  

4.3 Materials and Methods:  

4.3.1 Materials: Lipofectamine 2000, Optimem media, DPBS, Trypsin (0.05%) Cell 

Dissociation Buffer, 1,000x Penicillin-Streptomycin, and Geneticin were purchased from 

Life Technologies. DMEM (4.5 g/L glucose, without sodium pyruvate) was purchased 

from GIBCO. Tetracycline-negative FBS was purchased from Corning, 40 micron cell 

strainers were purchased from Falcon, HEPES and BSA was purchased from Sigma-
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Aldrich, RIPA buffer was obtained from Cell Signaling Technologies, nitrocellulose 

membrane was purchased from Bio-Rad, GnTI negative, tetracycline inducible  cells 

were obtained from Patti Longo of the Johns Hopkins Medical Institute.  

4.3.2 Cell Culture 

Aseptic cell culture was performed in a biosafety cabinet (Labconco, Kansas City, MO). 

Cells were incubated at 37˚ C, 5% CO2 in humidified incubators (Thermo Fisher 

Scientific, Carlsbad, CA). 

4.3.3 Transfection of GAT1 into tetracycline-inducible HEK293 GnTI negative Cells 

A pcDNA4/TO (life Technologies. Carlsbad, CA) plasmid containing the rat GAT1 gene 

fused C-terminally to eGFP was obtained from a past lab member, Stanley Chung, and 

transfected into tetracycline-inducible HEK293 GnTI negative cells in a 6 well plate 

using Lipofectamine 2000 according to the manufacturer’s protocol. Twenty four hours 

post transfection, cells were washed with DPBS, knocked off by pipetting DMEM (with 

10% tet-free FBS) directly onto the cells, and moved to 10cm dishes (10 mL total volume 

per dish). The media was changed every 2-3 days over the course of two weeks, and 

Geneticin was added to the media after each change at a final concentration of 600 

ug/mL. After 2 weeks, Geneticin had killed the untransfected cells, and the transfected 

stable pool was used for subsequent FACS sorting. 

4.3.4 Western Blot of Stable Pool for GAT1-eGFP expression  

After antibiotic selection, cells were lysed in 1x radioimmunoprecipitation assay (RIPA) 

buffer (Cell Signaling Technology; Danver, MA) containing Complete Mini 
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ethylenediaminetetraacetic acid-free protease inhibitor cocktail (Roche Diagnostics; 

Mannheim, Germany). Precipitate was separated by centrifugation, and the soluble 

protein lysate solution was collected. Protein concentrations were determined using a 

BCA protein assay kit (Pierce; Rockford, IL). Samples were incubated with 6X SDS 

loading dye for 5 minutes at 95˚ C.  Equal amounts of protein were loaded into wells of 

10% acrylamide gels and separated by electrophoresis for approximately two hours at 

100 volts. Proteins were transferred to a nitrocellulose membrane (Bio-Rad; Hercules, 

CA) for 75 minutes at 100 volts . Membranes were blocked for two hours in TBST 

solution containing 5% milk. A mouse anti-GFP primary antibody, and an anti-mouse 

HRP-conjugated secondary antibody (Cell Signaling Technology, Danvers, MA) were 

used. Membranes were visualized using a ChemiDoc UV transilluminator (Bio-Rad, 

Hercules, CA) and  SuperSignal™ West Pico Chemiluminescent Substrate (Thermo 

Fisher, Carlsbad, CA).   

4.3.5 Preparation of transfected cells for FACS Sorting  

After stable pool selection was complete, uninduced cells were washed with DPBS and 

harvested with enzyme-free cell dissociation buffer (Life Technologies). Cells were 

resuspended in DPBS, pelleted by centrifuging at 200 rcf, washed and pelleted again, 

then resuspended in sorting buffer (1xPBS, 25 mM HEPES pH 7.0, 1% BSA, 1x Pen-

Strep) at 1e6 cells/mL, and then pipetted through a cell strainer to obtain a single-cell 

suspension for FACS. 

4.3.6 FACS sorting of stable pool 
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A FACS sorting protocol developed by our collaborator, Juni Andrell, was used to sort 

the stable pool. Three populations were sorted, based on their level of uninduced GFP 

expression: no leaky expression (lowest GFP level), leaky expression (moderate GFP 

expression level), and high leaky expression (highest GFP expression level) (Figure 4.5). 

Cells were sorted into 96 well plates, at 10 cells/well. One 96 WP of no leaky, 1 96 WP 

of leaky, and 2 96 WPs of high leaky were sorted using a Becton-Dickson FACSCanto II 

machine (BD Biosciences, East Rutherford, NJ).  Each 96 WP had already been loaded 

with 100uL FACS selection media (DMEM, 10% FBS, 1x Pen-Strep, 600 ug/mL 

Geneticin) per well. Cells were not sorted into the outer wells of each plate, as these wells 

contained PBS to prevent media evaporation. Twenty four hours after sorting, media was 

changed on the 96 WPs to fresh FACS selection media in order to remove the sorting 

buffer and FACS sheath fluid from the wells.  

4.3.7 Selection and scale-up of sorted cells 

Two weeks after sorting, plates were visualized under a light microscope, and wells 

containing a single colony were marked. One week later, marked wells were trypsinized 

and single colonies were moved to 24 WPs, then, once confluent, to 12 WPs. Cells were 

then passed to triplicate 12 WPs: 2 for flow cytometry (induced and uninduced) to assess 

the level of GAT1-GFP expression, and one for maintenance of clones. Flow cytometry 

was performed using a BD FACS Aria. 24 high leaky clones from the high leaky 

population, 11 from leaky, and 11 from no leaky population were run on the flow 

cytometer, both 24 hours after induction of GAT1-GFP with 1 ug/mL tetracycline, and 
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uninduced. Clones were analyzed using Cyflogic software, and the 5 highest expressing 

overall clones were picked for further study. 

4.3.8 Expression Validation and Fluorescence Microscopy 

Additional flow cytometry was performed on the 5 highest-expressing clones, as well as 

fluorescence microscopy. Flow cytometry and imaging was performed 48 hours after 

tetracycline induction. Flow Cytometry was performed on a BD FACSCalibur, and 

fluorescence microscopy performed using a Leica DMI LED Fluo (Leica Microcystems, 

Wetzlar, Germany) coupled to a Lumen 200 fluorescence illumination system (Prior 

Scientific, Cambridge, UK) and a QI click camera (QI Imaging, Redwood City, CA) and 

a computer. For confocal imaging, cells were seeded on 4 well cover slides (Nunc™ Lab-

Tek™ II Chambered Coverglass, Thermo Fisher, Carlsbad CA) at 80,000 cells/well. 

Twenty four hours after seeding, GAT1-GFP expression was induced with 1 ug/mL 

tetracycline (Sigma-Aldrich; St. Louis, MO). Twenty four hours post-induction, cells 

were visualized on a Zeiss LSM 510 Confocor III confocal microscope (Oberkochen, 

Germany) at 40x magnification using a green laser to visualize localization of GFP. Cells 

were washed with PBS before visualization, and were visualized directly on the slides.  

4.4 Results 

4.4.1 Cell line construction & validation of GAT1-GFP stable pool expression 

A pcDNA4/TO plasmid containing GAT1-GFP under a tetracycline-inducible 

promoter was transfected into GnTI deficient HEK293 cells using Lipofectamine 2000 

(Thermo Fisher, Carlsbad, CA) and a stable population of cells expressing GAT1-GFP 
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was selected with 600 ug/mL geneticin antibiotic. After antibiotic selection, cells were 

induced with 1 ug/mL tetracycline, lysed, and soluble protein was run on an SDS-PAGE 

gel. Protein from untransfected cells was also run as a negative control. GAT1 has an 

expected molecular weight of 67 kDa, while eGFP has a predicted molecular weight of 

27 kDa. Using an anti-GFP primary antibody, a band of approximately 94 kDa should 

indicate expression of GAT1-GFP fusion protein. Figure 4.3 shows the developed blot, 

with a band at the appropriate molecular weight for GAT1-GFP for the transfected cell 

samples, but not for the negative control. These results indicate that the transfection and 

antibiotic selection for GAT1-GFP was successful.  

4.4.2 FACS sorting to identify high-expressing GAT1-GFP clones 

 Three separate populations were sorted from the stable pool, based on the level of 

GFP expression in uninduced cells (Figure 4.4). No leaky expression (lowest GFP level), 

leaky expression (moderate GFP expression level), and high leaky expression (highest 

GFP expression level). No leaky and leaky populations were each sorted into 1 96 WP 

each, while high leaky cells were sorted into 2 96 WPs.  

4.4.3 Flow Cytometry of FACS selected clones 

 After sorting and outgrowth of clones, single colony wells were scaled up for 

analysis of GFP fluorescence by flow cytometry. A total of 46 clones were analyzed, in 

the uninduced and induced state (24 hours post induction). The 5 clones with the highest 

level of induced expression all came from the high leaky population, and were selected 

for scale-up and further study (Table 4.1). 
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4.4.4 Expression validation and fluorescence microscopy 

 Samples of the 5 highest expressing clones were sent to our collaborator at the 

University of Cambridge, Juni Andrell, where she performed additional flow cytometry 

on the clones, as well as fluorescence microscopy. Compared to the stable pool, all clones 

had a higher level of GFP fluorescence (Figure 4.5). Interestingly, however, the clones 

differed in their location of GAT1-GFP. Some clones expressed the fusion protein 

primarily at the cell surface, while others expressed a significant amount of internalized 

protein. Since the aim of a study such as this is to produce functional membrane protein 

that will ultimately be used in structural studies, the expression of internalized material is 

undesirable.  Clones 20 and 22 had protein localized primarily to the cell membrane, and 

thus are the most desirable clones for crystallization trials and further study. After these 

initial fluorescence microscopy images were gathered by our collaborator, we performed 

confocal microscopy 24 hours post-induction to provide a more detailed view of GAT1-

GFP localization. As shown in Figure 4.5C, different clones possessed different amounts 

of GAT1-GFP at the cell membrane. These findings highlight the need to perform assays 

in addition to flow cytometry, such as fluorescence microscopy or radioligand binding 

assay (if a ligand is available, which was not in this case), when constructing MP-

expressing cell lines. 

4.5 Discussion 
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 Choice of selection method is one of the most critical steps in the cell line 

development process. Many techniques involving the use of FACS have been developed 

in recent years, which increase the throughput and decrease the time of the cell line 

selection process. The current study utilized a custom FACS sorting protocol, developed 

by our collaborator, Juni Andrell, to select for clones expressing a high level of GAT1-

GFP. Membrane proteins are difficult to overexpress, as their large size and complex 

folding pose several challenges. Due to the toxicity of MP overexpression, a tetracycline-

inducible system was utilized in this study to express a GAT1-GFP fusion protein. Even 

when expression is not induced by tetracycline, however, there is a small amount of 

protein expression that occurs, termed “leaky” expression. The aforementioned FACS 

sorting protocol was predicated on this leaky expression. This was necessary, as 

recovering and scaling up sorted cells that had been induced with tetracycline would 

likely not have been successful, as the stress of MP overexpression would have caused 

the cells to die after induction and sorting. The method used here, however, uses the 

leakiness of the tetracycline-inducible system to sort uninduced cells. After FACS sorting 

and scale-up, it was necessary to analyze the induced expression levels of the clones, as a 

high level of induced expression is required for the production of a sufficient amount of 

MP to perform structural studies. All 5 of the highest expressing clones came from the 

“high leaky” sorted plates, indicating that cells with high levels of induced expression 

will likely also have a high level of uninduced expression.  

While flow cytometry is a relatively straight-forward and HTP way to assess the 

expression of a fluorescently tagged MP (such as the GAT1-GFP used in this study), it 
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has a critical limitation when it comes to the analysis of MPs, in that it does not provide 

any information regarding the location of the fluorescence signal. When creating MP 

expressing cell lines to be used for structural studies, it is imperative that the cells are 

producing functional, correctly folded protein, in order to provide an accurate 

representation of the structure of the given MP. Fluorescent proteins, such as the eGFP 

used in this study, are capable of giving a fluorescent signal even when they are not 

properly folded [195]. In addition, when using a MP-fluorescent protein fusion, it is 

possible that the fluorescent protein will be expressed and break free from the MP, while 

the MP gets misfolded and degraded. Thus, it is beneficial to perform additional analyses 

on MP-expressing cell lines in order to determine where the expressed MP is located.  

After identification of the 5 highest expressing clones, samples of each clone were 

sent to our collaborators in Cambridge, UK, where they did their own flow cytometry 

analysis 48 hours post induction, and looked at induced cells using a fluorescent 

microscope. It was observed that the clones all had varying degrees of expression via 

flow cytometry, which had already been determined in our lab. While the stable pool 

histogram had a secondary peak that indicated a population of low-expressing cells, all of 

the FACS-selected clones had histograms with far fewer cells in the left, low expression 

region. More interesting were the fluorescence microscopy results, which showed that the 

three clones that had the highest flow cytometry fluorescence had a significant amount of 

internalized fluorescent material. This internalized material would be detected by the 

flow cytometer, but does not signify functional, correctly-folded GAT1-GFP, and hence 

is misleading. If fluorescence microscopy had not been performed, the highest expressing 



100 

 

clone (clone 15) likely would have been selected for further studies. Taking the 

fluorescence microscopy results into account however, revealed that clone 15 had a 

significant amount of internalized protein, and that clone 20 would be a better choice, as 

its expression of GAT1-GFP was double that of the stable pool, and was located 

primarily at the cell membrane. Additional confocal microscopy of the clones provided 

an even more detailed look at the localization of GFP in the different clones, with a “bad” 

clone (clone 11) and “good” clone (clone 20) shown in Figure 4.5C. 

The FACS sorting cell line selection techniques utilized in this study were also 

used to generate the SAH924 cell line which was used to create the Bcl-xL expressing 

cell line in Chapter 2. SAH924 expresses SERT-eGFP, also in pcDNA4/TO. The 

protocol and results used in this study, the generation of the SAH924 cell line, and other 

studies by our collaborators at Cambridge, have been submitted and accepted for 

publication by our collaborators at the University of Cambridge (Andrell et al, 

Generation of tetracycline-inducible mammalian cell lines by flow cytometry for 

improved overproduction of membrane proteins; Methods in Molecular Biology 2015; 

and a second paper that is still to be submitted).  
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Figures and tables 

Figure 4.1: Linking expression of the protein of interest (POI) to reporter protein 

expression. A) The POI and reporter protein are encoded on the same plasmid, but in 

separate expression cassettes, translated from separate mRNAs. B) The POI and reporter 

protein are expressed from the same mRNA as individual proteins separated by an 

internal ribosome entry site (IRES). C) The POI and reporter protein are translated from 

the same mRNA as separate proteins. Translation of the POI is initiated at the standard 

AUG start codon, whereas impaired translation of the upstream reporter protein is 

initiated at a weak, non-AUG start codon (like UUG). D) The POI and reporter protein 

are expressed from the same mRNA as a single fusion protein.  
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Figure 4.2: Localization of GAT1. Similar to SERT, GAT1 is responsible for the 

reuptake of a neurotransmitter, in this instance, GABA. Like SERT, GAT1 is also located 

at extrasynaptic sites. However, GAT1 can additionally be found at the synaptic cleft and 

glial cells. Image from [5]. 
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Figure 4.3: Western Blot confirming successful stable transfection of GAT1-eGFP into 

GnTI deficient HEK293 cells. The band at approximately 94 kDa in lane 2 corresponds 

to the GAT1-eGFP fusion that was transfected.  
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Figure 4.4: FACS sorting of GAT1 stable pool based on level of uninduced GFP 

fluorescence. A: Schematic of cell sorting. Cells were sorted into three groups of 96 WPs: 

lowest uninduced GFP expression =  “no leaky,” moderate uninduced GFP expression = 

“leaky,” high uninduced GFP expression = “high leaky.” B: dot plot gating and 

histograms from FACS sorting of three different populations based on degree of 

leakiness. B1: no leaky; B2: leaky; B3: high leaky. 
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Figure 4.5: Fluorescence microscopy and flow cytometry analysis of five highest-

expressing GAT1-GFP cell lines. A: all five clones had a higher level of GFP 

fluorescence than the stable pool, each with a narrower range of fluorescence, as well. B: 

fluorescence microscopy of the five highest-expressing clones, and stable pool. Clones 2, 

11, and 15 had significant amounts of internalized GAT1-GFP, while clones 20 and 22 

had GAT1-GFP located primarily at the cell membrane. C: confocal images of clone 11 

and clone 20. Clone 11is a “bad” clone, as it has a substantial amount of internalized 

GFP. Clone 20 is a “good” clone, as it has some internalized GFP, but has more localized 

at the cell membrane than clone 11. 
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Table 4.1: Geometric mean fluorescence values of all GAT1-GFP FACS-sorted clones. 

The five clones (highlighted in red) with the highest level of induced expression all came 

from the “high leaky” population. UI: uninduced. Ind: induced. 

 

 

 

 

 

 

 

 

 

 

High leaky clones UI expression Ind Expression Leaky clones UI expression Ind Expression

1 2.74 124.07 1 8.52 123.59

2 6.33 217.77 2 9.76 154.63

3 4.33 123.73 3 5.24 137.37

4 7.61 111.68 4 12.86 109.99

5 11.66 151.16 5 7.29 86.06

6 29.9 138.88 6 10.57 97.65

7 4.94 54.54 7 9 112.75

8 6.47 121.9 8 7.6 74.67

9 8.6 99.89 9 6.8 67.01

10 5.5 156.27 10 8.78 93.5

11 23.58 311.41 11 4.25 124.72

12 9.1 132.6

13 5.57 101.57 No leaky clones UI expression Ind Expression

14 19.47 86.77

15 15.03 311.65 1 4.86 183.5

16 6.94 122.4 2 9.25 130.16

17 5.09 108.69 3 6.05 92.67

18 6.18 150.99 4 4.95 96.01

19 11.15 123.17 5 9.61 107.75

20 26.03 198.89 6 7.18 65.06

21 17.2 90.14 7 6.71 104.26

22 12.2 239.29 8 7.73 72.54

23 17.39 176.19 9 9.41 89.64

24 7.81 88.3 10 3.35 65.97

11 8.29 109.33
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Chapter 5: Final remarks and future work 

5.1  Final Remarks 

 There were two main goals of this dissertation: to identify methods to increase the 

expression of hard-to-express integral membrane proteins in mammalian cells, and to 

analyze ‘omics data on two of the most commonly used cell lines in the biotechnology 

industry, HEK293T and CHO-K1. Significant findings were made in both of these areas, 

and have been presented in this dissertation. 

 HEK cells were chosen at the beginning of this project as the expression cell line 

of choice, as they possess several attributes that make them an optimal recombinant 

protein expression host, including the ability to perform post-translational modifications, 

such as N-linked glycosylation. While anti-apoptosis engineering has successfully been 

employed in the past on mammalian cells, to our knowledge, this is the first time that it 

has been used to increase IMP expression in HEK293 cells. The serotonin transporter 

(SERT) was used as a model MP during the course of this study, and is an ideal example 

of a difficult-to-express MP. These expression difficulties arise from the complex folding 

that is required to produce functional SERT, which can lead to apoptosis if the UPR is 

unable to alleviate the folding burden. Our results indicate that Bcl-xL may lead to an 

increased expression level of SERT by alleviating ER folding stress, thus allowing the 

cells to produce an enhanced amount of functional, correctly-folded protein. 

 In addition to antiapoptosis engineering, a FACS sorting clone selection method 

was used to isolate clones expressing GAT1 at a high level. This clone selection method 
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has proven to be useful for cell lines expressing toxic MPs, where sorting cannot be 

performed using cells constitutively expressing the MP due to toxicity of the MP. 

 Lastly, ‘omics analysis on HEK293T and CHO-K1 cells was performed. This was 

the first study to perform a detailed analysis on the HEK293T proteome, and several 

enriched pathways relevant to protein production were identified, including SNARE 

interactions in vesicular transport and the mTOR signaling pathway. In addition, by 

directly comparing HEK293T and CHO-K1 cells at the transcriptome level, key findings 

regarding the properties of these cell lines were made. The knowledge gained regarding 

the enriched and depleted pathways of the two cell types can be used to target cell and 

genetic engineering efforts on the cell lines.  

5.2 Future Work 

 One of the most interesting ways in which this project could be continued would 

be to apply the ‘omics based analysis that was performed on HEK293T and CHO-K1 

cells to our MP-expressing cell lines. If proteome and transcriptome data could be 

gathered from a blank T-Rex HEK293 host cell line, a cell line expressing SERT in the 

tetracycline-inducible T-Rex system, and a T-Rex cell line expressing SERT along with 

Bcl-xL,  a direct ‘omics comparison could be made between the cell lines in order to 

identify genes and pathways differentially expressed between the cell lines. This 

information could then be used to intelligently design a strategy to engineer HEK cells 

for enhanced MP production. 
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