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ABSTRACT 
 

Erythropoietin (EPO) is the main cytokine regulator for red blood-cell production in the 

human by binding to erythropoietin receptors to promote erythroid proliferation, survival and 

differentiation.  Administration of recombinant human EPO (rhEPO) as a therapeutic has been 

shown to improve renal and non-renal anemia and this success has led to a high medical global 

demand.  Chinese hamster ovary (CHO) cells, yeast, and bacteria have been used to produce 

rhEPO but nevertheless there is still a need for a low-cost and high quality expression system for 

rhEPO.   

LMH/2A cells, as an alternative model, were transfected with the codon optimized 

human EPO gene for glycosylated rhEPO production.  The LMH/2A-rhEPO was detected and 

purified using a series of chromatographic steps and the purity was determined to be 95%.  As 

expected, LMH/2A-rhEPO was N-linked glycosylated indicated by a considerable shift in 

molecular weight after enzymatic deglycosylation with PNGaseF.  The biological activity of 

purified LMH/2A-rhEPO was investigated in vitro using cell based assay (CD34+ cells) and was 

compared to the biological activities of rhEPO expressed from CHO cells and human cells 

(HEK293).   

In this study, LMH/2A-rhEPO induced cell proliferation which showed a five fold 

increase in the number of rhEPO-treated CD34+ cells as compared to the number of non-treated 

CD34+ cells.  Furthermore, rhEPO-treated CD34+ cells expressed hemoglobin 2500 fold higher 

than non-treated CD34+ cells.  Growing CD34+ cells supplemented with LMH/2A-rhEPO 

resulted in an increase in the expression of erythroid markers such as transferrin receptors, 

glycophorin A, and hemoglobin.   
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Interestingly, EPO with LMH/2A cell specific glycosylation promotes similar erythroid 

differentiation of human CD34+ cells, compared to CHO and human cell expressed rhEPO.  

Therefore, LMH/2A-rhEPO was biologically active in vitro by inducing erythroid differentiation 

which indicates that LMH/2A cells can definitely can be used as a suggested alternative system 

for rhEPO production.  
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CHAPTER I 

INTRODUCTION 

Advances in biotechnology techniques such as recombinant DNA technology have 

improved the biopharmaceutical industry by utilizing living organisms such as bacteria, fungi, 

and mammalian cells to produce human recombinant proteins.  The successful applications for 

recombinant DNA technology brought about a rapid growth of biotechnology companies and a 

number of therapeutic recombinant DNA (rDNA) products such as therapeutic proteins available 

for human use (Reichert and Paquett, 2003).  One particular example of a therapeutic protein of 

interest in the biopharmaceutical market today is recombinant human Erythropoietin (rhEPO). 

Human erythropoietin (EPO) is a cytokine that regulates the level of red blood cell production 

(Richmond et al., 2005) and rhEPO is currently being used to treat patients with anemia, 

acquired  immune deficiency syndrome (AIDS), nonmyeloid malignancies, perioperative 

surgical, and autologous blood donation (Fisher, 2003).  

These advances in biotechnology have created the need for patents that are filed 

following the discovery and initial characterization of any rDNA product of potential therapeutic 

application (Bhopale and Nanda, 2005).  Patents previously filed on a number of recombinant 

human therapeutic proteins (e.g. human growth hormone, erythropoietin, interferons , etc.) are 

starting to expire and as a result have led to the development of alternative versions of biological 

products called biosimilars or follow-on biologics (Dadashzadeh, 2009).  For example, Amgen’s 

United States patent on their multibillion dollar Epogen® (recombinant human EPO) expires in 

2013 in the United States and biotechnology companies are hoping to market biosimilars once 

Epogen® is off-patent (Felcone, 2004).  Also, these expiring patents have forced Congress and 

the Food and Drug Administration (FDA) to enable an expedited approval of biosimilars thus 

paving the way for the development of a robust competitive United States biosimilar industry 
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that could drop prices of the biological products and allow consumers better access these 

biological products (Grabowski et al., 2006).  Therefore, biosimilars represent a critical part of 

the future of biotechnology due to generic companies competing to develop cost-efficient 

alternative models to produce recombinant human therapeutic proteins.  For example, biosimilar 

rhEPOs have been priced up to 30% lower than the originators in some countries of the European 

Union (Jelkmann, 2009). 

Currently in the biotechnology industry a common production system for rhEPO is the 

mammalian cell culture system using Chinese hamster ovary (CHO) cells (Inoue et al., 1995).  

Also, rhEPO has been shown to be produced in bacterial cells (prokaryotic) such as Escherichia 

coli (Huang, 1984) and Bacillus brevis (Nagao et al., 1997), in yeast cells (eukaryotic) such as 

Saccharomyces cerevisiae (Elliott et al., 1989) and in insect cells (eukaryotic) such as 

Drosophila melanogaster (Kim et al., 2005).  Prokaryotic systems lack the ability to glycosylate 

proteins and microbial eukaryotes hyperglycosylate proteins, as a result these systems are 

considered alternatives to CHO cell rhEPO production (Maleki et al., 2010).  The CHO cell 

expression system is the preferred model for rhEPO production because of the ability of CHO 

cells to glycosylate rhEPO in a similar manner to humans (Hossler et al., 2009) which is 

important for functional properties such as biological half-life (Takeuchi et al., 1990).  However, 

there have been numerous reports on the effect of CHO cells towards the resulting glycoform 

profile that is not typically found in humans and was verified to elicit an immune response 

(Noguchi et al., 1995; Baker et al., 2001).   

Large scale CHO-expressed rhEPO production was established to fulfill the current high 

medical demand for glycosylated rhEPO (Egrie, 1990).  However, there is still a high demand for 

low-cost and high quality glycosylated rhEPO biosimilars.  Indeed, a challenge in the 
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biopharmaceutical industry today is to find the best productive, efficacious, and cost-efficient 

system for producing properly glycosylated rhEPO.  One possible alternative production model 

involves using an avian cell production system, Leghorn Male Hepatoma (LMH) cells.  LMH 

cells are hepatocellular carcinoma cell line established from a hepatocellular carcinoma induced 

in a male leghorn chicken by diethylnitrosamine (Kawaguchi et al., 1987) and were successfully 

used to produce recombinant proteins (Vasudevan et al., 2001; Walzem et al., 1997).  Avian cell 

lines were demonstrated to be effective heterologous gene expression models for recombinant 

protein production such as rhEPO (Lee et al., 1999). 

Therefore, the purposes of this study were 1) to use LMH/2A as an alternative production 

system for rhEPO, 2) to express rhEPO  in LMH/2A cells, 3) to purify and identify rhEPO from 

LMH/2A cells, and finally 4) to determine the biological activity for the purified LMH/2A-

expressed rhEPO by evaluating the ability of this recombinant protein to promote erythroid 

differentiation, to induce cell proliferation, and to stimulate the expression of erythroid markers 

such as hemoglobin, transferrin receptors, and glycophorin A.  An additional objective was to 

compare the biological activity of LMH/2A-expressed rhEPO with commercially available 

mammalian cell lines such as CHO-expressed rhEPO and human-expressed rhEPO (HEK-293).   

The funding for this study was provided by TransGenRx, Inc.  TransGenRx, Inc is 

applying for FDA approval of rhEPO once rhEPO is off patent in the United States.   
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CHAPTER ІІ 

LITERATURE REVIEW 

Introduction to Recombinant DNA Technology  

Biotechnology is described as the manipulation of living organisms to produce products 

that have useful applications for humans.  Biotechnology is applied in the biopharmaceutical 

industry where living organisms such as bacteria, yeast, and fungi are manipulated to produce 

useful products such as antibiotics, hormones, enzymes, and vaccines.  Examples of modern 

biotechnology being used today in industrial applications are the production of alcohol by yeast 

and the production of penicillin (an antibiotic) by fungi.  Advances in biotechnology have 

improved the biopharmaceutical industry by utilizing living organisms such as bacteria, fungi 

and mammalian cells to produce human recombinant proteins.  This advancement is due to 

recombinant DNA technology which uses a series of molecular biotechnology techniques that 

are used to join two or more different DNA molecules.  Recombinant DNA technology has 

numerous applications in the industrial, agricultural, pharmaceutical, and biomedical fields.  

Recombinant DNA technology was discovered in 1970 by Paul Berg who produced the first 

recombinant DNA (Jackson et al., 1972). Then in 1973, Herbert Boyer successfully produced 

recombinant human insulin in Escherichia coli (Cohen et al., 1973).  Recombinant DNA 

technology has made a revolutionary impact in the area of human medicine by enabling the 

treatment of diseases and genetic disorders with recombinant DNA technology products.  

According to the National Institutes of Health (NIH) guidelines, recombinant DNA are 

molecules constructed outside living cells by joining natural or synthetic DNA segments to DNA 

molecules that can replicate in a living cell or molecules that result from the replication of DNA 

molecules constructed outside living cells by joining natural or synthetic DNA segments to DNA 
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molecules.  The utilization of this rDNA technology allowed for the development of genetically 

modified organisms (GMO) which is an organism that has been changed genetically by 

recombinant DNA (Tolin and Vidaver, 1989).   

Biotechnology Industry 

The biotechnology industry consists of companies that use biotechnology for 

manufacturing drugs, gene therapy and genetic testing.  Pharmaceutical biotechnology 

companies use recombinant DNA technology for making products such as drugs, that are widely 

used in prevention, diagnosis or treatment of many types of diseases.  Regulatory agencies 

around the world require biopharmaceutical companies to both characterized and maintain 

product quality attributes (Hossler et al., 2009).  In biopharmaceutical manufacturing, acceptable 

criteria for the biopharmaceuticals is based upon the cell line and potency of the drug.  The 

accepted biopharmaceutical is considered property of the biopharmaceutical manufacturer and 

patents are usually filed on these products.  However, a current problem in the biotechnology 

industry is that there will be major biopharmaceuticals coming off patent that will affect the 

value of products and create a market for alternative versions of biopharmaceuticals called 

follow-on biologics or biosimilars.  A major challenge for biopharmaceutical companies is that 

these alternative versions of biopharmaceuticals require extensive comparability studies and 

testing to meet acceptable criteria by regulatory agencies such as the FDA (Woodcock et al., 

2007).  

Cell Culture  

Over the past one hundred years, the development of techniques in cell culture has led to 

an increase in the success of culturing cells.  Advances in sterile techniques, the addition of 

antibiotics and understanding the nutrient requirements of cultured cells has led to the ability to 
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manipulate cultured cells to produce biological products for human use.  Animal cell culture was 

developed in the 1960’s (Stoker and Macpherson, 1964) and later in the 1980’s cultured animal 

cells were used to express recombinant proteins (Johnson, 1983).  Recently, progresses in gene 

manipulation and the ability to produce clones has allowed cell culture expression systems to 

produce high-levels of recombinant proteins (Andersen and Krummen, 2002).  Vector systems 

facilitate the introduction of specific genes into the cells so that transcription can occur for the 

inserted gene or genes and subsequently get translated into recombinant proteins.  A wide variety 

of techniques and reagents are used to deliver the gene of interest into cells in culture.  A 

common technique for DNA delivery into a cell is through transfection which is a process in 

which the gene of interest is introduced into a eukaryotic cell by chemical, biological or physical 

methods.  Transformation is the term used to describe the process of inserting a gene of interest 

into bacteria cells or non-eukaryotic cells.   

There are two types of transfection, transient and stable.  Transient transfection occurs 

when DNA is delivered to the cell, transported to the nucleus for transcription but not integrated 

into the chromosome of the cell.  In transient transfections, expression of the transgene can be 

degraded by nucleases or reduced by cell division.  Transient transfections are ideal for 

comparing regulatory elements and verifying expression of the plasmid (Kaufman, 1997).  More 

recently, this method has demonstrated its ability to produce recombinant proteins in large-scale 

(Meissner et al., 2001; Pham et al., 2003; Wurm and Bernard 1999).  On the other hand, stable 

transfection occurs when the transgene integrates into the cell’s genome and replicates with the 

chromosomes.  Transfected cells that contain the inserted gene can be selected and then 

amplified to produce a stable cell line.  The resulting stable cell line is a source for recombinant 

protein production that can be used to produce large quantities of recombinant proteins.  
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Recombinant proteins have been produced in large-scale using stable transfections (Colosimo et 

al., 2000; Wurm, 1990). 

Therapeutic Recombinant Protein Expression Systems 

Therapeutic proteins derived from recombinant DNA technology (rDNA) or therapeutic 

monoclonal antibodies are called biopharmaceuticals (Tsuji and Tsutani, 2008).  The successful 

applications of recombinant DNA technology brought about a rapid growth of biotechnology 

companies and a number of therapeutic rDNA products such as therapeutic proteins available for 

human use (Reichert and Paquett, 2003).  In 1982, the U.S. Food and Drug Administration (FDA) 

approved the first genetically engineered drug for human therapeutic use, Genentech's Humulin, a 

form of human insulin produced by bacteria using recombinant DNA technology (Johnson, 1983).  

In 1986, Chinese hamster ovary (CHO) was chosen as the host for the production of tissue 

plasminogen activator (tPA) which was the first recombinant therapeutic protein from mammalian 

cells to gain regulatory approval (Wurm, 2004).  Later additional recombinant DNA products 

such as hormones, hemopoietic growth factors, blood coagulation products, thrombolytic agents, 

anticoagulants, interferons, interleukins and therapeutic enzymes gained approval by the FDA and 

started being used for human therapeutic use (Bhopale and Nanda, 2005).   

The majority of therapeutic recombinant proteins are produced in either mammalian cell 

culture systems (eukaryotic) such CHO cells (most common system) or in bacterial systems 

(prokaryotic) such as Escherichia coli (Chu and Robinson, 2001; Swartz, 2001).  Several other 

mammalian cell lines such as 3T3, BHK, HeLa, and HepG2 have also been used to produce 

recombinant proteins.  However, about half of all recombinant therapeutic proteins currently on 

the market are produced in mammalian cells, with about 70% of these being generated in 

suspension culture CHO cells (Walsh, 2006).  The most common selection method used to 
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establish mammalian cells that will stably produce recombinant proteins includes using 

dihydrofolate reductase (DHFR), an enzyme involved in nucleotide metabolism and glutamate 

synthetase (Wurm, 2004).  Another source of human therapeutic proteins are recombinant 

glycoproteins produced in yeast, for example, recombinant granulocyte macrophage colony-

stimulating factor (GM-CSF), insulin and several vaccines (Wildt and Gerngross, 2005).  The 

cost, quality, and quantity of the final product can depend on the expression system and presents a 

challenge in the biopharmaceutical industry to find the most suitable alternative production 

system for human therapeutic proteins.  However, care must be taken that the quality of the 

biopharmaceutical product is not altered when manufactured in a new facility, a new cell line is 

established, fermentation is altered, new products are introduced into the formulation, or when the 

formulation is changed (Jelkmann, 2007).  

Alternative Expression Systems  

Alternative expression systems to produce therapeutic recombinant proteins are currently 

being utilized in the biopharmaceutical industry and new alternative expression systems are 

currently being investigated.  Alternative expression systems to the popular CHO cell system and 

bacterial cell system include using human cells, transgenic animals, plant cells, and insect cells 

(Anderson and Krummen, 2002).  Another potential alternative expression system involves using 

avian cells for producing therapeutic recombinant proteins.  Lee et al. (1999) reports using quail 

fibrosarcoma cells to stably produce rhEPO and suggests that these cells be considered as an 

alternative to the CHO expressed rhEPO.  Furthermore, Brown and Mehtali (2010) propose the 

avian cell line EB66® to produce vaccines for human therapeutic use due to the fact that 

recombinant proteins produced in avian cells have a lower fucose content than CHO cell 

produced recombinant proteins such as in monoclonal antibodies.        



 

9 
 

LMH/2A Cell Line 

LMH cells which are a tumor cell line established from a hepatocellular carcinoma 

induced in male leghorn chicken by diethylnitrosamine (Kawaguchi et al., 1987).  LMH cell 

lines were minimally responsive to estrogen due to very low levels of the estrogen receptor 

(Binder et al., 1990).  Cell lines, such as the LMH/2A, were derived from the parent LMH cell 

line by stable transfection of the chicken estrogen receptor to increase the estrogen 

responsiveness (Sensel et al., 1994).   LMH and LMH/2A cells have previously been shown to 

be capable of transfection with recombinant DNA.  Weber et al., (1995) describes some features 

of the transfection performance of the LMH cell line in the absence of estrogen.  Sensel et al. 

(1994) reports expression of Apolipoprotein II in transfected LMH/2A cells.  Furthermore, 

Vasudevan et al., (2001) described a transient transfection of LMH/2A cells which produced 

chicken riboflavin carrier protein with a 6 to 12 fold transcriptional induction by a stable 

estrogen analogue, moxesterol.  Walzem et al., (1997) described transfection of LMH/2A cell 

with a luciferase reporter gene using cationic lipids.                                    

Posttranslational Modifications  

Glycosylation is an important posttranslational protein modification occurring in the 

cytoplasm, the endoplasmic reticulum, and the Golgi apparatus (Jaeken and Carchon, 2009).  

Prokaryotic hosts such as Escherichia coli do not glycosylate proteins and lower eukaryotic 

expression systems such as yeast cells are typically unable to provide mammalian glycosylation 

of proteins (Gerngross, 2004).  Protein glycosylation is an enzymatic process that attaches 

glycans (oligosaccharides or carbohydrates) to the protein (Dall'Olio, 1996).  Aglycosylated 

forms of glycoproteins tend to be misfolded, biologically inactive, or rapidly cleared from 

circulation (Coloma et al., 2000).  Yeasts are able to glycosylate proteins, yet the nonhuman 
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nature of yeast glycans negatively impacts protein half-life because of the affinity of these 

glycans to high-mannose receptors present on macrophages and endothelial cells (Mistry et al., 

1996).  Therefore, mammalian cells such as CHO cells have emerged as the most widely used 

expression system for the production of complex human glycoproteins (Humphreys and Boersig, 

2003).  CHO cells are typically able to express glycoproteins with humanlike glycosylation 

patterns, however some glycan structures produced from CHO cell lines differ from those 

produced in human cells and sometimes have to be modified to meet therapeutic efficacy 

(Grabowski et al., 1995; Grabenhorst et al., 1999).  Although mammalian cell culture systems 

are the most common recombinant protein production system, there are some disadvantages to 

using this production system.  Mammalian cell culture production systems for recombinant 

proteins are expensive and time consuming due to slow growth of the cells (Bhopale and Nanda, 

2005).  This challenge has created a demand in the market for a production system of human 

therapeutic glycoproteins with reduced costs, increased yields, and more control over the quality 

of the final product.   

 Glycosylation of proteins takes on the form of oligosaccharides attached to either the side 

chain of asparagines (N-linked) or serine/threonine (O-linked) (Warren, 1993).  The addition of 

oligosaccharides onto a glycoprotein is a complex metabolic pathway that can be controlled 

through a variety of different conditions such as cell lines (host), bioprocess, and cell culture 

media used for protein production (Hossler et al., 2009).  It is known that mammalian cell lines 

such as CHO and BHK process recombinant glycoproteins similar to humans (Skibeli et al., 

2001).  However, in contrast to human cells, CHO cells do not express sialyl-a 2-6 transferase, 

bisecting N-acetyl glucosamine transferase, and a 1-3/4 fucosyl transferase, therefore structural 

analysis of the sugar groups of natural and recombinant glycoproteins is necessary (Kamerling, 
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1996; Svensson et al., 1990; Bergwerff et al., 1993).  N- and O- linked glycans have been shown 

to have a large effect on the immunogenicity, efficacy, solubility, and half-life of commercial 

biologics (Lis and Sharon, 1993; Van den Steen et al., 1998; Lowe and Marth, 2003).  A 

schematic of N-linked glycosylation for a glycoprotein produced in CHO cells is shown in Figure 

1 (Hossler et al., 2009).   

 

Figure 1. Schematic view of the N-linked glycosylation pathway in CHO cells. The precursor 
Glc3Man9GlcNAc2 is transferred from the dolichol-phosphate donor to an asaparagine on the 
nascent protein in the endoplasmic reticulum.  The final glycoprotein forms can vary depending 
on the level of sialylation and terminal sugars. The level of antennarity and sialylation will 
depend on cell culture conditions and expression levels of each enzyme (Hossler et al., 2009).    
 

The terminal N-acetylneuraminic acid (NANA) content in a glycoprotein has been shown 

to be linked to circulatory half-life while N-Glycolylneuraminic acid (NGNA), a derivative of 

NANA that is not typically found in adult humans, (Muchmore et al., 1989) is present in CHO 

and NS0 cultures (Noguchi et al., 1995; Baker et al., 2001).  The expression host is thus very 
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important toward determining the final glycoform profile of a recombinant glycoprotein, for 

example CHO cell expressed rhEPO contain low levels of NGNA (1% of total sialic acids) 

which may elicit a negligible immunogenic response (Noguchi et al., 1995).  Furthermore, N-

acetylglucosamine also plays a principal role in determining N-glycan antennarity and the 

resulting level of terminal glycosylation for example, in rhEPO it was specifically determined 

that tetrasialylated tetra-antennary N-glycans increased in vivo bioactivity, rather than the ratio of 

tetraantennary to biantennary N-glycans (Yuen et al. 2003). 

      The peptide N-glycosidase F (PNGaseF) is an enzyme that catalyzes the complete 

removal of N-linked oligosaccharide chains from glycoproteins, a process known as 

endoglycosidase that results in the cleavage at the asparagine-sugar amide linkage (Norris et al., 

1994).  PNGaseF is widely used in studies of glycoprotein function and structure (Machado et 

al., 2011; Skibeli et al., 2001). 

Applications 

Since the first FDA approval of recombinant human insulin in 1982, approximately 175 

biotechnology products are currently being marketed (Walsh, 2005) with more products under 

development.  These recombinant DNA products target more than 200 diseases including cancer, 

Alzheimer’s, cardiovascular diseases, multiple sclerosis, AIDS, and arthritis and are being used 

to improve therapies through better delivery systems, better diagnostics, safer and more effective 

medicines, more patient access, and enhanced therapeutic options for physicians and patients 

(Weintraub, 2006). 

An example of a therapeutic recombinant protein is human insulin which has proved to 

be identical to human pancreatic insulin, safe, efficacious, and less likely to cause immunological 

reactions during therapeutic use as opposed to animal-derived insulin (Ladisch and Kohlmann, 
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1992).  This recombinant human insulin is used to treat a common human metabolic disease 

known as diabetes mellitus (McEvoy, 2001).  Other examples of therapeutic recombinant 

proteins produced in mammalian cell lines that have been approved to treat humans include 

recombinant interferon-β, which is used for the treatment of multiple sclerosis; erythropoietin, 

which is used for the treatment of anaemia; and recombinant antibodies, such as Herceptin and 

Rituxan, which are used to treat breast cancer and non-Hodgkin’s lymphoma (Wildt and 

Gerngross, 2005). 

Erythropoeitin 

Erythropoietin (EPO) is a glycoprotein hormone that is composed of 165 amino acids 

with an expected molecular weight of 18,398 Daltons (Recny et al., 1987).  Erythropoietin 

consists of a single polypeptide chain of 165 amino acids, two disulphide bonds, three N-linked 

glycosylation sites (Asn 24, Asn 38, and Asn 83), and one O-linked glycosylation site (Ser 126) 

(Su et al., 2010).  The average carbohydrate content amounts to 40% (Narhi et al., 1991) which 

gives erythropoietin an apparent molecular weight of 35-39 kD (Joung et al., 2009) while the 

expected non-glycosylated molecular weight is 18 kD (Jelkmann, 1992).  The carbohydrate 

moiety is important for the biological activity, stability, and solubility of the protein (Narhi et al., 

1991).  Erythropoietin is a cytokine that regulates the level of red blood cell production 

(Richmond et al., 2005).  In humans and other mammals, decreased tissue oxygen tension 

activates the hypoxia inducible factor-1 (HIF-1) which in turn increases EPO production 

(Guillemin and Krasnow, 1997).  Semenza, (1996) discovered that under hypoxic conditions 

HIF-1 accumulates in the nucleus and binds to a sequence in the enhancer region of the EPO 

gene and triggers expression of the EPO gene.  EPO is produced primarily in the liver during 

fetal gestation and in the kidney after birth, however in response to hypoxia EPO is produced in 
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both the kidney and the liver tissue (Noguchi, 2008).  EPO is a secreted hormone that binds to 

receptors on erythroid progenitor cells to promote viability, proliferation, and terminal 

differentiation of erythroid precursors resulting in increased red blood cell mass (Ebert and 

Bunn, 1999).  The carbohydrate moiety is not required for binding to the EPO receptor (Darling 

et al., 2002).  The mechanisms impairing renal EPO production are not well understood, 

however, the most well-known cause of anemia is inadequate EPO production, which is often 

compounded by iron deficiency, and as renal failure progresses so does the contribution of EPO 

deficiency to anemia (Lankhorst and Wish, 2010).  The story of how EPO was discovered dates 

back to 1878 with Bert and Jourdanet who first established the link between tissue hypoxia and 

the production of erythrocytes. Carnot and Deflandre, (1906) first formulated the idea of 

hormonal regulation of erythropoiesis.  In 1948, Bonsdorff and Jalavisto (1948) introduced the 

name “erythropoietin”, implying red cell production.  In 1949, the erythropoietic activity of 

exogenous EPO from transfused plasma of normal subjects into patients with pernicous anaemia 

was first demonstrated by Oliva et al. (1949).  In 1977, a major breakthrough was discovered that 

transformed the anemia therapy field when human erythropoietin was purified from the urine of 

aplastic anemic patients (Miyake et al., 1977).  Later in 1983, this discovery paved the way for 

the gene for human erythropoietin to be isolated and cloned (Lin et al., 1985).  It was discovered 

in 1986 that rhEPO can correct the anemia of chronic renal disease (Eschbach et al., 1987).   

 Recombinant Human EPO  

 The human EPO gene was isolated and used to develop a transfected cell line in CHO 

cells that produced recombinant human EPO (Jacobs et al., 1985).  Since 1985, the CHO cell 

system became the most common production system for rhEPO (Inoue et al., 1995).  Also, 

rhEPO has been produced in bacterial cells (prokaryotic) such as Escherichia coli (Huang, 1984) 
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and Bacillus brevis (Nagao et al., 1997), in yeast cells (eukaryotic) such as Saccharomyces 

cerevisiae (Elliott et al., 1989) and in insect cells (eukaryotic) such as Drosophila melanogaster 

(Kim et al., 2005). 

 In 1989 rhEPO gained FDA approval for human therapeutic use and the commercially 

available rhEPO products currently available are epoetin-α, epoetin-β, epoetin-ω, epoetin-δ, and 

darbepoetin-α (Joyeux-Faure, 2007).  These products all have the same amino acid sequence but 

may differ in glycosylation as a result of type and host cell-specific differences in the production 

process.  Darbepoetin-α is an erythropoietin analog, carrying two additional glycosylation sites, 

which produces a longer half-life and potency (Joung et al, 2009).  The probability of an 

immunological reaction to rhEPO increases as a consequence of structural differences in the 

endogenous hEPO and the recombinant form of hEPO (Jelkmann, 2007).  Binding of antibodies 

may influence the pharmacokinetic behavior of rhEPO that can reduce the half-life (Schellekens, 

2008).  Consequences of the specific interaction of antibodies with rhEPO is dependent on the 

antibody working in a binding and neutralizing capacity which could result in loss of activity of 

the protein drug (Schellekens, 2008).  The most dramatic side effects occurs when the 

neutralizing antibodies cross-react with endogenous hEPO that leads to life-threatening pure red 

cell aplasia (PRCA) (Casadevall et al., 2002). 

EPO Receptors 

The EPO receptor (EPO-R), which was described initially by D’Andrea et al. (1989), is a 

member of the cytokine receptor superfamily.  The EPO-R is expressed in bone marrow derived 

erythroid progenitors and several non-hematopoietic tissues including myocytes, cortical 

neurons, and prostatic, breast and ovarian epithelia (Richmond et al., 2005).  The EPO-R is 

expressed primarily on erythroid cells during differentiation with the highest number of receptors 
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seen on the colony forming unit erythroid (CFU-E) and burst forming unit erythroid (BFU-E) 

which decreases in expression as differentiation continues to a mature erythrocyte which does 

not express the EPO-R (Fisher, 2003).  The EPO-R is believed to exist in an unliganded, dimeric 

state that when bound to EPO undergoes a conformational change which activates the pre-bound, 

cytoplasmic, tyrosine kinase, janus kinase 2 (JAK2) (Witthuhn et al., 1993).  In turn, JAK2 and 

other tyrosine kinases phosphorylate several cytoplasmic tyrosine residues in the cytoplasmic tail 

of the EPO-R that act as docking sites for proteins that contain Src-homology2 (SH2) domains 

which induces several downstream signaling cascades (Richmond et al., 2005).  Depending on 

the cell type, EPO activates tyrosine phosphorylation of the SH2 domain containing transcription 

factors, signal transducer and activator of transcription (STAT) or phosphatidylinositol 3-kinase 

(PI3K)/AKT pathway (Rossert and Eckardt, 2005).      

Purification 

 Goldwasser and Kung were the first to purify milligram quantities of >95% pure hEPO in 

1977 (Miyake et al., 1977).  The purified hEPO led to the successful identification of the amino 

acid sequence and the isolation of the EPO gene (Jelkmann, 2007).  Biologically active rhEPO 

can be purified from the culture supernatant of genetically engineered mammalian cells such as 

CHO cells, baby hamster kidney cells BHK-21, or C127 mouse mammary cells (Jelkmann, 

2000).  

Biopharmaceutical companies producing rhEPO are challenged to find a cost-effective ways to 

purify rhEPO.  New methods for purification of rhEPO have been developed (Broudy et al., 

1988; Inoue et al., 1994; Ben Ghanem et al., 1994) and are efficient in terms of yield and specific 

activity of the final product.  Large scale purification procedure using anion exchange, 

hydrophobic interaction, and gel filtration chromatography have been described (Hu et al., 2004).  
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Procedures specifically tailored for rhEPO purification at an industrial scale are still in demand.  

Zanette et al. (2003) describes and ideal system for the capture step in downstream processing 

that includes both the selectivity of affinity chromatography and the robustness of the so-called 

‘traditional’ chromatography by utilizing phenylboronate agarose in the capture step.   

Applications  

Recombinant human EPO (rHuEPO) is currently being used to treat patients with anemia 

associated with chronic renal failure, AIDS patients with anemia due to treatment with 

zidovudine, nonmyeloid malignancies in patients treated with chemotherapeutic agents, 

perioperative surgical patients, and autologous blood donation (Fisher, 2003).  There has been 

much clinical success of recombinant human EPO in humans and it continues to be used to treat 

renal and non-renal anemia (Winearls et al., 1986; Eschbach et al., 1987).   Due to the success of 

rhEPO in treating anaemia in patients with end-stage renal disease, rhEPO is the one of the top-

selling biopharmaceutical products in the world, with annual worldwide sales of about $11 

billion (Joung et al., 2009).  Besides this well-established activity, rhEPO also has therapeutic 

potential in the treatment of stroke, head trauma, and epilepsy (Cerami, 2001).  It has been 

reported that rhEPO had an effect on angiogenesis which raised considerable interest in the 

possible application of this rhEPO for cardiovascular protection (George et al., 2005).  Joyeux-

Faure, (2007) describes that administration rhEPO can confer cerebral and myocardial protection 

against ischemia-reperfusion injury in terms of reduction in cellular apoptosis and necrosis and 

also suggests that rhEPO could have beneficial applications in oncology, protecting against 

chemotherapy cardiotoxicity.  Some of the clinical benefits of rhEPO include stimulation of 

erythropoiesis (increases in the number of reticulocytes and erythrocytes, hematocrit and blood 

hemoglobin concentration), elimination of the need for – and risks of – transfusion of allogeneic 
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red blood cells, increase in physical exercise tolerance, prevention of anemia-induced 

hyperdynamic cardiac state, improvement of cognitive and psychosomatic functions of the brain, 

and relief of pruritus (Jelkmann, 2000). 

Biological Activity of Therapeutic Recombinant Proteins  

Much of the early work to determine the biological activity of proteins has come from 

data obtained from assays which monitored the clearance of radiolabeled proteins.  Later, 

immunoassays became a more common method to measure pharmacokinetics of recombinant 

therapeutic proteins.  The biological activity of recombinant therapeutic proteins is important to 

show that the molecule can bring about a specific biological change.  This can vary from one 

host cell system to another.  The biological activity of a recombinant protein can be measured in 

vitro with bioassays, cell proliferation assays, enzyme assays, or a functional ELISAs.  Also, the 

biological activity can be investigated in vivo using animal models.   

Recombinant Human EPO Biological Activity 

The biological activity of expressed recombinant human EPO can vary from one type of 

cell to another.  The biological activity of recombinant human EPO has been investigated in vitro 

and shows that carbohydrate moiety plays an important role in the biological activity of 

recombinant human EPO (Takeuchi et al., 1989; and Wasley et al., 1991).  The non-glycosylated 

EPO has a very low in vivo bioactivity due to rapid clearance from plasma by the liver (Tsuda et 

al., 1990).  The National Institute for Biological Standards and Control (NIBSC) report notes 

major differences in reactivities between in vivo and in vitro biological and immunological 

assays with the various urinary and rhEPOs tested (Storring and Gaines Das, 1992).  Takeuchi et 

al. (1989) reports that EPO possesses full biological activity only when it is sufficiently 

sialylated to avoid clearance by the hepatic asialoglycoprotein binding protein.  Hayakawa et al. 
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(1992) investigated the biological activity of four pharmaceutical preparations of rhEPO in vivo 

and showed that their differences in the extent of the activity were not significant and expressed 

the same biological potencies. 

The in vivo bioassays to test for biological activity for rhEPO are commonly performed in 

polycythaemic or normocythaemic mice where endogenous EPO production is suppressed by 

previous red blood cell transfusion or exposure to hypoxia (Jelkmann, 2003).  The assay with 

normocythaemic mice suffices for routine pharmaceutical quality control of rhEPO and are 

known to be time consuming and expensive, require many animals, and produce intra- and inter-

assay variation of the results (Jelkmann, 2009).  According to the European Pharmacopoeia (Ph 

Eur monograph 1316), the activity of therapeutic rhEPOs is compared to the biological reference 

preparation (BRP) by either method A (measurement of incorporation of 59Fe into red blood cells 

4 days after EPO injection in mice made polycythaemic by exposure to hypobaric hypoxia) or 

method B (microfluorometrical measurement of reticulocytes in a flow cytometer 4 days after 

EPO injection in normocythaemic mice) (Jelkmann, 2009).   

On the other hand, the in vitro bioassays to test for the biological activity for rhEPO 

include using cell based assays such as rat bone marrow cells (Takeuchi et al., 1989), human 

UT7/ leukemia cell line (Long et al., 2006), and F-36E/ human leukemia (Joung et al., 2009) and 

erythroid precursor cells (Akagi et al., 2004; Burns et al., 2002; Macdougall, 2008; Malik et al., 

1998; Fibach et al., 1989; Umemura et al., 1990).    

CD34+ Cells  

All mature blood and immune cells develop from a population of stem cells called 

hematopoietic stem cells (HSC) such as CD34+ cells that can be isolated from bone marrow, 

mobilized peripheral blood, and umbilical cord blood (Dimitriou et al., 2003).  CD34+ cells 
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express the protein CD34 but as they differentiate the expression of CD34 gradually decreases 

(Wojda et al., 2002).  The CD34 protein is expressed on virtually all hematopoietic progenitors 

(Civin et al., 1984).  CD34+ cells have the capacity for self-renewal for differentiation into a 

specialized erythroid cell that is controlled by the cellular micro-environment, growth factors, 

and cytokines such as EPO (Marks and Pilkington, 2008).  CD34+ cells have been used as a 

model to investigate erythropoiesis for recombinant human EPO (Malik et al., 1998).   

Erythroid Differentiation and Erythropoiesis 

Erythropoiesis is the process by which multipotential hematopoietic stem cells 

differentiate into mature, non-nucleated erythrocytes (Richmond et al., 2005).  The production of 

red blood cells involves the terminal differentiation of hematopoietic stem cells in the bone 

marrow followed by release into the peripheral blood and during the differentiation, erythroid 

progenitor cells undergo extensive remodeling of their cytoskeleton and loss of nuclei and other 

organelles like the endoplasmic reticulum (Patterson et al., 2009).  A schematic representation of 

red blood cell production is shown in Figure 2.  Red blood cells remain in circulation in the 

human for approximately 120 days and require the prior production of abundant red cell-specific 

proteins including hemoglobin, cytoskeletal proteins, and membrane glycoproteins such as 

glycophorin A (GpA) (Wickrema et al., 1994).  Pluripotent hemopoietic stem cells reside in the 

bone marrow and give rise to all blood cell types through a process of simultaneous lineage 

commitment, cell proliferation, and differentiation, an ongoing process due to a the blood cells 

limited life span and an inability to replicate (Socolovsky et al., 1998).  In the last two decades, 

numerous cytokines and extracellular factors such as stem cell factor, interleukin 3, granulocyte–

macrophage colony stimulating factor (GM-CSF), and EPO have been identified as essential in 

the differentiation process of hemopoietic stem cells (Metcalf, 1993).  The cytokine EPO is 
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considered a crucial growth factor for erythropoiesis (Krantz, 1991).  As shown in Figure 2, 

granulocyte colony stimulating factor (G-CSF) acts on the hematopoietic stem cells and EPO 

acts on both burst forming units-erythriod (BFU-E), colony forming units-erythroid (CFU-E) 

cells, and erythroblasts to stimulate differentiation into erythrocytes (Yoshimura and Arai, 1996). 

 

Figure 2. The production of red blood cells.  Erythropoietin stimulates differentiation of 
hemopoietic stem cells into erythrocyte (Yoshimura and Arai, 1996).  
 

Erythroid Markers 

Proliferation and differentiation of erythroid precursor cells are modulated by cytokines 

such as EPO and granulocyte colony stimulating factor (G-CSF) (Sato et al., 2000).  Erythroid 

precursor cells differentiate into hematopoietic cells and express erythroid specific proteins that 

can be identified and used as markers for differentiation.  These erythroid specific proteins such 

as glycophorins, transferrin receptors, and hemoglobins are used to investigate the differentiation 

process of erythroid cells.   

Hemoglobin (Hb) represents an excellent erythroid marker because hemoglobin synthesis 

occurs at the early proerythroblast stage of erythrocytic maturation, during the differentiation 

process, and continues until the final stage of a mature erythrocyte (Pinkus and Said, 1981).  
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Hemoglobin is a globular protein that transports oxygen (O2) in human blood from the lungs to 

the tissues of the body and collects carbon dioxide to bring it back to the lungs.  Hemoglobin can 

bind four oxygen molecules because it contains four subunits (heme groups), each of which 

contains an iron atom capable to bind to one oxygen molecule (Marengo-Rowe, 2006).  

Biosynthesis of hemoglobin in humans includes a transition from fetal (γ-globin) to adult (β-

globin; α-Hb) during the differentiation process of erythroid cells (Stamatoyannopoulos and 

Papayannopoulou, 1979).  Adult human hemoglobin is a tetrameric protein with a molecular 

weight of 64.5 kD and contains two polypeptide chains known as the alpha chain (141 amino 

acids) and the beta chain (146 amino acids) which are similar in length but differ in the amino 

acid sequence (Perutz et al., 1960).  The individual molecular weight of each human hemoglobin 

alpha and beta chain is 15 kD (Yu et al., 1997).   

Another erythroid marker, glycophorin A (GpA), which is the major sialoglycoprotein on 

human red cells, is one of the best characterized mammalian integral membrane proteins 

(Marchesi et al., 1972; Tomita and Marchesi 1975).  Glycophorin A is an important constituent 

of the human red blood cell that carries several medically important blood group antigens 

(Remaley et al., 1991).  The protein molecule contains a large hydrophilic portion, carrying the 

NH-terminal, located on the external surface of the blood cell, and the COOH-terminal is located 

in the cytoplasm and probably interacts with peripheral proteins (Bretscher, 1975).  An unusually 

large proportion (about 60%) of the GpA is made up of carbohydrates located on the outside of 

the lipid bilayer, specifically 15 O-glycosidic oligosaccharides with the structure of N-acetyl 

galactosamine β(1-4) N-acetyl neuraminyl α(2-3) galactosyl β(1-3) N-acetyl neuraminyl α(2-6) 

N-acetyl galactosamine and one N-glycosidicoligosaccharide located at Asn 26 (Thomas and 

Winzler, 1969).  Non-glycosylated GpA was shown to have an apparent molecular weight of 19 
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kD and glycosylated GpA was shown to have an apparent molecular weight of 39,000 

(Andersson et al., 1981). 

Another erythroid marker is human transferrin receptor (CD71).  Transferrin receptor is 

expressed on activated B and T cells, macrophages, reticulocytes, malignant tissues and highly 

expressed on erythroid precursors which mediates the uptake of transferrin-iron complexes 

(Marsee et al., 2010).  The human transferrin receptor is a transmembrane glycoprotein 

composed of two identical disulphide-linked monomers with a molecular weight of 90-95 kD 

each (Sutherland et al., 1981).  Transferrin receptor is a type II transmembrane protein that 

interacts with transferrin and hereditary hemochromatosis protein involved in the cellular 

transport of iron (Kasibhatla et al., 2005).  Transferrin receptor is synthesized in the endoplasmic 

reticulum and is post translationally modified with phosphate, fatty acyl groups, and 

oligosaccharides (Omary and Trowbridge, 1981; Schneider et al., 1982).  The transferrin receptor 

uptakes iron via endocytosis which gets released into the cytosol where it is utilized as a cofactor 

for aconitase, the cytochromes, RNA reductase, and heme, or stored as ferritin (Zhong et al., 

2002).   

Signal Transduction 

EPO signaling involves tyrosine phosphorylation of the homodimeric EPO receptor and 

subsequently activation of the intracellular anti-apoptotic proteins, kinases, and transcription 

factors (Jelkmann, 2004).  The signal for cellular proliferation and differentiation into 

erythroblasts is thought to originate at the EPO receptor which is divided into two major regions 

(Yoshimura and Arai, 1996).  The part of the receptor lying nearest the plasma membrane is 

required for generating the signals for proliferation and differentiation such as the induction of 

globin synthesis (Ohashi et al., 1994).  The remaining half is not required for this signaling and 
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acts to dampen the signals (Yoshimura and Arai, 1996).  The tyrosine kinase called JAK2 

associates with the region near the plasma membrane, undergoes autophosphorylation, and 

phosphorylates the EPO receptor, and the transcription factor called signal transducers and 

activators of transcription (STAT) (Witthuhn et al., 1993) which plays an important role in 

promoting cellular proliferation.  STAT activated by the phosphorylation translocates to the 

nucleus and recognizes a specific base sequence in the promoter region of the target gene to 

initiate transcription (Yoshimura et al., 1995).  Tyrosine phosphorylation of the EPO receptor is 

necessary to initiate a signal transduction pathway mediated by proteins with SH2 domains 

whereby an activated ras protein can then activate the Raf-MAP kinase cascade, then an enzyme 

called PI3 kinase binds to the tyrosine phosphorylation site of the receptor (Yoshimura and Arai, 

1996).  Conversely, the tyrosine phosphatase SH-PTP1 promotes the dephosphorylation of JAK2 

to stop generation of the signal (Klingmüller et al., 1995).  Another major survival pathway for 

erythroid cells includes the activation of AKT (protein kinase B), a serine/threonine kinase which 

is a common mediator of cell survival and proliferation (Ryan et al., 2007).  EPO binding to the 

EPO receptor on erythroid progenitors cells results in enzymatic phosphorylation cascades 

(signal transduction pathways) that transmit signals from outside the cell to the nucleus and is 

involved in the activation (phosphorylation by Ser473-Kinase) of AKT which  causes general 

inhibition of pro-apoptotic factors, such as the forkhead transcription factors, Bad and caspase 9, 

all of which are known to mediate apoptosis (Brunet et al., 1999; Datta et al., 1999; Cardone et 

al., 2000).  A schematic drawing of signal pathways in response to EPO are shown in Figure 3.  

Two hypotheses have been proposed to explain the requirement for cytokine receptor signaling: 

1) the commitment of a progenitor to a particular lineage is a stochastic event, subsequent to 

which cell differentiation proceeds along a pre-determined program; growth factors are merely 
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required to ensure the survival and proliferation of committed progenitors or 2) growth factors 

have a direct role in cell differentiation, predicting that cell fate will be determined by the type of 

growth factor acting on the cell (Socolovsky et al., 1998). 

 

 

 

Figure 3. Schematic representation of the erythropoietin (EPO) signaling pathways by which the 
binding of EPO to its receptor can inhibit apoptosis.  Binding of EPO induces (A) 
phosphorylation of the STAT5 transcription factor that will activate target genes encoding 
antiapoptotic molecules, (B) phosphorylation of phosphatidylinositol 3-kinase (PI-3 kinase) that, 
in turn, phosphorylates protein kinase B (PKB)/Akt, which then phosphorylates (1) proapoptotic 
molecules, such as Bad, caspase 9 or glycogen synthase kinase-3β (GSK-3β), leading to their 
inactivation, (C) phosphorylation of I-κB, which allows the release of the transcription factor 
NF-κB, its translocation into the nucleus and activation of target genes encoding antiapoptotic 
molecules, and (D) activation of Hsp70, which binds to and inactivates proapoptotic molecules, 
such as apoptosis protease-activating factor-1 (Apaf-1) and apoptosis-inducing factor (AIF) 
(Rossert and Eckardt, 2005).  
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APPENDIX  
 

Human erythropoietin gene, complete cds 
GenBank: M11319.1 
 
LOCUS       HUMERPA                582 bp    DNA     linear   PRI 08-NOV-1994 
DEFINITION  Human erythropoietin gene, complete cds. 
ACCESSION   M11319 REGION: 
            join(625..637,1201..1346,1605..1691,2303..2482,2617..2772) 
VERSION     M11319.1  GI:182197 
KEYWORDS    erythropoietin. 
SOURCE      Homo sapiens (human) 
  ORGANISM  Homo sapiens 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Primates; Haplorrhini; 
            Catarrhini; Hominidae; Homo. 
REFERENCE   1  (bases 1 to 582) 
  AUTHORS   Lin,F.-K., Suggs,S., Lin,C.-H., Browne,J.K., Smalling,R., 
            Egrie,J.C., Chen,K., Fox,G.M., Martin,F., Stabinsky,Z., 
            Badrawi,S.M., Lai,P.-H. and Goldwasser,E. 
  TITLE     Cloning and expression of the human erythropoietin gene 
  JOURNAL   Proc. Natl. Acad. Sci. U.S.A. 82 (22), 7580-7584 (1985) 
   PUBMED   3865178 
COMMENT     Original source text: Human fetal liver DNA (T. Maniatis library), 
            clone lambda HE1. 
            Draft entry and sequence for [1] were kindly provided in 

computer-readable form by F.-K.Lin, 18-FEB-1986. The erythropoietin 
            gene, when introduced into Chinese hamster ovary cells, produces 
            the biologically active protein. 
FEATURES             Location/Qualifiers 
     source          1..582 
                     /organism="Homo sapiens" 
                     /mol_type="genomic DNA" 
                     /db_xref="taxon:9606" 
                     /map="7q21.3-q22.1" 
     prim_transcript 1..>582 
                     /note="erp mRNA" 
     mRNA            <1..>582 
                     /note="erythropoietin prepeptide" 
     CDS             1..582 
                     /note="erythropoietin prepeptide" 
                     /codon_start=1 
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                     /protein_id="AAA52400.1" 
                     /db_xref="GI:182198" 
                     
/translation="MGVHECPAWLWLLLSLLSLPLGLPVLGAPPRLICDSRVLERYLL 
                     
EAKEAENITTGCAEHCSLNENITVPDTKVNFYAWKRMEVGQQAVEVWQGLALLSEAVL 
                     
RGQALLVNSSQPWEPLQLHVDKAVSGLRSLTTLLRALGAQKEAISPPDAASAAPLRTI 
                     TADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR" 
     sig_peptide     1..81 
                     /note="erythropoietin signal peptide" 
     mat_peptide     82..579 
                     /product="erythropoietin" 
     gene            1..13 
                     /gene="EPO" 
     exon            <1..13 
                     /gene="EPO" 
                     /note="G00-119-110" 
                     /number=1 
     exon            14..159 
                     /number=2 
     exon            160..246 
                     /number=3 
     exon            247..426 
                     /number=4 
     exon            427..>582 
                     /number=5 
ORIGIN      1 bp upstream of HindIII site. 
        1 atgggggtgc acgaatgtcc tgcctggctg tggcttctcc tgtccctgct gtcgctccct 
       61 ctgggcctcc cagtcctggg cgccccacca cgcctcatct gtgacagccg agtcctggag 
      121 aggtacctct tggaggccaa ggaggccgag aatatcacga cgggctgtgc tgaacactgc 
      181 agcttgaatg agaatatcac tgtcccagac accaaagtta atttctatgc ctggaagagg 
      241 atggaggtcg ggcagcaggc cgtagaagtc tggcagggcc tggccctgct gtcggaagct 
      301 gtcctgcggg gccaggccct gttggtcaac tcttcccagc cgtgggagcc cctgcagctg 
      361 catgtggata aagccgtcag tggccttcgc agcctcacca ctctgcttcg ggctctggga 
      421 gcccagaagg aagccatctc ccctccagat gcggcctcag ctgctccact ccgaacaatc 
      481 actgctgaca ctttccgcaa actcttccga gtctactcca atttcctccg gggaaagctg 
      541 aagctgtaca caggggaggc ctgcaggaca ggggacagat ga 
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