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ABSTRACT

Several practical aspects of gene transfer into muscle using plasmid vectors were studied 

in this thesis. First, the influence of promoter sequences on growth hormone expression 

by muscle cells was studied following transfection with various plasmid constructs 

containing a rat growth hormone complementary DNA (GH cDNA). Second, the 

plasmid vector which produced the highest levels of recombinant GH in vitro was 

delivered by intramuscular injection into GH deficient dwarf rats, and the effects were 

studied. Third, the immunogenicity of plasmid vectors were studied in immunologically 

normal B alb/C mice, and in MRL/MpJ mice which had a genetic background for a mild 

autoimmunity. The findings included:

1. The combination of cytomegalovirus immediate early promoter (CMV), myosin hght 

chain enhancer and GH cDNA (pcDNA3E-GH), generated significantly more 

biologically active GH in differentiated C2C12 mouse myotubes than either CMV 

promoter, or muscle specific promoter used individually (p<0.05).

2. Intramuscular transfer of a plasmid reporter vector was more effective in 4 week old 

male rats, than in older animals. Subsequent injections of pcDNA3E-GH into dwarf rats 

did not significantly increase weight gain, or circulating insulin like growth factor 1 

(IGF-1) levels. However, immunoreactive IGF-1 was detected in the colons of 4 of 5 

rats compared with only 1 of the controls, suggesting that this methodology could be 

used to modulate local IGF-1 production in the gastrointestinal tract.

3. MRL/MpJ mice given i.m. injections of pcDNA3E at 4, 6, 8 and 10 weeks, generated 

significantly higher serum anti-double stranded DNA (dsDNA) immunoglobulins, than 

saline injected controls (p < 0.05). Additionally, sera from 6 of the 7 of the plasmid 

injected MRL/MpJ mice contained anti-cell nuclear immunoglobulins, compared with 2 

control sera. No increase in dsDNA antibodies was observed in Balb/C mice injected 

with pcDNA3E, or with plasmids with fewer eukaryotic sequences, suggesting that 

plasmid DNA injection into muscle may only alter circulating levels of anti-dsDNA 

antibodies in circumstances where individuals are susceptible to specific types of 

autoimmunity.
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CHAPTER 1 General Introduction

1.1 Introduction and aims of thesis

This thesis describes work carried out on the functional and immunological aspects of 

growth hormone gene transfer into muscle. Chapter 1 is divided into two main sections. 

The first describes some of the applications of gene transfer as a novel therapeutic 

method, and the potential for using skeletal muscle as an artificial endocrine tissue 

(MacColl et al, 1999). The second section gives an account of growth hormone (GH) 

and its physiological action with emphasis on the control of growth hormone production, 

the effect of pathophysiological conditions of GH secretion, and the mechanisms 

through which GH exerts its action in cells.

Several practical aspects of gene transfer into muscle using plasmids were investigated 

in this work, and the aim in Chapter 2 was to examine the influence of promoter 

sequences on GH expression by muscle cells cultured in vitro - following transfection of 

C2C12 myoblasts with various plasmid constructs containing a rat GH cDNA. The 

combination of cytomegalovirus immediate early promoter (CMV), myosin light chain 

enhancer and GH cDNA (pcDNA3E-GH), generated significantly more biologically 

active GH in differentiated C2C12 myotubes than either CMV promoter, or muscle 

specific promoter used individually (p<0.05) (MacColl et a l, 2000a).

The primary aim of the work presented in Chapter 3 was to deliver the rat GH cDNA 

into skeletal muscle tissue in vivo, using the plasmid vector which had produced the 

highest levels of recombinant GH in vitro (pcDNA3E-GH). Preliminary experiments 

demonstrated that intramuscular (i.m.) transfer of a plasmid reporter vector was more 

effective in 4 week old male rats, than in older animals. pcDNA3E-GH was
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subsequently delivered by intramuscular injection into GH deficient dwarf rats, and the 

effects were studied. Two injections of pcDNA3E-GH into 4 week old dwarf rats did not 

significantly increase weight gain (p > 0.05), or increase circulating insulin like growth 

factor 1 (IGF-1) levels over the 2 week study period. However, immunoreactive IGF-1 

was detected in the colons of 4 of 5 rats compared with only 1 of the controls, 

suggesting that this methodology could be used to modulate local IGF-1 production in 

the gastrointestinal tract, in the absence of the stimulation of growth (MacColl et al, 

2000b).

In addition to their potential for delivering growth factors in vivo, plasmid DNA vectors 

are also being developed for genetic vaccines. Therefore, the aim of the work presented 

in Chapter 4 was to investigate the the immunogenicity of the plasmid vectors used in 

Chapters 2 and 3 - in immunologically normal Balb/C mice and also in MRL/MpJ mice, 

which have a genetic background resulting in the low level production of circulating 

double stranded DNA (dsDNA) and cell nuclear autoantibodies. Repeated i.m. injection 

of pcDNA3E at 4, 6, 8 and 10 weeks did not stimulate the production of serum dsDNA 

antibodies in Balb/C mice. However, MRL/MpJ mice given i.m. injections of pcDNA3E 

at 4, 6, 8 and 10 weeks generated significantly higher dsDNA immunoglobulins, than 

sahne injected controls (p < 0.05). Furthermore, the sera from 6 of the 7 MRL/MpJ mice 

injected with pcDNA3E contained anti-cell nuclear immunoglobulins, compared with 2 

control sera. The results of this study in mice suggested that repeated injection of 

plasmid DNA into muscle could increase circulating levels of anti-dsDNA and nuclear 

autoantibodies in individuals with an underlying susceptibility to autoimmunity, and 

intensify this condition (MacColl et al, 2000b).
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The conclusions reached in each of the three results chapters are summarised in chapter 

5. The findings of chapter 4 may have significant implications if plasmid-based methods 

of gene transfer are to put to more widespread use, for example in genetic vaccines. The 

work presented in this thesis on the gene transfer of growth hormone in muscle cells is 

discussed in the context of what is known about GH physiology, and methods for 

regulating groAvth hormone production in muscle tissue are also described. Additionally, 

the potential applications of GHRH, GH and IGF-1 gene transfer are also discussed.

1.2 Gene Therapy

1.2.1 Applications of gene therapy

Gene therapy was originally conceived as a novel treatment for lethal genetic diseases, 

as very few of these can be fully treated using traditional medical science. The 

methodology of gene transfer into somatic tissues is a departure from conventional 

methods of drug delivery, where for example a protein is administered directly, as the 

genetic material encoding the protein is administered instead. Generally, a therapeutic 

gene is delivered by a vector into target cells, where the expressed protein either 

compensates for a cellular protein insufficiency, or the protein is secreted from the 

expressing cell and targeted elsewhere (Figure 1.1). Although gene therapy is being 

developed for monogenetic diseases such as cystic fibrosis, somatic gene transfer is also 

being considered for other diseases which considerably shorten life expectancy.
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Figure 1.1 Retroviral transduction of target cells with Factor IX. a. The factor IX 

transgene is inserted into a retroviral backbone (rvIX). b. Packaging cells are transfected 

with rvIX, and shed active particles, c. Recombinant rvIX virions infect target cells, 

releasing viral RNA and reverse transcriptase into the cell. d. Viral RNA is reverse 

transcribed into double stranded DNA. e. rvIX DNA enters the cell nucleus where it is 

integrated and transcribed. Factor IX protein is secreted from the cell.

(From Verma and Somia 1997, Nature 389, 239 -  242, with permission)
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For example, clinical trials are in progress for; cancer immunotherapy, peripheral 

vascular disease, and diseases of the peripheral and central nervous systems - e.g. motor 

neurone disease.

In addition, gene therapy is being considered for other disorders that are currently 

managed using conventional medicine, e.g. the haemophilias and erythropoietin 

insufficiency (Verma and Somia, 1997; Gorecki, 1999). Furthermore, one of the most 

significant uses of gene transfer may be in the design of new vaccines, which are 

discussed in more detail in Chapter 4.

1.2.2 Designing effective gene therapy methods

As with all conventional drug delivery methods, several standards must be reached 

before a gene therapy procedure advances to the clinical trial stage. Firstly, therapeutic 

gene expression must be targeted to specific cells, which then express a biologically and 

physiologically active protein. Secondly, a sufficient number of cells should be 

transduced with the delivery vector to produce a significant effect, and thirdly this effect 

must be reproducible -  and ideally capable of regulation. Finally, the delivery system 

should not generate any serious adverse effects.

The success of this rapidly expanding area of biomedical science therefore depends on 

concomitant advances being made in the design in methods of vector delivery, and in the 

control of gene and protein expression. Furthermore, both vector and host immunology 

must be investigated in context, as these will ultimately determine whether the gene 

delivery method will be tolerated by the host immune system. Additionally, the 

molecular pathology of each disease intimates what type of gene delivery method will be

19



most effective. The following section describes the methods which are currently used for 

gene transfer in vivo.

1.2.3 Delivery vectors used for gene transfer

Several types of somatic gene transfer (SGT) vector have been used to dehver 

therapeutic proteins into target organs or cell groups, and these can basically be divided 

into three different groups, with vectors derived from: viruses, cells and plasmids. Each 

of these gene dehvery methods has properties which make them suitable for specific 

applications, such as the production of proteins in muscle (Figure 1.2). The relative 

merits of each type of vector are shown in Table 1.1

1.2.3.1 Viral gene transfer vectors

The viral gene delivery vectors used for gene therapy have been developed from human 

pathogenic viruses such as: adenoviruses, parvoviruses, herpes viruses and lentiviruses. 

Viruses have evolved efficient mechanisms for introducing and expressing their nucleic 

acid in target cells (Smith, 1995), and the specificity for the target cell is determined by 

interactions between proteins on the viral coat and cell surface receptors. This has 

enabled targeted gene transfer of genes and subsequent protein production in cells; an 

example of using retroviral vectors to produce human factor IX is shown in Figure 1.1 

In an additional example, subgroup C adenoviruses (Ad2 and Ad5) induce respiratory 

infection in affected individuals through infection of the lung epithelium (Yeh and 

Perricaudet, 1997). Subsequently, modified adenoviral vectors have been used to deliver 

a functional cystic fibrosis transmembrane receptor (CFTR) gene into the lung epithelia 

cells of CF patients in an effort to correct the phenotype associated with this disease 

(Wagner and Gardner, 1997).
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Figure 1.2 Three types of muscle gene delivery vector.

1. Viral vectors with deletion of all viral protein coding sequences, e.g. adenovirus 

encoded dystrophin. ITR -  terminal repeat, \\j - packaging signal, BGAL -  E.coli lacZ 

reporter gene controlled by human cytomegalovirus promoter, MCK -  muscle creatine 

kinase promoter controlling dystrophin cDNA expression (Kochanek et al. 1996). 2. 

Plasmid gene transfer, e.g. plasmid encoded growth hormone releasing hormone 

(GHRH), a  ACT- skeletal alpha actin promoter (DraghiaAkli et a/. 1998). 3. Cell based 

gene transfer into muscle, e.g. myoblasts encoding murine erythropoietin (mEpo) 

cDNA, DP -  doxycycline inducable promoter (Bohl et a/. 1997).

From MacColl et a i, (1999). With Permission.

21



Table 1.1 Comparison of properties of various vector systems

Features Retroviral Adenoviral AAV Plasmid DNA

Maximum 
insert size

7-7.5kb «30 kb 3 .5-4kb 8-lOkb

Route of 
Delivery

Ex vivo In vivo In vivo In vivo

Integration Yes No Yes Low

Ease of 
Preparation

Pilot scale up 
up to 50 litres

Yes Difficult to 
purify

Yes

Pre-existing
Immunity

Unlikely Yes Yes No

Safety
Problems

Insertional
mutagenesis

Inflammatory
responses/
Toxicity

Inflammatory
responses/
Toxicity

Unknown

Adapted from Verma and Somia (1997). With permission.
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1.2.3.1.1 Modification of viral vectors for gene transfer

It is necessary to modify the viral vectors used for gene delivery, firstly to accommodate 

the therapeutic gene and secondly to prevent any replicative property of the dehvery 

vector, thereby blocking de novo viral amplification following dehvery. This second 

modification should theoretically restrict gene activity to the region of administration, 

resulting in a defined dose of viral vector being delivered to a specific site. In addition, 

several of the viral genes encode proteins which are immunogenic. This seriously limits 

the efficacy of virus-based gene therapy methods and is discussed further here in the 

context of adenoviral and adeno-associated virus vectors.

1.2.3.1.2 Immune responses to adenoviral vectors

Adenoviral vectors were initially used to demonstrate the principle of high level 

therapeutic protein dehvery following gene transfer. For instance, in a study relevant to 

this thesis, Hahn et al, 1996 used an adenoviral vector to dehver high levels of growth 

hormone into the circulation of the mouse (Hahn et al, 1996). Although this method was 

used to dehver GH for several weeks, a progressive loss of transgene expression is 

frequently observed following administration of recombinant adenoviruses to 

immunocompetent hosts. It is recognised that adenoviral vectors require extensive 

modification to prevent the appearance of neutralising immune responses.

Extensive deletions of the adenoviral genome, are required to remove adenoviral 

transcription units encoding immunogenic proteins. For instance, the residual expression 

of adenoviral protein coding transcriptional units contained within the E4 region of the 

type 5 adenovirus stimulates the production of cytotoxic T lymphocytes (CTL) (Gao et 

al, 1996). Deletion of this region reduces transcript levels for virion coat proteins
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(Dedieu et a l, 1997), and gene transfer of this attenuated virus into the liver prolongs 

transgene expression in comparison with an adenoviral vector containing a deletion of 

the E l region (Gao et al, 1996). However, a study by Lusky et a l  1998 has challenged 

the idea that progressive deletion of adenoviral genes will lead to prolonged transgene 

expression, by showing that doubly deleted E1/E2A and E1/E4 vectors generated CTL 

activities comparable to those generated by a singly deleted E l vector in 

immunocompetent mice (Lusky et al, 1998).

I.2.3.I.3. ‘Gutted’ adenoviral vectors

One solution has been to develop adenoviral vectors which contain no viral coding 

sequences, thereby preventing the de novo production of immunogenic viral proteins. 

For instance, P-galactosidase transgenic mice injected intramuscularly with an 

adenoviral vector deleted for all endogenous sequences, combined with the E.coli lacZ 

gene and murine dystrophin cDNA, generated sustained LacZ expression in muscles 

over a 3 month period (Chen et al, 1997). This highly modified vector did not produce 

viral proteins and was helper-dependent (HD), requiring a helper adenovirus to supply 

packaging for viral genome in trans. An HD-dependent adenoviral vector was recently 

used for extended delivery of the hormone leptin in ob/ob (obese) and normal lean mice 

(Morsy et al, 1998). In ob/ob treated with a single tail intravenous infusion of 1-2 x 10̂  ̂

HD-leptin vector, increased serum leptin levels were observed and this was associated 

with a 60% reduction in weight. In contrast, mice treated with a first generation E l- 

deleted adenoviral vector, produced a more transient increase in serum leptin levels and 

weight loss lasting for between 7 and 10 days. Vector DNA persisted for several months
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the Hvers of HD-leptin treated mice, compared with only 2 weeks in Ad-leptin treated 

mice (Morsy et al, 1998).

1.2.3.1.4 Immune responses to the viral coat

Although this study supported the view that deleted adenoviruses may have significant 

safety advantages over previous generations of adenoviral vectors, producing a more 

durable gene expression, recent evidence shows that cellular immune responses are still 

directed against virally infected cells where no de novo viral protein synthesis has been 

present. Adenoviral vectors inactivated by UV crosslinkage were able to stimulate a 

CTL response, with significant infiltrates of CD4+ and CD8+ lymphocytes in the 

injected tissue, indicating that the immune response was directed against the viral 

protein coat components (Kafri et al, 1998). As the protein coat surrounding the double 

stranded adenoviral genome is necessary for entry of the virus into the cell, techniques 

of circumventing immune responses to viral antigens are being developed.

1.2.3.1.5 Modification of the viral capsid

As described earlier, the adenoviral gene therapy vectors used to date are derived from 

the subgroup C adenoviruses (e g the Ad5 serotype). Individuals that have been 

previously infected with this serotype retain durable humoral and cellular immunity, and 

therefore it is logical to modify the viral coat to prevent a neutrahsing antibody response 

occuring in patients treated with a vector derived from this serotype. 49 different 

serotypes of adenoviruses have been described, and these are classified into 6 different 

subgroups. The humoral immunity resulting from infection is restricted to a particular 

adenoviral subgroup, and immunity to a specific serotype does not result in cross- 

immunoreactivity to a serotype from a different subgroup (Hierholzer et a l, 1991).
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Applying this observation, Roy et al., 1998, generated vectors in which only the 

immunodominant capsid epitopes of the Ad 5 serotype were altered, by replacement 

with proteins from the adenovirus serotype 12. The chimeric Ad5/Adl2 hexon 

monomers overcame immunoneutralisation in mice which had previously been exposed 

to the Ad5 serotype (Roy et al, 1998). However, the humoral response is also directed 

against other capsid components in humans, including the penton base and fibre 

proteins, and these may also need to be modified (Gahery Segard et a l, 1998).

1.2.3.1.6 Inhibition of neutralising immune responses

Other strategies aimed at preventing generation of neutralising immune responses to 

adenoviral vectors are being developed. These include inhibition of T cell activity 

directed against cells presenting viral peptide fragments (Ziegler et al, 1999). For 

instance, the co-administration of recombinant murine CTLA4Ig and anti-CD40 ligand 

antibody with an adenoviral vector blocked co-stimulatory interactions between T cells 

and antigen presenting cells, prolonging adenovirus-mediated gene expression for up to 

10 months and allowing secondary adenovirus-mediated gene transfer (Yang et al, 

1996a; Kay et al, 1997). Immune responses directed against adenoviral vectors can also 

be inhibited by cytokine administration. For instance, blocking tumour necrosis factor 

alpha (TNF-oc) activity with a TNF receptor fragment prolonged transgene expression in 

the mouse lung, following intratracheal injection of an adenoviral vector (Peng et al, 

1999).

1.2.3.1.7 AAV delivery vectors

In contrast to adenoviral vectors, adeno-associated viruses (AAV) can be used for long

term therapeutic protein delivery without the need for extensive modification and
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without having to resort to giving immunosuppressants to the treated individual (Rivera 

et al, 1999). There are several reasons for this: Firstly the AAV has a relatively short 

genome (about 5 kb), most of which is removed for insertion of the transgene. Secondly, 

the virus seems to develop mechanisms to evade the immune responses which hmit the 

efficacy of adenoviral transduction. One reason may be that AAV vectors do not 

transduce dendritic cells, which present viral antigens to helper T cells (Jooss et al, 

1998).

1.2.3.1.8 Use of AAV vectors for Haemophilia B

Although AAV’s clearly have an advantage over adenoviral vectors in terms of the 

duration of therapeutic gene expression, questions remain as to the immunogenicity and 

safety of this type of vector. For instance, in two large animal model studies for canine 

Haemophilia B, AAV gene transfer vectors encoding factor IX were effective in 

partially correcting blood coagulation defects in dogs for up to 70 weeks (Herzog et al, 

1999; Snyder et al, 1999). However, in one of these studies, antibodies were generated 

against the vector, although this had no effect on the efficacy of the method (Snyder et 

al, 1999). The routes of AAV administration used in these studies - portal vein injection 

(Snyder et al, 1999) vs i.m. injection (Herzog et al, 1999) - may have influenced the 

type of immune response observed.

1.2.3.1.9 Other uses of AAV vectors

AAV vectors have also been used for the long-term expression of factor VUI in 

immunocompetent mice in vivo (Burton et al, 1999), indicating that this type of vector 

may be effective in generating gene therapy for haemophiha A. AAV has also been used 

for the successful long-term delivery of erythropoietin in non human primates, with no
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apparent immune response (Zhou et al, 1998) and in humans the AAV vector has been 

used to transfer the CFTR into respiratory epitheiia with little or no inflammatory 

responses (Wagner and Gardner, 1997). However, the prevalence of serum antibodies to 

AAV in many humans, due to childhood infection with the virus and a subsequent 

increase in IgM seropositivity after the age of 30, suggests latent virus re-activation later 

in adulthood (Erles et al, 1999). This necessitates the screening of individuals for 

seropositivity before commencing with an AAV-based gene therapy.

1.2.3.2 Cell-based gene transfer

The second method which has been widely used to dehver therapeutic gene uses cell- 

based transfer genes into target tissues. For instance, patients with Duchenne muscular 

dystrophy have been given implants of muscle cells expressing a functional dystrophin 

gene. Dystrophin mRNA was observed after 1 month in several patients, and persisted 

for 6 months in one subject, suggesting that implanted myoblasts had survived (Miller et 

al, 1997). Another study showed that implanted myoblasts fused into host myofibers, 

and many of these produced dystrophin (Gussoni et al, 1997) and although myoblasts 

will persist after injection, this methodology has failed to generate clinically significant 

amounts of dystrophin in diseased muscle.

1.2.3.2.1 Cell based gene transfer and immunosuppression

One of the major problems in developing cell-based methods of gene transfer has been 

the consistent requirement for immunosuppression, as the transfer of myoblasts 

containing a functional dystrophin cDNA into patients with muscular dystrophy requires 

the administration of cyclosporin A to prevent the rejection of transplanted cells 

(Gussoni et al, 1997; Miller et al, 1997). Although cyclosporin A prevents immune
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rejection of myoblasts in muscle tissue, it has a number of toxic side effects. These 

include reduced renal function (arteriolitis), which can result in progressive glomerular 

disease, and also intrauterine growth retardation, as well as non specific 

immunosuppression (Kahan, 1989). Other methods of gene transfer are therefore being 

tried, and including the use of adenoviral transfer of dystrophin cDNA (Karpati et al, 

1997).

1.2.3.2.2 Genetic modification of cells

An advantage of using cell-based delivery methods is the extent to which cultured cells

can be genetically modified. A number of transcriptional regulatory sequences can be 

introduced into the cell, permitting precise control of gene expression following cell 

transplantation. This is useful in clinical applications where there is a requirement for 

controlled protein production, simulating physiological levels of protein production. An 

example is the use of cell-based gene transfer to release defined doses of erythropoietin 

(Epo) into the circulation. Epo is a cytokine that regulates erythrocyte production in 

response to physiological oxygen levels, and Bohl et al, 1997, engineered mouse 

myoblasts to produce Epo following implantation into skeletal muscle. Over several 

months, Epo expression could be switched on and off in vivo - dependent on the 

presence or the absence of doxycycline in the mouse’s drinking water (Bohl et al,

1997). This type of method for regulating gene expression is discussed in more detail in 

Chapter 5.

1.2.3.3 Plasmid vectors

The third method of gene transfer uses bacterial plasmid DNA as a delivery vector.

Plasmids are extrachromosomal DNA molecules that confer a variety of phenotypic
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traits in prokaryotes, such as antibiotic resistance, and these are one of the basic tools 

used for molecular biology techniques such as: DNA cloning, genetic analysis, RNA and 

protein expression work (Old and Primrose, 1989). Early studies showed that muscle 

tissue could express plasmid encoded genes following i.m. injection (Acsadi et al, 1991; 

Wolff et al, 1991). Additionally, plasmids were used as vehicles for assaying gene 

promoter activity in cells transfected with promoter DNA fragments fused to a reporter 

gene encoding proteins such as bacterial chloramphenicol acetyl transferase or human 

growth hormone. This has enabled the activities of different types of promoter element 

to be compared in, for instance, muscle cells, enabhng the design of plasmid gene 

therapy vectors. A comparison of viral and muscle-specific promoters in plasmids 

encoding growth hormone is described in Chapter 2.

1.2.3.3.1 Advantages of plasmid gene transfer

There are several advantages in using plasmids for gene delivery, over viral and cell- 

based delivery methods, including lower production costs, and a greater ease of genetic 

manipulation and handling. In addition plasmid appear to be less immunogenic than 

viral or cell derived vectors. However, there may be long-term side effects associated 

with their use as gene therapy vectors and these are discussed in Chapter 4.

1.2.4 Muscle gene transfer

Using the methods of gene transfer described above, therapeutic genes have been 

dehvered into different types of tissue, such as: the hver, heart, brain, vascular, 

epidermal and muscle tissues. Furthermore, these techniques have been used for specific 

applications, such as targeting of factor VIII production to the liver, in a model therapy
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for haemophilia A (Connelly et al, 1996), or for cancer gene therapy, where tumour 

cells are targeted and ablated (Uckert et al, 1998).

The local or systemic delivery of proteins from skeletal muscle has proven to be a highly 

effective method of somatic gene transfer, and a number of studies have shown the 

capacity of this tissue for producing a wide variety of therapeutic proteins (Figure 1.2) 

(MacColl et al, 1999). For instance, the early studies which showed that muscle cells 

could take up and express plasmid encoded genes following i.m. injection (Acsadi et al, 

1991; Wolff et al, 1991), have led to a number of diverse applications such as DNA 

vaccine design (Donnelly et al, 1997), and potential treatments for kidney disease (Isaka 

et a l, 1996) and hmb ischaemia (Baumgartner et al, 1998). Muscle can also produce 

hormones such as erythropoietin (Bohl et al, 1997) following gene transfer, suggesting 

that it can be used as an artificial endocrine tissue (MacColl et a l, 1999), ie. in vivo 

studies have shown that proteins can be delivered from muscle, either into the serum or 

to local sites. The outcome of using this methodology could be novel treatments for 

diseases such as: limb ischaemia, where local production of VEGF can stimulate 

angiogenesis and subsequently improves circulation (Baumgartner et al, 1998) or 

diabetic neuropathy and motor neurone diseases, where disease models have shown that 

local production of insulin-like growth factor 1 (Ishii and Lupien, 1995), neurotrophin-3 

and ciliary neurotrophic factor (Haase et a l, 1997) stimulates neural growth. Efficient 

muscle gene transfer techniques also have the potential to treat systemic lysosomal 

storage disorders such as Anderson-Fabry disease, where an absence of functional a - 

galactosidase A (a-GAL) causes a widespread accumulation of its glycosphingolipid 

substrate in most tissues (Novo et al, 1997).
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1.2.4.1 Why use skeletal muscle tissue for gene transfer?

Muscle is accessible and abundant, making up about 40% of the average adult’s body 

mass, and therefore it is accessible to most of the methods currently used for delivering 

therapeutic genes in vivo. Secondly, muscle is well vascularised, making it an 

appropriate site for secreted protein synthesis. Thirdly, durable therapeutic protein 

production can be achieved, as there is no significant cell replacement in skeletal muscle 

tissue (Tripathy et a l, 1994).This provides muscle with a considerable advantage over 

other tissues used for the production and secretion of therapeutic proteins, as a long-term 

release of protein can be achieved following gene transfer in vivo (Tripathy et al, 

1996a). However, this stability of protein expression in muscle is also contingent on the 

recipient immune system not eliminating vector-transduced cells. As the aim of this 

work has been to use muscle cells to produce growth hormone, the remainder of this 

introductory chapter describes the physiological action of GH.

1.3 Growth hormone

The following sections describe the main of aspects of growth hormone physiology and 

pathophysiological conditions of GH secretion, as these have specific relevance to 

somatic gene transfer using growth hormone. The use of somatic gene transfer to deliver 

GH and other factors from the growth axis is discussed in Chapter 3. Furthermore, the 

review on growth hormone made here may also give some insights as to where 

therapeutic intervention using somatic gene transfer may be effective, and this is 

discussed later in Chapter 5.
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In the following sections the early clinical trials using GH to treat growth hormone 

deficiency are recounted, as are applications of GH therapy for conditions other than GH 

deficiency. This is accompanied by a description of the use of GH to generate transgenic 

animals. Circulating GH is transported by GH binding protein (GHBP), and the 

mechanisms of GHBP generation and its possible physiological role are discussed. This 

is followed by a section on insulin-like growth factor 1 (IGF-1) and the combined effects 

of GH and IGF-1 on bone metabolism. The regulation of patterned GH release by 

growth hormone releasing hormone and somatostatin are then described, as are some of 

the feedback mechanisms and physiological conditions which can influence GH release. 

In this context, GH has a major influence on body composition and the interaction 

between GH, free fatty acids and leptin are discussed in the context of obesity.

The two major pathophysiological conditions of GH release are then discussed. GH 

deficiency leads to retarded skeletal growth and is caused by a number of inherited and 

acquired conditions. In contrast, the hypersecretion of growth hormone from the 

pituitary during childhood leads to gigantism, and this condition causes acromegaly in 

adults. The evolutionary origins of growth hormone are then described and this is 

followed by a detailed description of the GH molecule and the evidence for sequential 

binding of GH to dimerised receptors. The final section describes the GH receptor and 

the key signal transduction pathways which are activated by GH binding to the cell 

surface.

1.3.1 Treatment of growth hormone deficiency

Growth hormone is one of six peptide hormones released from the anterior pituitary 

gland in response to stimuli by the hypothalamus. The other 5 hormones are: follicle-
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stimulating hormone (FSH), lutenizing hormone (LH), prolactin (PL), thyroid- 

stimulating hormone (TSH) and adrenocorticotrophin (ACTH). The major effects of GH 

are on bone and cartilage, and it also has a major influence on protein, carbohydrate and 

lipid metabolism (Figure 1.3).

Raben described the first clinical use of human growth hormone (hGH), where hGH 

purified from human pituitary glands taken at autopsy increased the growth rate of a 17 

year old hypopituitary patient (Raben, 1958) and in 1962, Hunter and Greenwood 

described the first radioimmunoassay for human growth hormone - leading to a more 

accurate classification of various forms of dwarfism (Hunter and Greenwood, 1962). 

The use of the radioimmunoassay for the diagnosis of GH deficiency was followed by 

observations showing that GH levels can be elevated by hypoglycaemia and also by 

infusion of amino acids (Frantz and Rabkin, 1964; Knopff et al, 1965).

In the first clinical trial using hGH in the United Kingdom, 642 patients with a low 

growth velocity for age were treated with human pituitary GH between 1959 and 1976, 

with the aim of treating patients until they were of a socially acceptable height. Patients 

with idiopathic and acquired GH deficiency, generally caused by removal of a pituitary, 

tumour responded well to treatment - with a mean growth velocity during the first year 

of 9.9cm/year compared with a pre-treatment height increase of 3.2cm/year (Tattersall, 

1996). However, a number of cases of iatrogenic Creutzfeld-Jacob disease (CJD) were 

reported and of the 1,908 U.K. patients treated with hGH between 1959 and 1985, 6 

deaths were attributed to CJD (Buchanan et al, 1991).
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Figure 1.3 The effects of growth hormone and primary regulation of release by 

the hypothalamus.

From Brook and Marshall (1996). With permission
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Although no CJD related cases were reported after the introduction of column 

chromatography into the purification procedure, treatment of short stature with human 

pituitary derived GH has been superseded by hGH produced by recombinant DNA 

technology (Fryklund, 1987).

1.3.2 Auxiliary GH therapies

As recombinant hGH is more widely available than the pituitary preparation, subject to 

cost limitations, treatment with recombinant hormone has also been considered for 

conditions other than that of GH deficiency. For instance, an early study showed hGH 

administration reverses the negative nitrogen balance which occurs after severe burns, 

and hGH therapy has subsequently been shown to accelerate wound healing and helps 

reduce the loss of lean body mass which occurs in severe bums patients (Herndon et al, 

1996). Additionally, hGH treatment may be beneficial to patients with heart disease, and 

preliminary studies have suggested that hormone administration to patients with dilated 

cardiomyopathy causes an increase in exercise capacity (Fazio et a l, 1996). Endogenous 

growth hormone production also declines with age, and as ageing has been associated 

with impaired GH secretion (Casanueva and Dieguez, 1998), this has led to it being 

marketed by some companies as an anti-ageing factor.

1.3.3 Growth hormone transgenesis

Growth hormone has been isolated from many other species (reviewed in Scanes and 

Daughaday, 1995) and recombinant bovine GH for instance, is currently being used to 

increase milk yield in dairy cattle (Hof et al, 1991). The GH coding sequence has also 

been introduced into the germline, to generate transgenic animals which grow at a much 

higher rate than normal animals (Guillen et al, 1999), and GH transgenic mice have
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provided a model for the effects of GH hypersecretion on mammaUan tissues - such as 

those described in the section on GH hypersecretion and acromegaly.

In one of the first experiments using transgenic mice, the rat GH gene was fused to the 

mouse metallothionein-1 gene promoter and introduced into the germline. Addition of 

zinc sulphate to the drinking water of transgenic mice elevated levels of circulating 

growth hormone, and this subsequently caused a rapid increase in growth rate over 

control mice (Palmiter et al, 1982). In addition to demonstrating that a growth hormone 

transgene could be used to elevate the growth rate in transgenic mice, these studies also 

showed that rat GH has somatogenic properties in the mouse, as it is able to activate the 

murine GH receptor in vivo. GH transgenesis has also enabled the study of the 

physiological effects of GH hypersecretion in vivo.

1.3.4 The GH binding protein

Following stimulation of the anterior pituitary gland, secretory granules of GH are 

released by exocytosis from somatotrophic cells into the venous capillaries of the 

pituitary. Once in the general circulation, about 45% of circulating GH is carried by a 

high affinity binding protein (GHBP) (Tar et al, 1990) and the molecular weight of 

GHBP has been estimated by crosslinking with [^^^I]-labelled 22kDa GH as being 

approximately 53kDa, (Hocquettee/a/., 1990).

1.3.4.1 Derivation of the GH binding protein

The GH binding protein is a soluble form of the GH receptor, which is structurally 

identical to the extracellular domain of the receptor. This was originally demonstrated in 

rabbits, where monoclonal antibodies were used to show that the GH binding protein 

shared 7 antigenic determinants with the hepatocyte membrane GH receptor (Barnard
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and Waters, 1986). Moreover, both the liver GH receptor and the GH binding protein 

from rabbit serum have the same amino-terminal sequence, confirming the origin of 

GHBP (Barnard and Waters, 1986).

The human GHBP is also derived from the GH receptor, as monoclonal antibodies 

which recognise the rabbit GH receptor have also been used to immunoprecipitate the 

human GHBP, and additionally polyclonal antisera raised against the human hepatic GH 

receptor immunoprecipitate both the receptor and the GH binding protein complex from 

human serum (Barnard et al, 1989; Hocquette et al, 1990). Furthermore, the binding 

protein has been used to study the mechanism by which GH binds to its receptor, and 

this is discussed in the sections on the GH molecule and the GH receptor.

1.3.4.2 Generation of GHBP by proteolysis

In humans and in rabbits, the GH binding protein seems to be primarily generated by 

proteolytic cleavage of the receptor. Firstly, in human hepatoma cells both the GH 

binding protein and receptor appear to be generated by a single mRNA species, and 

lowering of temperature reduces the amount of GH binding protein released into the 

culture medium (Mullis et al, 1995). Secondly, constitutive release of GH binding 

protein from human IM-9 lymphocytes can be induced by treating cells with sulphydryl- 

reactive reagents such as N-ethylmaleimide, suggesting that the loss of this reactive 

group on the GH receptor, or an associated protein, leads to a membrane releasing the 

extracellular domain of the GH receptor (Trivedi and Daughaday, 1988). Thirdly, 

release of GH binding protein from IM-9 cells is inhibited by EDTA and is restored by 

addition of Mg^^ or Ca^ ,̂ implying that proteolysis is mediated by a metalloprotease 

(Saitoe/a/., 1995).
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1.3.4.3 Generation of GHBP by alternative splicing

The GH binding protein can also be generated by alternative splicing of the primary GH 

receptor transcript, leading to a truncated form of the GH receptor. A second mRNA, 

with a similar size to the full length GH receptor (4.4kb) has been isolated from human 

liver RNA, and reverse transcription and PCR (RT-PCR) analysis using primers 

encompassing exons 7 to 10 of the GH receptor mRNA were used to demonstrate that 

this novel GHR mRNA lacked 26 nucleotides, leading to a stop codon at position 280 

and thereby truncating 97.5% of the intracellular domain of the GH receptor (Dastot et 

al, 1996). Expression of this truncated isoform of the GH receptor in vitro was used to 

show that the recombinant protein could bind [^^^I]-labelled hGH with a similar affinity 

to that of the full length receptor. Furthermore, cells expressing the truncated isoform 

released relatively higher amounts of the GH binding protein into the conditioned 

medium, and this soluble protein had a similar HPLC elution profile to GH binding 

protein from human serum (Dastot et al, 1996).

1.3.4.4 Generation of GHBP in rodents

In rodents, the GH binding protein is also generated from an independent mRNA 

transcript from that encoding the full length GH receptor, as Baumbach et al, 1989, 

isolated a cDNA clone from rat liver which contained a protein coding sequence that 

was identical to the extracellular domain of the rat GH receptor (Baumbach et al, 1989). 

The mRNA for the GH binding protein is also co-expressed with the GH receptor in 

extra hepatic tissues and the ratio between the respective transcripts of 1.2kb and 4.0kb 

varies in these tissues, suggesting that GH receptor and GH binding proteins are 

differentially regulated (Carlsson et al, 1990).
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1.3.4.5 GH binding protein function

The GH binding protein has several possible physiological roles, one of which may be to 

prolong the metabolic clearance rate (MCR) of GH. For example, GH binding protein 

extends the half-life of [^^^I]-labelled hGH in rats, compared with animals injected with 

tracer on its own, and decreased the MCR of hGH (2.3 vs. 14 mL/min X kg), (Baumann 

et al, 1987). The formation of GH/GHBP complexes in vivo may effectively reduce the 

metabolic clearance rate of GH, by restricting access to degradation sites such as the 

proximal renal tubule and by preventing receptor-mediated delivery into proteolytic 

organelles within cells (Baumann et al, 1989).

Additionally, GH/GHBP formation may serve as a buffer to dampen the oscillations of 

plasma GH, which occur as the result of pulsatile GH release from the pituitary (Barnard 

and Waters, 1986). For example, hGH complexed with GHBP significantly blunted the 

downstream effect of GH administered as a pulse, on liver cytochrome P450 expression 

in dwarf rats (Wells et al, 1994). Additionally, a modelling study predicted that 

physiological concentrations of GHBP would be expected to have a relatively minor 

effect on free GH concentrations, but would prevent the hormone concentration from 

falling to zero between secretory bursts (Veldhuis et al, 1993).

1.3.5 Insulin-like growth factor 1

The anabolic effects of GH on bone are mediated partly through the action of insulin

like growth factor 1 (IGF-1), which was originally identified as a circulating pituitary- 

stimulated factor that stimulated [^^S]-sulphate incorporation into cartilage (Salmon and 

Daughaday, 1957), and also as a factor which had an insulin-like activity that could not 

be inhibited with insulin anti-sera (Scanes and Daughaday, 1995). The insulin-like
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growth factors belong to a family of growth factors which consists of 3 peptides: insulin, 

IGF-1 and IGF-II, that share peptide sequence similarity and have a role in foetal and 

postnatal development, as regulators of cellular proliferation and survival. Furthermore 

the biological activities of the IGF’s are influenced by IGF binding proteins which 

modulate the interaction between the IGF’s and their cognate receptors. The IGFBP’s 

may prolong the interaction with IGF and its receptor, and enhance the biological 

response to these factors (LeRoith and Butler, 1999).

1.3.5.1 Regulation of IGF-1 by growth hormone

A primary source of IGF-1 is the liver, which is stimulated by GH to produce and 

secrete IGF-1 into the circulation (Figure 1.3). For example, serum IGF-1 levels can be 

elevated in GH deficient animals by administration of GH, and partial hepatectomy 

reduces levels of circulating IGF-1. Furthermore, partial regeneration of the liver 

restores IGF-1 levels (Scanes and Daughaday, 1995). Circulating IGF-1 is bound to a 

ISOkDa complex consisting of: IGF, acid labile subunit (ALS) and IGF binding protein 

3 (IGFBP-3) (Chin et al, 1994). Both IGF-1 and IGFBP-3 are co-expressed in the liver, 

under the control of GH, as treatment of hypophysectomised animals with GH increases 

levels of their respective mRNA levels in this tissue (Albiston and Herington, 1992). 

The dependence of IGFBP-3 levels on GH are also indicative of the efficacy of GH 

therapy for short stature, as a correlation has been made between basal and GH 

generated IGF-I and IGFBP-3 levels in children who present with short stature and 

growth failure (Schwarze et al, 1999).

Although there is a defined relationship between circulating IGF-1 levels produced by 

the liver and GH output by the pituitary, IGF-I is a relatively poor growth-promoting
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agent in comparison to GH when given systemically (Laron, 1999). This reiterates the 

hypothesis that it is locally produced IGF-1, rather than circulating IGF-1, that mediates 

the growth-promoting effects of GH (Skottner et al, 1987). A recent study has shown 

that a specific knockout of hver IGF-1 production had no effect on the growth rates of 

mice. The Cre recombinase/loxP recombination system was used to specifically delete 

exon 4 of the IGF-1 gene in liver tissue, resulting in serum IGF-1 levels that were about 

20% of control mice (89 vs 350ng/ml IGF-1). Bone growth was the same as controls in 

liver specific IGF-1 knockouts. However, the low circulating IGF-1 levels resulted in a 

compensatory increase in GH output from the pituitary (Sjogren et al, 1999). The roles 

of IGF-1 and GH in bone growth are discussed further in the following section.

1.3.6 The effect of growth hormone on bone

A primary role of GH is the stimulation of skeletal and muscle growth during childhood 

and adolescence, when the major increases in bone mass occur. A maximal bone mass is 

reached between 20-30 years of age and this is followed by an age dependent decrease in 

bone density, which is accelerated in females following the menopause (Ohlsson et al,

1998).

1.3.6.1 Effect of GH deficiency on bone

Growth will occur in the absence of growth hormone, although at a much lower rate, 

demonstrating that GH has an cumulative effect on skeletal maturation. GH deficiency 

causes reduced stature (dwarfism) in children, and therefore the primary rationale for 

GH therapy has been to increase the growth rate of children with a slow growth velocity. 

For instance, the near-adult height (AH) of 121 children treated with recombinant 

preparations of human GH, was significantly greater than the pretreatment height SD
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(standard deviation) score (-3.1 +/- 1.2) and the predicted AH SD score (-2.2 +/- 1.2) 

(Blethen e/a/., 1997).

Additionally, growth hormone continues to have a significant effect on bone metabohsm 

after final height has been reached. For instance, in one group of patients with GHD, 

photon absorbtiometry was used to demonstrate a decreased mineral content in the 

lumbar spine and forearm compared with age and height matched controls (Kaufman et 

a l, 1992) It has therefore been suggested that GH treatment should be continued until 

peak bone mass is achieved, irrespective of the height attained (Saggese et al, 1996). 

For example an increased cortical thickness has been demonstrated by 

histomorphometric analysis in GH deficient men treated with recombinant GH 

(Bravenboer et al, 1997), and patients with adult onset GH deficiency also respond to 

long term GH therapy with a net gain in bone mineral density in several weight bearing 

skeletal locations (Johannsson et al, 1996).

1.3.6.2 Ageing decreases bone mineral density

Bone mineral content decreases with age, and the decline in activity of the GH/IGF-1 

axis may be involved in the age-related loss of bone mineral content (Boonen et al, 

1996). For instance, the amplitude of the GH pulse decreases with age (Iranmanesh et 

al, 1991), and basehne IGF-1 levels have also been found to be a predictor of bone 

density in elderly women (Boonen et al, 1996). This has led to a suggestion that GH 

therapy could be used to increase bone mineral density in the elderly (Toogood and 

Shalet, 1998). However, only a slight increase (1.6%) in lumbar bone mineral density 

was observed after 6 months of treatment with recombinant GH in elderly men (Rudman
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et al, 1990), and in a separate study bone mineral density did not change during a 6 

month trial of GH in elderly women (Marcus et a l, 1990).

A more prolonged treatment with recombinant GH may be necessary to effect any 

change in bone mineral density in elderly patients (Johannsson et a l, 1996), and the 

long-term benefits of increased bone mineral density in patients treated with 

recombinant GH would include a decreased incidence of bone fractures. However, the 

decline in the production of the other pituitary hormones which occurs during ageing 

further comphcates the interpretation that bone mineral density is exclusively influenced 

by reduced activity of the GH/IGF-1 axis (Lamberts et al, 1997).

1.3.6.3 Cellular effects of GH in bone

Although both GH and IGF-1 are required to stimulate bone growth, the relative 

contributions of each have not clearly been established. The original somatomedin 

hypothesis proposed that GH stimulates IGF-1 production by the liver, which in turn 

stimulates bone growth (Daughaday and Rotwein, 1989). Furthermore, a patient with a 

deletion in the IGF-1 gene demonstrated intrauterine growth retardation and postnatal 

growth failure (Woods et al, 1996). However, as described earlier, mice with 

conditional knockouts of the IGF-1 gene in the liver continue to grow even in the 

absence of circulating hepatic IGF-1 (Sjogren et a l, 1999). This supports the view that 

GH stimulates growth through locally produced, and not liver derived IGF-1. However, 

circulating IGF-1 does have a major influence on the regulation of GH secretion, and 

this is discussed in the section on the control of GH release.
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1.3.6.4 Combined effects of GH and IGF-1 on bone

Injection of GH directly into the rat tibia has also been shown to stimulate longitudinal 

bone growth at the site of injection (Isaksson et al, 1982) and during the process of 

longitudinal bone growth, chondrocytes in the germinal layer of the growth plate 

differentiate and undergo clonal expansion in individual chondrocyte columns in the 

growth plate. Subsequently, cells in the hypertrophic zone mature and are eventually 

incorporated into bone. GH stimulates the formation of young chondrocytes, whereas 

IGF-1 stimulates cells at a later stage of activation (Ohlsson et al, 1998), as local 

injection of GH increases the numbers of thymidine-labelled cells in the prechondrocyte 

layer of the growth plate, whereas administration of IGF-1 does not stimulate isotope 

incorporation into the same cell layer (Ohlsson et al, 1992). These observations support 

a functional synergism between GH and IGF-1 (Figure 1.4).

1.3.7 Circadian release of GH

The following sections describe how the release of GH from the pituitary is regulated. In 

humans, growth hormone is released episodically from the anterior pituitary gland 

throughout the day, and the circulating levels of GH at any one time reflects the 

amplitude and frequency, as well as the duration of these secretory episodes (Harvey and 

Daughaday, 1995). The pulse amplitude and frequency of GH release differs between 

males and females, and this sexually dimorphic pattern of GH release is typically seen in 

many species. For example, female rats have a highly variable GH secretion pattern with 

sustained periods of low continuous secretion, followed by high frequency bursts of high 

amplitude which mostly occur during sleep.
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Figure 1.4. The current view on how GH and IGF-1 stimulate bone growth.

The original somatomedin hypothesis stated that growth hormone stimulated growth, 

and this was mediated by IGF-1 produced by the liver. Subsequent studies demonstrated 

that GH also stimulated IGF-1 production in other sites including bone, leading to a 

revision of the orignal hypothesis. The current hypothesis contends that liver IGF-1 is 

not necessary for growth, as targeted ablation of IGF-1 production in the liver had no 

effect on the growth rate of Cre recombinase - LoxP transgenic mice.

From Le Roith and Butler (1999). With permission.
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In contrast, endogenous GH release in male rats consists of a periodic low frequency, 

high amplitude burst which continues throughout the day and night (Clark et a l, 1987). 

The patterned release of GH from the pituitary is controlled primarily by the integrated 

action of 2 hypothalamic peptides; growth hormone releasing hormone (GHRH), which 

stimulates release of stored pool of growth hormone from somatotroph cells within the 

anterior pituitary, and somatostatin - which inhibits GH release. GH release is influenced 

by: sleep, stress, exercise, as well as genetic and environmental factors (Harvey and 

Daughaday, 1995). In addition to the central control of GH production, the release of 

GH from the pituitary is modified by peripheral circulating factors such as amino acids, 

glucose and IGF-1. These are summarised in Figure 1.5. For example, the increased 

levels of circulating IGF-1 that result from GH action on the liver, bone and other tissues 

inhibit more GH release through a long-loop feedback mechanism where somatostatin 

production is stimulated (Harvey, 1995a).

1.3.7.1 Hypothalamic control of GH release

GHRH and somatostatin are transported to the anterior pituitary via the hypothalamic- 

hypophysiotropic neurones, and discharged from storage vesicles within these nerves 

into the adjacent capillaries of the primary capillary plexus. Subsequently, both peptides 

are conveyed from the primary plexus to the hypophyseal portal vessels, and to the 

somatotroph cells within the anterior pituitary. Both GHRH and somatostatin are 

essential for pulsatile GH release, as their removal or inhibition affects the amount of 

GH released from the pituitary.
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Figure 1.5 Central (1) and Peripheral (2) control of GH release.
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For example, prevention of GHRH and somatostatin transport to the pituitary by stalk 

section, reduces the characteristic fluctuations in GH release in male rats (Kamegai et 

a l, 1991). A GH deficiency can also be created by injecting neonatal rats with 

monosodium glutamate, which produces permanent lesions in the hypothalamic arcuate 

neurones that secrete GHRH, and reduces the amount of immunoreactive GHRH present 

in these cells (Maiter et al, 1991). Furthermore, secretory pulses of GH were absent in 

rats where somatostatin release had been prevented by anterolateral hypothalamic 

deafferentation or by electrolytic lesions to the medial preoptic area (Katakami et al, 

1988).

1.3.7.2 CNS control of GH release

GHRH and somatostatin are released from the hypothalamus in response to a complex 

series of inputs from the central nervous system (CNS) and regulation of GH release is 

furthermore subject to several layers of short and long loop feedback regulatory 

mechanisms, which act at both pituitary and hypothalamic levels (Figure 1.5). Although 

the exact nature of the pulse generator which controls the circadian release of growth 

hormone has not been identified, the activities of hypothalamic-hypophysiotropic 

neurones which release GHRH and somatostatin are known to be regulated by CNS - 

acting stimuli. Combinations of stimulatory and inhibitory interneurone relays and 

neurotransmitter signals modulate the activity of GHRH and somatostatin neurones 

(Harvey, 1995b).

1.3.7.3 Alpha adrenergic control of GH release

One of the many neuronal inputs which has been suggested as having an important role 

in regulating hypothalamic control of GH release is the adrenergic system, which may
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have a central part in the control of somatostatin release at the median eminence 

(Harvey, 1995b). For example, intravenous injection of the alpha 2 (a 2)-antagonist 

yohimbine, completely suppressed pulsatile growth hormone release in rabbits. 

Secondly, this a 2 -antagonist prevented GHRH from stimulating GH release. 

Furthermore, this inhibition of GHRH-induced GH release was reversed by 

administering anti-somatostatin antisera, suggesting that a 2 -adrenergic blockade 

prevented release of growth hormone by stimulating the release of somatostatin 

(Minamitani e/a/., 1989).

A separate study also showed that injection of the a 2 -agonist clonidine, markedly 

increased GH release, compared to saline injected controls. Clonidine was administered 

to adult male rats at intervals between GH pulses, at a time when somatostatin tone was 

predicted to be high, and supports the idea that somatostatin inhibition of GH release is 

predominant during interpulse intervals. Furthermore, clonidine did not augment GH 

discharge during pulsatile release; when the inhibitory effects of somatostatin would be 

expected to be diminished (Lanzi et al, 1994).

Clonidine also stimulates the release of growth hormone in humans, and administration 

of a GHRH-antibody bolus before a-adrenergic stimulation by clonidine suppresses GH 

release. This suggests that GH secretion is dependent on a reduced somatostatin tone and 

also on GHRH release (Jaffe et al, 1996). GH pulsatility is also maintained in normal 

adults during a continuous infusion of growth hormone, which additionally suggests that 

somatostatin withdrawal is necessary to initiate GH release (Vance et al, 1985). 

However, high circulating levels of GHRH, as seen in acromegalic patients with an 

ectopic GHRH secreting tumour, result in high circulating GH and IGF-1 levels -
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demonstrating that sufficiently high GHRH levels can override the inhibitory control of 

GH release by somatostatin.

1.3.8 Feedback regulation of GH release

Growth hormone has a key role in metabohc homeostasis and influences protein, fat and 

carbohydrate metabolism and there is a significant interplay between energy metaboUsm 

and growth hormone secretion, which is communicated by a number of feedback 

mechanisms to sites within the hypothalamic-pituitary axis (Figures 1.5). The metabolic 

regulation of GH production is illustrated by conditions such as diabetes and obesity 

where there are associated abnormalities in growth hormone secretion.

1.3.8.1 Glycaemia, Diabetes and GH secretion

Growth hormone has an influence in the maintainence of euglycaemia and early studies 

showed that injection of large amounts of GH to normal and diabetic human volunteers 

stimulated lipolysis and caused hyperglycemia (Ikkos et a l, 1958, Raben and 

Hollenberg 1959). A rise in plasma glucose levels also occurs around the time of 

nocturnal GH release, and blocking GH secretion with an anticholinergic agent or 

somatostatin prevents the so-called dawn phenomenon (Davidson et al, 1988) in 

diabetes.

Paradoxically, abnormally high growth hormone levels are found in patients with 

diabetes mellitus, which remain elevated even after attaining good glycaemic control 

with insulin therapy. Plasma levels of IGF-1 and IGFBP-3 are also inappropriately low 

for the higher growth hormone levels that are usually seen in insulin-dependent diabetes, 

suggesting a degree of resistance to the hepatic generation of IGF-1 (Sonksen et al, 

1993). Furthermore, insulin is needed for the hepatic production of IGF-1 by gro^vth
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hormone (Daughaday et al., 1976) and low levels of circulating IGF-1 subsequently 

prevent normal negative feedback control of GH secretion.

1.3.8.2 Regulation of GH secretion by adipose tissue

A GH deficiency or insufficiency increases body mass index (BMI) and one of the 

effects of GH therapy is to increase lean body mass and improve fat distribution. 

Antithetically, body composition has an effect on the secretion dynamics of GH, as an 

increased BMI has been correlated with a decrease in GH secretion rate in both children 

and adults. For example, in non-obese adult men, a higher than normal BMI is 

associated with reduced GH burst frequency, daily GH secretion rate and half-life of 

circulating GH (Iranmanesh et al, 1991), and an inverse relationship between total 24h- 

GH secretion, secretory burst amplitude and BMI has also been measured in obese 

children (Martha et al, 1992).

1.3.8.3 Improved BMI and GH secretion with dieting

In very obese subjects with a BMI ranging between 41 to 58, a reduced GH production 

rate and GH half life have been measured compared with normal individuals (BMI = 28 

- 33) (Veldhuis et a l, 1991), and as a recovery in GH secretion can occur after weight 

loss this suggests that the defect in GH production results from a transient defect, rather 

than a pre-existing pituitary-hypothalamic condition (Casanueva and Dieguez, 1998). 

Moreover, the mean plasma GH responses to GH secreting agents such as GHRH, 

arginine and L-dopa were significantly higher in subjects where BMI had been reduced 

by a hypocaloric diet, than before dieting (Tanaka et al, 1990), suggesting that a 

hypothalamic suppression of GH release could be reversed by controlling diet.
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1.3.8.4 Free fatty acids and leptin

The mechanism by which increased BMI leads to a reduced GH secretion probably 

involves free fatty acids (FFA) and leptin, which are produced by adipose tissue 

(Casanueva and Dieguez, 1998). Increased levels of circulating FF A have been 

measured in obese patients (Tanaka et al, 1990), and blockage of lipolysis using the 

drug acipimox, prior to administration with the GH secretagogue GHRP-6, leads to an 

increase in GH secretion rate in normal subjects compared with placebo pretreated 

controls (Peino et al, 1996). This suggests that excess adiposity directly inhibits GH 

secretion through the release of free fatty acids from adipocytes.

Free fatty acids may directly inhibit hormone production by pituitary somatotrophs 

(Perez et al, 1997a; Perez et al, 1997b), or alternatively the reduced number of GH 

secretory events which are observed in obese individuals may be caused by an increase 

in somatostatin tone - preventing GHRH from stimulating GH release. For example, GH 

secretion can be increased in obese patients following treatment with agents that may 

decrease somatostatin production, such as the GH secretagogue GHRP-6 (Cordido et al, 

1995).

1.3.8.5 Leptin, obesity and GH secretion

Leptin has been shown to regulate energy homeostasis, appetite and adipose levels in 

rodents and is thought to act as an endocrine signal between fat cells, and a region of the 

hypothalamus which regulates energy homeostasis. For instance, when leptin was given 

to leptin-deficient obese mice, it was shown to cause a decrease in food intake and 

weight loss (Halaas et al, 1995; Pelleymounter et al, 1995). Leptin activity may be 

mediated through an interaction with neuropeptide Y (NPY), which stimulates food
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intake in rodents. The leptin receptor is co-expressed with the NPY receptor in the 

arcuate nucleus (Mercer et al, 1996) and fasting results in an increase in the expression 

of both receptors in rodent hypothalamic nuclei (Baskin et a l, 1999). Leptin seems to 

have a role in the regulation of GH release in rodents, as administration of leptin antisera 

to rats decreases GH release, and central administration of leptin to rats increases GHRH 

and decreases somatostatin mRNA, leading to an increase in GH release by the pituitary 

{Cdxxo et al, 1997; Cocchi a/., 1999).

Although leptin has a role in appetite regulation in rodents, a relationship between leptin, 

appetite regulation and weight has not been established in humans. Several observations 

have been made relating body mass index with circulating leptin and growth hormone 

levels. For instance obese subjects with a high BMI have an elevated leptin (Ob) mRNA 

in adipocytes compared with normal subjects (Considine et al, 1996).

There is an inverse relationship between circulating leptin and GH levels in humans 

(Fors et al, 1999), as clinically obese hypopituitary adults with growth hormone 

deficiency have higher circulating leptin levels than weight matched controls 

(AlShoumer et al, 1997). Additionally, serum leptin levels also serve as an informative 

metabolic marker of growth response to growth hormone in children with either 

idiopathic short stature or GHD. In one study, serum leptin levels were significantly 

reduced after 1, 3 and 12 months of GH treatment, compared with levels at the start of 

treatment in one study (Kristrom et al, 1998).

1.3.9 Ghrelin

An additional dimension to the control of GH release has been added by the discovery of 

a naturally occuring GH secretagogue (GHS) isolated from rodent stomach tissue, which
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stimulates GH release from pituitary cells in vitro and in vivo. Ghrelin was identified in 

stomach muscle extracts as a factor which induced Ca^  ̂uptake by stable Chinese hmaster 

ovary cells expressing the orphan GHS receptor. HPLC was used to purify Ghrelin from 

protein extracts, and this was shown to have a similar potency as GHRH at stimulating 

GH release from primary pituitary cells. Furthermore, intravenous injection of Ghrelin 

stimulated the rapid release of GH in rats (Kojima et al, 1999).

Summary

In summary, the circadian release of GH from the pituitary is controlled by the 

integrated action of GHRH and somatostatin, and the release of these hypophyseotropic 

peptides are in turn controlled by inputs from the CNS. The peripheral effects of GH 

also result in a long feedback loop, in which circulating factors such as IGF-1 and 

glucose and free fatty acids suppress further GH release from the pituitary. GH has 

profound effects on body composition with an intrinsic relationship between lean body 

mass and levels of GH release, and dysregulation of GH production and can result from 

conditions such as diabetes and chronic obesity.

1.3.10 Growth Hormone Deficiency

The following sections on growth hormone deficiency and acromegaly examine the 

effects of conditions where there is a pathophysiological secretion of GH, which are 

summarised in Figure 1.6.

The therapeutic use of growth hormone was first practised in the 1950’s and 1960’s and 

as described earlier, the availability of biosynthetic GH has resulted in improved 

treatment protocols for children with GH deficiency (GHD).
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Figure 1.6 Effects of pathophysiological GH secretion
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Growth hormone deficiency is frequently idiopathic when, for instance, a normal GH 

response to provocative test is detected but GH impaired GH secretion is observed 

during an overnight or 24 hour measurement period. Children receiving treatment for 

cancer can also develop a growth hormone deficiency, resulting in growth failure, and 

these patients do not recover spontaneously from radiation-induced growth hormone 

deficiency. They often receive rhGH therapy.

GH treatment has also been used for a number of other conditions where there is a 

secondary GH deficiency. For instance children with idiopathic short stature, 

intrauterine growth retardation and chronic renal failure respond to treatment with hGH 

with an increased growth rate. Additionally, GH therapy is now being considered for the 

adult population with GHD, and the elderly (Guyda, 1999).

1.3.10.1 Diagnosis of GH deficiency

Growth hormone has a major influence on skeletal development, which manifests as 

short stature in conditions of growth hormone deficiency (GHD). In addition to short 

stature, growth hormone deficient children present with impaired muscle development 

and increased subcutaneous fat, and if left untreated puberty may also be delayed. 

Diagnosis of GHD is usually based on a peak GH response of between 7-10|ig/L to at 

least two provocative GH stimulation tests (Guyda, 1999). The patient’s growth 

hormone output can be verified by monitoring serum levels of GH at 20-30 minute 

intervals, overnight or for a full 24 hours, and measurement of IGF-1 and IGFBP-3 

levels are additional markers of GH output as these exhibit little diurnal variation (Juul 

et al, 1997). Administration of GHRH is also used for the diagnosis of GH deficiency in 

children with short stature, to differentiate between GHD which has a hypothalamic or a
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pituitary origin (Thorner, 1999). Furthermore, the use of a somatostatin analogue 

suppresses spontaneous GH secretion and improves this response to GHRH (Dickerman 

eta l, 1993).

1.3.10.2 Hypothalamic causes of growth hormone deficiency

Hyposomatotropism (reduced growth rate) is caused by a variety of conditions, which 

are either a hypothalamic or pituitary in origin. Growth hormone deficiency as part of a 

multiple anterior pituitary hormone deficiency, can he caused by an inherited 

disorganisation of hypothalamic development such as septooptic dysplasia, which has 

been associated with mutations the HESXl gene (Dattani et a l, 1998). A deficiency in 

growth hormone secretion, can also result from a perinatal insult which has occurred 

during abnormal delivery, or from perinatal asphyxia. In addition, severe head injuries 

from car accidents and other forms of blunt trauma, can damage the median eminence or 

transect the hypophyseal portal vessels. Furthermore, suprapituitary tumours such as a 

craniopharyngioma, and granulomatous diseases such as histiocytosis and sarcoidosis 

can cause hypothalamic damage, leading to a subsequent growth hormone deficiency. 

All of these types of lesion can result in a failure to produce growth hormone, and 

patients subsequently require hormone replacement (Anderson, 1994; Daughaday and 

Harvey, 1995).

1.3.10.3 Pituitary hyposomatotropism

Short stature is caused by a number of different genetic lesions which affect the GHRH- 

GH-IGF-l axis, and these are summarised in Figure 1.7. Several types of genetic lesion 

disrupt pituitary function, and subsequently lead to hyposomatotropism. A general 

congenital pituitary hypoplasia affecting several or many of the anterior pituitary cell
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types, can be caused by mutations in the various hierarchical transcription factors 

required for development of the pituitary. For example, a nonsense mutation in the 

coding region of the pituitary cell specific transcription factor PITl (or GHFl), was 

identified two sisters with deficiencies in GH, PRL and TSH (Tatsumi et al, 1992). 

PITl is necessary for the development of corresponding pituitary cell types that produce 

these hormones; somatotropes, lactotropes, and thyrotropes, and it is required for the 

transcriptional activation of GH, PRL and TSH genes. A more widespread 

hypopituitarism has also been observed in patients presenting with associated GH, PRL, 

TSH, LH and FSH deficiencies, a combined pituitary hormone deficiency (CPHD) 

which is caused by a loss of function mutations in the prophet of PITl {PROPl) gene 

(Fluck e/a/., 1998).

1.3.10.4 Isolated growth hormone deficiency

Isolated growth hormone deficiency can be caused by mutations within the growth 

hormone gene. For example, GH gene deletions cause acute growth failure in affected 

children, and although GH therapy is initially effective, patients become refractory to 

treatment due to the development of anti-GH antibodies (Mullis et a l, 1992). In 

addition, a point mutation within the GH gene has been described, which produces 

bioinactive GH (Takahashi and Chihara, 1998).

1.3.10.5 Acquired growth hormone deficiency

GHD can also arise from postpartum haemorrhage or other obstetric crisis. As the 

pituitary enlarges during pregnancy due to the action of oestrogens on the pituitary 

lactotropes, but the pituitary blood supply does not increase, this makes the pituitary 

especially vulnerable to ischaemia.
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Figure 1.7 Mutations (•) in the growth hormone axis which result in impaired skeletal 
growth. Modified from Rotwein (1999).
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Hyposomatotropism is also caused by intrasellar pituitary tumours, which either invade, 

or exert pressure on the pituitary gland. Conversely, radiotherapy used to treat pituitary 

tumours, e.g. a growth hormone secreting tumour, can also cause a panhypopituitarism 

which arises after treatment. Pituitary destruction and hyposomatotropism can further 

result from infections such as bacterial meningitis and encephalitis (Anderson, 1994; 

Daughaday and Harvey, 1995).

1.3.10.6 Growth hormone insensitivity

In addition to a primary defect in growth hormone production or action, severe growth 

retardation can also arise from a resistance to the effects of GH, caused by mutations 

within the gene for the GH receptor (Figure 1.7). Growth hormone insensitivity 

syndrome (GHIS) was originally identified by Laron, who described patients with high 

serum GH levels but with abnormally low levels of circulating IGF-1 - despite having an 

intact IGF-1 gene (Laron, 1999). Furthermore, patients with GHIS are unresponsive to 

treatment with growth hormone, and their growth velocity response to treatment with 

recombinant IGF-1 is less than that of infants with GH deficiency treated with hGH 

(Guevara Aguirre et a l, 1997). This may be because GH has a permissive effect on the 

differentiation of epiphyseal cartilage progenitor cells, which is needed to enable IGF-1 

to have an effect on the proliferative cell layer of the epiphyseal plate.

1.3.10.7 The GH receptor and GH insensitivity

The gene for the human growth hormone receptor is located on chromosome 5, and 

consists of 10 protein coding exons spanning a region which is greater than 87 kilobases. 

Exons 3-7 encode the extracellular domain which binds GH, exon 8 encodes the 

transmembrane domain and a small part of the cytoplasmic domain, and exons 9 and 10
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encode the remainder of the intracellular signalling domain (Schwartzbauer and Menon, 

1998). The structure of the hormone binding domain functions of each region of the GH 

receptor are discussed in more detail in the sections on the GH receptor and signalling. 

GHIS can be caused by a variety of lesions in the GH receptor gene, which include: 

missense mutations that cause abnormal GH binding characteristics, consecutive 

deletions of coding exons, and splicing defects and nonsense mutations which cause 

truncated receptor isoforms (Harvey and Hull, 1995). For example, two Japanese 

siblings were described with a milder form of GHIS and high GH binding protein levels, 

caused by a point mutation of the donor splice site in intron 9 of the GH receptor. This 

causes the spliceosome to miss out exon 9 during RNA processing, leading to a 

truncated form of the GH receptor without most of the cytoplasmic domain. Cells 

transfected with this truncated receptor cDNA secreted 3 times as binding protein into 

the culture medium compared with full length receptor, and the truncated receptor also 

had a higher affinity for GH (lida et al, 1999).

The rate of GH-induced receptor internalisation was markedly reduced for the truncated 

isoform, which also had a dominant negative effect on signal transduction when co

transfected with the normal receptor cDNA (lida et al, 1999).The altered GH binding 

characteristics of this truncated receptor, and inhibition of signal transduction by 

heterodimer formation with the GH receptor produced by a functional allele suggested a 

dominant-negative function. Furthermore, as truncated receptor isoforms without the 

cytoplasmic signalling domain are also produced normally (Dastot et al, 1996; Ross et 

al, 1997), this suggests that regulation of alternative splicing of the GHR transcript is an 

additional mechanism by which GH receptor activity can be modulated in vivo.
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1.3.10.8 Effects of GH deficiency in adults

In addition to its positive effects on skeletal development, growth hormone continues to 

have an important physiological role in adults after final height has been reached, and 

GH deficiency also has a number of undesirable effects which may merit treatment with 

hGH. Patients have an increased body fat mass with abdominal/visceral obesity, and 

reduced lean body mass and bone mineral content. There is also an increase in mortahty 

in the GH-deficient adult population, which is largely attributable to cardiovascular 

dysfunction, and the higher incidence of heart failure in GHD patients is caused by a 

number of defects in heart function. For instance, congenital lack of GH is associated 

with ventricular wall thinning, and impaired systolic function and these abnormalities 

limit exercise capacity and contribute to the poor quality of life in patients with GH 

deficiency (Sacca, 1998).

The anabolic and lipolytic effects of GH in adults were demonstrated by an early study 

in GH-deficient patients, where hormone administration caused a 5.5 kg increase in lean 

body mass and a corresponding decrease in fat mass after 6 months (Salomon et al, 

1989). GH can also enhance myocardial contractility and decrease peripheral vascular 

resistance (Gomberg Maitland and Frishman, 1996), and an increase in vitality and well 

being is also a recognised sign of effective hGH replacement in adults (Raben, 1962).

1.3.11 Hypersomatotropism

In the following section, the physiological effects of GH hypersecretion are considered. 

The hypersecretion of growth hormone from the pituitary (hypersomatotropism) during 

childhood leads to accelerated linear growth and is referred to as gigantism. This is a 

very rare condition which occurs when the effects of GH on bone are still permissive -
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where open epiphyseal growth plates allow for excessive linear growth. In adults, GH 

hypersecretion causes acromegaly -  where fusion of the epiphyses precludes further 

linear growth. Acromegalic patients present with a number of features; a characteristic 

enlargement of distal extremities such as the hands and feet, a distortion in facial 

features, and a hypertrophy of internal organs such as the liver, heart and kidneys. Lung 

volumes are also increased, and patients frequently have obstructive sleep apnoea 

(Daughaday and Harvey, 1995).

Many acromegalic patients have a GH-producing pituitary adenoma (Eastman et al, 

1992), and more rarely hypersomatotropism is caused by a GHRH-secreting tumour. 

Tumorous expansion of the sella turcica is a additional clinical feature associated with a 

pituitary adenoma, or a hyperplastic pituitary stimulated by GHRH hypersecretion 

(Clemmons et al, 1979). Suprasellar extension of tumours can exert pressure on local 

structures such as the optic nerves, leading to visual field disturbances and restricted 

drainage of the cerebrospinal fluid, rarely causing a rise in intracranial pressure and 

leading to the headaches seen in acromegaly. GH hypersecretion in acromegalics also 

causes insulin resistance and hyperinsulinaemia, leading to diabetes in a significant 

number of patients (Moller et al, 1992).

1.3.11.1 Tests for evaluating acromegaly

The diagnosis of acromegaly relies on a variety of tests, for instance, a non-suppressible 

plasma GH concentration of >2ng/ml, following an oral glucose load, and a mean 24h 

plasma GH of 4.6ng/ml has been shown to be indicative of acromegaly. Additional 

informative tests include the measurement of plasma IGF-1, which reflect mean 24 hour 

secretion of GH (Barkan et al, 1988; Martha et al, 1992), and stimulation of GH
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secretion by thyrotropin releasing hormone (TRH) -  a response that is not usually seen 

in normal individuals. A GHRH immunoassay can be used to differentiate between 

acromegaly caused by pituitary adenoma, or by ectopic GHRH production, and patients 

with ectopic GHRH typically have a GHRH of >lng/ml.

1.3.11.2 Acromegaly -  prognosis and treatment

Hypersomatotropism will eventually lead to gross physical disfigurements and metabolic 

defects if left untreated in affected adults, and this disorder also causes an increase in 

mortality that is several times that of the normal population which is largely attributable 

to cardiovascular and cerebrovascular diseases, as well as a higher incidence of 

colorectal, breast and haematological malignancies.

1.3.11.3 Cardiovascular disease and acromegaly

Acromegalic patients have an increased risk of cardiovascular disease compared with the 

normal population, and this risk is heightened in middle age (Colao et al, 1997). 

Cardiac enlargement is a consistent finding; however, the interpretation of 

echocardiographic data is complicated by other non-specific age-related diseases such as 

systemic hypertension, diabetes mellitus, atherosclerosis, and coronary heart disease. 

Therefore it is difficult to determine whether the cardiological abnormalities observed in 

acromegalic patients are specifically caused by GH hypersecretion, or by these 

additional non-specific diseases.

One recent study on precocious cardiological abnormalities in young acromegalic 

patients with normal blood pressure and glucose tolerance, has shown an increase in left 

ventricular mass and diastohc function compared with age and sex matched controls, 

and it was concluded that the data from this study supported a direct causal relationship
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between GH/IGF-1 hypersecretion and precocious cardiac abnormalities in acromegalic 

patients (Minniti et al, 1998).

1.3.12 Increased cancer risk and GH

A retrospective UK study with a large patient cohort has also shown that increased 

mortality from bowel cancer is associated with high post-treatment GH levels (Orme et 

al, 1998), and as a major determinant of morbidity and mortality in acromegalic patients 

is the final level of GH after treatment (Rajasoorya et al, 1994). This suggests that the 

GH-IGF-1 axis has a significant role in cancer development in this patient group. Higher 

serum IGF-1 levels have also been measured in acromegalic patients compared with 

normal age-matched subjects (Clemmons et a l, 1979), and these correlate well with the 

degree of growth hormone hypersecretion (Barkan et al, 1988).

A causal link between colorectal cancer risk and IGF-1 is further suggested by the 

observation that mean circulating IGF-1 levels are higher in acromegalic patients where 

a new adenoma has been detected at a follow-up colonoscopy, than those measured in 

patients without neoplasia, (reviewed in Jenkins 1998). The gastrointestinal tract also 

expresses receptors for both growth hormone and for IGF-1 (Guo et al, 1992), and IGF- 

1 induces proliferation of colon cancer cell lines in vitro (Durrant et al, 1991). 

Moreover, IGF-1 increases the production of vascular endothelial growth factor (VEGF) 

in colon cancer cell lines, and VEGF has been associated with tumour progression 

(Warren et al, 1996). These observations are consistent with the increased levels of 

epithelial cell proliferation observed in the colons of acromegalic patients (Cats et al,

1996), and suggest that GH-induced hyperplasia may be one of the formative stages in 

the development of colorectal cancer.
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1.3.12.1 Breast cancer and acromegaly

Female acromegalic patients have an increased risk of developing breast cancer (Orme 

et al, 1998; Jenkins, 1998), and as with bowel cancer there is also evidence to link an 

overactive GH/IGF-1 axis with neoplasia. The receptors for both GH and for IGF-1 are 

expressed in mammary tissues (Ng et al, 1997; Walden et al, 1998), and GH has a 

mitogenic effect on mammary cells, as shown by a number of animal studies. For 

instance, transgenic mice that chronically oversecrete human growth hormone have an 

increased incidence of mammary neoplasia (Tornell et al, 1991). Moreover, non-human 

primates given continuous administration of human growth hormone by osmotic 

minipump develop mammary gland hyperplasia (Ng et al, 1997). Tumour growth can, 

however, be slowed down by transplanting of cells into a GH-deficient background, as 

Yang et al. 1996 showed that human breast cancer cells proliferated more slowly 

following implantation into lit/lit GH-deficient mice, than in non GH-deficient controls 

(Yding e ta l, 1996b).

1.3.12.2 Cancer in non-acromegalic patients

The results of several studies in non-acromegalic patients also suggest that the GH-IGF- 

1 axis may have a role in cancer. For example, significant increases in both circulating 

GH and IGF-1 levels, have been seen in patients with breast cancer when compared with 

controls (Emerman et al, 1985; Peyrat et al, 1993). Additional prospective studies show 

that circulating IGF-I levels are also related to the future risk of colorectal cancer, as 

men in the highest quintile range for IGF-I had an increased risk of colorectal cancer 

compared with those from the lowest quintile (Ma et a l, 1999). In addition, several
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prospective studies for prostate cancer also suggest a causal link with increased cancer 

risk and IGF-1 levels (reviewed in Holly et al., 1999).

1.3.13 Treatment of hypersomatotropism - Surgery

Several treatment options are available for patients with hypersomatotropism. The 

presence of a pituitary tumour will quite often be shown by magnetic resonance imaging 

(MRI), and transsphenoidal adenomectomy is an effective method for reducing GH and 

IGF-1 levels. However, the success of pituitary surgery at creating safe GH levels 

depends on the experience of the surgeon, as a recent review of surgical practices in 

different centres has shown that when a single surgeon takes over all operations the 

proportion of patients achieving the target basal GH concentration doubles (Clayton et 

al, 1999).

1.3.13.1 Radiotherapy and somatostatin analogues

Radiotherapy is also used to treat pituitary adenomas; however, the full response to 

radiotherapy may be delayed for several years and is considered for patients who have 

persistent hypersomatotropism, are a poor surgical risk, or are non compliant with 

surgery. Synthetic somatostatin analogues such as octreotide and lanreotide are also used 

in the management of acromegaly, as these effectively diminish tumour mass and reduce 

circulating GH levels. For example, lanreotide has been shown to improve cardiac 

abnormalities in acromegalic patients, as a 12 month trial with this drug effectively 

lowered circulating GH levels and reduced left ventricular mass -  leading to an 

improvement in some indices of diastohc function (Baldelli et a l, 1999).

In summary, the functional importance of growth hormone becomes evident in 

pathophysiological conditions of GH production. A significant number of inherited or
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acquired conditions impair skeletal growth, and these can be caused by a primary or 

secondary defect in growth hormone production or response to GH. Once final height 

has been reached, GH has a continuing role in maintaining bone mineral density, lean 

body mass and optimal cardiovascular function. Furthermore, GH hypersecretion 

resulting from tumour growth leads to gross physical disfigurements, and an increased 

mortahty from cardiovascular disease and malignancies.

The following section describes the evolution of the growth hormone from a common 

progenitor gene, and this is followed by a description of the GH gene and its regulation. 

The molecular interaction between growth hormone and its receptor is then described, as 

are the mechanisms by which GH/receptor binding is transduced in the target cell.

1.3.14 The origin of growth hormone

Growth hormone belongs to a family of proteins that include prolactin, growth hormone, 

placental lactogen, and the somatolactins - which are found in lower vertebrates and 

have an intermediate biological function between growth hormone and prolactin. 

Prolactin and growth hormone genes have been found in many of the vertebrates, such 

as: fish, amphibians, reptiles and mammals and are thought to have originated from a 

single ancestral gene which underwent duplication (Figure 1.8). Although prolactin and 

growth hormone have different biological activities in vivo, their primary amino acid 

sequences are highly conserved reflecting an overall conservation of tertiary structure. 

This structural conservation also suggests that the observed differences between the 

biological activities of prolactin and GH are determined by a relatively small number of 

amino acids. Indeed, the secondary structures of human growth hormone, prolactin and 

placental lactogen are predicted to be approximately 50% a-helical and replacement of
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GHV

GH Primate GH Primate CS Rodent PL Ungulate PL PRL

(Fish)
Ancestral Somatolactin

Ancestral GH Ancestral Prolactin

Gene Duplication

Ancestral proto-GH/prolactin

Figure 1.8 Hypothetical phylogenetic tree for the GH-prolactin family of hormones.

Abbreviations: GH, growth hormone, GHV, placental growth hormone variant; CS 

chorionic somatomammotropin; PL, placental lactogen; PRL, prolactin.

From Scanes and Campbell (1995). With permission.
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amino acid sequences within the a-helical regions of prolactin, with 8 amino acids from 

the corresponding regions from growth hormone, increases the affinity of the modified 

prolactin for the growth hormone binding protein by as much as 10 000 fold (deVos et 

al, 1992).

The exon sequences of growth hormone genes from lower and higher vertebrates are 

also conserved and this is also reflected by a conservation in biological function, as 

growth hormone isolates from lower vertebrate species have some biological activity in 

rodent bioassays (Scanes and Campbell, 1995). For example, growth hormone from 

Oncorhynchus keta has biological activity in a rat based bioassay, although at a much 

lower potency compared with mammalian growth hormone (Wagner et al, 1985). As 

hGH-like immunoreactivity has also been observed in non-vertebrates such as 

arthropods, this suggests that growth hormone may have an extremely ancient role in 

somatic development (Scanes and Campbell, 1995).

1.3.15 The growth hormone gene

The human growth hormone gene {hGH-N) is located on chromosome 17, and is part of 

the GH-chorionic somatomammotropin gene family, which includes the placental 

lactogens and a variant GH gene. The hGH-N gene is expressed in the somatotroph cells 

of the anterior pituitary, and consists of 5 exons and 4 introns, which span approximately 

2.6.kb. The rat GH gene also consists of 5 exons and is approximately the same size as 

hGH-N (Barta et al, 1981). Both rat and human GH promoters contain a TATA box for 

transcriptional initiation, as well as binding sites for non tissue-specific transcription 

factors such as Spl.
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Pituitary specific expression of GH is achieved through activation of the promoter by 

PITl (described in the section on GH deficiency), and there is an additional layer of 

transcriptional regulation by hormones which directly effect transcription of the gene 

(Harvey, 1995c). These include glucocorticoids and thyroid hormones, which work 

through the corresponding cw-acting responsive elements that are found within the GH 

promoter sequence. For example, hypothyroid patients have low plasma growth 

hormone levels and this is associated with a decreased level of growth hormone 

transcription and secretion. Thyroid hormone (T3) can increase growth hormone 

expression in somatotrophs and this is probably dependent on formation of a ternary 

complex between the Tg/thyroid hormone receptor, PITl transcription factor, and the 

corresponding thyroid and PITl response elements within the growth hormone promoter 

region (Chomczynski a/ a/., 1993; Harvey, 1995c).

1.3.16 The GH molecule

Human growth hormone isolated from pituitary somatotroph cells has a molecular mass 

of 22 kDa, and consists of a single chain polypeptide which has 191 amino acid residues 

with 2 disulphide bonds. The positions of the four cysteine residues required for these 

intramolecular disulphide bonds, are conserved throughout vertebrate growth hormone 

primary amino acid sequences, again indicating that these residues have a key role in its 

structure and function (Scanes and Campbell, 1995). Chou-Fasman calculations based 

on primary amino acid sequence, combined with circular dichroism, further indicate that 

a significant proportion of GH is alpha helical, and x-ray crystallography confirmed that 

porcine GH has 4 anti-parallel alpha helices. These are arranged in an in an up-up.
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down-down conformation, compared with the normal up-down-up-down conformation 

observed in other proteins with multiple alpha helices (Abdelmeguid et al, 1987).

1.3.17 The GH / receptor complex

The 4 alpha helical regions are a major feature of the growth hormone molecule, 

forming important interfaces with the GH receptor. X-ray structural analysis of a crystal 

of human GH bound to the extracellular domain of its receptor (hGHBP), which binds to 

GH with approximately the same affinity as the intact receptor (Fuh et al, 1990), 

confirmed that the GH/GH receptor complex consists of 1 hGH molecule per 2 

molecules of GHBP (deVos et al, 1992). Furthermore, the growth hormone molecule in 

the hGH«(hGHBP) 2  complex brings the two receptor molecules together through two 

separate binding sites on opposite sides of the 4 helix bundle (Figure 1.9).

The first binding site in hGH for the GHBP (Site 1) is formed primarily by residues of 

helix 4 but also by helix 1, of the four helix bundle, together with residues within the 

connecting region between helices 1 and 2. The second binding site in hGH (Site 2) is 

made from the exposed sides of helices 1 and 3, and is relatively flat in comparison with 

the concave nature of site 1.

The contact surface between receptor I and hGH is significantly larger than that between 

the hGHBP II and hGH, and this second interaction may be further stabilised by the 

contact between the membrane proximal halves of the COOH-terminal domains of the 

receptors, supporting the view that heterotrimer formation between the GH molecule and 

2 receptor molecules is necessary for GH to exert its biological effect (deVos et al, 

1992).
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Figure 1.9 The GH/GH binding protein complex.
The hormone/receptor complex consists of 1 hGH molecule per 2 molecules of GHBP 
(1.9a). Furthermore, the growth hormone molecule in the hGH*(hGHBP)2  complex 
brings the two receptor molecules together through two separate binding sites on 
opposite sides of the 4 helix bundle (1.9b) Modified from Cunningham el al., (1991) 
and De Vos et a/.,(1992).
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1.3.17.1 Mutational analysis of GH

The physical studies showing that that each hGH molecule is bivalent, containing two 

separate binding sites for hGHBP, are further supported by mutational analysis. The key 

residues in the hGH molecule which interact with the GH receptor were identified by 

alanine substitution, and by measuring the effect on the affinity of GH for the GH 

binding protein. The mutagenesis approach has also been used to design GH antagonists 

which stearically blocked receptor binding (Cunningham and Wells, 1989; Fuh et al, 

1992).

1.3.17.2 Sequential binding of GH receptors to hGH

Sequential dimérisation of growth hormone receptors, firstly to one site in the GH 

molecule, and then to the second site, is necessary for activation of the GH receptor 

(Figure 1.10) Addition of high concentrations of hGH to a solution containing the 1:2 

hGH#(hGHBP)] complex displaced one of the receptors to generate a 1:1 complex 

(hGH#hGHBP), as shown by gel filtration analysis and fluorescence quenching studies. 

Secondly, a hormonal variant which contained a functional site 1 but lacked site 2, was 

able to dissociate the hGH#(hGHBP) 2  complex as efficiently as unmodified hGH. In 

contrast, an hGH double mutant (K172A, F 176A) that retained the determinants for site 

2 (Figure 1.9), but lacked an ability to bind tightly to GHBP at site 1, was unable to 

reverse dimérisation even when present in excess (Cunningham et al, 1991).

1.3.17.3 In vitro bioassays for GH activity

The concept that two separate sites on GH bind to GH receptors in sequence was further 

supported by work on the biological activity of GH receptor. Firstly, high concentrations 

of hGH inhibit the division of cells expressing a target receptor.
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Figure 1.10 Sequential dimérisation of the GH receptor,

At physiological concentrations of GH, growth hormone activates its receptor firstly by 

binding via site 1 and then via site 2. See accompanying text for details.

Modified from Cunningham e/ a l ,  (1991).
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For instance, the proliferative activity of mouse myeloid FDC-Pl cells containing a 

hybrid hGH receptor was measured using different concentrations of GH; Cells were 

induced to divide at lower concentrations of hGH (O.l-ljuiM); this effect reached a 

plateau between l-100p,M, and at concentrations above lOOfiM hGH had an inhibitory 

effect on cell division (Cunningham et al, 1991).

1.3.17.4 Mutagenesis of receptor binding sites

Modified hGH molecules with reduced GH receptor binding affinity at each of the two 

sites have altered biological activity, as the K172A, F176A (Site 1) mutant GH 

described earher stimulated the division of FDC-Pl cells, but at far higher 

concentrations than that required for unmodified GH. In addition, the K172A, F176A 

mutant was unable to antagonise hGH-induced cell proliferation, and this was consistent 

with its reduced affinity for the GH receptor compared with unmodified hGH. Thirdly, a 

site 2 mutant (G120R) which retained a functional site 1 but on which site 2 was 

stearically blocked (Figure 1.9), did not induce cell proliferation at the concentrations 

tested. However, G120R did antagonise hGH-induced proliferation of FDC-Pl cells, and 

this site 2 mutant was nearly 100 times more potent an antagonist as the site 1 mutant 

(¥\xh.etal, 1992).

In summary, these observations support the hypothesis that at physiological 

concentrations, hGH binds its receptor first at site 1 and then subsequently at site 2 - to 

produce an active hGH#(GHBP): complex which can induce signal transduction. At 

higher concentrations, hGH saturates the receptor through site 1 interactions and acts as 

an antagonist, preventing functional dimérisation of the receptor (Fuh et al, 1992).
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1.3.18 The growth hormone receptor

The cellular effects of GH are mediated through binding to its receptor, which belongs to 

the type I family of haematopoetic/cytokine receptors. These include: prolactin, 

erythropoietin, interleukins 2-7, and ciliary neurotrophic factor. The mature human 

growth hormone receptor (GHR) is 620 amino acids long consisting of a 246 amino acid 

amino acid extracellular domain, a 24 amino acid transmembrane domain, and a 350 

amino acid cytoplasmic domain (Leung et a l, 1987). Furthermore the GH receptor does 

not contain any known intrinsic catalytic activity in the cytoplasmic domain, such as that 

of a tyrosine kinase (Moutoussamy et a l, 1998). The type I cytokine receptors also have 

a conserved WSXWS (Trp-Ser-Xaa-Trp-Ser) motif in the C-terminal region proximal to 

the cell membrane (Moutoussamy et a l, 1998), and the GH receptor has a WSXWS - 

like motif (Figure 1.11); Tyr-Gly-Glu-Phe-Ser (YGEFS). Substitution of the serine 

residue within YGEFS to isoleucine impairs the binding affinity of the GH receptor for 

GH (Kelly et a l, 1994), and substitution of residues Y and S with alanine hGH also 

decreased the levels of signal transduction in receptor cDNA transfected cells - 

measured using a c-fos reporter gene (Baumgartner et al, 1994). Moreover, in humans, 

an amino acid substitution within this region has been associated with a poor response to 

GH treatment (Tauber et al, 1998), indicating that that the YGEFS motif has an 

important role in GH receptor function in vivo.

1.3.18.1 GH and cell signalling

Although the GH receptor has no intrinsic protein kinase activity, exposure to GH 

results in the rapid tyrosine phosphorylation of intracellular proteins.
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Figure 1.11 The rat growth hormone receptor.

The functional regions of the GH receptor are indicated. N, potential N-linked 

glycosylation sites, C, extracellular cysteines, Y, intracellular tyrosines. From Carter-Su 

et al. (1996). With permission.
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Inhibition of a tyrosine kinase which is co-immunoprecipitated with the GHR in 

preparations from GH treated cells prevents these actions - suggesting a central role for a 

GHR associated tyrosine kinase in signalling by GH (Campbell et a l, 1993).

The GH stimulated kinase was identified as Janus Kinase 2 (JAK2), as 

immunoprecipitates of GHR and JAK2 both incorporated labelled following 

incubation with ^^P-labelled ATP. Additionally this activity was incorporated 

specifically into tyrosyl residues, consistent with JAK2 being a GH- sensitive tyrosine 

kinase (Argetsinger et al, 1993).

Growth hormone has multiple effects, many of which are mediated through 

phosphorylation of the GH receptor and JAK2, and subsequent interactions between the 

various signal transduction pathways activated by GH. The types of responses to GH 

depend on the cell type, and on the physiological conditions under which these are being 

studied. Some examples of how growth hormone influences cell physiology are 

described below.

1.3.18.2 The JAK/STAT pathway

Activation of JAK2 by GH is associated with the phosphorylation of a number of signal 

transduction and transcription molecules (STATs), which are rapidly translocated to the 

cell nucleus to activate transcription of GH responsive promoters (Figure 1.12) STAT 

molecules contain src homology (SH) domains which facilitate interactions with other 

molecules in the signal transduction cascade, and bind to interferon-y-activated sequence 

like DNA elements (GLE) -  which are widely distributed among the type I cytokine 

activated gene promoters. For example, GH treatment of cells specifically induces 

STAT5 binding to the serine protease inhibitor GLE in nuclear extracts, and GH -
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induced activation of a pGLE-luciferase construct is dependent on STAT5 tyrosine 

phosphorylation (Wood et al, 1995).

The GH-induced activation of STAT proteins also influences the expression of early 

response genes such as c-fos and c-jun, which encode transcription factors implicated in 

the processes of cell growth and differentiation. For instance in 3T3-F442A 

preadipocytes, the c-fos promoter is activated by proteins from at least two of the 

pathways in the GH signal transduction cascade (Figure 1.12). The promoter contains 

Sis-inducible upstream sequences (SIE) which bind STATl and STAT3 in response to 

GH, and a second more proximal element serum response element which binds to serum 

response factors (SRF) and ternary complex factors (TCF) in response to GH. Both SRF 

and TRF are phosphorylated by proteins from the Ras-MAP kinase pathway (Liao et al,

1997), and the CCAAT/enhancer - binding protein also contributes to the regulation of 

c-fos by GH (Liao et al, 1999).

1.3.18.3 Growth hormone and insulin signalling

GH and insulin share common signalling pathways, through the action of the principle 

substrates of the insulin receptor - insulin response substrates (1RS) 1 and 2, which are 

phosphorylated in response to insulin, and PI3 kinase -  which interacts with 1RS 

(Figure 1.12). IRS-1 is phosphorylated in pre-adipocytes, in response to GH treatment 

(Argetsinger et al, 1995), and associate with the regulatory subunit of PI3-kinase in 

cultured adipocytes (Ridderstrale et al, 1995).

However, the chronic administration of GH to male rats leads to insulin resistance in the 

liver, which is reflected by decreased IRS-1 levels, phosphotyrosine incorporation into 

1RS-1/2, and reduced association between PI3 kinase with IRS-1 (Thirone et al, 1997).
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Figure 1.12 GH-dependent signal transduction pathways.

Phosphorylation of JAK2 and the GH/receptor dimer complex leads to the activation of 

proteins from several signal transduction pathways, including:signal transduction and 

transcription (STATs), mitogen activated protein kinase (MAP), and insulin response 

substrate (1RS). These are discussed in the text. From Carter-Su et al. (1996). With 

permission.
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1.3.18.4 GH and adipocyte differentiation

Both insulin and growth hormone are required for adipocyte differentiation and this may 

take place in the following sequence of events: GH binds to receptor activation of 

c-fos activation of adipocyte specific genes such as lipoprotein Upase exposure to 

insulin and other factors adipocyte differentiation (Argetsinger et al, 1995). A dual 

effector theory has been proposed to explain the actions of differentiation of pre

adipocyte cells, where firstly GH primes adipocytes to undergo terminal differentiation 

via the activation of STATS. Secondly, GH primed cells fully differentiate to adipocytes 

following exposure to insulin, epidermal growth factor and T3, in a process that depends 

on the action of MAP kinases (Yarwood et al, 1999).

In summary, GH binds to two receptors, causing the activation of a receptor associated 

JAK2 kinase, leading to phosphorylation of both receptor and kinase. These events 

activate a number of signalling molecules including STATs, MAP kinase, 1RS and PI3 

kinase and the subsequent changes in protein activity and gene expression, ultimately 

culminate in changes in growth and metabohsm.
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CHAPTER 2 Optimisation of growth hormone production hy
muscle cells in vitro

2.1 INTRODUCTION

The introductory chapter described how gene transfer into skeletal muscle is currently 

being developed as a method for producing proteins with potential therapeutic benefits. 

This methodology has also been used to produce the key hormones and growth factors 

which regulate growth (Barr and Leiden, 1991; Dabler et al, 1994; DraghiaAkli et al, 

1997; Anwer et al, 1998; BartonDavis et a l, 1998). Additionally, skeletal muscle has 

been used to produce physiologically active hormones such as leptin (Morsy et al, 1998) 

and erythropoietin (Tripathy et al, 1994), demonstrating that muscle can be adapted for 

use as an artificial endocrine tissue (reviewed in MacColl et al, 1999). The 

physiological effects of these procedures are discussed in Chapter 3.

The following sections in this introduction describe the application of muscle tissue for 

gene transfer, and the use of cultured muscle cells to identify muscle-specific promoters. 

Additionally, the use of these promoters in muscle gene transfer vectors is described, as 

are the application of other types of promoter elements used for producing secreted 

proteins in this tissue.

2.1.1 Myogenesis and muscle gene therapy vectors

Chapter 1 described why the skeletal muscle has been used extensively for producing 

therapeutic proteins. Additionally, the developmental biology of skeletal muscle has 

been used as a model system to study the transcriptional regulation of embryonic 

development, and the morphogenetic events that form this tissue (myogenesis) - where 

precursor myoblasts undergo terminal differentiation to form post mitotic myotubes - are 

regulated by myogenic determination factors (MDF) (Neville and Rosenthal, 1998). The
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identification of many of the c/5-acting promoter and enhancer elements, which are 

activated by MDF’s and control the transcription of contractile gene expression, has 

additionally provided a means to develop gene therapy vectors which have 

transcriptional activity in skeletal muscle tissue.

2.1.2 The alpha-skeletal muscle promoter

The vertebrate alpha skeletal actin gene is a member of a multigene family, which 

consists of three distinct classes of actin isoforms that have different patterns of 

expression and cellular distributions in adult tissues (Coleman et al, 1995). The chicken 

alpha skeletal actin promoter was one of the first tissue-specific promoters used in 

muscle gene therapy vectors, as the a-skeletal actin gene has a high transcriptional 

activity in skeletal muscle tissue, accounting for approximately 8% of the poly(A) RNA 

in avian skeletal muscle (Hayward and Schwartz, 1986). Transcription is directed in 

differentiated muscle cells by a number regulatory elements which are both proximal 

and distal to the transcriptional initiation site of the a-actin gene. Coleman et a l used 

the 5’ proximal 424 bases to the transcriptional start site of a human IGF-1 cDNA -  to 

direct expression of this proteins in differentiated C2C12 mouse myotubes (Coleman et 

al, 1995). Subsequently this promoter region has been used to produce human growth 

hormone releasing hormone, firstly in cultured chicken myoblast cultures and secondly, 

in mouse muscle tissues (Draghia Akli et al, 1997).

2.1.3 Myosin regulatory elements and plasmid gene therapy vectors 

Insulin-like growth factor 1 has also been produced in muscle cells using the rat myosin 

1/3 hght chain (MLC) promoter and enhancer combination (Barton Davis et al, 1998). 

The 920 base pair enhancer element from the MLC 1/3 locus is activated specifically in
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differentiated C2C12 myotubes, but not in dividing myoblasts, and strengthens 

transcription from a minimal promoter in differentiated muscle cells (Donoghue et al,

1988). This enhancer has also been used in combination with a rabbit myosin heavy 

chain beta cardiac promoter to produce human factor VII in C2C12 myotubes (Miller et 

al, 1996) and furthermore, this combination directs expression of a CAT 

(chloramphenicol acetyl transferase) transgene in mouse muscle fibres injected with 

plasmid containing these transcription elements (Skarli et al, 1998).

2.1.4 Non - muscle promoters used in gene transfer vectors

In addition to muscle-specific promoters, a number of other types of promoters have 

been used to produce proteins following gene transfer in vivo. For instance, the human 

elongation factor-la (EFla) promoter has been incorporated into adenoviral vectors, to 

enable the production of hormones such as growth hormone and erythropoietin (Epo) in 

virally transduced cells (Hahn et al, 1996; Tripathy et al, 1996b). Similarly, viral 

promoters have also been used for gene transfer, as these have a high transcriptional 

activity in many cell types. To illustrate this point, the human cytomegalovirus 

immediate early (CMV) promoter has been used extensively in the genetic vaccine 

techniques which are described in Chapter 4. For instance, the CMV promoter has been 

used to produce hepatitis viral proteins in muscle, stimulating cellular and humoral 

immune responses to these proteins (Geissler et a l, 1998).

More recently, the complex transcriptional control of gene expression has enabled the 

release of defined doses of proteins from muscle. However, the use of these inducible 

promoters has been restricted to cellular and viral methods of gene delivery, and the 

potential value of hormonal transcription controlled by small molecules is discussed in
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more detail in the discussion section of Chapter 3 and the general discussion in Chapter 

5.

2.1.5 Using transfected skeletal muscle myoblasts to optimise transcription

It is apparent from the above studies using different types of promoter and enhancer 

elements, that the preliminary optimisation of gene expression in cultured muscle cells is 

an essential part in developing an effective gene therapy method for use in muscle tissue. 

Cultured skeletal myoblasts can be induced to differentiate in vitro; by replacing the 

culture medium with serum-deficient fusion media, a clear morphological change occurs 

after several days, from dividing myoblasts to quiescent multinucleated myotubes. Gene 

transfer vectors such as those derived from bacterial plasmid molecules, can therefore be 

tested by transfecting differentiated myoblasts in vitro, and inducing these cells to 

differentiate (Dahler et al, 1994; Novo et al, 1997). The amount of biologically active 

protein produced by muscle cells transfected with vectors containing different types of 

promoter elements, can then be measured during muscle cell differentiation.

2.1.6 Aims of study

The aim of this part of the thesis was to test several plasmid DNA vectors encoding rat 

growth hormone, in transfected, cultured mouse muscle cells. The plasmid vectors used 

for these studies contained viral or muscle-specific promoters, or a combination of both 

types of element, and murine C2C12 myoblasts (Blau et al, 1985) were used to analyse 

each plasmid transfect in vitro. In parallel with the construction of these plasmid vectors, 

the bioactivity of recombinant rat growth hormone produced by transfected C2CI2 

myoblasts was compared with pituitary-derived rat GH, using a somatogenic bioassay. 

The uses of bioassays for growth hormone activity were described in Chapter 1. Mouse
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myeloid leukaemia cells, which produce the murine growth hormone receptor 

(Rowhnson et al, 1996), were used as the target cells to measure rat GH activity. This 

bioassay was used to compare the amounts of recombinant rat GH produced by 

undifferentiated myoblasts and by differentiated myotubes, as a function of each plasmid 

transfection (MacColl et a l, 2000a).

2.2 MATERIALS AND METHODS

2.2.1 Synthesis of Rat GH cDNA

2.2.1.1 Materials

Total RNA isolated from GH3 rat pituitary tumour cells, was kindly provided by Dr D. 

Flavell, Division of Neurophysiology, National Institute of Medical Research, London. 

The first strand cDNA synthesis kit was supplied by Clontech Laboratories U.K. Ltd and 

Taq DNA polymerase by Gibco U.K. Ltd. PGR oligonucleotides were synthesised by 

Oswell DNA Service, Southampton U.K. Electrophoresis grade agarose and ethidium 

bromide were supplied by Sigma-Aldrich company Ltd.

2.2.1.2 First strand cDNA synthesis

A rat growth hormone complementary DNA (GH cDNA) was made by reverse 

transcription and polymerase chain reaction (RT-PCR). First strand cDNA synthesis was 

primed with an oligomeric dT primer and synthesised using AMV reverse transcriptase, 

according to manufacturers instructions. PGR oligonucleotides were based on the GH 

cDNA sequence published by Seeburg et al, (1977) (Accession number - VO 1237), and 

each PGR amplimer contained a Sal I restriction endonuclease site at the 5’ end 

(underlined) to facilitate cloning of the PGR product in each of the three expression 

vectors used in these studies. The PGR oligonucleotides were designed to make a
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product that contained the entire open reading frame and the 3' untranslated region 

(UTR) from the original GH cDNA. The 5' UTR was provided by each of the GH 

expression vectors. The PCR amplimers used to amplify this product from the first 

strand cDNA were:

Forward 5': CCGTCGACATGGCTGCAGACTCTCAGACTCCC 

Reverse 3': CCGTCGACATTAGGACAAAGTGTAGGGGTGGC

2.2.1.3 PCR amplification of the GH cDNA

PCR amplification of the rat GH cDNA was carried out with a Techne thermal cycler, 

using Taq DNA polymerase and standard reaction conditions, following manufacturers 

instructions. The conditions used for the PCR were: 95°C 1 minute, followed by 30 

cycles of: 95°C 1 minute, 56°C 1 minute, 72°C 1 minute, and then 72°C for 5 minutes. 

5% of the PCR reaction (Spi) was run on a 0.7% w/v agarose gel, and a product of 

approximately 730 base pairs was visualised by staining the gel with ethidium bromide 

(Figure 2.1), as described in Sambrook et a/.,(1989). The remainder of the solution 

containing the PCR product was purified through silica-gel membranes supplied by 

Qiagen U.K. Ltd.

2.2.2 GH vector construction

2.2.2.1 Materials

Sal I, Xho I, and Pst I restriction endonucleases and T4 DNA ligase were supplied from 

Boehringer Mannheim UK Ltd. pcDNA3 was supplied from Invitrogen U.K. Ltd. 

Subcloning efficiency competent DH5a cells were supplied by Gibco.
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2.2.2.2 Methods

Approximately 5 pig of the PCR product was enzymatically digested for 24 hours with 

100 units of Sal I restriction endonuclease, and purified as described above for the PCR 

products. To make pMHLC-GH (Figure 2.2), the 729 base pair product containing the 

GH cDNA was ligated into ppPASe9 (Miller et al, 1996), which had previously been 

digested with Sal I. 10% (5|l i 1) of purified PCR product and 10% (2|al) of pMHLC were 

resolved on a 0.7% w/v agarose gel containing ethidium bromide, as described in 

Sambrook et al, (1989) and shown in Figure 2.3a. Transformed DH5a cells were 

screened for cDNA inserts by Sal I digest. 20% of the purified miniprep DNA was 

digested with 10 units of Sal I, and resolved by electrophoresis as described above 

(Figure 2.3a). 10 recombinant clones were screened for correct insert orientation by 

PCR using the method described for cDNA synthesis. DNA was amplified by PCR 

using the forward primer used for cDNA synthesis (GHF) and a reverse anchor primer 

derived from the myosin light enhancer in pMHLC (EnhR) (Figure 2.3b). pMHLC-GH 

contains a truncated rabbit myosin heavy chain beta cardiac promoter (Cribbs et al,

1989), and a rat myosin light chain enhancer (Donoghue et a l, 1988), both of which 

have specific activity in differentiated muscle cells. The second vector, pcDNA3-GH, 

used a human cytomegalovirus (CMV) immediate early promoter to drive GH 

expression in muscle cells (Figure 2.2). pcDNA3-GH was made by removing the GH 

cDNA from pMHLC-GH by Sal I restriction digest, and by ligating to pcDNA3 digested 

with Xho I (Figure 2.4). The third vector, pcDNA3E-GH (Figure 2.2), was made in two 

steps; firstly by removing the 920 base pair sequence containing the myosin light chain 

enhancer from pPPASe9, using Bam HI restriction endonuclease, and by ligating this
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into pcDNA3 digested with Bgl II to make pcDNASE. Secondly, the 729bp Sal I DNA 

fragment containing the GH cDNA was ligated to pcDNASE, which had been digested 

with Xho I, to make pcDNA3E-GH (Figure 2.5).

2.2.2.3 Recombinant plasmid isolation

T4 DNA ligase was used for all DNA ligations, according to manufacturers instructions. 

Cloning grade competent DH5a E.coli cells, were used to screen ligation reactions for 

recombinant DNA vectors, as described by Sambrook et a/.,(1989). Briefly, DH5a cells 

transformed with plasmids were selected on Luria broth (LB) agar plates containing 

100|ig/ml of ampicillin. For each of the three plasmids described above, ampicillin 

resistant colonies were inoculated into 5ml cultures of LB ampicillin, and grown at 37°C 

for 16 hours in a rotary shaker set at 250 RPM. Plasmid DNA was isolated from cell 

pellets by alkaline lysis and purified by anion exchange chromatography using a mini 

prep kit (according to manufacturers instructions). Recombinant plasmids identified by 

restriction digests, were prepared for DNA sequencing and transfections using a maxi 

prep DNA isolation kit.

2.2.2.4 GH cDNA sequencing

The rat GH cDNA cloned in pMHLC-GH, was sequenced on both strands by the chain 

termination method described by Sanger, (1981), with a Sequenase™ version 2.0 kit 

(Amersham-Pharmacia Ltd), using the oligonucleotides shown in Figure 2.6. The 

correct sequences in pcDNA3-GH and pcDNA3E-GH were confirmed using the GHF4 

and GHR3 oligonucleotides.
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2.2.3 In vitro muscle cell culture and transfections

2.2.3.1 Materials

C2C12 myoblasts were obtained from the American Tissue Culture Collection (ATCC- 

CRL-1772), lipofectamine, fetal bovine serum (FBS), horse serum (HS), phosphate 

buffered saline (PBS), Optimem, Dulbecco’s modified eagle medium with Glutamax 

(DMEM), Horse serum (HS), were obtained from Gibco BRL. 75cm^ vented flasks and 

6 well tissue culture plates were purchased from Coming UK Ltd, pcDNA3-CAT from 

Invitrogen, Gentamycin and Ampicillin from Sigma Aldrich Ltd.

2.2.3.2 C2C12 myoblast and myotube cultures

Frozen C2C12 mouse myoblasts (Blau et a l, 1985), were thawed rapidly at 37°C, 

transferred into 15 ml of growth medium (DMEM + Glutamax containing 10% v/v FBS 

and 0.5%v/v Gentamycin/Ampicillin) in a 75cm^ vented flask, and medium was changed 

once the cells had adhered. Myoblasts were routinely grown to between 70-80% 

confluence, and split 1:20 every 2 days. Myoblasts were induced to fuse into myotubes 

by replacing growth medium with fusion medium, where 5% v/v HS was used as the 

serum supplement, and fresh medium was added every 2 days. Differentiation of cells 

was established visually, as myoblast fusion into myotubule-like syncytia (Barnhart et 

al, 1998). Cells were incubated in a humidified atmosphere of 5%C02/95% air at 37°C.

2.2.3.3 Transfection of C2C12 myoblasts

A modified version of the method described by Trivedi and Dickson, 1995 was used to 

transfect C2C12 myoblasts (Trivedi and Dickson, 1995). Initially, a mixture of cationic 

liposome (Lipofectamine) and a plasmid containing the chloramphenicol acetyl 

transferase (CAT) reporter gene (pcDNA3-CAT) was used to optimise the transfection
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of C2C12 myoblasts. Cells were lysed 24 hours after transfection and assayed for CAT 

activity following the method described in Chapter 3. In addition to this phase-extraction 

method, CAT activity was also visualised using thin layer chromatography (Method not 

shown). This optimised method was used to transfect myoblasts with each of the GH 

expression plasmids.

Dividing myoblasts were seeded in 6 well dishes (2ml) at a final density of 

7.5xlO"^cells/ml, and grown for 18 hours. Lipofectamine (lOfig) and plasmid DNA (2|ig) 

were mixed together in 1ml of serum free medium (Optimem), and incubated for 45 

minutes at room temperature. Cultures were washed 3 times in PBS to remove serum, 

and overlaid with hpofectamine/DNA complexes. Each transfection was incubated in 

5%C02/95% air at 37°C for 5 hours, and stopped by adding fusion medium. Transfected 

myoblasts were either grown for 48 hours before analysis of rat growth hormone 

production, or left over a 10 day period to reach confluence and to differentiate into 

myotubes.

2.2.4 Detection of GH immunoreactivity in the pituitary

2.2.4.1 Animals and materials

Two 6 week old male Sprague-Dawley rats were housed at 22°C on a 12 hour light/12 

hour dark cycle, and fed a pelleted diet ad-libitum and given free access to water. 

Saggatal (Pentobarbitone Sodium B.P., 60mg/ml) was obtained from Rhone Merieux, 

Harlow, UK and Fluothane was purchased from Zeneca Ltd, Macclesfield UK. Primary 

antibody to rat GH (Rhesus anti-rat growth hormone, RGH-ICl) was obtained from the 

National Hormone and Pituitary Program (NHPP), USA. Paraformaldehyde, HEPES 

buffer (N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulphonic acid]), sucrose, rabbit anti
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monkey IgG FITC (Fluorescein isothiocyanate) conjugate, DAB CO (1,4, diazobicylo 

[2,2,2]-octane), Triton X-100 and Tween-80 detergents were supplied by Sigma-Aldrich 

UK Ltd.

2.2.4.2 Methods

Procedures were carried out under personal and project licences. Rats were subjected to 

terminal anaesthesia with a non-recovery dose of Saggatal at 40mg/Kg (i.p.) and once 

deep anaesthesia had been induced, a catheter was introduced into the left ventricle of 

the heart. The right atrium was cut, and a solution of 4% paraformaldehyde in PBS was 

perfused into the circulation of the rat. The pituitaiy was then removed and placed in Ix 

HEPES/sucrose solution containing 4% paraformaldehyde, before cutting sections using 

a cryostat, and transferring tissues onto gelatin coated slides.

Tissue sections were incubated with 0.05% Triton X-100 in PBS for 5 minutes at room 

temperature, before incubating with blocking solution (10%v/v normal rabbit serum with 

0.02%v/v Tween-80 in PBS) for 10 minutes. Primary antibody (RGH-IC-1) was 

incubated at 1 in 100 in blocking solution in a humidified chamber, followed by 10 

washes with 0.05% Tween-80 in PBS. Second antibody (Rabbit anti-monkey IgG FITC 

conjugate) was incubated at 1 in 200 in blocking solution, followed by 5 washes with 

0.05% Tween-80. 2-3 drops of mounting medium (70%v/v glycerol, 2.5%v/v DAB CO 

in PBS, pH8.3) were added to each slide and covered with a coverslip. Coverslips were 

sealed onto slides using nail varnish. Each well was observed through an epi- 

fluorescence microscope with filters optimised from FITC detection. A magnification of 

X 40 was sufficient to identify immunofluorescence in pituitary sections.
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2.2.5 Western blot for recombinant rat GH

2.2.5.1 Materials

AfFinity-purified rat growth hormone was obtained from the National Hormone and 

Pituitary Program (NHPP), USA. Micro concentrators with a 5kDa molecular weight 

cutoff were obtained from Vivascience U.K. Ltd and prestained molecular weight 

markers from New England Biolabs. All electrophoresis reagents, Tween-20, Rabbit 

anti-monkey IgG alkaline phosphatase conjugate, EDTA, and BCIP/NBT developing 

reagent were obtained from Sigma-Aldrich and Hybond-C nitrocellulose membrane was 

purchased from Amersham-Pharmacia Ltd.

2.2.5.2 Western transfer and detection of rat GH

48 hours after transfection, conditioned medium (SOOpl) was removed from myoblasts, 

transferred to a microconcentrator and centrifuged at 13,000g for 15 minutes. Cell 

lysates were prepared as described by Novo et a l, (1997), and concentrated. Protein 

concentrates from each transfection were separated under reducing conditions by SDS- 

polyacrylamide gel electrophoresis (SDS-PAGE), as described in Sambrook et al, 

(1989). Protein molecular weight markers, rat growth hormone standard and protein 

concentrates were denatured at 80°C for 10 minutes in Ix sample loading buffer, and 

loaded onto a discontinuous polyacrylamide gel with a 4% w/v acrylamide stacking gel 

and a 12% resolving gel. Each gel was run for 1 hour with a constant current of 60mA 

per gel.

Protein was transferred to Hybond-C membranes using the method described in Harlow 

and Lane (1988). Membranes were washed once in PBS and incubated overnight at 4°C 

in blocking solution: PBS containing, 5%w/v fat free milk powder (Marvel™), 0.01%v/v
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Tween 20. Membranes were incubated at 4°C for 2 hours with primary antibody (RGH- 

ICl) diluted 1 in 200 in blocking solution, and then washed 3 times in PBS containing

0.01%v/v Tween 20. Second antibody (Rabbit anti-monkey IgG alkaline phosphatase 

conjugate) was diluted 1 in 2000 in blocking solution, and incubated with membranes at 

room temperature for 1 hour. Membranes were then washed 3 times in 0.01% Tween 20 

in Tris buffered saline (pH8). Alkaline phosphatase activity was detected by incubating 

nitrocellulose membranes with 5 ml of developing reagent, containing 5-bromo-4- 

chloro-3-indoloyl phosphate (BCEP) and nitro blue tetrazohum (NBT). Reactions were 

stopped by adding 20mM EDTA (ethylenediaminetetracetic acid) pH8.

2.2.6 Somatogenic bioassay for Rat GH

2.2.6.1 Materials

The creation of murine myeloid leukaemia cells that stably express the murine growth 

hormone receptor (FDCPl-MGHR) has been previously described (Rowlinson et al., 

1996), and these cells were provided by Professor Mike Waters, University of 

Queensland Australia. RPMI-1640 was obtained from Gibco BRL and penicillin, 

streptomycin, L-glutamine from Sigma-Aldrich. 25cm  ̂tissue culture flasks and 96 well 

microculture dishes were obtained from Corning U.K. Ltd, and human pituitary growth 

hormone (hGH - IS 80/505) was provided by the National Institute for Biological 

Standards and Control, South Mimms, U.K. 5-(3-carboxymethoxyphenyl)-2-(4,5- 

dimethylthiazolyl)-3-(4-sulphophenyl) tétrazolium inner salt (MTS) and phenazine 

methosulphate (PMS) were obtained from Promega U.K. Ltd.
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2.2.6.2 Cell culture

FDCPl-MGHR cells were maintained in suspension culture, in 25cm  ̂ flasks with 

growth medium consisting of RPMI 1640 medium without phenol red containing 10% 

FBS, lOOU penicillin/ml, lOOfig streptomycin/ml, 2mM L-glutamine and O.lpg/ml 

human growth hormone. Myeloid cells were routinely passaged every 3 days, and 

cultures were incubated in a humidified atmosphere of 5%C02/95% air at 37°C.

2.2.6.3 Microculture tétrazolium assays

A microculture tetrazohum assay (MTA) was used to measure the metabohc activation 

of FDCPl-MGHR cells by growth hormone. Cells were resuspended in assay medium 

without hGH, with 10% HS used as the serum supplement. Cells were dispensed into 96 

well microculture dishes (50pl) at a final density of 8x10^ cells/ml and activated with 

50|il aliquots of assay medium containing either recombinant rat GH derived from 

transfected muscle cells, or known amounts of pituitary-derived rat GH. For the 

comparison between recombinant rat growth hormone and pituitary standard, 

conditioned media from three separate transfections, shown by western blot to contain 

immunoreactive GH, was pooled and serially diluted in assay medium before adding to 

FDCPl-MGHR cells. Assay plates were then incubated for 24 hours in a humidified, 

gassed chamber at 37°C.

MTS tetrazohum salt and PMS, an intermediate electron acceptor, were used for the 

colorimetric MTA (Goodwin et al, 1996). 20|il of a solution containing an optimised 

mixture of MTS + PMS (4.1mM MTS + 0.15mM PMS) was added to assay wells and 

mixed. Each assay plate was then incubated in a dry, non-gassed incubator at 37°C for 2 

hours. The quantity of soluble formazan produced by bioreduction of MTS was
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determined by measuring optical density (O D ) at 490nm. Each sample was assayed in 

triplicate, and O.D. values expressed as the mean ± S.E.M. Significant differences 

between mean O.D. values were determined by analysis of variance (ANOVA) using 

SYSTAT 9, followed by paired comparisons using a post hoc Bonferroni test. 

Significance was set as P < 0.05.

2.3 RESULTS

2.3.1 GH expression plasmids

The rat GH cDNA was amplified by RT-PCR to make a 729 base pair product, which is 

shown in Figure 2.1 The PCR product was digested with Sal I, ligated to pMHLC to 

make pMHLC-GH (Figure 2.2), and recombinant plasmids were identified by digesting 

with Sal I, generating 4.5kb and 0.73 kb fragments (Figure 2.3a). Insert orientation 

within pMHLC-GH was established using PCR, with the forward (GHF) primer and a 

reverse primer from the myosin light chain enhancer, to generate a 0.79 kb fragment 

(Figure 2.3b). Manually sequencing of the GH cDNA was carried out on both strands in 

pMHLC-GH, and the nucleotide sequence was confirmed as that described by Seeburg 

et al. (1977). The method used to construct pcDNA3-GH and pcDNA3E-GH is shown in 

Figure 2.4 and Figure 2.5. The cDNA was excised from pMHLC-GH by Sal I digest 

and ligated to pcDNA3 or pcDNA3E, both of which had previously been digested with 

Xho I. Both types of recombinant plasmids were screened using a Pst I restriction digest, 

generating 4 kb and 2.1 kb DNA fragments for pcDNA3-GH (Lane 4, Figure 2.4) and 5 

kb + 2.1 kb products for pcDNA3E-GH (Lane 4, Figure 2.5). Sequencing confirmed 

cDNA orientation within each of these vectors (Figure 2.6).

98



A.

G H F  5 ' - C C G T C G A C A T G G C T G C A G A C T C T C A G A C T C C C 3 '

G H R  5 ' - C C G T C G A C A T T A G G A A C A A A G T G T A G G G G T G G C  - 3 '

B.

7 2 9 b p

RGH OPEN READING FRAME 3 'UTR

c.

0.73 kb

Figure 2.1 Rat growth hormone cDNA made by RT-PCR.

The rat GH cDNA was made from total rat pituitary RNA by reverse transcription and 

polymerase chain reaction (RT-PCR), as described in the Methods section of this 

chapter. A. PCR oligonucleotides incorporated a Sal 1 restriction site (in bold) at the 5’ 

end to facilitate cloning. B. The open reading frame and 3’ untranslated region o f the 

GH mRNA were amplified. C. RT-PCR amplification produced a 729 base pair product. 

1. 100 base pair marker, 2. PCR with AMV reverse transcriptase + Taq DNA 

polymerase, 3. RT-PCR without AMV reverse transcriptase.
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1.

pCMV RGH cDNA pA ColEl Amp

2.

pCMV RGH cDNA pA CoIEl Amp MLCE

3.

pMHC RGH cDNA pA ColEl Amp MLCE

Figure 2.2 Plasmid vectors used to produce recombinant GH in C2C12 myoblasts 
and myotubes.
1. pcDNA3-GH, 2. pcDNA3E-GH, 3. pMHLC-GH. The construction of each vector is 

described in the Methods section and the relevant sequences are shown here (not to 

scale): human cytomegalovirus immediate early promoter (pCMV), rabbit myosin heavy 

chain promoter (pMHC), rat myosin light chain enhancer (MLCE), rat growth hormone 

complementary DNA (RGH cDNA), bovine growth hormone polyadenylation signal 

(pA), E.coli origin of replication (ColEl), Ampicillin resistance gene (Amp).
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A.

4.5 kb

#  0.73 kb

B.

4.5 kb 

0.73 kb

Figure 2.3a Cloning of the rat GH cDNA in pMHLC-GH.

The 729 base pair rat GH cDNA was cloned in pMHLC (pPPASe9, Miller et a i ,  1995) 

which had been digested with Sal I. Ligations, transformations and screening were 

carried out as described in the Methods section.

A. Gel electrophoresis of rat GH cDNA and pMHLC digested with Sal I restriction 

endonuclease. 1. Ipg of kilobase ladder marker, 2. Ipg of 100 base pair marker, 3 and 

4. Undigested pMHLC, 5. Rat GH cDNA, 6 and 7. pMHLC.

B. Recombinant DNA clones were made by ligating Sal I digested GH cDNA and 

pMHLC fragments. Transformed D H 5a cells were screened for cDNA inserts by Sal I 

digest. 1. Ip-g of kilobase ladder, 2-14. Transformant DNA cut with Sal I. 15. pMHLC 

transformant DNA cut with Sal I.
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A.
0.79 kb

GHF -j?*-

Rat GH cDNA I MLC Enhancer
EnhR

B.

0.79 kb

Figure 2.3b Recombinant plasmid clones screened by PCR.

A. DNA was amplified by PCR using the forward primer used for cDNA synthesis 

(GHF) and a reverse anchor primer derived from the myosin light enhancer in pMHLC 

(EnhR). B. 10 recombinant clones were screened for correct insert orientation by PCR 

using the method described for cDNA synthesis. 1. Ipg 100 base pair ladder, 2. 250ng 

of rat GH cDNA, 3-12. Recombinant DNA clones screened for insert orientation.
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2.1 kb 
1.4 kb

Figure 2.4 Origin of pcDNA3-GH.

pMHLC-GH and pcDNAB were digested with: Sal I and Xho I restriction endonucleases 

respectively, and the GH cDNA was ligated to pcDNA3. DH5a cells transformed with 

pcDNA3/GH cDNA were screened for correct insert size by Pst I restriction digest, as 

described in the Methods section. 1. pMHLC-GH digested with Sal I, 2. pcDNA3 digested 

with Xho I, 3 and 4. pcDNA3 and pcDNA3-GH digested with Pst I.
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pM H LC  
GH  

5.2 kb

Sal I :

pcD N A 3E -

6.3 kb

Xho I

kbl 2

pcD N A 3E - 
GH  

7 kb

kbl 3 4

Figure 2.5 Origin of pcDNA3E-GH.

pcDNA3E-GH was made in two steps. Firstly, the 920 base pair sequence containing the 

myosin light chain enhancer from pMHLC was cloned in pcDNA3 as described by Novo 

et al. 1997. Secondly, pMHLC-GH and pcDNA3E were digested with: Sal I and Xho I 

restriction endonucleases respectively, and the GH cDNA fragment from pMHLC-GH 

was ligated into pcDNA3E, as described in the methods section. Transformants were 

screened by Pst I restriction digest. 1. pMHLC-GH digested with Sal I, 2. pcDNA3E 

digested with Xho I, 3 and 4. pcDNA3E and pcDNA3E-GH digested with Pst I.
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A.

MHC-PRO 5 ' - C T C C A G G T T A G G A A G G G G C - 3 '

GHF 1 5 ' - C C G T C G A C A T G G C T G C A G A C T C T C A G A C T C C C - 3 '

GHF 2 5 ' - C A G C A G G A T C T T T A C C A A C - 3 '

GHF 3 5 ' - C C T A T G A C A A G T T T G A C - 3 '

GHF 4  5 ' - G A A G T G T C G C C G C T T T G C G - 3 '

B.

Enh R 5 ' - G G G C T T C T C G T G T A A T G T - 3 '

GHR 1 5 ' - C C G T C G A C A T T A G G A A C A A A G T G T A G G G G T G G C - 3 '

GHR 2 5 ' -  G T C A A A  C T T G T C A T A G G T T T G - 3 '

G HR3 5 ' - G G C T G G G A T G G T C T C T G A G - 3 '

Figure 2.6 Oligonucleotides used to sequence the rat GH cDNA.

The rat growth hormone cDNA was sequenced manually on both strands in pMHLC-GH 

using a Sequenase version 2.0 kit, and each oligonucleotide was spaced approximately 

150 base pairs apart on the GH cDNA to allow overlap of sequences. GHF/R denote 

cDNA forward and reverse primers. MHC-PRO and Enh R sequences are derived 

respectively from the myosin heavy chain promoter and myosin light chain enhancer 

elements used in pMHLC-GH.
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2.3.2 Immunoreactivity of rat GH produced by C2C12 myoblasts

Rat GH antibody (RGH-IC-1) immunoreactivity was confirmed initially by incubating 

this antisera with fixed rat pituitary sections. Figure 2.7 shows specific 

immunoreactivity in the anterior component of the gland. This antibody also 

immunostained with GH3 pituitary tumour cells and for westerns blots, RGH-IC-1 

activity was optimised using GH isolated from these cells (results not shown). 

Undifferentiated C2C12 myoblasts produced immunoreactive recombinant rat growth 

hormone 2 days after transfection with pcDNA3-GH, and Figure 2.8 shows a western 

blot of conditioned media from 3 separate transfections. These contained recombinant 

protein, which co-migrated at 22kDa with pituitary-derived rat growth hormone. A more 

sensitive method of chemiluminsecent detection also demonstrated that rat GH was also 

present in cell extracts (data not shown). Rat GH immunoreactivity could not be 

detected using these methods, either in control C2C12 myoblasts or in cells transfected 

with plasmid without the GH cDNA (pcDNA3).

2.3.3 Bioactivity of recombinant rat GH

The conditioned media from C2C12 myoblasts transfected with pcDNA3-GH stimulated 

FDCPl-MGHR myeloid cells, which express the murine GH receptor, as measured by 

the MTA assay (Figure 2.9). Hormonal specificity of these responses to the pooled 

media was demonstrated by the abolition of the bioactivity by preincubation with an 

antibody raised against the native hormone (results not shown). Additionally, no 

stimulation was observed with the media harvested from negative controls of 

untransfected C2C12 myoblasts, or from cells that had been transfected with pcDNA3 

only.
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Figure 2.7 Growth hormone immunoreactivity in the anterior rat pituitary.

A longitudinal section of a pituitary gland taken from a 5 week male rat perfused with 

4% paraformaldehyde was immunostained with RGH-IC-1 polyclonal antiserum to rat 

growth hormone to confirm antibody specificity, as described in the Methods section of 

this chapter. FITC fluorescence, showing GH immunoreactivity, can specifically be seen 

in the anterior pituitary, but not in the posterior component of the gland.
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Figure 2.8 Western blot of recombinant growth hormone produced by transfected 

C2C12 myoblasts.

Conditioned medium was removed from undifferentiated C2C12 myoblasts 2 days after 

transfection with either pcDNA3, or pcDNA3-GH. Three independent transfections were 

analysed and immunoreactive recombinant rat GH was detected using RGH-IC-1 

antisera, as described in the Methods section. Each replicate transfection is shown: 1. 

50ng rat pituitary GH standard, 2,5,8. Conditioned media from C2C12 myoblasts 

transfected with pcDNA3, 3,6,9. Cell extracts from C2C12 myoblasts transfected with 

pcDNA3-GH, 4,7,10. Conditioned media from C2C12 myoblasts transfected with 

pcDNA3-GH.
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Figure 2.9 Stimulation of FDCPl-MGHR cells by rat GH produced by transfected 

C2C12 myoblasts. Conditioned media, containing immunoreactive rat GH from 3 

separate transfections of C2C12 myoblasts, was pooled and assayed for somatogenic 

activity. Serial dilutions of pooled media, taken from undifferentiated myoblasts 48 

hours days after transfection with pcDNA3-GH, were used to activate target cells in the 

colorimetric somatogenic bioassay, as described in the methods section. Hormonal 

activation was quantified by the increased O.D. (490 nm) due to formazan production by 

FDCPl-MGHR target cells. Negative controls were run as described in the text. In 

addition, a dose-response curve to affinity purified rat pituitary GH standard was run in 

parallel in this bioassay. For both GH preparations, each dilution was tested in replicate 

wells (n = 3) and all responses are expressed as mean O.D. ± SEM.
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A comparison between dose-response curves to the secreted recombinant rat GH and rat 

pituitary-derived GH standard, revealed essentially parallel response increments (Figure 

2.9).

2.3.4 Comparison of vector efficiency in muscle cells

The bioassay was used to compare the levels of recombinant rat GH secreted into 

conditioned medium by undifferentiated C2C12 myoblasts and fused myotubes, which 

had been transfected with plasmid GH expression vectors containing different 

combinations of viral and muscle promoter elements (Figures 2.10 and 2.11). Figure 

2.10 shows the comparison of CMV promoter activity in both cell types. 10 days after 

transfection with pcDNA3-GH, the bioassay response to the rat GH secreted from 

differentiated myotubes was significantly less than that secreted from undifferentiated 

myoblasts (0.77 O.D. units ± 0.07 vs 1.1 ±0.1 respectively, p<0.0001). These responses 

were indistinguishable (both 1.0 ± 0.09, p>0.05) if myotubes and myoblasts were instead 

transfected with pcDNA3E-GH, which included both the CMV promoter and the myosin 

light chain enhancer element (Figure 2.10)

In a separate series of transfections, the efficiencies different plasmids in 10 day cultures 

of transfected C2C12 myotubes were confirmed. When myotubes had been transfected 

with pcDNA3E-GH, they produced significantly more GH than myotubes transfected 

with pcDNA3-GH (0.82 ± 0.06 vs 0.57 ± 0.05, p<0.05) (Figure 2.11) However, if the 

plasmid vector pMHLC-GH was substituted, there was a marked decrease in the 

responses to the conditioned medium from fused myotubes, compared with pcDNA3- 

GH and pcDNA3E-GH (0.24 ± 0.02 vs 0.57 ± 0.05 vs 0.82 ± 0.06 respectively; p<0.05) 

(Figure 2.11)

110



O.D.
490nm

Figure 2.10 Comparison between plasmid vector activities in undifferentiated 
C2C12 myoblasts, and in differentiated C2C12 myotubes
Conditioned media was harvested from cultures of undifferentiated C2C12 myoblasts 2 

days after transfection, or from differentiated C2C12 myotubes 10 days after 

transfection, and tested for rat GH production using the somatogenic bioassay. The 

transfection variants were: 1. Untransfected myotubes, 2. Myotubes transfected with 

pcDNA3, 3. Myoblasts transfected with pcDNA3-GH, 4. Myotubes transfected with 

pcDNA3-GH, 5. Myoblasts transfected with pcDNA3E-GH, 6. Myotubes transfected 

with pcDNA3E-GH. Transfected myoblasts were induced to differentiate into myotubes, 

as described in the methods section. Transfections were repeated three times and the 

conditioned media from individual experiments were assayed for GH bioactivity in 

replicate wells (n = 3). All responses are expressed as mean O.D. ± SEM, with 

significant differences between mean O.D. values determined by analysis of variance 

(ANOVA), followed by a post hoc Bonferroni test. *p < 0.05 for variant 4 compared 

against variant 3.
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Figure 2.11 Comparison between 3 plasmid expression vectors in 10-day cultures of 

transfected C2C12 myotubes. The transfection variants were: 1. Untransfected 

myotubes, 2. Myotubes transfected with pcDNA3-GH, 3. Myotubes transfected with 

pcDNA3E-GH, 4. Myotubes transfected with pMHLC-GH. Transfected myoblasts were 

induced to differentiate into myotubes as described in the methods section. For each 

plasmid, conditioned medium from 6 separate transfections was tested for rat GH 

bioactivity in replicate cultures of FDCPl-MGHR target cells (n = 3) and all responses 

are expressed as mean O.D. ± SEM. Significant differences between mean O.D. values 

were determined by analysis of variance (ANOVA), followed by a post hoc Bonferroni 

test. *p < 0.05 for variant 3 compared against variant 2, and for variant 3 compared 

against variant 4.
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This vector contained the myosin heavy chain promoter and myosin light chain enhancer 

element. It was concluded that, since the responses observed were a direct function of 

the GH secreted, the combination of CMV promoter and myosin light chain enhancer in 

pcDNA3E-GH had the greatest expression efficiency of the vectors which were 

investigated.

2.4 DISCUSSION

The aim of this part of the thesis was to compare the relative amounts of recombinant rat 

GH produced by three types of plasmid DNA vector in differentiated C2C12 myotubes 

and in undifferentiated C2C12 myoblasts, with a view to developing one or more of 

these for delivering GH in vivo. Immunoreactive recombinant rat GH was secreted by 

C2C12 myoblasts transfected with pcDNA3-GH, and this had the same molecular 

weight as pituitary-derived rat GH. The somatogenic bioassay was then used to 

demonstrate that the immunoreactive protein had a comparable biological activity to 

native rat GH. Both recombinant and pituitary-derived GH generated similar dose- 

response curves over the same dilution range, when incubated with FDCPl-MGHR 

cells.

Using this bioassay to measure GH secretion as a function of promoter activity, the 

efficiency of the CMV promoter was then compared in both transfected C2C12 

myoblasts and differentiated myotubes. It was subsequently found that myotubes 

transfected with pcDNA3-GH produced significantly less biologically active GH when 

compared to myoblasts transfected with the same construct. However, when the CMV 

promoter was combined with a muscle-specific enhancer in the vector pcDNA3E-GH,
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equivalent levels of bio active GH were secreted by transfected C2C12 cells irrespective 

of the state of differentiation of these muscle cells.

2.4.1 Activity of CMV promoter in differentiated muscle cells

The decrease in the levels of GH secreted, following differentiation of transfected 

myoblasts into myotubes, and the subsequent attenuation of this effect when the CMV 

promoter was combined with the myosin light chain enhancer element in pcDNASE- 

GH, was consistent with the current understanding of several of the cellular processes 

that control gene expression during myogenesis. Firstly, the reduction in GH secretion 

observed in myotubes transfected with pcDNA3-GH may have been caused by the 

decrease in binding activity of the activator protein-1 (AP-1) transcriptional activator, 

which occurs following the induction of myogenesis in vitro (Lehtinen et al, 1996). AP- 

1 is a heterodimer consisting of Fos and Jun protein monomers, which specifically 

activates promoters that contain the binding site TGACTCA, including the CMV 

promoter used in pcDNA3-GH and pcDNA3E-GH (Lehtinen et al, 1996). Alternatively 

the decrease in GH secretion may have been caused by plasmid loss following 

differentiation of muscle myoblasts to myotubes. A second plasmid, co-transfected with 

the GH expression plasmids could have been used to measure this effect, as has been 

described by Novo et a l, 1997.

2.4.2 Combined effect of CMV promoter and myosin enhancer

A reversal of this effect was seen when the myosin light chain enhancer was combined 

with the CMV promoter. The difference between the levels of GH secreted by myotubes 

transfected with pcDNA3-GH, as opposed to pcDNA3E-GH must be due to the myosin 

light chain enhancer, as this is activated specifically in differentiated C2C12 myotubes.
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but not in dividing myoblasts (Donoghue et al, 1988). The MLC enhancer is able to 

bind trans-activating factors which activate the CMV promoter, as it contains several E 

box (CANNTG) and A/T rich (CTA)A/T4) DNA motifs. These sites bind to the 

myogenic differentiation factor (MDF) and myocyte enhancer family of transcription 

factors, which are expressed during muscle cell differentiation (Neville and Rosenthal, 

1998). The observations indicate that the myosin light chain enhancer compensates for 

the reduction in CMV promoter activity, which occurs following differentiation of 

transfected muscle cells.

2.4.3 The muscle-specific promoter and enhancer

In comparison with the plasmids using the CMV promoter, pMHLC-GH generated 

much lower levels of GH in transfected C2C12 myotubes. This vector used a truncated 

myosin heavy chain promoter in combination with the myosin light chain enhancer 

element, and the results were consistent with previous observations where these vectors 

were used for the expression of human alpha-galactosidase (Novo et al, 1997). As two 

independent studies show that the myosin promoter and light chain enhancer 

combination do not work well with a rat GH or human alpha-galactosidase cDNA’s, 

replacement of their 3’ untranslated regions (3’UTR) with that from the myosin heavy 

chain gene could improve levels of translation in differentiated myotubes. For instance, 

Coleman et a l showed that replacement of the human IGF-1 3’UTR with that from the 

skeletal a-actin gene, increased the half-life of hIGF-1 mRNA in C2C12 myotubes 

transfected with skeletal a-actin/IGF-1 hybrid genes (Coleman et al, 1995). Using the 

method described by these authors, the effects of combining the rat GH cDNA with the
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myosin heavy chain 3’UTR on mRNA stability could be measured in transfected muscle 

cells, which had been exposed to actinomycin D to prevent de novo RNA synthesis. 

Although the modification of the 3 ’UTR could have a positive effect on GH production 

by these transfected cells, it was evident from these studies that the amount of 

biologically active GH produced by transfected C2C12 myotubes depended on the types 

of promoter element used in each plasmid vector. The combination of viral and muscle- 

specific transcription elements proved to be the most effective in differentiated muscle 

cells, and subsequently this vector was used in the in vivo work described in chapter 3. 

The combination of CMV promoter and a myogenin gene enhancer has further been 

shown to be effective at producing luciferase in mouse muscle, supporting the use of this 

type of combination in vivo (Barnhart et al, 1998).

2.4.4 Synthetic promoters

The individual units which confer specific transcriptional activity in muscle-promoters 

and enhancers have also been used to design synthetic promoters. Li et al, 1999 showed 

that an artificial promoter based on the random assembly of muscle-specific 

transcription factor binding sites was capable of generating higher levels of luciferase 

activity in muscle cells than either the high activity muscle specific skeletal a-actin 

promoter, or CMV promoter (Li et a l, 1999). The general discussion in chapter 5 also 

discusses the relative efficiency of promoter elements when used in vivo, and the relative 

merits of using viral, muscle and synthetic promoters.

2.4.5 Conclusions

In conclusion, the optimisation of transcription of a therapeutic gene is necessary before 

proceeding to in vivo studies. In the work described in this chapter, the amount of
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biologically active growth hormone produced by transfected C2C12 myotubes was 

found to depend on the types of promoter element used in each plasmid vector, and a 

combination of viral and muscle specific transcription elements proved to be the most 

effective. Although in vivo studies of these chimaeric vectors offer the only real method 

for determining how well these elements will work, in vitro screening of promoter 

enhancer combinations reduces animal use.
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CHAPTER 3 Effects of plasmid - growth hormone injection in 
dwarf rats

3.1 INTRODUCTION

The first chapter in this thesis discussed the function of the three major proteins involved 

in stimulating post-natal growth. These are: hypothalamic growth hormone releasing 

hormone (GHRH), pituitary growth hormone (GH), and insulin like growth factor I 

(IGF-I), which mediates the (anabolic) growth promoting effects of GH in tissues such 

as bone. All three of these factors have been produced by somatic gene transfer in vivo, 

with GHRH and growth hormone having a positive effect on growth rate. The 

introductory section of this chapter discusses the various methods which have been used 

to deliver GHRH, GH and IGF-1 in vivo, and also the physiological effects which these 

methods of protein administration have on the animal models used.

3.1.1 Gene transfer of growth hormone and IGF-1

Growth hormone gene transfer was demonstrated independently by Dhawan et al., 1991 

and Barr and Leiden 1991. In the first of these studies, myoblasts which had been stably 

transfected with a retrovirus containing an hGH cDNA were implanted into the leg 

muscles of mice. Elevated serum hGH levels of between 5.8 and lO.lng/ml were 

observed 56 and 85 days respectively after myoblast injection. Furthermore, transplanted 

myoblasts either became integrated into the existing muscle structure of the mice to form 

large diameter myofibres, or transplanted cells remained as clusters of multinucleated 

myoblasts. Although this method was effective at producing and secreting hGH into the 

serum for up to 3 months from a fixed source in muscle tissue, the immunological 

incompatibility of transduced C2C12 myoblasts made an immunosuppression regime
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necessary (75|ig cyclosporin A/gram body weight given daily by i.p. injection (Dhawan 

e ta l, 1991).

These results led the authors to propose the use of myoblast transfer as an alternative 

method for delivering recombinant hGH, both to individuals with short stature caused by 

GH deficiency and to elderly individuals with muscle atrophy. This latter suggestion was 

recently investigated using artificial muscle implants made from the GH -  transduced 

myoblasts developed by Dhawan et al. 1991. Artificial muscle implants were more 

effective at attenuating skeletal muscle atrophy induced by hindlimb unloading, than 

daily hGH injections, as determined by muscle wet weight. These authors suggested that 

because the in vivo efficiency of this method could be predicted by measuring levels of 

GH secretion from cultured artificial muscle and that as muscle implants could be 

retrieved, that this method would have advantages over myoblast transfer (Vandenburgh 

e ta l, 1998).

3.1.2 Local effects of AAV - IGF-1 transfer into muscle

The effect of IGF-1 gene transfer on muscle was investigated by Barton-Davis et al, 

(1998). Intramuscular injection of an AAV vector containing a rat IGF-1 cDNA into the 

hindlimb s of mice induced muscle hypertrophy, which was accompanied by an increase 

in force generation. Furthermore, i.m. injection of the AAV/IGF-1 vector prevented a 

significant loss in type IIB fast muscle fibres, which was observed in ageing control 

EDL muscles. It was also notable that these effects were observed in the absence of a 

significant increase in circulating IGF-1 levels in treated mice (248 +/- 19.5ng/ml for a 

control mouse vs 217 +/- 46.5 ng/ml for an AAV/IGF-1 injected mouse), indicating that 

a negative effect on the long IGF-1 feedback loop to the pituitary would not be observed
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following i.m. injection of this vector (Barton Davis et al, 1998). However, multiple 

injections into several weight bearing muscles would be necessary for this method to be 

fully effective, and this could lead to an increase in circulating IGF-1 levels.

3.1.3 Adenoviral transfer of growth hormone

The method of somatic gene transfer which has been most effective at increasing 

circulating IGF-1 levels was published by Hahn et al, 1996. Constitutive expression of a 

rat GH cDNA in lit/lit mice was induced, following tail vein injection of this cDNA in 

an adenoviral vector. Subsequently, IGF-1 levels of 238+/-55ng/ml were significantly 

higher in adenovirus/GH treated mice than in controls (61+/- 17ng/ml). Furthermore, 

IGF-1 levels were higher than in age-matched lit/+ heterozygous controls, and IGF-I 

remained elevated for the duration of the study (7 weeks). The high IGF-1 levels 

observed in adenovirus/GH treated mice also corresponded with an increase in body 

weight, which matched that of age matched controls //Y/+ controls, and this was caused 

by a 2-fold order of magnitude increase in serum GH; 1.9p.g/ml in treated animals, 

compared with approximately 20ng/ml in untreated mice (Hahn et a l, 1996).

Although this study represents the most effective method described to date for 

increasing circulating levels of growth hormone in an dwarf animal model for dwarfism, 

organ hypertrophy/hyperplasia was seen in adenovirus/GH treated lit/lit mice. The liver, 

kidneys and heart of treated mice weighed more than those of age matched lit/+ 

controls, and as elevated GH is associated with tissue hyperplasia, e.g of the mammary 

gland in non human primates, and epithelial hyperplastic growth may precedes cancer in 

acromegalic patients this method raises major safety concerns, when considering its 

potential applicability in man.
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3.1.4 Gene transfer of human GHRH

Somatic gene transfer using GHRH has also been used to increase the growth rate of 

mice with a normal pituitary function (Draghia Akli et al, 1997). A single i.m. injection 

of lOOfig of plasmid containing a human GHRH cDNA was sufficient to increase the 

circulating GH levels and growth rate over control mice. Mean GH levels peaked 7 days 

post injection (36+/- 28.28ng/ml vs 8.2+/- 1.9ng/ml respectively), corresponding with 

increased IGF-1 levels in the liver, although changes in the circulating IGF-1 levels were 

not reported in this paper. The effects of this treatment were also transient, due to the 

presence of anti-human GHRH antibodies 28 days after injection (Draghia Akli et al, 

1997). GHRH plasmid transfer has also been applied to large farm animals. For 

example, a single i.m. injection of lOmg plasmid/GHRH cDNA into 3 week old piglets 

increased the average body weight by 37%, and increased serum IGF-1 levels by up to 6 

fold over controls. Additionally, a proportionate increase in the mass of internal organs 

also accompanied the increases in growth rate (Draghia Akli et al, 1999).

3.1.5 In vivo bioassays for growth hormone action

As discussed in Chapter 1, musculo-skeletal growth becomes progressively more 

dependent on GH during development and this is evident in children with defects in the 

hypothalamo-pituitary axis. A deficiency in GH action can be caused by mutations 

within the protein coding exons of the GH gene -  preventing GH from activating its 

receptor, or for instance within the receptor itself, preventing GH from activating signal 

transduction pathways in target cells. In addition, combined pituitary hormone 

deficiencies are caused by mutations in genes which control the development of anterior
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pituitary lineages, and there are a variety of disorders with a secondary GH defect in GH 

action, where patients respond to treatment with recombinant human GH.

Recombinant hGH preparations are tested in animal models for GH deficiency and the 

traditional model for measuring the biological effects of growth hormone in vivo is the 

hypophysectomised rat. The pituitary gland is removed by the parapharyngeal approach, 

and this results in a complete cessation of growth. Partial restoration of growth rate can 

be achieved by administration of GH, and as the other pituitary hormones have also been 

removed by hypophysectomy, rats require daily i.p. injections of corticosterone acetate 

and L-T4 to replace missing corticotroph and thyrotroph function (Kamegai et al., 1994).

3.1.6 “Little” mice models

Several murine genetic models for dwarfism have been used to study the hypothalamo- 

pituitary axis, and the action of GH on these pathways. For instance the litAit mouse 

used for the adenoviral/GH transfer described by Hahn et al. 1996, has an isolated GH 

deficiency which results from a nucleotide substitution replacing an asparagine with a 

glycine residue in the extracellular domain of the GHRH receptor (Lin et al, 1993). This 

results in a pituitary which is deficient in both GH and prolactin, containing 

somatotrophs with few secretory granules and a low amount of GH precursor RNA 

(Cheng a/., 1983).

Two other mutant mice with growth retardation resulting from defective pituitary 

development have also been described. Firstly, Snell mice have a mutation in the Pitl 

gene, and the resulting somatotroph hypoplasia causes a reduced size of between one 

quarter and one third of normal mice (Cheng et al, 1983). In addition, P/77-dependent 

lactotrophs and thyrotroph populations are hypoplastic, and the associated short stature
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caused by this pituitary hypoplasia can be corrected by administration of the 

corresponding pituitary hormones. The second of these murine models of dwarfism is 

caused by a mutation in the Propl gene, a transcription factor which is required to 

activate Pitl gene expression. This Ames mutation results in a lack of identifiable 

somatotrophs and lactotrophs, and no GH or prolactin can be detected in these animals 

(Slabaugh e/ût/., 1981).

3.1.7 Dwarf rat models for GH deficiency

Two dwarf rat models for isolated growth hormone deficiency, have also been used to 

study GH function in vivo. The spontaneous dwarf rat (SDR) has a mutation in the GH 

gene, resulting in a splicing defect during GH mRNA synthesis and a complete lack of 

GH protein synthesis (Takeuchi et al, 1990). Other than somatotroph hypoplasia, the 

SDR rat has a normal anterior pituitary morphology, allowing GH function to be studied 

in isolation without the additional complication of other pituitary hormone deficits. The 

SDR model has been used to study the effects of hGH and hGHRH on somatostatin and 

GHRH receptor mRNA levels (Kemegai et a l, 1998), and the effect of GH on IGF 

binding protein levels (Nogami et al, 1994).

3.1.7.1 The dw/dw rat

An extensively studied animal model for growth hormone deficiency is the dwarf rat, 

which was first described by Charlton et al, 1988. The dwarf {dw/dw) rat also has an 

isolated GH deficiency, with low circulating GH levels that are 5-10% of heterozygous 

littermates (Charlton et al, 1988). In addition, dw/dw rats retain the sexually dimorphic 

pattern of GH secretion which is seen in normal animals - with the exception of a greatly 

reduced pulse amplitude (Figure 3.1) (Legraverend et al, 1992).
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Figure 3.1 Plasma GH profiles in conscious dwarf rats. Blood was removed from 

conscious dwarf rats via indwelling cannulae, and assayed for plasma GH by 

radioimmunoassay. Figure reproduced with permission from Legraverand et a i, (1992).
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This feature has allowed a number of aspects of GH physiology to be studied, for 

example: the differential effects of the peak and trough components of the GH release 

profile on growth, GH binding protein and GH receptor levels (Gevers et al, 1996), the 

effects of GH on GH receptor levels in the central nervous system (Bennett et al, 1995), 

the effects of GH on IGF-1 receptor expression (Butler et al, 1994), and its effects on 

hepatic steroid hydroxylating enzymes (Legraverend et al, 1992; Wells et al, 1994).

3.1.8 Aims of study

The primary aim of the work described in the following sections was to use intramusular 

injection of plasmid containing a rat GH cDNA to increase the growth rate of dwarf rats. 

In Chapter 2, it had been shown that the plasmid pcDNA3E-GH generated higher levels 

of biologically active GH in skeletal muscle myotubes than either vectors using viral or 

muscle-specific promoters on their own. Subsequently, pcDNA3E-GH was used for i.m. 

injection into dwarf rats. In the following experimental section, the effects of plasmid 

DNA administration on growth rate and circulating IGF-1 levels in GH deficient dwarf 

rats are described. In addition, preliminary data on the potential for modulating IGF-1 

levels within the gastrointestinal tract are also discussed.

3.2 MATERIALS AND METHODS

3.2.1 Optimisation of gene transfer into muscle

3.2.1.1 Animals and materials

3 week old male Lewis rats were obtained from Harlan UK Ltd. and were housed at 

22°C on a 12 hour hght/12 hour dark cycle. All animals were fed a pelleted diet ad

lib itum and given free access to water. The pcDNA3-CAT plasmid reporter vector was 

obtained from Invitrogen UK Ltd. Qiagen megaprep DNA isolation kits were supplied
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by Qiagen UK Ltd. 27G tuberculin syringes with a permanently attached needle, and 

Triton X-114 were supplied by Sigma-Aldrich UK Ltd.

3.2.1.2 Preparation of endotoxin free plasmid for i.m. injections

Cloning grade competent DH5a E.coli cells were transformed with plasmid pcDNA3- 

CAT, as described in the methods section in Chapter 2. Individual transformants were 

inoculated into 5 ml starter cultures of LB + ampicillin (lOOpg/ml) and grown overnight 

in a 37 °C shaker at 250 rpm. 500pl of each starter culture was inoculated into flasks 

containing 500ml LB + ampicillin and incubated with shaking (240 rpm) for 16 hours. 

Cells were centrifuged at 4°C and 3000 rpm, for 10 minutes in a GSA rotor and Sorvall 

centrifuge. DNA was isolated from the pellets by anion exchange chromatography using 

a Qiagen kit, according to manufacturers instructions, and bacterial endotoxin was 

removed as described (McMahon et al, 1998).

Pellets containing the cellular material were resuspended in 50 ml buffer PI, lysed in 

50ml buffer P2 for 5 minutes at room temperature, and DNA was precipitated on ice for 

30 minutes using 50ml buffer P3. Precipitates were separated by centrifugation at 4°C 

and 6000 rpm, for 20 minutes in a GSA rotor and Sorvall centrifuge, followed by a 

second spin for 20 minutes to remove additional precipitates of bacterial chromosomal 

DNA and cellular debris. Endotoxin was removed by incubating supernatants on ice for 

30 minutes with Triton-X114 at a concentration of l%v/v. Supernatant was passed 

through an exchange column with a 2.5 mg capacity, that had been previously been 

equilibrated with 35 ml of buffer QBT. Columns were washed 4 times with 100ml of 

buffer QC, and DNA was eluted from the column into sterile polypropylene tubes using 

35 ml buffer QF, and precipitated with 70% v/v of isopropanol. Plasmid DNA was
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centrifuged at 4°C and 11500 rpm for 40 minutes in an SS-34 rotor and Sorvall 

centrifuge. DNA pellets were washed in 5ml of 70% sterile ethanol, dried at room 

temperature, and resuspended in 1 ml of sterile saline (0.9% w/v NaCl). DNA solutions 

were quantified as described in the methods section of Chapter 2, adjusted to a 

concentration to 2\x^\x\ and stored at -20°C prior to injection. This method yielded 

between 2 - 4mg of DNA per preparation.

3.2.1.3 Intramusular injection of pcDNA3-CAT into rat muscle

1 week before each experiment, Lewis rats were divided into groups to allow 

socialisation. All animal procedures were carried out under personal licence and 

departmental project licence, in accordance with the Animal Procedures Act 1986. Light 

anaesthesia was induced in rats by placing each animal in a box, and introducing a 

mixture of 3% Fluothane in 2 litres/minute O2 Anaesthesia was generally maintained at 

between 1.5 - 2.5% Fluothane in 2 litres/minute O2 and the depth of anaesthesia was 

assessed by pedal withdrawal reflex, combined with loss of ciliary reflex. Prior to 

intramuscular injection, each leg was shaved and the leg muscles were illuminated with 

a high intensity lamp. In the initial experiments both tibilais anterior muscles were 

injected singly with lOOpl of pcDNA3-CAT, to compare which side resulted in the 

greatest level of expression. Once this had been determined, the contralateral side was 

injected with saline.

To minimise variability between injections, the needle was introduced parallel to the 

fibres of the tibialis anterior muscle, at an angle of approximately 30 degrees and a depth 

of 2-3mm. The depth of injection was controlled by putting a plastic sleeve on the 

needle barrel, and the needle was held in place for about 10 seconds to allow fluid to
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enter the injection site and to prevent fluid loss following the withdrawal of needle. 

Following intramuscular injection, each rat was placed in a box containing sawdust and 

monitored before returning to its cage. A full recovery was typically made in about 5 

minutes. This was determined by restored mobility, although older animals (15 weeks) 

took longer to anaesthetise and this subsequently extended the recovery time.

5 days after injection with pcDNA3-CAT, rats were placed in a chamber and exposed to 

carbon dioxide gas in a rising concentration. Expiration was effected by cervical 

dislocation. Each t.a. muscle was removed, dissected into approximately 10 pieces, 

placed in a 2 ml cryogenic vial, snap frozen in liquid nitrogen and stored at -70°C until 

used.

3.2.1.4 Assays for chloramphenicol acetyl transferase (CAT) reporter
activity in injected muscle tissue

3.2.1.4.1 Materials

D-threo-[l,2-*'^C] Chloramphenicol (specific activity 1.85GBq/mmol) was obtained from 

ION Pharmaceuticals, Inc. Thame U.K. Bicinchoninic acid. Copper Sulphate (CUSO4 ), 

Butyryl Coenzyme A, TMPD, Mixed Xylenes, Scintillation fluid and Bovine Serum 

Albumin were purchased from Sigma-Aldrich UK, Ltd.

3.2.1.4.2 Methods

Frozen muscle tissues were ground to a fine powder on dry ice, using a mortar and pestle 

which had been cooled with liquid nitrogen. Tissue lysates were prepared using a 

modified version of the method described (Novo et al, 1997). Ground muscle powder 

was transferred to a 1.5ml centrifuge tube and 500pl of Ix RLBP was added (Ix RLBPl 

= 1 reporter lysis buffer in PBS + protease inhibitor cocktail). The mixture was vortexed 

at room temperature for 10 minutes, and cell debris was removed by centrifuging twice
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for 5 minutes at 4°C and 13,000g. Supernatants were assayed immediately for CAT 

activity, or stored -20° C. Protein concentration was determined using the bicinchoninic 

acid method. Cu(II) is reduced in the presence of protein, to Cu(I) in a concentration 

dependent manner, and bicinchoninic acid is a highly specific chromogenic reagent for 

Cu(I) which forms a purple complex with an absorbance maximum of 562nm (Brown et 

al, 1989). 5p,l of muscle protein extract was added to 45|il of deionised water, mixed 

and added to 1 ml of working reagent containing 1 volume of bicinchoninic acid with 50 

volumes of 4%w/v CUSO4 .5 H2 O, and incubated at 37°C for 30 minutes to allow the 

colour reaction to occur. Bovine serum albumin (BSA) standards ranging from of 0-1 

mg/ml, were used to generate the standard curve for determining unknown protein 

concentrations.

Samples were assayed for CAT activity using a modified version of the phase-extraction 

method as described (Seed and Sheen, 1988). This assay measured of the level of 

expression of the CAT gene, as a function of plasmid DNA uptake following 

intramuscular injection of the vector pcDNA3-CAT. The bacterial CAT gene catalyses 

the transfer of a butyryl group from butyryl coenzyme A (butyryl CoA) to a labelled 

chloramphenicol substrate. Butyrylated chloramphenicol was separated from the 

unmodified form by phase extraction using a mixture of tetramethylpentadecane 

(TMPD) and mixed xylenes. 50|o,l of protein extract was added to 50|il of assay mix 

containing (4|il ^"^C-Chloramphenicol, 0.5mg/ml butyryl CoA, 0.2M Tris-Cl, pH 8.0) 

and incubated at 37 °C for 1 hour. 200|li1 of a 2:1 mixture of TMPD/mixed xylenes was 

added, vortexed for 10 seconds and centrifuged at 13,000g for 10 minutes. The top layer 

containing butyrylated chloramphenicol was removed and transferred to a vial

129



containing 4ml of scintillation fluid. Samples were assayed in duplicate using a 

Beckman scintillation counter and CAT activity was expressed as disintegrations per 

minute (DPM). For each experimental group, activity was defined as CAT activity 

(DPM) per mg of protein.

3.2.2 Intramuscular injection of GH plasmid into dwarf rats

3.2.2.1 Animals and materials

10 male dwarf rats were supplied at 3 weeks of age by Harlan UK Ltd, and were housed 

at 22°C on a 12 hour light/12 hour cycle. I week before injections, rats were divided into 

2 groups of 5 and were given free access to pelleted food and water throughout the 

study. Isopentane was obtained from Sigma -  Aldrich UK, Ltd.

3.2.2.2 Methods

Endotoxin free plasmid DNA (pcDNA3B-GH) was prepared as described in the 

Materials and Methods section for CAT assays in muscle, and resuspended in saline at a 

final concentration of 2pg/ml. The following procedures using dwarf rats followed 

Home Office guidelines, and were carried out under personal and project licences. Using 

the optimised method of injection described for Lewis rats, one group of dwarf rats were 

given a single i.m.injection with lOOpl of pcDNA3E-GH at 4 weeks of age, followed by 

a second injection at 5 weeks of age. Control rats were injected with pcDNA3E. Prior to 

intramuscular injection, 200pl of blood was collected from the tail tip of each animal. 

Serum was prepared as described (Harlow and Lane, 1988).

After i.m.injection each rat was monitored before returning to its cage, and a full 

recovery was typically made in about 10 minutes. Over the 2 week study period, treated
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rats were weighed at days: 0,5, 7, 9, 11, 14 and at the end of the study period, rats were 

killed using a rising concentration of CO2 and cervical dislocation. Blood was removed 

from the heart and serum was prepared. The injected tibialis anterior muscle was 

removed from each animal, and cut in half transversely. One half was attached to a cork 

mat and immersed in a freezing solution of isopentane, and the remainder was frozen in 

liquid nitrogen for protein analysis. Rats were killed and the colon was excised. The 

specimen was opened by longitudinal excision along the anti-mesenteric border, rinsed 

throughly with saline and snap frozen in isopentane pre-cooled with liquid nitrogen.

3.2.3 Radioimmunoassay for rat insulin-like growth factor 1 (IGF-1).

3.2.3.1 Materials

The assay for rat IGF-1 used a commercial kit manufactured by Diagnostic systems 

laboratories Texas, supplied by Metra Biosystems, Oxon.

3.2.3.2 Method

This radioimmunoassay used competition between radioactive and non-radioactive 

antigen (IGF-1) for a fixed number of antibody binding sites. The amount of [1-125]- 

labelled rat IGF-1 bound to the antibody was inversely proportional to the concentration 

of unlabelled IGF-1 present, and the separation of free and bound antibody was achieved 

by using a double antibody system. Acid ethanol extraction of serum samples was 

necessary to separate IGF-1 from its ternary complex with IGF binding protein 3 and 

acid labile subunit. The assay was carried out according to the manufacturers 

instructions. IGF-1 standards containing 150, 450, 800, 1500 and 4500ng/ml rat IGF-1, 2 

control IGF-1 vials, IGF-1 tracer (1-125, 185kBq) and goat anti-rat IGF-1 polyclonal 

antisera were reconstituted with distilled water and stored at -20°C as described.
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Extraction solution containing ethanolic HCl, neutralising solution and donkey -  anti 

goat gamma globulin/polyethylene glycol preciptitating agent were stored at 4°C.

3.2.3 3 Assay Procedure

50|il of serum sample or muscle extract was added to labelled tubes, and 200|il of 

extraction solution was added, vortexed briefly and incubated for 30 minutes at room 

temperature. Samples were centrifuged for 3 minutes at room temperature, at 13,000g on 

a benchtop centrifuge and supernatant was transferred to a separate 1.5 ml tube 

containing 500p.l of neutralising buffer and vortexed gently. 50p,l of standards, controls, 

or unknowns were transferred were added to appropriate tubes and 150|li1 of the Ong/ml 

rat IGF-1 standard was added to the non-specific binding (NSB) tubes. 100|li1 of rat IGF- 

1 [1-125] tracer was added to each tube, followed by addition of lOOfxl of goat anti-rat 

IGF-1 antiserum to all tubes except NSB and total counts and vortexing. Samples were 

then incubated overnight at room temperature, and the following day, 1ml of 

precipitating reagent was added to all tubes except total counts, vortexed and samples 

were incubated at room temperature for 20 minutes. All tubes except the total counts, 

were centrifuged for 20 minutes at 4°C and at 1500g, and supernatants were decanted by 

inversion onto a sponge rack and then allowed to drain onto absorbent paper. Each assay 

was repeated in dupHcate and all tubes were counted in a gamma counter for 1 minute.

%B/Bo = Mean sample counts -  NSB counts 
Mean counts of Ong/ml standard

The %B/Bo (Y axis) was plotted against rat IGF-1 concentration (X axis) to generate a 

standard curve, and unknowns were calculated from this.
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3.2.4 Western Blots for growth hormone and IGF-1

3.2.4.1 Materials

Rabbit anti-human IGF-1 antisera and mouse anti-rabbit IgG AP conjugate were 

obtained from Sigma-Aldrich UK Ltd.

3.2.4 2 Method

Protein was extracted from skeletal muscle and colon tissues and quantified using the 

method described in the Materials and Methods section for chloramphenicol acetyl 

transferase activity in Lewis rat muscle. Equal amounts of protein sample were 

denatured in sample loading buffer, loaded onto a discontinuous polyacrylamide gel and 

resolved as described in the Materials and Methods section for western blots described 

in chapter 2. Protein was then transferred to Hybond-C membranes as described in 

Harlow and Lane 1988 and membranes were washed once in PBS and incubated 

overnight at 4°C in blocking solution; PBS containing, 5% w/v fat free milk powder 

(MarveF^.

For the detection of growth hormone activity in skeletal muscle samples membranes 

were incubated with anti-rat GH antibody, as described in the Methods section from 

chapter 2 for the detection of GH in cultured muscle cells. IGF-1 was detected in the 

colons of plasmid injected dwarf rats, using a rabbit polyclonal antibody raised against 

the hver isoform of human IGF-1. Primary antibody was used at dilution of 1:1000 in 

blocking solution and incubated overnight at 4°C, followed by three washes with PBS 

containing 0.01%v/v Tween 20. The second antibody (Mouse anti-rabbit IgG alkaline 

phosphatase conjugate) was diluted 1 in 2000 in blocking solution, and incubated with 

membranes at room temperature for 1 hour. Membranes were further washed 3 times in
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0.01% Tween 20 in Tris buffered saline (pH8). In both experiments, alkaline 

phosphatase activity was detected as described for western blotting in the methods 

section in Chapter 2.

3.3 RESULTS

3.3.1 Improved DNA uptake by modified injection technique

5 days after i.m. injection with lOOpg of the reporter plasmid pcDNA3-CAT, the 

injected t.a. muscles of 4 week old male Lewis rats were assayed for CAT enzyme 

activity using a labelled chloramphenicol substrate. For each experimental animal, the 

amount of plasmid taken up by the injected muscle was defined as CAT activity (DPM) 

per mg of protein. A high degree of variability between animals was observed in the 

initial experiments, and this was decreased by modifying the injection technique to make 

it more reproducible. Firstly, the leg to be injected was illuminated to reveal the t.a 

muscle and secondly, the depth of injection was controlled by putting a plastic sleeve on 

the needle attached to the tuberculin syringe. This reduced variability between injections 

and increased the mean CAT activity, compared with a group of animals injected 

without these modifications; (66.5 ± 12.6 x 10̂  units CAT activity/mg protein vs 24.4 ±

13.1 X 10̂  units respectively (Figure 3.2). This method was also more effective when 

plasmid DNA was injected into the left leg of rats (Results not shown).
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Figure 3.3 Age dependent expression of chloramphenicol acetyl transferase 

(CAT) gene in rat muscle. Three groups of male Lewis rats (n=6) aged: 4,7 and 15 

weeks were injected with lOOpl (Ipg/pl) of pcDNA3-CAT dissolved in saline, as 

described in Materials and Methods. Rat were killed 5 days after plasmid injection, and 

t.a. muscles were assayed for CAT activity as described in the Methods section. Results 

are expressed as means ± S.E M
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Figure 3.3 Age dependent expression of chloramphenicol acetyl transferase 

(CAT) gene in rat muscle. Three groups of male Lewis rats (n=6) aged: 4,7 and 15 

weeks were injected with lOOpl (lp,g/pl) of pcDNA3-CAT dissolved in saline, as 

described in Materials and Methods. Rat were killed 5 days after plasmid injection, and 

t.a. muscles were assayed for CAT activity as described in the Methods section. Results 

are expressed as means ± S.E M *P<0.01 for Wk4 vs Wk7.
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3.3.2 Age dependence of plasmid DNA uptake by muscle

Three groups of Lewis rats aged: 4, 7 and 15 weeks were injected with lOOpg pcDNAS- 

CAT, to determine if the age of animal had an effect on the amount of plasmid uptake by 

muscle tissue, as a function of CAT activity in protein extracts. Injected muscles from 4 

week old animals produced higher levels of CAT activity than either of the 7 or 15 week 

old rats injected with pcDNA3-CAT; (66.5 ± 12.6 x 10̂  units CAT activity/mg protein x 

vs 8.6 ± 5.7 and 21.7 + 9.7 x 10̂  units respectively) (Figure 3.3).

3.3.3 Weight changes in plasmid-injected dwarf rats

Based on the results which showed that the t.a. muscles from 4 week old rats expressed 

more CAT activity than older muscle tissue, 2 groups of 5 male dwarf rats were injected 

at 4 weeks with 200pg of plasmid. A second injection was also given at 5 weeks. 

Animals were weighed regularly over the 14 day study period and no overall difference 

in weight changes was observed between the two groups of animals (Figure 3.4). 

However, the daily weight gain was higher in the GH plasmid - treated group than in 

controls, although these differences were not significant (3.1 ± 0.11 vs 2.5 ± 0.26 g/day, 

p = 0.07).

3.3.4 Serum insulin-like growth factor 1 (IGF-1) levels in GH plasmid - treated 

dwarf rats

Prior to injection with pcDNASE and pcDNA3E-GH, and 14 days after the initial 

injection .with plasmids, blood samples were taken from the dwarf rats used in these 

study groups. The quantity of IGF-1 in the serum from each sample was measured using 

a competitive radio-immunoassay. Although two of the sera from the GH plasmid -  

treated group contained relatively high IGF-1 levels 7 days after the second injection
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with plasmid, the mean level of IGF-1 for this group was equivalent to that of the group 

treated with the control vector pcDNA3E (444.2 ± 38.8 vs 449.2 ± 63.9 ng/ml IGF-1 

respectively, Figure 3.5). A comparison between the IGF-1 levels of the two groups at 4 

weeks could not be made, as several samples from each group were below the detection 

range of the assay.

3.3.5 Detection of IGF-1 in the colons of dwarf rats treated with plasmid

Colonic tissue was removed from dwarf rats at the end of the experiment, and equal 

concentrations of protein extracted from gut tissue were analysed for immunoreactive 

IGF-1 by western blotting, using a rabbit polyclonal antibody raised against human IGF- 

1 (Figure 3.6). Strong immunoreactive bands, which migrated between 16.5 and 25 

kilodaltons, were detected in 4 of the 5 rats from the group treated with pcDNA3E-GH. 

In addition, one of the samples from the control group had positive immunoreactivity to 

IGF-1.

3.4 DISCUSSION

Growth hormone delivery by somatic gene transfer has been attempted using a number 

of different gene transfer techniques, including myoblast and viral gene transfer. In the 

work described in this chapter a rat GH cDNA was transferred into the muscle tissues of 

dwarf rats muscle tissue, using directly visualised i.m. injection of plasmid DNA, with 

the aim of increasing the growth rate of these animals.
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Figure 3.4 Weight changes observed in dwarf rats injected with plasmids. 4 week 
old male dwarf rats (n = 5) were injected twice at 0 and 7 days, with lOOpl (2|ag/pl) of 
pcDNA3E or pcDNA3E-GH dissolved in saline, as described in Materials and Methods. 
Each point in the growth curve is expressed as the mean weight for 5 rats ± S.E.M.
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Figure 3.5 Serum Insulin-like growth factor 1 (IGF-1) levels in dwarf rats 14 days 
after plasmid injection. Dwarf rats were killed 2 weeks after injection with; A. 
pcDNA3E or B. pcDNA3E-GH. Serum samples were assayed for rat IGF-1 by 
radioimmunoassay, as described in the methods section, and the results are expressed as 
mean IGF-1 level ± S.E.M. for each group of dwarf rats (n = 5).
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Figure 3.6 Western blot of insulin-like growth factor 1 (IGF-1) produced in the 

gastrointestinal tract of plasmid-treated dwarf rats. IGF-1 immunoreactivity was 

detected in the colons of dwarf rats 14 days after injection with either pcDNASE (lanes 

2-6), or pcDNA3E-GH (lanes 7-11). Samples were resolved by SDS-polyacrylamide gel 

electrophoresis with molecular weight markers (lane 1) and immunoblotted using rabbit 

anti-human IGF-1 antisera, as described in the Materials and Methods section. Lane 5 

shows a positive reaction which illustrates that dwarf rats are not always true controls.
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3.4.1 Optimisation of plasmid gene transfer into muscle

Several steps were taken initially to maximise the efficiency of gene transfer and protein 

delivery, before proceeding to i.m. injection of plasmid DNA into dwarf rats. Firstly, 

growth hormone production had been previously optimised by developing plasmid 

vectors which generated immunoreactive and biologically active GH production in 

differentiated myotubes (Chapter 2). Maximal transcriptional activity in transfected 

myotubes was achieved by using a plasmid which combined a CMV EE promoter with a 

tissue-specific (muscle) enhancer.

Secondly, the i.m. injection technique had to be modified to reduce the variability 

between injections of pcDNA3-CAT and to increase the mean CAT expression levels 

within each group of rats injected with plasmid. This was achieved by illuminating the 

injected leg during the procedure to reveal the t.a. muscle, and by fixing the depth of 

injection into this muscle. Thirdly, the age of the injected rats influenced the levels of 

CAT expression measured in the muscles of treated animals. 4 week old rats produced 

higher levels of CAT activity in muscle tissue injected with pcDNA3-CAT than older 

animals. These results were consistent with a previous study using mice, where 4-6 week 

old animals had produced higher levels of CAT reporter gene activity than the older age 

groups studied (Wells and Goldspink, 1992). Similar findings were also described by 

Danko et al. 1997, using a number of different species including rat, mouse and dog 

(Danko e/a/., 1997).

An indication as to why plasmid gene transfer is more effective in younger muscle tissue 

was given by an experiment which showed that i.m. injection of a plasmid with a 

luciferase reporter gene in 125ReJ-Lama2^^ mice, which resulted in mean luciferase
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levels 5.3 times higher than in heterozygous littermates (Danko et al, 1997). Lama2^^ 

mice have an irregular extracellular matrix due to an M-Laminin deficiency (Davis et 

al, 1993), and this may facilitate endocytosis of the plasmid.

The increased DNA uptake that is observed within the muscle tissues of younger 

animals, may also result from easier plasmid access to the extracellular spaces adjacent 

to the surface of muscle fibres. However, the elevated levels of reporter gene activity 

seen in younger muscle could be caused by a higher transcriptional activity in these 

tissues compared with older muscle, and this can be measured using techniques such as 

quantitative PCR or RNAse protection assays. A quantitative approach using either 

fluorescent or isotope labelled DNA, could also be used to compare the amount of 

plasmid DNA retained by young and old muscles. This would also be useful for defining 

dose-response relationships between plasmid DNA uptake by muscle tissue versus the 

biological effects caused by this type of gene transfer.

3.4.2 Injection of plasmid-GH into dwarf rats

Applying the observations made with young Lewis rats, 4 week old male dwarf rats 

were injected with pcDNA3E-GH, followed by a second injection after 1 week. The 

grov4h of injected dwarf rats was monitored over the two week study period and there 

were no visible differences between the growth profiles of rats treated with pcDNA3E- 

GH and pcDNA3E (Figure 3.4). However, the mean daily growth rate was higher in the 

group of rats injected with plasmid-GH, although this difference was not statistically 

significant. Serum insulin-like growth factor 1 (IGF-1) levels in GH plasmid - treated 

dwarf rats were also measured, and even though two of the samples fi’om the GH
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plasmid treated group contained relatively high IGF-1 levels at the end of the study 

period, the mean level of IGF-1 for this group was equivalent to that of controls.

In another study describing the use of plasmid transfer of GH into muscle, Anwer et a l 

claimed that a significant increase in IGF-1 levels resulted from i.m. injection of plasmid 

DNA encoding a human growth hormone (hGH) cDNA (Anwer et al, 1998). Although 

no circulating hGH could be detected in the sera of hypophysectomised rats at any point 

during the study, anti-hGH antibodies were found at 21 days in rats which had not been 

immunosuppressed with cyclosporin, indicative of in vivo hGH production. The growth 

rate of plasmid-GH treated hypophysectomised rats was also elevated compared to 

controls, and whereas the exact figures to support this observation were not shown, a 

difference of 0.6 vs 0.3 grams per day could be estimated from the relevant graph 

(Anwer et al, 1998).

The study by Anwer et a l (1998) also described combining plasmid delivery vector with 

polyvinylpyrrolidone to increase plasmid uptake, and hGH production by injected 

muscle tissue. Part of the work carried out for this thesis also used PVP/pcDNA3 -CAT 

complexes to endeavor to increase DNA uptake by muscle cells. The results were 

inconclusive and are not presented in this chapter. Other studies have shown that 

plasmid DNA uptake by muscle cells can be increased by a number of techniques. For 

example, plasmid can be combined with lipid and fusion proteins derived from 

haemagluttinating virus of Japan (HVJ) -Liposomes (Kaneda et al, 1999).

Additionally, DNA uptake by muscle can be increased by as much as 2-4 logio, by 

stimulating the muscle with several low frequency electrical pulses following i.m. 

injection with plasmid DNA (Mir et al, 1999). Electrical stimulation of muscle tissue
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greatly increases the numbers of muscle fibres expressing the plasmid encoded cDNA 

compared to controls (0-4 vs 320-710 fibres respectively).

3.4.3 The mode of GH secretion influences growth rate

In the studies described in this chapter, no growth hormone immunoreactivity could be 

detected in muscle fibres by immunohistochemical staining of transverse sections from 

injected muscles, or by Western blotting of whole muscle extracts -  although separate 

work using smaller numbers of animals demonstrated that CAT activity was present in 

muscle tissue 1 week after co-injection of pcDNA3E-GH and pcDNA3-CAT (Results 

not shown). This indirectly suggested that the plasmid had remained in the muscle 

tissue. Possibly GH was efficiently secreted from the few muscle fibres that would be 

expected to be transfected using this method of plasmid DNA transfer, and the use of 

more sensitive methods could detect growth hormone immunoreactivity in muscle 

tissue.

The CMV EE promoter used in combination with a myosin enhancer in pcDNA3E-GH 

would be expected to generate continuous production of growth hormone from muscle. 

However, low levels of GH secreted from injected muscle tissue would not be sufficient 

to have a positive effect on the growth rate of male dwarf rats, as Gevers et a l, 1996 

showed that small amounts of growth hormone given as a pulse had a clear effect on 

growth increments, whereas an equivalent dose administered by continuous infusion did 

not (Gevers et a l, 1996). Accordingly, the method of plasmid administration would 

have to be combined with one of the methods described above to elevate the transfection 

efficiency to the threshold required for secreted GH production to have an effect on 

growth.
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Modest doses of GH delivered continuously, however, do have an effect on the 

transcription of hepatic steroid hydroxylating enzymes, and this could be used as an 

ancillary measure of continuous low-level release of GH from injected muscle. For 

instance, using a sensitive RNAse protection assay. Wells et al, (1994) showed that 

continuous infusion of 3 fig of hGH to male dwarf rats changed the ratio of the 

cytochrome P450’s 2C11:2C12 from 6.5 ± 0.8 to 0.5 ±0.1 (p < 0.01), and no changes in 

weight gain or IGF-1 levels were associated with this observation (Wells et a/., 1994). 

Significant improvements in the efficiency of delivery of pcDNA3E-GH could be made 

to increase the level of GH secreted by muscle tissue, for instance, by subjecting injected 

dwarf muscle tissues to electrical stimuli (Mir et al, 1999). Although this method could 

result in elevated serum GH levels which are similar to those observed in a previous 

study using adenoviral-GH delivery (Hahn et al, 1996), it was clear from this second 

study that high circulating levels of GH would be harmful, as these caused 

organomegaly in the lit/lit mice treated with adenoviral-encoded rat GH. In addition, 

there is evidence to show that moderate levels of GH administered by continuous 

infusion to primates induces mammary epithelial cell proliferation - indicating a 

potential cancer risk (Ng et al, 1997). This is supported by the observation where 

transgenic mice overproducing growth hormone develop mammary carcinomas (Tornell 

e ta l,  1991).

3.4.4 Increased production of IGF-1 in the rat colon?

Increased colonic epithelial cell proliferation has been observed in acromegalic patients 

with elevated circulating GH and lGF-1 levels, suggesting a direct stimulatory action of 

GH or lGF-1 or both on the colonic epithelium (Cats et al, 1996). It was therefore
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surprising that 4 of the 5 dwarf rats injected with pcDNA3E-GH contained 

immunoreactive IGF-1 compared to one of the controls, given that circulating IGF-1 

levels were similar for both groups. However, GH receptor immunoreactivity is 

distributed throughout the gastrointestinal tract (Lobie et a l, 1990), and this is consistent 

with the hormone having a direct effect on the colon. The effect seemed to be specific to 

individual animals, as equal amounts of proteins were loaded in each lane. The dwarf 

rats used in this study have a low endogenous level of growth hormone, and inter-animal 

variability GH release may also have caused the IGF-1 immunoreactivity observed in 

the odd control sample.

Several experiments should be carried out to confirm that i.m. injection of pcDNASE- 

GH indirectly causes increased IGF-1 production within the colon. Firstly, the antibody 

should be pre-absorbed with native IGF-1 to block specific immunoglobulins and 

confirm specific immunoreactivity. Additionally, epithelial cell proliferation should be 

measured in the colons of treated animals using a labelling index (Cats et al, 1996). 

Thirdly, the animals should be treated using a more effective method of plasmid-GH 

delivery, such as that described by Mir et al, 1999.

It is evident that the continuous long-term protein release systems such as those 

described for growth hormone (Hahn et a l, 1996; MacColl et a l, 2000a) and its 

releasing hormone GHRH (Draghia-Akli et a/., 1997, 1999), could have adverse side 

effects on tissue growth. It could therefore be advantageous to control growth hormone 

release from muscle by pharmaceutical methods, and this is discussed in Chapter 5.
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3.4.5 Conclusions

In conclusion, the method of plasmid gene transfer used in this study did not 

significantly increase the growth rate of dwarf rats. The circulating levels of IGF-1 were 

also unchanged. However, the local production of IGF-1 seemed to be increased in the 

colons of GH - deficient rats treated with pcDNA3E-GH and this requires confirmation 

by further investigation. In addition, a low level continuous release of GH from muscle 

would not be sufficient to elevate growth rate and the method used in this chapter would 

have to be combined with another one of the recently described methods for increasing 

plasmid DNA uptake by muscle tissue. However, from a safety point of view, an ideal 

method of growth hormone delivery by gene transfer would also combine a regulatory 

element to control the timing and the duration of the dose of GH release from muscle.
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CHAPTER 4 Immunological effects of plasmid gene transfer vectors

4.1 INTRODUCTION

As discussed in Chapters 1 and 3, a number of factors limit the efficiency of gene 

transfer into cells. Furthermore, once the gene therapy vector has entered the nucleus of 

the target cell enduring (stable) expression of a therapeutic transgene is necessary to 

achieve prolonged protein release from these cells. For instance, stable expression of 

clotting factors VIII and IX will be a requirement if gene therapies for haemophihas A 

and B, are to offer an advantage over the current treatments for haemophilia using 

transfusions of plasma or recombinant factors.

A significant number of studies, in a variety of animal models, have clearly shown that 

prolonged protein expression is contingent on the recipient immune system not 

eliminating vector-transduced cells. Immune responses are directed against antigens 

specific to the gene therapy vector, against residual expression of vector specific 

proteins (e.g. virally encoded proteins), and in many examples against the therapeutic 

protein product itself. All of these factors prevent stable therapeutic protein production 

and limit the re-administration of vector at a later date.

Furthermore, gene therapy vectors may cause long-term damage to the recipient, by 

triggering autoimmune responses. This may be especially relevant when repeated 

administration of vector is required, for instance when using plasmid DNA-based 

vaccines. To enable effective measures to be taken to prevent this type of side effect, the 

types of immune response which may occur after gene transfer must be investigated. 

The following sections in this chapter discuss how plasmid DNA vectors have been 

harnessed for use in genetic vaccines, and the types of immune responses that these
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generate in vivo. As plasmid - based DNA vaccines will probably be the first type of 

“gene therapy” to be broadly applied, the potential danger of autoimmune reactions are 

also discussed.

The aim of this part of the thesis was to evaluate if the parent vector used in the growth 

hormone studies described in Chapters 2 and 3, could induce or enhance immune 

responses directed against eukaryotic double stranded (ds) DNA and against antigens in 

the cell nucleus. The plasmid vector used as a model for this study had a similar 

molecular structure to the types of expression plasmids used for genetic vaccination, and 

other applications for therapeutic protein delivery.

4.1.1 Plasmid gene transfer and genetic vaccines

One of the major impacts of gene therapy to date has been in the development of 

genetic vaccines, where mammals have been effectively immunised against pathogens 

using nucleic acid based vaccines, and a summarised version of how genetic vaccines 

work is shown in Figure 4.1 Ulmer et al, (1993) were the first to demonstrate the 

principle of genetic vaccination -  where the i.m. injection of plasmid DNA encoding the 

nucleoprotein (NP) of the influenza A virus was used to generate protective immunity 

against a lethal challenge with the virus. This vaccine also generated NP-specific CTL 

and a high titre of NP-IgG (Halaas et al, 1995).

The principle of plasmid gene transfer is on first impression straightforward, as was 

described in Chapter 1. The bacterial plasmid molecule used for gene delivery contains a 

promoter that is active in mammalian tissues, and this is linked to sequences coding
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known protein antigens from a pathogen. Once inside the nucleus of the ceils, within 

transfected tissue, the promoter is activated -  and this leads to protein production. 

However, in spite of the success and simplicity of this technique, the underlying 

mechanisms of gene immunization are not clear, i.e. the mode of antigen presentation 

following in vivo gene transfer. After gene gun delivery and following intramuscular 

injection, the introduced plasmids and their products are detected primarily in 

kératinocytes, fibroblasts and in muscle fibres respectively. Kératinocytes and myotubes 

are not professional antigen-presenting cells (APC), and it seems likely that mobile bone 

marrow derived cells, such as dendritic cells, are important in determining the type of 

CTL response observed following vaccination (Timares et al, 1998).

4.1.2 Genetic vaccines for hepatitis B

In another study on chimpanzees, i.m. injection of plasmid DNA encoding the hepatitis 

B surface antigen (HBsAg) induced a sufficient titre of specific anti-HBs antibodies for 

protective immunity, with the higher dose of HBsAg plasmid (2mg vs 0.4mg) generating 

a considerably higher antibody titre (Davis et al, 1996). Furthermore, the antibody titres 

in plasmid injected animals were also equivalent to those generated by recombinant 

antigen produced by yeast and monkey kidney cells, and at 52 weeks (24 weeks after the 

last plasmid injection) a strong anamnestic response could be stimulated by injection of 

a commercial subunit (S) vaccine containing lOpg of recombinant S particles. This 

confirmed that a selective antibody memory response could be evoked against a specific 

HB antigen (Davis et al, 1996).

These promising results have led to the initiation of clinical trials for a hepatitis B 

vaccine (DNA vaccines, 2000). In an initial report, 11 of the 12 subjects taking part in
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the study had seroconverted to antibody levels considered as acceptable for conferring 

protection against hepatitis B disease (10 milli-Intemational units per millilitre or 

higher).

4.1.3 Genetic vaccines for Human Immunodeficiency Virus and Malaria

Similar clinical trials are also underway to develop therapeutic and preventative vaccines 

for the human immunodeficiency virus. A DNA vaccine combined with the modified 

vaccinia Ankara (MYA) virus vaccine, is currently being developed to amplify the 

body’s immune response to HIV. For example, a multi-epitope vaccine administered 

first in the form of plasmid DNA, primed a strong CTL response against HIV, when 

followed by immunisation with recombinant MVA (Hanke et a l, 1999).

Another area where genetic vaccines may have a significant impact is in Malaria 

vaccination. An early study by Sedegah et al, (1994), showed that protective immunity 

was given to mice immunised with plasmid DNA encoding the Plasmodium yoelli (Py) 

circumsporozoite (CSP) against challenge with live sporozoites, as determined by the 

number of liver stage (schizont) parasites. Immunisation also generated antibody titres 

which were 7.4 times higher than in mice immunised with irradiated sporozoites, and in 

addition stimulated the production of CD8+ CTL’s directed against epitopes within 

PyCSP (Okuda et al, 1997).

4.1.4 Malaria vaccines in humans

The results of preliminary studies to determine if a DNA vaccine induces antigen- 

specific, restricted CTL response in humans were published in 1998. The peripheral 

blood mononuclear cells collected from eleven of 20 volunteers injected with varying 

doses of plasmid encoding PyCSP, contained a fraction of CD8+ CTLs which
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specifically lysed CSP peptide sensitised target cells (Wang et a l, 1998a). These 

responses were significantly greater than before immunisation, and could be elicited by 

as little as a 20^g of PyCSP plasmid (the doses ranged from 20-2500p,g per subject 

group). Furthermore, the DNA-induced CTLs were genetically restricted by multiple 

HLA alleles. This will be critical to the success of a malaria vaccine, because T cell 

responses to individual epitopes are genetically restricted and there is substantial allelic 

variation of CTL epitopes among P.falciparum isolates in nature (Doolan et al, 1996; 

Wange^fl/., 1998a).

There are around 300-500 million new infections of Plasmodium falciparum and 

between 1.5 million and 2.7. million deaths due to malaria annually (1998, Malaria fact 

sheet number 94, World Health Organisation, Geneva, Switzerland). Unfortunately 

parasite resistance against anti-malarial drugs such as cbloroquine and mosquito 

insecticide resistance, combined with the complex parasite life cycle and this high level 

of genetic variation within T-cell epitopes described among P falciparum  isolates (Wang 

et al, 1998b), have rendered all modern attempts to control the parasite ineffective.

4.1.5 Multiple epitope vaccines

It is recognised that to induce a protective immune response in diverse populations and 

geographic regions, an anti-malarial vaccine may have to possess multiple epitopes, and 

a recent study has supported this view. Shi et a l, (1999) used a synthetic vaccine 

designed from epitopes from sporozoite, liver, and erythrocyte asexual and sexual stages 

to generate antibodies which recognised all stages of the P.falciparum life cycle (Shi et 

al, 1999).
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In another study using genetic vaccines, rhesus monkeys were immunised with plasmids 

encoding multiple P.falciparum epitopes from sporozoite and liver specific stages and 

this generated antigen-specific CTL responses (Wang et al, 1998b). However, caution 

must be exercised in the application of DNA vaccines to tropical diseases such as 

Malaria because immunisation with plasmid vaccines into neonatal animals can induce 

tolerance to Plasmodium sp, as opposed to the desired immunity to the parasite (Ichino 

e ta l,  1999).

4.1.6 Enhancing conventional vaccines using genetic vaccines

The combination of plasmid DNA with conventional protein or peptide vaccines seems 

to be more effective than either component used individually. This may be especially 

important in the development of an effective vaccine directed against HIV, where viral 

protein subunit vaccines have generated weak immunity. When DNA vaccination is 

followed by peptide vaccination, levels of cellular and humoral immunity are increased 

relative to the use of the individual vaccines (Okuda et al, 1997). Furthermore this type 

of approach also generates a protective immune response in rhesus monkeys against a 

chimaeric HIV/simian immunodeficiency virus (Letvin et al, 1997).

4.1.7 Vaccine stimulation with cytokines

The efficacy of genetic vaccines can also be enhanced, by utilising the co-administration 

of cytokine coding sequences. This can improve the immune response to the antigen 

encoding genes, and depending on the cytokine/stimulating factor used, generate a bias 

towards a specific type of immune response. For example, concurrent expression of 

interleukin-2 (IL-2) and HBV envelope protein, increases the ability of antigen to 

stimulate both cellular and antibody responses against HBV (Chow et al, 1997). In
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addition, the co-administration of IL-2 also helped animals overcome a poor immune 

response to HBsAg by stimulating a high level antibody response to this antigen.

The combination of HBsAg antigen with specific combinations of immunostimulatory 

cytokines and other factors, also stimulates distinct immune responses. For example, co

immunisation with XL-12, interferon gamma (IFNy) and HBsAg -  stimulated the 

production of Thl cells and the production of IgG2A antibodies, whereas EL-2 and 

HbsAg generated a Th2 response and production of IgGl antibodies (Chow et al, 1998). 

In addition, the HBsAg and EL-12 plasmid combination generated a strong immune 

response against syngeneic tumour cells transfected with this hepatitis vaccine -  

inhibiting tumour growth. These results may have important implications in the use of 

plasmid gene transfer to eliminate tumour cells expressing specific antigens. However, 

care would have to be taken in the choice of promoter used to produce the cytokine, as 

other undesireable side-effects could result from long-term expression of specific 

cytokines.

4.1.8 Immunostimulatory DNA sequences

In addition to the in vivo production of antigens, plasmid DNA also has an adjuvant 

property and this may partially account for why genetic vaccines are capable of 

generating such effective immunity (Figure 4.1). The immunostimulatory property of 

plasmid DNA is contained within short unmethylated immunostimulatory sequences 

(ISS), consisting of a CpG dinucleotide flanked by two 5’ purines and two 3’ 

pyrimidines.

CpG motifs occur at a higher frequency in bacteria than in vertebrates, and these are 

highly methylated in vertebrates but not in microorganisms (Bird, 1987). Sequences
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containing unmethylated CpG dinucleotides directly stimulate the activation 

(mitogenesis) of B cells both in vitro, and in vivo following i.p injection of CpG 

ohgonucleotides (Krieg et al, 1995). In addition, macrophages exposed to bacterial 

DNA respond by producing nuclear factor kappa B (NF-kB), tumour necrosis factor 

alpha (TNF-a) mRNA, two genes that are activated during inflammatory responses 

(Stacey g/ a/., 1996).

Oligonucleotide sequences containing CpG have been shown to bind to the surface of 

differentiating B cells, probably via a polyanion binding receptor on the cell surface 

(Zhao et al, 1994), and lose their mitogenic property activity if  the CpG motif is 

removed or is replaced by 5-methylcytosine (Krieg et al, 1995). The increase in B cell 

proliferation was also associated with an increase in immunoglobulin secretion and 

increased expression of activation markers such as the class IIMHC.

4.1.9 Potential uses of immunostimulatory sequences

Immunostimulatory sequences also increase the production of a number of co

stimulatory cytokines and interferons in vivo, and in concordance with the work on an 

HIV vaccine (Letvin et al, 1997), the combination of ISS with HBsAg protein subunit 

vaccine also generates a higher rate of seroconversion to HbsAg antibodies than when 

the protein vaccine was used on its own (Millan et a l, 1998). This rapid seroconversion, 

when combining DNA containing CpG ISS sequences with a conventional adjuvant, 

generated Thl based and CTL based cellular responses, combined with subsequent 

production of IgG2A antibodies -  producing a strong immune response which had not 

been previously described for either subunit or DNA vaccines. This led the authors to
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suggest a combinatorial approach could be used to overcome the persistent tolerance to 

HBV in the young children of carrier mothers (Millan et al, 1998).

4.10 Induction of autoimmunity by plasmid DNA vectors?

The vectors described in the previous chapters for growth hormone production in muscle 

cells, and for many other gene therapy apphcations, contain a beta lactamase gene which 

is used for selection of bacteria containing the recombinant plasmid in the presence of 

ampicillin. The ISS contained within the p-lactamase sequence have clearly been shown 

to have an adjuvant effect, inducing pro-inflammatory cytokines, cellular and humoral 

responses. While advantageous in vaccination, these may adversely affect the individual 

given a genetic vaccine or a somatic gene replacement (Sato and Frohman, 1993). The 

fact that DNA with a bacterial origin is immunogenic raises specific safety concerns, 

especially regarding induction of autoimmune disease.

Pathogenic DNA antibodies are a hallmark of some autoimmune diseases such as 

Sjogren’s syndrome and systemic lupus erythematosus (SLE). Characteristic features 

include: polyclonal B cell activation, production of anti-double stranded DNA (dsDNA) 

antibodies and defective tolerance to self antigens (Krieg, 1995). The very few studies 

carried out to date have not established if DNA based therapies in the form of plasmids 

or plasmid composites can induce or exacerbate an SLE hke disease (Donnelly et al, 

1997). However, a number of factors support experiments to determine if this 

technology will induce anti-dsDNA antibody induction. Mice immunised with denatured 

bacterial DNA complexed to bovine serum albumin, respond by producing anti-dsDNA 

antibodies (Palmer et al, 1993). In addition, anti-nuclear antibodies (ANA) have been
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observed in the blood of 30% of human subjects screened using a HEp-2 substrate assay 

(Jdiïietal, 1997).

Such anti-dsDNA and anti-nuclear antibodies can have several roles in non-autoimmune 

individuals. These could include the appearance of autoantibodies during the course of 

microbial and viral infections and in addition, naturally occuring antibodies could screen 

the immune system from self antigens, thus preventing autoimmune disease (Devlam et 

al, 1993).

4.11 Aims of study

Microbial pathogens normally enter the body through restricted routes, and the immune 

system does not ordinarily encounter concentrated plasmid DNA at a specific tissue site. 

Additionally an antigen-specific stimulus, such as protein bound to a DNA sequence, 

may drive the production of autoantibodies such as those seen in SLE, (Schwab et a l, 

1994) and therefore the aim of the work presented in this chapter was to contribute data 

towards several questions which are outlined below.

First, does repeated administration of plasmid DNA to non-susceptible Balb/C mice 

increase the production of dsDNA antibodies. A number of plasmids, including those 

with various combinations of eukaryotic transcription factor binding sites, were tested 

for their ability to induce anti dsDNA autoantibody responses in normal mice.

Secondly, does a typical plasmid vector used for gene transfer studies increase the 

production of anti-dsDNA immunoglobulins in an animal model which is sensitised to 

the production of these antibodies. For this part of the study MRL/MpJ mice were used, 

as these exhibit a mild autoimmunity which is characterised by low level autoantibody 

production to ds-DNA. Females die at 73 weeks of age and males at 93 weeks, and the
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MRL/MpJ strain is used as a control for M R L / M p J m i c e .  The latter exhibit severe 

proliferative glomerulonephritis by about 12 weeks and have a lifespan of 17 and 22 

weeks for females and males respectively (Jackson Mouse database, 

http ://j axmice.j ax. org/index. shtml).

Thirdly, is an increase in mean serum dsDNA immunoglobulin levels within the plasmid 

treated group also associated with increased amounts of sera that contain antibodies 

which react with components of the cell nucleus?

4.2 MATERIALS AND METHODS

4.2.1 Plasmids used for immunisation

4.2.1.1 Materials

Bluescript plasmid was provided by Dr Tania Webb, Department of Anatomy and 

Developmental Biology RFUCMS. Triton X-114 and saline were supplied by Sigma- 

Aldrich UK Ltd.

4.2.1.2 Method

Three plasmid vectors were used in these experiments (Figure 4.2). i. pcDNA3E 

contains the human CMV immediate early promoter and the rat myosin light chain 1/3 

enhancer element, and was described in Chapter 2. ii. pXAV also contains the CMV IE 

promoter and MLE element, but the neomycin transferase gene had been deleted, iii. 

pBluescript SK+ (Stratagene) is a DNA cloning vector which contains only prokaryotic 

DNA sequences.

Cloning grade competent cells DH5a cells were used for all plasmid transformations, 

cells were transformed with approximately lOOng plasmid DNA in 2pi TE buffer, 

following manufacturers instructions (Gibco BRL), and Luria broth agar plates (PBA) +
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ampicillin (100|j,g/ml) plates were used to select transformants. Individual colonies were 

inoculated into 5 ml starter cultures of LB ampicillin (100p,g/ml) (Methods section in 

Chapter 2) and grown overnight in a 37 °C shaker at 250 rpm. 500|il of each starter 

culture was inoculated into flasks containing 500ml LB ampicillin and incubated with 

shaking (240 rpm) for 16 hours.

4.2.2 In vivo injection of plasmids into muscle

4.2.2.1 Animals and Materials

Both MRL/MpJ and Balb/C mice used in these studies were supplied by Harlan UK Ltd. 

Fluothane was supplied by Rhone Merieux, Harlow Essex. 0.5ml 27G tuberculin 

syringes with a permanently attached needle were supplied by Sigma-Aldrich UK Ltd. 

Positive control serum for anti-dsDNA antibodies from MRL/MpJ-F-o^^*  ̂ mice was 

provided by Dr Chris Bunn, Department of Clinical Immunology, Royal Free and 

University College School of Medicine.

4.2.2.2 Methods -  Injections and serum collection

4 week old female Balb/C and MRL/MpJ mice were maintained according to Home 

Office guidelines. Mice were fed ad libitum, and housed with 12 hours of alternate light 

and dark at a controlled temperature of 20°C. All animal procedures were carried out 

under personal licence and departmental project licence, in accordance with the Animal 

Procedures Act 1986. Light anaesthesia was induced in mice by placing each animal in a 

box, and introducing a mixture of 3% Fluothane in 21itres/minute O2 Anaesthesia was 

maintained at between 1.5 - 2.5% Fluothane in 2 litres/minute O2 and the depth of 

anaesthesia was assessed by pedal withdrawal reflex, combined with loss of ciliary 

reflex. The injection method followed that described in Chapter 3. Prior to intramuscular
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injection, the leg was shaved, and the solution containing plasmid was slowly injected 

using a 27G tuberculin syringe, at an angle of approximately 30 degrees and to a depth 

of 2-3mm. The depth of injection was controlled by putting a plastic sleeve on the 

needle, and the needle was held in place for about 10 seconds to allow fluid to enter the 

injection site and to prevent fluid loss following the withdrawal of needle. Following 

intramuscular injection, each mouse was placed in a box containing sawdust and 

monitored before returning to its cage. A full recovery was typically made in about 5 

minutes, and this was determined by restored mobility.

For both experiments, using MRL/MpJ and Balb/C mice, the animals used were 4 week 

old females. Mice were injected once in the t.a. muscle, with 25p.l of plasmid solution in 

saline at a concentration of 2mg/ml. This was followed on by an injection at 6, 8, and 10 

weeks. For the experiment using Balb/C mice, an additional group of mice received an 

intraperitoneal (i.p) injection of plasmid DNA. For all animals blood was removed 2 

weeks after the final injection. Mice were placed in a chamber and exposed to carbon 

dioxide gas in a rising concentration. Expiration was confirmed by cervical dislocation 

and blood was immediately removed by cardiac puncture. Serum was prepared as 

described in Harlow and Lane 1989.

4.2.3 Anti dsDNA ELISA

4.2.3.1 Materials

The Diastat™ anti-ds DNA kit, was supplied by Shield Diagnostics Limited, Dundee. 

Goat anti-mouse polyvalent immunoglobulin (IgG, A, M) AP conjugate was supplied by 

Sigma-Aldrich UK Ltd.
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4.2.3.2 Method

Serum samples were assayed for double-stranded DNA antibodies using a Diastat™ 

anti-dsDNA kit. Samples were diluted 1 in 100, in PBS containing TX-lOO and BSA 

(5% w/v), and Sodium Azide (0.5% w/v). Samples (lOOp.1) were added to 96 well 

microtitre plates coated with dsDNA antigen (calf thymus dsDNA), and incubated for 60 

minutes at room temperature. Wells were washed 3 times in PBS/Tween 20 (0.1%w/v), 

and incubated for 30 minutes with goat anti-mouse polyvalent immunoglobulin AP 

conjugate diluted 1 in 3000 in PBS/Tween 20. Samples were washed 3 times in wash 

buffer (as described in the manufacturers instructions), before adding lOOjul of substrate 

solution (Phenolphthalein monophosphate, Mĝ "̂ , in buffer solution. Reactions were 

incubated for 30 minutes at room temperature, followed by addition of lOOp.1 of stop 

solution (as described in the manufacturers instructions). Absorbance was measured at

O.D. 550nm with a plate reader.

4.2.3.3 Statistics

Significant differences between mean O.D. values were determined using a t-Test, with 

significance set as P < 0.05.

4.2.4 Detection of Antinuclear DNA antibodies in MRL/MpJ serum

4.2.4.1 Materials

HEp-2 (human larynx carcinoma) cells which had been acetone fixed on microscope 

slides were obtained from Bion Inc. Illinois USA. FITC-conjugated rabbit anti-mouse 

immunoglobulins were obtained from DAKO A/S Denmark. DABCO (1,4, diazobicylo 

[2,2,2]-octane) was obtained from Sigma-Aldrich Ltd.
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4.2.4.2 Method

An indirect immunofluoresence assay was used to detect antinuclear antibodies (ANA) 

in MRL/MpJ mouse serum, and the substrate used to detect ANA was HEp-2 cells.

Serum samples were collected and prepared as described in the above section for anti- 

dsDNA antibodies. Samples were diluted 1 in 40 in PBS containing 0.05%v/v Tween 20 

and 0 .01% w/v sodium azide. 20|l i 1 of each diluted MRL/MpJ mouse serum was added to 

HEp-2 slides, and these were incubated for 30 minutes at room temperature in a 

humidified chamber. Shdes were rinsed once in PB ST and washed again twice for 10 

minutes. Buffer was removed from each slide, and a drop (approx. lOfil) of FITC- 

conjugated rabbit anti-mouse immunoglobulins diluted 1 in 40 in PB ST, was added to 

each sample well and incubated for 30 minutes in a humidifed chamber. 2-3 drops of 

mounting medium (70% glycerol, 2.5% DABCO in PBS, pH8.3) were added to each 

well and covered with a coverslip. Coverslips were sealed onto slides using nail varnish. 

Each well was observed through an epi-fluorescence microscope with filters optimised 

for FITC detection at magnification of x400. The cell nuclear staining pattern was 

identified according to the method described by Humbel, (1993).

4.3 RESULTS

4.3.1 Anti-dsDNA antibody response in Balb/C mice injected with plasmids

The serum titre of anti-dsDNA immunoglobulins was measured at 12 weeks in Balb/C 

mice that had been given four intramuscular injections of plasmids at 2 week intervals 

(at 4,6,8,10 weeks). Serum samples were incubated with a calf thymus dsDNA substrate, 

and anti-dsDNA titre was measured by ELISA. The results of this experiment are shown
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in Figure 4.3. Three different types of plasmid molecule, with combinations of 

prokaryotic and eukaryotic sequences (Figure 4.2), were used to establish if the 

sequences contained within these vectors could induce the production of DNA 

antibodies in these mice. Mice injected with pBluescript (pBS) did not generate anti- 

dsDNA immunoglobulin levels that were any higher than saline injected controls. 

Injection with pXAV, which had a CMV promoter and myosin light chain enhancer, had 

no effect on dsDNA immunoglobulin production against calf thymus DNA, nor did i.m. 

injection of the complete vector pcDNA3E, which contained the neomycin antibiotic 

gene. In addition, injection of pcDNA3E by a different route, by i.p injection, also had 

no effect on dsDNA antibody production (Figure 4.3).

These results suggest that in this Balb/C animal model, injection of a basic plasmid 

vector (pBluescript) did not induce the production of immunoglobulins that recognised a 

eukaryotic DNA substrate. Furthermore, the inclusion of eukaryotic promoter sequence 

binding sites did not stimulate anti-dsDNA antibody production. Thus the transcription 

factor binding sites within the vector, which are necessary for expression of the 

transgene when introduced into muscle, do not combine with the plasmid backbone to 

generate autoantibodies to DNA in immunologically normal mice.
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1.

CMV — M C^ MLC Amp OriC- Neo

2.

CMV — MCS MLC -Amp- OriC

3.
M C» -Amp OriC

Figure 4.2 Plasmid vectors used for injection into Balb/c and MRL/MpJ mice

1. pcDNASE, 2. pXAV, 3. pBluescript SK+. The construction of each vector is 

described in the Methods section and the relevant sequences are shown here (not to 

scale): human cytomegalovirus immediate early promoter (CMV), rat myosin light chain 

1/3 enhancer (MLCE), neomycin resistance gene (Neo), multiple cloning site (MCS), 

ampicillin resistance gene (Amp), E.coli origin of rephcation (OriC).
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Figure 4.3 Immunogenicity of plasmid gene tranfer vectors in Baib/C mice.

Mice were injected at 4,6,8 and 10 weeks with 50|ag of each plasmid by either i.m. 

injection into the tibialis anterior muscle, or by i.p. injection (p3E only). The vectors 

pcDNA3E (p3E), pXAV and pBS are described in Figure 4.2. Balb/C mice injected 

with saline were used as negative controls and sera from an M R L / M p ( l u p u s )  

mouse was used as a positive control for dsDNA autoantibodies. The dsDNA assay is 

described in the Methods section.
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4.3.2 Anti-dsDNA autoantibody titres in MRL/MpJ mice injected with plasmid

The serum titre of anti-dsDNA immunoglobulins was measured at 12 weeks in 

MRL/MpJ mice which gradually develop a mild autoimmunity. Mice were given four 

successive intramuscular injections of the plasmid pcDNASE over the same interval as 

BALB/c mice described in the previous experiment. The vector pcDNASE used a 

combination of viral and muscle-specific promoter elements, which had been shown to 

generate optimal expression of a rat GH cDNA in differentiated muscle cells (Chapter 

2). At 12 weeks, the mean level of serum anti-dsDNA immunoglubulins from MRL/MpJ 

mice were measured by ELISA and these were significantly higher in the pcDNASE 

plasmid injected mice than in the group injected with saline (0.58 ± 0.30 vs 0.34 ± 0.21, 

p < 0.05) (Figure 4.4), demonstrating that in this model, intramuscular injection of 

pcDNA3E could accelerate the production of anti-dsDNA immunoglobulins with 

affinity for a eukaryotic dsDNA substrate.

4.3.3 Anti-nuclear autoantibodies in MRL/MpJ mice injected with plasmid

The sera from MRL/MpJ animals were analysed for immunoglobulins that cross-reacted 

with epitopes in the cell nucleus. A qualitative assay using HEp-2 human cells as a 

substrate, was used to detect auto-reactive antibodies in MRL/MpJ mouse sera, and an 

FITC-conjugated second antibody was used to detect immunoreactive mouse 

immunoglobulins bound to fixed HEp-2 cells. Figure 4.5 shows positive control sera 

from an MRL/MpJT^^^^ mouse, which reacted with HEp-2 cell nuclei. A fine speckled 

pattern of immunoreactivity can be seen, with dark patches corresponding to nucleoh. 

Six of the seven MRL/MpJ mice injected with pcDNA3E, had antibodies which reacted
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Figure 4.4 Immunogenicity of plasmid vector in MRL/MpJ mice.

MRL/MpJ mice (n=7) were given an i.m. injection 50pg p3E plasmid (pcDNASE) or 

saline at 4,6,8, and 10 weeks. Serum samples were collected at 12 weeks and were 

analysed for dsDNA antibodies as described in the methods section. Each serum sample 

was tested in triplicate, in wells coated with calf thymus DNA and dsDNA binding was 

expressed as O.D. ± S.E.M. *p < 0.05 for plasmid vs saline injected controls.
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Figure 4.5 Fine speckled pattern of immunoreactivity in positive control sera 

from an MRL/MpJF«s^^'’ mouse. Anti-nuclear antibodies which reacted with HEp-2 

cell substrate, were detected using FITC-conjugated anti-mouse immunoglobulin and 

immunofluorescence microscopy.
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with the cell nuclei of HEp-2 cells and three of these gave a fine-speckled granular 

pattern of immunoreactivity, which was consistent with antibody reactivity to 

topoisomerase I and the anti-extractable nuclear antigens (ENA) SS-A/Ro and SS-B, 

(Figure 4.6). The fourth serum generated an anti-nucleolar pattern of 

immunofluorescence in HEp-2 cell, with a clumped pattern of immunofluorescence that 

was consistent with immunoreactivity to fibrillarin centres, which are components of 

the U3 small nucleolar ribonucleoprotein (snoRNP) (Figure 4.7). The two remaining 

sera gave weaker fine-speckled pattern of staining (Figure 4.8), and this pattern of 

immunoreactivity was more specific than the slide of the negative control sera from a 

saline injected MRL/MpJ mouse (Figure 4.9).

Of the seven MRL/MpJ mice injected with saline, two sera gave a positive pattern of 

immunoreactivity with HEp-2 cells. One of which also gave a fine speckled pattern of 

immunoreactivity in the cell nucleus - consistent with antibody cross reactivity to SS- 

A/Ro. (Figure 4.10), and the second gave a coarser pattern of immunoreactivity.
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Figure 4.6 Anti-nuclear immunoreactivity from an MRL/MpJ mouse injected 

with pcDNA3E.

This photograph is representative of three sera from the plasmid injected group (Four 

i.m. injections of 50|Lig pcDNA3E at 4,6,8,10 weeks). These had a common 

immunofluorescence pattern, and the fine speckled pattern observed was consistent with 

antibody cross reactivity to a number of antigens including: toposiomerase I and the 

anti-extractable nuclear antigens (ENA) SS-A/Ro and SS-B.
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Figure 4.7 Anti-nucleolar immunoreactivity in the serum from an MRL/MpJ 

mouse injected with pcDNA3E.

A clumped nucleolar pattern of immunofluorescence can be seen, and this is consistent 

with immunoreactivity to fibrillarin centres within the nucleolus.
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Figure 4.8 Anti-nuclear immunoreactivity in sera from an MRL/MpJ mouse 

injected with pcDNA3E (less intense immunoreactivity). This photograph is 

representative of two sera from the plasmid injected group, which had a weaker 

immunofluorescence pattern than the sera represented in Figure 4.6.
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Figure 4.9 Negative sera from an MRL/MpJ mouse injected with saline

This photograph is representative of sera from both the plasmid and saline injected 

groups, where no anti-nuclear antibodies could be detected using immunofluorescence 

microscopy.
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Figure 4.10 Anti-nuclear immunoreactivity in sera from an MRL/MpJ control 

mouse given injections of saline. This photograph shows a fine speckled pattern of 

immunofluorescence, consistent with antibody cross reactivity to SS-A/Ro.
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4.4 DISCUSSION

The findings described in the results section are relevant to the use of plasmid DNA 

vectors for genetic vaccines, as well as expression systems for therapeutic proteins. In 

this latter application, any immune response directed either against the plasmid vector or 

against the expressed protein would be an unwanted side effect, as this would limit the 

efficacy of this method. In contrast, for a genetic vaccine to be effective it must utilise 

cells around the injection site as vehicles for antigen presentation to stimulate an 

immunological reaction against a pathogen. For both types of application it is therefore 

important to study the immunological effects that plasmid gene transfer generates to 

maximise vaccine efficacy on one hand, and secondly to prevent possible unwarranted 

side effects resulting from the application of plasmid gene transfer.

Any immune response to a plasmid DNA vector may prevent the re-administration of 

vector at a later date. Furthermore, the administration of relatively high concentrations 

of free plasmid DNA could have harmful effects on the recipient. The 

immunostimulatory sequences contained within the prokaryotic part of the plasmid 

DNA molecule have an adjuvant property, and as discussed in the introduction, the 

combination of ISS and expressed protein antigens has been necessary to induce specific 

humoral immunity against pathogenic viruses such as HIV and Hepatitis B. Secondly, 

the eukaryotic promoter sequences which form the expression cassette of the plasmid 

gene transfer vector contain transcription factor binding sites, and it is possible that this 

combination, of ISS, promoter and bound transcription complex could also form a 

hapten. Thus repeated administration of synthetic plasmids containing eukaryotic
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promoter elements may induce the production of anti-dsDNA antibodies and cause 

iatrogenic autoimmunity in some individuals, even when the protein used is syngeneic.

4.4.1 Antigen-driven autoimmunity in SL£

Anti-dsDNA immunoglobulins are found in the serum of patients with autoimmune 

disorders such as systemic lupus erythmematosus (SLE), a multifactorial disease 

o f unknown aetiology where defective tolerance to self antigens is associated with 

disease progression (Pisetsky et al, 1995). In considering the immunogenticity of 

plasmid DNA gene transfer vectors, it is therefore helpful to review some of the relevant 

evidence on the role of dsDNA in the pathogenesis of SLE.

As discussed in the introduction, motifs with hypomethylated CpG dinucleotides are 

found in bacterial DNA, and these stimulate specific immune responses in mammals. In 

addition, it has been inferred from the molecular characterisation of anti-DNA 

monoclonal antibodies from SLE patients, or inbred mice developing a spontaneous 

lupus-like illness, that the anti-DNA auto-antibodies characteristic of lupus appear to be 

the product of an antigen-driven process in which dsDNA is a selecting antigen 

(Pisetsky et a l, 1995). Moreover, the high circulating levels of nucleosomes and the loss 

of tolerance to chromatin which are evident from the analysis of SLE patient sera, 

combined with the finding that anti-nucleosome antibodies occur early in spontaneous 

SLE, suggest that dsDNA may become a hapten when bound by specific types of 

proteins. Furthermore, high affinity antibodies which recognise cellular transcription 

factors and RNA polymerases are also found in SLE sera (Cai et al, 1997; Chang et al,

1998).
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4.4.2 Lack of induction of dsDNA antibodies in normal mice

The possibility that plasmid DNA molecules containing viral or eukaryotic promoters 

could stimulate the production of antibodies specific to dsDNA and to epitopes in the 

cell nucleus was investigated in this chapter. In the first experiment, circulating anti- 

dsDNA levels were measured in immunologically normal Balb/C mice injected with 

plasmids containing different combinations of prokaryotic and eukaryotic DNA 

sequences. Repeated i.m. injections of pBluescript cloning vector, did not elevate anti- 

dsDNA antibody levels above that of control mice, nor did pXAV - which contained the 

human CMV immediate early promoter and skeletal muscle myosin light chain 

enhancer. The complete parent vector pcDNA3E, used for the GH gene transfer methods 

discussed in Chapters 2 and 3, also had no effect on dsDNA production. Furthermore, 

injection of pcDNABE by an i.p route also did not increase anti-dsDNA production. 

Therefore in normal individuals, the plasmid injection regimen used in this study would 

not be expected to stimulate anti-dsDNA antibody production. This is in agreement with 

other data which showed that a plasmid using a CMV promoter did not induce an 

autoimmune response in normal mice (Moens et al, 1995). However, a separate study 

showed that repeated i.m. injection of plasmid containing a CMV promoter stimulated 

the production of dsDNA specific B cells in Balb/C mice, and therefore caution is 

required in interpreting the negative results, as a slight change in immunisation protocol 

may have profound effects. For example, the USA study used 6 week intervals between 

injections, compared to the 2 week intervals described here (Mor et al., 1997).

Moreover, as SLE patient sera contain B cells that produce anti-dsDNA 

immunoglobulins (Schwab et al, 1994), the activation of B cells by gene transfer
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plasmids should be studied further, and as T cell responses are directed against bacterial 

ISS soon after plasmid injection into muscle (Wells et al, 1997), any clinical trials using 

this type of gene delivery vector should also include a test for T cells which react with 

the plasmid vector in the context of muscle tissue.

4.4.3 Induction of anti-dsDNA antibodies in susceptible mice

In the second experiment described in this chapter, MRL/MpJ mice were given i.m. 

injections with pcDNA3E over the same interval as the experiment using Balb/C mice. 

As described in the introduction, MRL/MpJ mice were chosen for these experiments as 

these spontaneously produce low levels of anti-dsDNA antibodies directed against 

mammalian dsDNA, and this is associated with the eventual development of a mild 

autoimmunity. At 12 weeks, the serum titre of anti-dsDNA immunoglobulins was 

significantly higher in the mice injected with pcDNA3E, than in MRL/MpJ mice 

injected with saline. This experiment demonstrated that in a susceptible animal model, 

repeated intramuscular injection of plasmid could cause an increase in the production of 

anti-dsDNA immunoglobulins which recognised a eukaryotic dsDNA substrate.

4.4.4 Anti-nuclear antibody production

The third part of this study looked at the production of anti-nuclear antibodies in 

MRL/MpJ mice which had been injected with plasmid. Sera from 6 of the 7 MRL/MpJ 

mice injected with pcDNASE, (vs. 2 of the 7 sahne injected mice) contained antibodies 

which cross-reacted with HEp-2 cells using immunofluorescence microscopy. Several 

different types of immunofluorescence pattern were seen in the nuclei of HEp-2 cells. In 

three of the six positive sera from the plasmid injected group, a fine speckled nuclear 

pattern was seen, consistent with antibody binding to toposiomerase I and the anti-
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extractable nuclear antigens (ENA) SS-A/Ro and SS-B, which are commonly seen in 

sera from patients with systemic lupus erythematosus and Sjogren syndrome. Antibodies 

to SS-B recognise a protein complex that binds to small nuclear RNAs, which may be 

involved in the processing of RNA polymerase 3 transcripts, and SS-A/Ro antibodies are 

important in pregnancy, where they can cross the placenta and cause congenital 

complete heart block (CCHB) in offspring (Colombo et al., 1999).

A clumped nucleolar pattern of immunofluorescence was seen in the fourth ANA- 

positive serum from this group. This was consistent with immunoreactivity to fibrillarin 

centres, which are components of the U3 small nucleolar ribonucleoprotein (snoRNP) 

(Lee and Baserga, 1997). The two remaining positive sera from the plasmid injected 

group also gave immunfluorescence, and although this was weaker in intensity than in 

the above 4 samples, the intensity of immunoreactivity was stronger than that found in 

the negative sera from a saline injected mouse.

Anti-nuclear antibody cross reactivity was also seen in two the sera from mice 

repeatedly injected with saline, consistent with the fact that the MRL/MpJ mice used for 

these experiments spontaneously generate autoantibodies. However, the numbers of 

mice generating antibodies that reacted with HEp-2 cells were substantially higher in the 

plasmid injected group, and although these results are indicative of plasmid DNA 

amplifying the underlying defect in autotolerance, further experiments should be carried 

out using larger numbers of mice.

Although the HEp-2 cells can be used to detect anti-nuclear antibodies by indirect 

immunofluorescence, this sensitive method provides limited information about the 

specific antigen -  reactivity of the detected antibodies, and this method should be
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combined with techniques such as immunoblotting (Pourmand et a l, 1999), and 

immunodiffusion (Bunn and Kveder 1993). Organ specific autoimmunity resulting from 

induction of DNA antibodies by injection of plasmid DNA should also be studied, as 

lupus-like symptoms may also be induced (Madaio et al, 1984; Gilkeson et al, 1993).

4.4.5 Conclusions

The significant increase in dsDNA antibodies observed in MRL/MpJ mice injected with 

pcDNA3E, and antibodies to components of the cell nucleus, suggests that plasmid 

injection may by extrapolation heighten dsDNA and anti-nuclear antibody production in 

susceptible individuals. This could limit plasmid re-administration, and also lead to long 

term side effects in some individuals (Figure 4.1). Although repeated plasmid 

administration did not stimulate dsDNA antibody production in normal mice, these 

results also have implications in the use of plasmid - based methods for genetic vaccines 

and for secreting therapeutic proteins from muscle tissue. Moreover, as a significant 

proportion of healthy individuals (particularly females) have ANA, these should be 

taken into account before administering plasmid-DNA based protocols.

Additional studies should be carried out, on larger numbers of animals to determine the 

significance of these results. For example, is there a correlation between the levels of 

anti-dsDNA antibodies seen in MRL/MpJ mice and the type of immune complexes 

which react with cell nuclear antigens? Secondly, is this accompanied by a sub-type 

switch within immunoglobulin class? Thirdly, do these methods lead to an autoimmune 

condition where end-stage organ failure occurs - for example in the kidneys. 

Additionally, in the light of a recent study which shows that autoantibody titres are 

negatively associated with hypothalamic-pituitary-adrenal (HPA) function in the MRL
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mouse models described above (Shanks et al, 1999), does plasmid transfer have any 

effect on the HP A axis?
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CHAPTER 5 General Discussion

This chapter summarises the findings from each of the three previous results chapters, 

and considers these in context of what is known about growth hormone physiology and 

pathophysiology. Methods for regulating GH release from muscle are also discussed, 

and a conclusion is reached about the use of muscle for producing the proteins from the 

GHRH-growth hormone-IGF-1 axis.

5.1 Optimisation of growth hormone production by muscle cells in vitro

The efficiency of mammalian gene expression is largely controlled during transcription - 

at the level of the promoter. The aim of the work described in Chapter 2 was therefore to 

measure the influence of promoter sequence(s) on rat GH cDNA expression in C2C12 

mouse myoblasts transfected in vitro. Firstly, it was confirmed that transfected muscle 

cells secreted immunoreactive rat GH. Secondly, a somatogenic bioassay using myeloid 

cells expressing the mouse GH receptor was used to show that recombinant GH had a 

similar activity to that of rat pituitary derived growth hormone. Subsequently the 

combination of the human cytomegalovirus immediate early promoter (CMV) and rat 

myosin light chain enhancer element generated demonstrably higher levels of 

biologically active GH in C2C12 myotubes, than either CMV promoter or muscle 

specific promoters used individually (MacColl et al, 2000a). These results were 

consistent with a previous study where a human a-galactosidase cDNA had been used 

(Novo e/a/., 1997).

5.2 Transcriptional regulation of GH production

It was concluded from these results, that differences in secreted GH levels must have 

been due to the types of regulatory elements used in the plasmid vectors, in the context
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of the differentiation state of the muscle cells. Firstly, the reduction in GH secretion 

observed in myotubes transfected with pcDNA3-GH may have been caused by the 

decrease in binding activity of AP-1 to the CMV promoter, as AP-1 activity decreases 

during differentiation. Secondly the reversal of this effect, which occurred when the 

myosin hght chain enhancer was combined with the CMV promoter, was consistent with 

the activation of muscle transcription factors during muscle differentiation. The very low 

levels of rat GH produced by the combination of the rabbit myosin heavy chain 

promoter and rat light chain enhancer, and the consistency with previous observations 

for the expression of human a-galactosidase, suggested that this promoter combination 

would not have been suitable for the in vivo delivery of GH. However, muscle - specific 

transcription may be desirable in applications where muscle is being used for the 

production and secretion of proteins and this should be studied further.

5.3 Effects of plasmid - growth hormone injection in dwarf rats 

The vector containing the CMV promoter and light chain enhancer (pcDNA3E-GH) was 

given by i.m. injection to dwarf {dw/dw) rats, with the primary aim of increasing the 

growth rate of these animals. The dw/dw rat was used for these in vivo studies, as it has 

an isolated partial GH deficiency and can grow in response to exogenous GH (Bennett et 

al, 1995). Additionally, 4 week old male rats were chosen as reporter plasmid uptake 

was more effective in this younger age group, than in 7 or 15 week old rats. Injection of 

pcDNA3E-GH did not significantly increase the body weight of the dwarf rats over the 

two week study period, and circulating levels of IGF-1 also remained unchanged 

compared with controls. However, the local production of IGF-1 was increased in the 

colons of dw/dw rats treated with pcDNA3E-GH compared with control rats. These
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results suggested that the method of GH gene transfer used here was capable of inducing 

local IGF-1 production in the colon, in the absence of changes in growth rate and 

systemic IGF-1 production. The importance of locally produced IGF-1 in response to 

GH was recently highlighted by a study which showed that growth rate remained normal 

in the absence of circulating IGF-1 produced by the liver (Sjogren et al., 1999).

A number of conclusions could be reached from these results. Firstly, if an increase in 

local IGF-1 production in the colon was caused by a low level increase in systemic GH 

secretion, then this might be measured directly by continuous sampling of GH. 

Secondly, GH action could be measured indirectly by assaying for specific cytochrome 

enzyme levels in the liver, as described in Chapter 3. Alternatively the increase in IGF-1 

in the colon may have been caused by plasmid uptake by gut tissue, at some point 

following i.m. transfer of pcDNA3E-GH, as plasmid DNA is distributed systemically 

following i.m. injection (Parker et al, 1999). Although these are preliminary data, the 

effect of GH status on IGF-1 production by the gastrointestinal tract should also be 

studied further in GH-deficient and in animals with an intact GHRH-GH-IGF-1 axis.

In Chapter 1, the effects of hGH excess on colonic epithelial cells were also described 

and one future application of this work could be to study the effects of GH antagonists 

analagous to those described earlier. For example, the site 2 hGH mutant (G120R) which 

antagonised hGH-induced cell proliferation (Fuh et a l, 1992) could be tested in normal 

animals, or for example in hGH transgenic mice.

5.4 Methods for improving gene transfer into muscle

It was evident from the results presented in Chapter 3, that the method of plasmid 

transfer used was not effective at increasing the growth rate of dwarf rats. Plasmid -
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based gene delivery methods are generally considered to be less efficient and not as 

specific at targeting cells as virally based gene transfer methods. Modified adenoviruses 

have demonstrated the potential for producing hormones such as leptin in muscle 

(Morsy et a l, 1998), and have further been used to dehver a dose-dependent increase in 

erythropoietin and haematocrit in mice (Tripathy et al, 1994). However, the application 

of adenovirus -  based gene delivery methods have been beset with problems of 

immunogenicity and toxicity in humans, and this will necessitate the use of less 

immunogenic methods such as the AAV delivery vectors described in Chapter 1.

5.4.1 Plasmid - composite vectors

The efficiency of plasmid gene transfer, and subsequent elevation of the protein levels 

delivered from muscle can be increased using a number of methods. Firstly, plasmid-GH 

has been combined with synthetic polymers, as described in Chapter 3. Secondly, 

composite vectors such as the hemagglutinating virus of Japan (HVJ) - based vectors, 

which use lipid-encapsulated virus proteins and plasmid to deliver therapeutic genes into 

muscle tissue, have been developed. The HVJ method has, for example, been used to 

generate and secrete decorin from muscle tissue, and target this protein to the kidney in a 

model treatment for kidney fibrosis (Isaka et al, 1996). However, the HVJ method still 

requires the use of viral proteins to achieve target cell specificity and these may also 

stimulate an immune response.

5.4.2 Electrotransfer of plasmid DNA

Another method for increasing DNA uptake by muscle uses electrotransfer of plasmid 

DNA, and was also described in Chapter 3. Electrotransfer increases plasmid uptake by 

muscle tissues by several orders of magnitude (Mir et al, 1999) and has been used to
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deliver plasmid-GHRH into pig muscle (Table 5.1) (DraghiaAkli et al, 1999). Inter

animal variability in DNA uptake is also lower than when using conventional DNA 

injection on its own, and optimisation of gene transfer is necessary to be confident of 

delivering a fixed dose of plasmid into muscle tissue. Additionally, as electrotransfer 

increases the numbers of muscle fibres taking up plasmid DNA, this could also reduce 

the systemic dispersal of plasmid DNA which occurs after i.m. injection (Parker et al, 

1999).

5.5 Effects of continuous GH release

Although electrotransfer of plasmid could raise the level of GH production by muscle to 

the threshold required to increase growth rate of dw/dw rats, chronic long term release of 

GHRH and GH may have a number of adverse physiological effects. These could 

outweigh the advantages of using such a technique. As discussed in Chapter 1, 

acromegalic patients have an increased risk of developing diabetes, cardiovascular 

disease and certain types of cancer -  and these are associated with the high circulating 

GH and IGF-1 levels measured in these patients. The adverse effects of an overactive 

GH/IGF-1 axis has also been associated with an increased cancer risk in the normal 

population, and this epidemiological evidence is also supported by a number of 

biological studies. For example, mammary hyperplasia has been associated with 

continuously elevated GH levels in both mouse and primate studies. Moreover, the gene 

transfer method which generated high levels of GH and increased the growth rate of a 

lit/lit mouse model, also resulted in disproportionate organ growth in these animals 

(Table 5.1) (Hahn et al, 1996). These epidemiological and biological studies strongly 

support the use of a system for regulating GH release.
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Table 5.1 Applications of GHRH/GH/IGF-1 gene transfer in muscle

Protein Application Method 
of Delivery

Side
Effects

Reference

GHRH Increased growth 
rate

Plasmid
electrotransfer

Increased 
cancer risk?

Draghia-Akli 
et al. 1999

GH Increased growth 
rate

Adenoviral
transfer

Tissue
hyperplasia

Hahn et al. 
1996

GH Decreased muscle 
atrophy

Artificial
muscle

Local insulin 
resistance?

Vandenburgh 
et al. 1998

IGF-1 Decreased muscle 
atrophy

AAV
transfer

Suppression
ofGH
release?

Barton-Davis 
et al. 1998

IGF-1 Diabetic
neuropathy

Plasmid
transfer

Uptake of 
plasmid by 
neurones

Coleman 
et al. 1998
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5.6 Cellular effects of pulsatile GH release

Patterned GH release is observed in mammals, and continuously released GH has been 

shown to have little effect on growth, or on total hepatic IGF-1 levels when administered 

below a threshold value (Gevers et al, 1996; Wells et al, 1994). At the cellular level the 

GH signalling pathway which activates STAT5b is required for the pattern of dimorphic 

growth seen in rodents (Bohl et al, 1997), and this pathway is less responsive to 

continuous GH exposure - compared with intermittent incubation with GH. Indeed for 

GH to exert its full effect on the JAK2/STAT5b pathway, the withdrawal of GH is 

required to reset the activation cascade, to enable negative regulatory pathways which 

are also activated by GH to dephosphorylate JAK2 and STAT5b (Ram and Waxman,

1999). This partly explains why GH administered as a pulse is more effective at 

inducing growth in rodents than the equivalent dose administered over a longer period of 

time (Gevers et al, 1996).

5.7 Regulated transcription using gene therapy vectors

As discussed in Chapter 1, GH is released from the pituitary in response to the integrated 

action of GHRH and somatostatin, and gene transfer vectors have also been designed to 

regulate the release of hormones from muscle - using small molecules to control 

transcription (reviewed in Harvey and Caskey, 1998; MacColl et a l, 1999). For 

example, serum Epo levels can be modulated in muscle following administration of the 

tetracycline analogue doxycycline, to nude mice implantated with myoblasts encoding 

erythropoietin (Bohl et al, 1997).

The controlled release of growth hormone from striated muscle has also been achieved 

following implantation of engineered human fibrosarcoma cells into nude mice (Rivera
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et a/., 1996) (Figure 5.1). The system used chemical inducers of dimérisation to mediate 

hGH production in fibroblast cells. The human proteins FK506 binding protein 

(FKBP12) and rapamycin associated protein (FRP) form a high affinity complex with 

the immunosuppressant rapamycin, and the implanted fibroblast cells used in the study 

by Rivera et a l, (1996) expressed two hybrid proteins. These consisted of the ligand 

binding domains of FKBP12 and FRP, fused with the zinc finger DNA binding domain 

of ZFBPl and the transcriptional activation domain of NF-kB p65 proteins respectively. 

Thus following administration of rapamycin, the fusion derivatives of FKBP12 and FRP 

expressed in implanted fibroblasts formed a tripartite complex, activating GH expression 

from a ZFHDl-dependent promoter. A dose-dependent rise in serum growth hormone 

was subsequently observed in response to rapamycin administration and this is shown in 

Figure 5.1.

This method of inducible transcription has also been incorporated into AAV delivery 

vectors where hGH production could be repeatedly induced with rapamycin over several 

months in immunocompetent mice. However, levels of hGH remained elevated for 1.5 

days, and elements which reduced the period of hGH induction would have to be 

incorporated into this system to mimic the physiological GH secretion pattern (Rivera et 

al, 1999). This type of regulated GH production described above has yet to be 

incorporated into the design of plasmid based DNA delivery methods.

5.8 Applications for GH and IGF-1 gene transfer into muscle

This section considers a number of other applications using gene transfer of GH and

IGF-1 into muscle, where potential therapeutic benefits have been asserted (Table 5.1).
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Figure 5.1 Rapamycin induction of growth hormone (GH) production in muscle.
Modified fibrosarcoma cells, implanted into the muscles of nude mice, were induced to 
release GH in to the serum following administration of rapamycin. (a) DNA sequences 
for expression of human growth hormone (hGH) cDNA in human fibrosarcoma cells; 
DNA binding domain:hCMV -  human cytomegalovirus immediate early promoter, E -  
epitope tag, N -  SV40 viral T antigen nuclear localisation sequence, composite of 
ZFHDl DNA binding domain with FKBP. Activation domain: FRP and transcription 
activation domain of p65. Target gene ZFHDl/min hCMV -  tandem ZFHD 1 DNA 
binding sites/minimal CMV promoter for hGH expression, (b) Formation of FRP- 
rapamycin-FKBP tripartite complex, and activation of hGH transcription, (c) Rapamycin 
dose - dependent release of hGH into the serum of nude mice. Values are expressed as 
means ± S.E.M. From Rivera etal. ,  (1996). With permission.
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Recent studies have proposed that insulin like growth factors can function as 

neurotrophic factors, and reverse the peripheral neuropathy that is associated with 

diabetes. For example, intramuscular plasmid transfer of IGF-1 coding sequence has 

been used to reduce the progressive motor neuropathy observed in diabetic mice, as a 4 

week treatment using plasmid encoded IGF-1 increased nerve and muscle activity to the 

level of non diabetic controls (Coleman et al, 1995).

It was not clear from this study by Coleman et a/.,(1995) where the IGF-1 sequence was 

being expressed, and several studies demonstrate that both viral and plasmid vectors can 

be transported retrogradely to motorneurones innervating the muscle injection site - with 

subsequent expression of the introduced gene in the neuronal cell body (Haase et al, 

1997; Johnson I, personal communication). Although vector uptake by motorneurones 

might be beneficial in treating motor neurone diseases, the unregulated release of protein 

could also result in further damage occurring to the peripheral and central nervous 

systems and therefore must be investigated further.

5.9 IGF-1, GH and muscle atrophy

In addition to the methods described above, transfer of IGF-1 and GH into muscle have 

been proposed as a means for decreasing the muscle atrophy which is associated with 

ageing. Growth hormone has an anabolic effect on muscle tissue, and myoblast gene 

transfer of GH into muscle tissue has also been shown to decrease atrophy in vivo 

(Vandenburgh et a l, 1998). However, expression of GH in muscle could induce insulin 

resistance, by effectively decreasing glucose utilisation by this tissue. The long-term 

effects of this type of approach would have to be carefully considered.
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IGF-1 gene transfer has also been used to decrease muscle atrophy. For example, an 

AAV vector encoding IGF-1 was used to prevent the age-related loss in type IIB muscle 

fibres in one study (described in Chapter 3). Based on these observations the authors 

suggested that this approach could, ‘form the basis for gene therapy for both ageing- 

related loss of muscle function and impairments associated with muscle disease’, 

(Barton Davis et a l, 1998). Furthermore, injection of plasmid-IGF-1 into muscle 

increases calcineurin activity and lactate levels, and the number of myofibres with 

central nucleii - consistent with new muscle formation due to satellite cell activation by 

IGF-1 (Semsarian e/ûf/., 1999).

For these methods to have a significant beneficial effect, the vector would have to 

injected into many sites in several different weight bearing muscles and this could raise 

circulating IGF-1 to an unsafe level. As described earlier, there is a proportionality 

between circulating IGF-1 levels and cancer risk (Holly et al, 1999) and this type of 

therapy would therefore have to be fully justified were it to be used in humans. 

However, one solution to this problem may be the use of a non-systemic isoform of 

IGF-1, which works specifically in muscle by autocrine/paracrine mechanisms. For 

example, both skeletal and cardiac muscle tissue produce a number of isoforms of IGF-1 

in response to overload -  and these may be involved in the local repair mechanisms in 

both types of muscle tissue (Reviewed in Goldspink, 1999).

5.10 Immunological effects of plasmid gene transfer vectors 

In Chapter 4, the injection of a typical gene transfer vector into MRL/MpJ mice was 

used to model the potential effects of repeated injection of plasmid DNA in individuals 

with a predisposition towards autoantibody production. The increase in dsDNA
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antibodies in MRL/MpJ mice injected with pcDNA3E, and additional numbers of mice 

within this group with antibodies to components of the cell nucleus, indicate that this 

method could induce autoantibody production in susceptible individuals (MacColl et al, 

2000b). Additional studies on larger numbers should be carried out to determine the 

significance of these results. Although repeated injection of plasmid into 

immunologically tolerant Balb/C mice did not induce or augment autoantibody 

production, these results suggest that the gradual development of autoimmune responses 

should be monitored in subgroups of patients given genetic vaccines or other types of 

therapy based on dehvery methods using plasmids or other types of vector.

5.11 Overall conclusions

In this work, combinations of regulatory elements were used to optimise the production 

of growth hormone in differentiated muscle cells transfected in vitro. However, the 

plasmid vector which generated the highest levels of GH in vitro did not increase the 

growth rate of dwarf rats when injected into skeletal muscle in vivo, although this 

method was sufficient to increase local IGF-1 levels in the colons of these animals. 

Although, growth rate might be changed by modifying the method of plasmid dehvery, 

there are reasonable safety concerns regarding continuous long term release of GH, and 

production of IGF-1. Furthermore, repeated administration of plasmids may be 

detrimental in some individual patients. A number of methods have been used to mimic 

physiological GH secretion patterns; however, these are only available in viral and cell 

based gene delivery systems at present. In summary, intramuscular gene transfer of 

GHRH, GH and IGF-1 may offer some advantages over current methods of therapeutic 

protein administration, if appropriate levels of protein expression can be generated in
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muscle. However, the local and the systemic effects of protein release must be studied 

further, as must the long term effects of vector administration.
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Abbreviations and standard international (SI) units

AP-1
ATP
AP
B cells

CO2

''C
cm
CD
cDNA
Cu
CTL
CMV
°C
DNA
DMEM
dsDNA
ELISA
GBq
g
GHR
GHRH
GHRP
GHS
Th
HPLC
hGH
HDEp-2 cells 
HLA 
IGFBP 
Ig
IGF-1
i.m.
ip
i.v.
125-1
kb
kDa
1
LB
Mg""
MgCl2
mRNA
m
P
mA
mg
ml
mm

Activator protein-1 
Adenosine triphosphate 
Alkaline phosphatase 
B lymphocytes 
Calcium 
Carbon dioxide 
Carbon-14 isotope 
Centimetre
Cluster of differentiation 
Complementary DNA 
Copper
Cytotoxic T lymphocytes 
Cytomegalovirus 
Degrees Celsius 
Deoxyribonucleic acid 
Dulbecco’s modified eagle’s medium 
Double stranded DNA 
Enzyme-linked immunosorbent assay 
Giga becquerel 
Gram
Growth hormone receptor
Growth hormone releasing hormone
Growth hormone releasing peptide
Growth hormone secretagogue
Helper T lymphocytes
High performance liquid chromatography
Human growth hormone
Human larynx carcinoma cells
Human leucocyte antigen
IGF binding protein
Immunoglobulin
Insulin-like growth factor 1
Intramuscular
Intraperitoneal
Intravenous
Iodine-125 isotope
Kilobase pairs
Kilodalton
Litre
Luria broth
Magnesium
Magnesium chloride
Messenger ribonucleic acid
Metre
Micro
Milliamperes
Milligram
Millilitre
Millimetre
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mM
min
M
mol
ng
nm
O.D.
O2

PCR
PBS
PI3
32p

PoIy(A)
RT
rpm
RNA
NaCl
SDS
SD
T cells
L-T4
ta.
T3

Tris
U.V.
VEGF
v/v
w/v
ZFBP
Greek symbols:
a
P
Y
X
P
Nucleoside bases:
A
C
G
T
U
Amino acids:
X
A
R
G
K
F
W
S

Millimolar
Minute
Molar concentration
Moles
Nanogram
Nanometre
Optical density
Oxygen
Polymerase chain reaction 
Phosphate buffered saline 
Phosphatidylinositol 3’-kinase 
Phophorus-32 isotope 
Polyadenylation 
Reverse transcriptase 
Revolutions per minute 
Ribonucleic acid 
Sodium chloride 
Sodium dodecyl sulphate 
Standard deviation 
Thymus derived lymphocytes 
Thyroxine
Tibialis anterior muscle 
Triiodothyronine
(Tris [hydroxymethyl] aminomethane) 
Ultra violet
Vascular endothelial growth factor 
Volume to volume 
Weight to volume 
Zinc-fmger binding protein

Alpha
beta
gamma
lambda
micro

Adenine
Cytosine
Guanine
Thymine
Uracil

Any residue
Alanine
Arginine
Glycine
Lysine
Phenylalanine
Tryptophan
Serine
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Using skeletal muscle as an artificial endocrine tissue
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Abstract

Gene transfer into muscle tissue is currently being devel
oped as a method for the production, secretion and 
dehvery of therapeutic proteins. This methodology has 
been used to produce a variety o f physiologically active 
proteins and may ultimately be appUed to the treatment of 
several diseases. In this review, we consider several apph- 
cations of this methodology and discuss approaches for

modulating therapeutic protein production and secretion 
from muscle, using growth hormone as an example. In 
addition, factors limiting the effectiveness of muscle gene 
transfer are also discussed, as these shall determine the 
efficacy of muscle gene transfer when appHed to humans. 
Journal o f  Endocrinology (1999) 162, 1-9

Introduction

The use of skeletal muscle for producing therapeutic 
proteins following muscle gene transfer (MOT) is a rapidly 
developing area of gene therapy. In the past 8 years, MOT 
has progressed from the expression o f bacterial reporter 
genes (Wolff e t a l  1990), to the production of hormones 
(Tripathy et a l  1994) and neurotrophic factors (Haase et a l  

1996). This remarkable property of muscle, for producing 
many different types of protein, has led to its systematic 
evaluation and while the appUcation of MGT appears 
promising, httle is yet known about medium to long-term 
safety. In addition, it is important to develop techniques 
for regulating therapeutic gene expression in muscle tissue, 
as the controlled release of protein will be a requirement 
for many chnical appUcations. Although several of the 
proteins described in the following sections are not classical 
hormones, their production in muscle serves as a useful 
paradigm for secreted proteins in general. This review 
evaluates the key factors affecting the efficacy and safety 
of MGT.

ffTiy use muscle fo r  gene transfer?

Several frctors make skeletal muscle an attractive site for 
therapeutic gene expression. First, it is an abundant tissue, 
making up about 40% of the average adult’s body mass and 
secondly, it is accessible to most o f the delivery methods 
currently used in gene therapy. There is no significant cell

replacement in skeletal muscle tissue (Fischman 1972) and 
the introduced genes are not constantly lost following 
mitosis. This results in durable therapeutic protein pro
duction in muscle (Yao e t  a l  1991, Danko & Wolff 1994, 
Tripathy e t a l  1994).

In addition to skeletal muscle, smooth (Feldman e t al.

1996) and cardiac muscle tissue (Rothmann et a l  1996) are 
also being investigated as potential sites for therapeutic 
gene expression, where local deUvery of protein is often 
desirable.

Gene transfer methods

Therapeutic genes are dehvered by injection into muscle 
tissue using several different types of vector, the choice of 
which depends on the specific apphcation (Gorecki & 
MacDermot 1997, Vile e t a l  1998) (Fig. 1). Recombinant 
viral vectors derived from human adenovimses and adeno- 
associated viruses (AAV)/parvoviruses are frequently used 
for MGT because of their capacity for transfecting large 
numbers of muscle fibres. However, for the purpose of 
safety, viral vectors are modified by removal of immuno
genic sequences and the regulatory sequences essential for 
rephcation (Yang e t a l  1996, Fisher e t a l  1997, Yeh & 
Perricaudet 1997).

Plasmid DNA-based vectors are used for MGT, as 
these also transfect significant numbers of muscle fibres 
following intramuscular injection (Davis e t a l  1993). The 
efficiency of plasmid D N A  uptake by muscle cells can

Journal o f  Endocrinology (1999) 162, 1-9
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pGHRHoACT
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Plasmid

BGAL dyslrophin mEpo
MCK DP

//H W/

Virus

Cell 
). myoblast

Skeletal muscle

F igure  1 Three types of muscle gene delivery vector. Step 1. Viral vectors with deletion of all viral protein 
coding sequences, e.g. adenovirus encoded  dystrophin. ITR -  terminal repeat, T-packaging signal, BGAL -  
E. coli lacZ reporter gene controlled by human cytomegalovirus promoter, MCK -  muscle creatine kinase 
prom oter controlling dystrophin cDNA expression (Kochanek et al. 1996). Step 2. Plasmid gene transfer, 
e.g. plasmid encoded growth hormone-releasing horm one (pGHRH), aACT -  skeletal alpha actin 
prom oter (Draghiaakli et al. 1997). Step 3. Cell based gene transfer into muscle, e.g. myoblasts encoding 
murine erythropoietin (mEpo) cDNA, DP -  doxycycline inducable promoter (Bohl ef a/. 1997).

further be increased by combining these DNA molecules 
with synthetic polymers such as liposomes (Gregoriadis 
e t al. 1997) or polyvinyl derivatives (Mumper e t al. 1998). 
In addition, other novel methods such as in  v ivo  electro
poration have been shown to increase both the number of 
muscle fibres taking up DNA and the plasmid copy 
number within these fibres (Aihara & Miyazaki 1998). In 
common with viral vectors, expression of plasmid encoded 
cDNA is driven using either viral or other eukaryotic 
transcription elements (Wang et al. 1996, Novo e t al.

1997) (Fig. 1).
A third method for introducing genes into muscle tissue 

uses genetically modified myoblasts or fibroblasts. Myo
blasts are muscle progenitor cells which differentiate to 
form the multinucleated myotubes found in muscle tissue 
and these will stably produce a therapeutic protein once 
incorporated into new muscle fibres. In addition, cells can 
be genetically modified to express a variety of different 
genes and this enables a more precise control of therapeutic 
gene expression (Rivera et al. 1996, Bohl e t al. 1997) 
(Fig. 2). However, implanted myoblasts and fibroblasts 
have to be autologous, or the recipient must be given 
inmiunosuppressants to prevent rejection of these cells 
(Pin & Merrifield 1997).

E va lu a tion  o f  therapeutic ^cne expression  in vitro

Myoblasts can also differentiate into myotubes in tissue 
culture and these multinucleated cells express many of the

genes which are active in mature muscle fibres. Thus, 
effective combinations of transcription elements for driv
ing therapeutic gene expression can be determined first 
in vitro  (Novo et al. 1997). This methodology is also used 
to confirm that the expressed protein has an appropriate 
biological activity prior to any in v ivo  study (Tripathy e t al. 

1994, MacCoU et al. 1998).

Applications o f gene transfer in m uscle

Following the evaluation of therapeutic gene expression 
in  v itro , MGT can then be applied to an appropriate 
experimental animal model for the disease being studied. 
Several of these key in v ivo  studies are discussed below.

E ryth ropo ie tin  insufficiency

The production of the haemopoietic factor, erythropoietin 
(Epo), in muscle tissue has been suggested as an alternative 
to the frequent doses of recombinant Epo required to treat 
severe anaemias resulting from renal failure in humans 
(Tripathy e t al. 1994). In mice, both serum Epo levels 
and haematocnt can be raised by MGT of Epo coding 
sequence and the dose of Epo produced in muscle tissue 
is dependent on the amount of vector used. It is also 
significant that senim Epo levels remain elevated for 
several months, indicating that the delivery vector is 
maintained in the muscle tissue for this time. However,

lournal o f Endocrinology 162, 1-9
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Figure 2 Regulated GH production in musde. (a) DNA sequences for expression of human GH (hGH) 
cDNA in human fibrosarcoma cells. DNA binding domain: hCMV -  human cytomegalovirus 
immediate early promoter, E -  epitope tag, N -  SV40 viral T antigen nuclear localisation sequence, 
composite of ZFHDl DNA binding domain with FKBP. Activation domain: FRP and transcription 
activation domain of p65. Target gene: ZFHDl/min hCMV -  tandem ZFHDl DNA binding 
sites/minimal CMV prom oter for hGH expression, (b) Formation of FRP-rapamycin-FKBP tripartite 
complex, activation of hGH transcription, (c) D ose-dependent release of hGH into the serum 
following administration of rapamycin to nude mice implanted with engineered human fibrosarcoma 
cells. Values are expressed as means ± s.e.m. (from Rivera ef a/. 1996, with permission from Nature 
Medicine).
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the Epo levels observed in these studies were higher than 
those normally observed under physiological conditions 
and a persistently high level of haematocrit would not be 
desirable in humans. Therefore, the production of Epo 
must be regulated, as under normal physiological con
ditions an oxygen deficit increases Epo mRNA levels, 
with subsequent increases in serum Epo levels stimulating 
erythrocyte production (McGary et al. 1997). Methods for 
regulating Epo gene expression in muscle are discussed in 
more detail later in this review.

G lom eru lonephritis

An overproduction of transforming growth factor beta 
(TGFP) in the kidney has been associated with the 
abnormal glomerular matrix deposition occurring during 
nephritic disease. TGpp activity can be inhibited by the 
glycoprotein, decorin (Yamaguchi e t al. 1990), and kidney 
fibrosis and proteinuria resulting from glomerulonephritis 
in rats has been attenuated following MGT of a sequence 
encoding decorin (Isaka e t al. 1996). Although these 
results are promising, TGpp also affects other important 
physiological activities such as wound heahng (Border & 
Noble 1995, Spom & Roberts 1992) and a general 
inhibition of TGpp activity by decorin could interfere 
with these processes. Therefore this proposed treatment 
for nephritic disease using decorin currently lacks the 
necessary specificity.

D ia b e tic  neuropathy

Recent studies in both animals and humans demonstrate 
that neurotrophic factors such as nerve growth factor 
(NGP) (Rask e t al. 1998) and insuhn-like growth factor 
(IGP) (Ishii & Lupien 1995, Apfel & Kessler 1996) can 
reverse the peripheral neuropathy that is associated with 
diabetes. MGT of IGP-I coding sequence has been used to 
reduce the progressive motor neuropathy observed in 
diabetic mice, as a 4-week treatment using plasmid 
encoded IGP-I increased nerve and muscle activity to the 
level o f non diabetic controls (Coleman e t al. 1998).

M o to r  neurone disease

The effects of IGP-I on diabetic neuropathy following 
MGT suggest that this method could be applied to the 
treatment of other diseases where severe neural damage 
occurs. Motor neurone disease (MND) represents a com
plex group of neurodegenerative diseases which may 
respond to this approach. A reduction in neurone degen
eration, increased innervation, improved motor responses 
and a significant increase in survival rate were all observed, 
following MGT of ciliary neurotrophic factor (CNTP) and 
neurotrophin-3 (NT-3) coding sequences in a murine 
model of the amyotrophic lateral sclerosis (ALS) variant of 
M ND (Haase e t al. 1996).

As chnical trials for ALS using recombinant human 
CNTP protein have so far been unsuccessful due to the 
poor bioavailabihty of this factor (Cedarbaum et al. 1995), 
MGT directed expression of CNTP could be used to 
increase the clinical efficacy of this protein in ALS patients; 
by directing CNTP expression to the neurones where it is 
normally produced.

P eripheral vascular disease

MGT could have a significant chnical impact in treating 
the peripheral vascular diseases which can cause limb 
ischaemia (Lepantalo & Tukianen 1996). Several studies 
using animal models for limb ischaemia have demonstrated 
a positive response to treatment with plasmid encoded 
vascular endothefial growth factor (pVEGP), a factor 
which stimulates angjogenesis in muscle tissue (Battegay 
1995). MGT ofpVEGP into the ischaemic limb caused 
an increase in capillary density and blood flow (Takeshi ta 
e t a l. 1994), suggesting a potential for its apphcation in 
humans with an advanced disease, where conventional 
vascularisation is not possible.

However, VEGP is also produced by some types of 
tumour cell and it inhibits the maturation of dendritic cells 
(Gabrilovich e t al. 1996). Inadequate tumour antigen 
presentation by dendritic cells has been su^ested as a 
potential mechanism for tumour cell immune evasion 
(Oyama e t  a l. 1998). Therefore, the role of this factor in 
the pathogenesis o f cancer must be considered as a 
potential side effect if  VEGP is to be apphed to the 
treatment of peripheral vascular disease.

Sin gle  e n z y m a tic  defects — F abry disease

Therapeutic protein can be released constandy following 
MGT, if  promoter elements with continuous activity are 
used. Patients with systemic diseases requiring expensive 
enzyme replacement therapy may benefit from this type of 
protein dehvery. Por instance, Anderson-Pabry lysosomal 
storage disease is one such disorder for which MGT 
is being developed. The inherited a-galactosidase A 
(a-GAL) deficiency causing Pabry disease results in a 
widespread accumulation of its glycosphingohpid substrate 
in most tissues and body fluids and, although enzyme 
replacement therapy reduces levels of accumulated serum 
glycosphingohpids, purified human a-GAL is only avail
able in very hmited quantities at present (Desnick & 
Bishop 1995). Recent studies indicate that muscle can 
produce significant quantities of this enzyme, as Pabry 
patient fibroblasts take up a-GAL secreted from muscle 
ceUs transfected a-GAL coding sequence via its native 
endocytic pathway (Novo et al. 1997). In addition, a more 
complete model for the treatment of Pabry disease by 
MGT can now be investigated, with the recent gener
ation o f an a-GAL deficient transgenic mouse (Ohshima 
et al. 1996).

tournai o f  Endocrinology 09 9 9 ^  162, 1-9
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D N A  vacdnes

The final example of MGT describes the development of 
DNA vaccines and this is currently one of the most 
intensively studied areas of MGT. DNA vaccines are 
designed to produce antigens within muscle tissue and, 
subsequently, antigen production stimulates both cellular 
and humoral immune responses to pathogenic infections 
(Waine & McManus 1995). Thus MGT has been used to 
generate protective immunity against diverse pathogens 
such as M ycop lasm a  pneum on iae  (Barry e t al. 1995) and 
Hepatitis B (Davis e t al. 1996).

DNA vaccines can also stimulate a stronger cell medi
ated T helper 1 (Thl) based immune response than some 
conventional vaccines (Roman e t al. 1997). Another novel 
application of this methodology is the development of 
vaccines directed against pathogens which evade immu
nological neutralisation by antigenic variation; D N A  vac
cines have been designed to encode several thousands 
of antigen subunits (Barry e t al. 1995) and this type of 
vaccination strategy could be directed against pathogens 
such as the malarial parasite, P lasm odiu m  fa lc iparu m .

Regulation o f  gene expression in muscle

The gene transfer protocols discussed above are designed 
for continuous release of protein after MGT and, although 
this may be potentially useful in treating systemic disorders 
such as Fabry disease, which require a regular supply of 
a-GAL (Novo e t al. 1997), this type of delivery may cause 
side effects in other applications where production o f the 
deficient protein is normally tighdy regulated. In the 
following section, we consider why regulation of thera
peutic gene expression is important and, using gene 
therapy for growth hormone deficiency (GHD) as an 
example, then discuss how regulation can be achieved in 
muscle tissue.

containing either GHRH, or GH coding sequence con
trolled by a muscle specific promoter (DraghiaAkli e t al. 

1997, Anwer e t al. 1998). Although muscle transcription 
elements can restrict gene expression to specific muscle 
fibre types (Skarli et al. 1998), the continuous GH typified 
by the above methods can cause organ hyperplasia (Hahn 
e t al. 1996, N g e t al. 1997). Therefore a gene therapy 
strategy for GHD should ideally possess an inbuilt regu
latory element in an effort to mimic the physiological 
secretion pattern of GH.

R eg u la te d  production  o f  g row th  horm one in  muscle

A controlled release of GH from striated muscle has been 
achieved following implantation of engineered human 
fibrosarcoma cells into nude mice (Rivera e t al. 1996) 
(Fig. 2). These cells express two hybrid proteins, consisting 
of the ligand binding domains of FKBP12 and FRP, fused 
with the zinc finger DNA binding domain of ZFBPl and 
the transcriptional activation domain of NF-kB p65 pro
teins respectively. The human proteins FKBP 12 and FRP 
form a high affinity complex with the immunosuppressant, 
rapamycin. Thus, following administration of this drug, 
the fusion derivatives of FKBP 12 and FRP expressed in 
implanted fibroblasts form a tripartite complex, activating 
GH expression from a ZFHDl-dependent promoter. 
A dose-dependent rise in serum GH is subsequently 
observed in response to rapamycin administration (Rivera 
e t al. 1996) (Fig. 2).

A similar system, using implanted myoblasts, has been 
used to modulate serum Epo levels following admin
istration of antibiotic (Bohl et a l. 1997) and, as a 
component of antibiotic regulation is currently being 
incorporated into the design of viral (Hu e t al. 1997) and 
plasmid (Liang e t a l. 1996) vectors, this methodology has 
the potential to deliver an even wider spectrum of 
biologically active proteins.

G en e  therapy f o r  g ro w th  horm one deficiency

In humans, as in rodents, GH is released from the pituitary 
gland in an episodic pulse which is controlled by GH- 
releasing hormone (GHRH), somatostatin and possibly 
other GH secretagogues (Bluepajot e t al. 1998). Many of 
the features associated with an endogenous GHD, such as 
low growth rate and serum IGF-I levels, can be corrected 
in murine models for GHD following injection o f GH- 
secreting modified myoblasts (Al-Hendy e t al. 1995) or 
adenoviral encoded GH cDNA (Hahn e t al. 1996). Plas
mid vectors have also been used to produce biologically 
active GH in differentiated muscle cells, using combi
nations of viral and muscle-specific transcription for gen
erating optimal levels of this hormone (MacColl e t al. 

1998). Moreover, serum IGF-I levels and growth rate can 
be increased following intramuscular injection of plasmids

Factors influencing the efficacy and safety o f  
gene transfer

W e have discussed the use of MGT for producing several 
different proteins and methods for regulating therapeutic 
expression within muscle tissue. However, there are 
several other important factors which will ultimately 
determine the success rate of MGT when applied to 
humans.

E fficiency o f  gen e  transfer

Where MGT has progressed to human trials, the compari
son with the corresponding animal studies has not been 
favourable, as illustrated by recent developments in gene 
therapy for Duchenne muscular dystrophy (DMD). Im
plantation of myoblasts expressing a dystrophin coding

lournal o f Endocrinology (1999) 162, 1-9



c  s M acCO ll and others • Skeletal muscle as an artifidal endocrine tissue

sequence into skeletal muscles of DM D patients was not 
clinically beneficial to these subjects (Miller e t al. 1997), 
in contrast with a similar application in a murine model 
for DM D which resulted in long-term expression of a 
dystrophin cDNA (Floyd e t al. 1997).

The reasons for the failure of dystrophin gene transfer 
in humans are not clear at present. However, there are 
distinct anatomical differences between humans and 
rodents in terms o f muscle composition, activity and 
blood/lymphatic microcirculation. These are factors which 
contribute to the efficiency of gene transfer and ultimately 
to the effectiveness of these methods in humans. In 
addition, the age o f the muscle used seems to play an 
important role in efhciency of gene transfer (Wells & 
Goldspink 1992, Danko e t al. 1997).

Im m u n ogen icity  o f  vectors

An immune or an inflammatory response directed against 
viral, cell and plasmid based delivery vectors can greatly 
hmit the efficacy of MGT, as with other methods of gene 
transfer (Gorecki & MacDermot 1998). Early studies using 
an adenoviral based gene therapy to treat cystic fibrosis 
patients were unsuccessful, due to an inflammatory 
response directed against the delivery vector in some 
individuals (Zabner e t a l. 1993). Recent generations of 
adenoviral vectors contain no viral protein coding se
quences and therefore any observed immune response 
should not result from de novo viral protein synthesis 
(Kochanek e t a l. 1996, Morsy e t al. 1998). However, over 
40 different adenoviral serotypes have been identified in 
humans (Scadding & Gibbs 1994) and pre-existing anti
bodies in any individual may limit the efficacy of even a 
‘gutted’ adenoviral vector, as this still requires pre
packaging in a viral protein coat to 6cihtate entry into the 
cell (Kochanek e t a l. 1996). This is especially relevant 
where repeated administration of a delivery vector is 
necessary for an effective treatment.

AAV vectors are derived from human parvoviruses and 
are intrinsically less immunogenic than adenoviruses 
(Fisher e t al. 1997). However, AAV vectors could be 
subject to a similar problem as adenoviruses, as a significant 
proportion of the population will have been exposed to 
this pathogen (Scadding & Gibbs 1994) and this could also 
obstruct re-administration of an AAV vector. Moreover, it 
may be possible to suppress the specific immune responses 
which hmit the re-administration of viral vectors. For 
instance, activity o f the TH2 subset of T helper cells which 
block a second administration of recombinant adenovirus 
virus can be diminished by coadministration with 
interferon-gamma or interleukin-12 (Yang e t al. 1995).

Plasmid based vectors have also been shown to be 
immunogenic, as these contain immunostimulatory DNA  
sequences (ISS) which stimulate both macrophage and T 
lymphocyte based immune responses (Sato e t al. 1996, 
Stacey e t al. 1996). These ISS also have an adjuvant

property which enhances the effect of D N A  vaccines 
(Roman e t a l. 1997). However, an immune response 
directed against these ISS will be undesirable in most of 
the apphcations of MGT, as a significant proportion of the 
population have antibodies to bacterial D N A  (DeVlam 
e t a l. 1993). Therefore, it must also be established if  a 
patient’s immune system will tolerate plasmid based gene 
transfer into muscle.

I m m u n o g en ic ity  o f  expressed  transgenes

Although an immune response is the desired consequence 
of using a D N A  vaccine, what is the physical outcome of 
foreign protein expression in muscle? A common obser
vation following MGT of a heterogeneous protein coding 
sequence is a peak o f expression at 14 days, followed by a 
decline and then a loss o f expression (Wells e t a l. 1997). 
Work in this laboratory has shown that an immune 
response is generated against human factor VII after gene 
transfer into mouse muscle tissue (Miller e t al. 1995). The 
subsequent loss of expression in muscle tissue results from 
an elimination o f muscle fibres through a cytotoxic T  cell 
response directed against the immunologically foreign 
protein (Wells e t a l. 1997).

The expression of divergent proteins in muscle can also 
break immune tolerance to the corresponding endogenous 
protein as, for instance, production of human Epo in 
mouse muscle activates an IgG immune response to 
endogenous Epo (Tripathy e t al. 1996). Therefore the 
primary sequence of a protein must match that of the 
recipient, to prevent elimination of transfected muscle 
fibres expressing the protein. Moreover, where a protein is 
completely absent, as occurs in DMD (Petrof 1998), 
patients are immunologically naive with respect to the 
native protein (i.e. dystrophin). This factor could limit the 
efficacy o f a gene therapy for DMD.

N o n  m uscle expression

The safety o f MGT also depends on expression of the 
introduced gene being restricted to the site where the 
vector was administered. Recent studies demonstrate that 
both viral and plasmid vectors can be transported retro- 
gradely to motor neurones innervating the injection site, 
with subsequent expression of the introduced gene in the 
neuronal cell body (Haase e t a l. 1996, Johnson e t a l. 1998). 
Although vector uptake by motor neurones might be 
beneficial in treating M ND, it could also result in further 
damage occurring to the peripheral and central nervous 
systems and therefore must be investigated further.

The targeting of gene expression to muscle tissue is an 
important issue and this can be achieved in several ways. 
First, the use of muscle specific transcription elements in 
delivery vectors can restrict expression to muscle cells. For 
instance, the combination of myosin heavy chain promoter 
and light chain enhancer element used to produce human
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factor VII in muscle tissue (Miller e t al. 1995) directs gene 
expression to muscle fibres in both the fast tibiahs anterior 
and slow soleus muscles in mice (Skarh e t al. 1998). 
Muscle specific expression can also be accomplished by 
myoblast transfer, as myoblasts will form new muscle fibres 
at the site o f introduction (Pin & Merrifield 1997). In 
addition, an even more stringent level for controlling 
therapeutic gene expression in muscle can be achieved by 
combining both of the above methods with an element 
of antibiotic regulation. This method has been utilised in 
the antibiotic-regulated expression of Epo in muscle, as a 
human desmin promoter with muscle-specific activity 
drives expression of an antibiotic binding protein and 
activates expression of Epo within implanted myoblasts 
(Bohl e t a l  1997).

Discussion

The examples o f MGT discussed in this review demon
strate the potential clinical applications of this methodology 
and the release of Epo, decorin and lGF-1 from muscle 
show that this tissue can be used as a central site for the 
production of proteins which have either a local or 
endocrine effect. However, as with any new dmg therapy, 
the success o f MGT depends both on the efficacy and the 
safety of the methodology used to deliver therapeutic 
genes into muscle tissue.

The clinical trials for DMD reveal the difficulties 
inherent in applying MGT to humans. In addition, 
immune responses to delivery vectors, combined with 
their tendency to be intemahsed by neural tissue, are both 
factors which currently limit the efficiency and safety of 
MGT. However, the progress currently being made in 
understanding the mechanisms which underhe vector 
immunology and transport kinetics may eventually lead 
to safer methods of gene transfer into muscle. Also, the 
combination of tissue specific transcription elements 
with antibiotic regulation can now be used to regulate 
therapeutic gene expression in skeletal muscle.

Therefore, considering the complex safety and efficacy 
aspects which must still be resolved, MGT is hkely be 
applied to the most clinically difficult situations first, i.e. 
those where no effective treatment exists. Motor neurone 
and Fabry disease are both candidates for MGT and this 
methodology may also be applied to the treatment of limb 
ischaemia resulting from peripheral vascular disease, a 
cause of major morbidity. These and other apphcations of 
MGT have now progressed to the chnical trial stage and 
the results of these studies will give a clearer indication of 
where MGT wiU be most effective.
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Abstract

The production of peptide hormones by skeletal muscle 
tissue is a promising area of gene therapy. Skeletal muscle 
myogenesis can be induced in  vitro, resulting in the fusion 
of mononucleate myoblasts to form multinucleate myo
tubes, and delivery vectors are first tested in vitro. C2C12 
myoblasts transfected with pcDNA3-GH, which used 
the human cytomegalovirus (CMV) promoter, secreted 
immunoreactive GH with comparable biological activity 
to pituitary GH. Mouse myeloid leukaemia cells, which 
express the mouse GH receptor were used for the bioassay, 
and activation of these cells by GH was measured by a 
colorimetric microculture tetrazohum assay. Cells were 
incubated with a tétrazolium salt (MTS) and an intermedi
ate electron acceptor (phenazine methosulphate, PMS), 
and formazan production was measured as optical density 
(O.D.) at 490 nm.

The efficiencies of several plasmid expression vectors 
were compared in differentiated and non-differentiated 
muscle cells, as a function of bioactive GH secreted by the 
transfected cells. Ten-day differentiated C2C12 myotubes 
transfected with pcDNA3E-GH, which used the CMV  
promoter and a rat myosin light chain enhancer element.

secreted significantly more biologically active GH than 
myotubes transfected with pcDNA3-GH (0-82 O.D. 
units ±  0-06 vs 0-57 ±  0-05 respectively, P<0-001). This 
was consistent with reduced CMV promoter activity in 
myotubes. Myoblasts transfected with pcDNA3-GH  
secreted more bioactive GH than 10-day transfected 
myotubes (IT T 0 1  vs 0-77 ±  0-07 respectively). How
ever, the responses were indistinguishable (both 
1 0  T 0 09) if  both the myotubes and myoblasts had been 
transfected with pcDNA3E-GH. Substitution of the vec
tor pMHLC-GH, which used a muscle-specific truncated 
rabbit myosin heavy chain promoter, and the myosin 
enhancer resulted in a marked decrease in the responses to 
the conditioned medium from fused myotubes compared 
with the vectors pcDNA3-GH and pcDNA3E-GH  
(0'24 ±  0'02 vs 0 57 ±  0 05 vs 0'82 ±  0 06 respectively). 
W e concluded that the combination of CMV promoter 
and myosin light chain enhancer in pcDNA3E-GH had 
the greatest expression efficiency of the several plasmid 
vectors which we investigated. 
journal o f  Endocrinology (2000) 165, 329 -3 3 6

Introduction

Gene transfer into skeletal muscle is currently being 
developed as a method for producing proteins with poten
tial therapeutic benefits, and a wide variety of apphcations 
have been envisaged, including treatment for muscular 
dystrophy (Floyd e t al. 1997), motor neurone diseases 
(Haase e t al. 1996) and peripheral vascular disease 
(Takeshita e t al. 1994). There have been some promising 
results from chnical trials using musclé gene transfer as an 
instrument of therapeutic drug dehvery. For instance, 
significant chnical improvements were observed in a 
recent phase 1 chnical trial, where plasmid D N A  encoding

vascular endothehal growth factor had been injected into 
the hmb muscles of patients with critical hmb ischaemia. 
N ew  coUateral blood vessel growth, improved distal blood 
flow and heahng of ischaemic ulcers were observed, 
resulting in successful limb salvage in 3 patients recom
mended for below-knee amputation (Baumgartner et al. 
1998).

Recent studies have shown that skeletal muscle can be 
adapted for use as an artificial endocrine tissue (reviewed 
in MacCoU e t al. 1999), and this methodology has been 
used to produce physiolc^cahy active leptin (Murphy 
e t al. 1997) and erythropoietin (Tripathy e t al. 1994). 
Additionally, gene transfer into muscle has been used to
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pC M V R G H  cDNA pA C o lE l A m p
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pM H C R G H  cDNA pA C o lE l A m p M L C E

Figure 1 Plasmid vectors used to produce recom binant GH in 
C2C12 myoblasts and myotubes. 1, pcDNA3-GH; 2, pcDNA3E- 
GH; 3, pMHLC-GH. The construction of each vector is described 
in the Materials and M ethods section and the relevant sequences 
are shown here (not to scale): human cytomegalovirus immediate 
early prom oter (pCMV), rabbit myosin heavy chain prom oter 
(pHMC), rat myosin light chain enhancer (MICE), rat growth 
horm one com plem entary DNA (RGH cDNA), bovine growth 
horm one polyadenylation signal (pA), E. coli origin of replication 
(ColEI ), ampicillin resistance gene (Amp).

produce the key hormones and growth factors which 
regulate growth. These include growth hormone releasing 
hormone (Draghia-Akli et a l  1998), growth hormone 
(Barr & Leiden 1991, Dahler e t al. 1994, Anwer e t al.

1998) and insulin-Hke growth factor-I (Barton-Davis e t al. 

1998).
Skeletal muscle consists of different types of multi

nucleated fibres, originating from myoblast stem cells 
which fuse during the embryonic development of muscle 
tissue (myogenesis). In postnatal Hfe, the self-renewal and 
growth of differentiated muscle tissue is further mediated 
by a resident population of mononuclear myogenic pre
cursors, the satellite cells. In response to muscle injury, 
satellite cells divide and fuse to repair or replace damaged 
fibres (Ferrari et al. 1998). The bulk of muscle cells in 
developed muscle tissue are, however, non dividing and 
gene delivery vectors are stably maintained in post-mitotic 
muscle fibres following intramuscular injection. This pro
vides muscle with a considerable advantage over other 
tissues used for the production and secretion of therapeutic 
proteins, as a long-term release of protein can be achieved 
following gene transfer in  v ivo  (Tripathy e t al. 1996).

Myogenic differentiation can also be manipulated in 
culture, as myoblasts can be induced to differentiate 
in  v itro . By replacing the culture medium with serum- 
deficient fusion media, a clear morphological change from 
dividing myoblasts to quiescent multinucleated myotubes 
occurs after several days. This allows gene transfer vectors 
such as plasmid D N A  molecules to be tested in differen
tiated muscle cells in  vitro , before advancing to in  v ivo  

studies (Dahler e t al. 1994, Novo e t al. 1997).
Here, we have tested several plasmid D N A  vectors 

encoding rat growth hormone, in transfected, cultured 
rodent muscle cells. The plasmid vectors used for these 
studies contained viral or muscle-specific promoters, or a 
combination of both types (Fig. 1), and murine C2C12

myoblasts (Blau e t al. 1985) were used to analyse each 
plasmid transfect in  vitro . Initially, the bioactivity of 
recombinant rat growth hormone produced by transfected 
C2C12 myoblasts was compared with pituitary-derived rat 
growth hormone (GH), using a somatogenic bioassay. The 
target cells used for this bioassay were mouse myeloid 
leukaemia cells, which were producing the murine growth 
hormone receptor (RowHnson e t al, 1996). A microculture 
tétrazolium assay (MTA) was used to measure activation of 
myeloid cells by growth hormone (described by Goodwin 
e t al. 1996). The bioassay was used to compare the 
amounts of recombinant rat GH produced by undifferen
tiated myoblasts and by differentiated myotubes, as a 
function of each plasmid transfection (MacColl e t al. 

1998).

Materials and Methods

S yn th es is  o f  ra t G H  c D N A

Materials Total pituitary tumour R N A  was provided by 
Dr D  Flavell, Division of Neurophysiology, National 
Institute of Medical Research, London, UK. The first 
strand cD N A  synthesis kit was supplied by Clontech 
Laboratories UK  Ltd (Basingstoke, UK) and Taq D N A  
polymerase by Life Technologies Ltd (Paisley, UK). 
Polymerase chain reaction (PGR) oUgonucleotides were 
synthesised by Oswell D N A  Service, Southampton, UK. 
Electrophoresis grade agarose and ethidium bromide were 
supphed by Sigma-Aldrich Company Ltd (GiUingham, 
UK).

R everse  transcription ( R T ) - P C R

A  rat growth hormone complementary D N A  (GH cDNA) 
was made from total rat pituitary R N A  by R T-PC R . First 
strand cDNA was primed with an oHgomeric dT primer 
and synthesised using avian myeloblastosis virus (AMV) 
reverse transcriptase, according to the manufacturer’s 
instructions. PCR ohgonucleotides were based on the 
published GH cD NA sequence (Seeburg e t al. 1977) and 
each PC R ampHmer contained an Sail restriction endo
nuclease site (underhned) to facilitate cloning of the PCR  
product in each of the three expression vectors used in 
these studies. The PC R oligonucleotides were designed to 
make a product containing the entire open reading frame 
and the 3 '  untranslated region (UTR) of the GH cDNA. 
A 5' U T R  was provided by each of the GH expression 
vectors. The primers used were:

forward 5': CCGTCGACATGGCTGCAGACTCTCA  
GACTCCC and
reverse 3': CCGTCGACATTAGGACAAAGTGTAGG  
GGTGGC.

PCR amplification of the cDNA was carried out with a 
Techne thermal cycler, using Taq D N A  polymerase
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according to the manufacturer’s instructions. The con
ditions used for the PCR were 95 °C for 1 min, followed 
by 30 cycles of 95 °G for 1 min, 56 °C for 1 min, 72 °C 
for 1 min, and then 72 °C for 5 min. Five percent of the 
PCR reaction was run on a 0-7% w /v  agarose gel, and a 
product of approximately 730 base pairs was visualised by 
staining the gel with ethidium bromide, as described in 
Sambrook et al. (1989). The remainder of the solution 
containing the PCR product was purified through a 
sihca-gel membrane (Qiagen Ltd, UK, Crawley, UK).

G H  vector construction

Materials Sail, Xhol, BamHI and Bglll restriction 
endonucleases and T4 D N A  Hgase were supphed from 
Boehringer Mannheim UK Ltd (Lewes, UK). The plas
mid pcDNA3 was supplied from Invitrogen (Groningen, 
Netherlands). Subcloning efficiency competent DH5a  
cells were supphed by Life Technologies Ltd.

Methods Five micrograms of the PCR product were 
enzymatically digested for 24 h with 100 units Sail restric
tion endonuclease, and purified as described above. To 
make pMHLC-GH (Fig. 1), the 729 base pair product 
containing the GH cDNA was ligated into pPPASe9 
(Miller et al. 1995), which had previously been digested 
with Sail. This vector contains a truncated rabbit myosin 
heavy chain beta cardiac promoter (Cribbs et al. 1989), and 
a rat myosin hght chain enhancer (Donoghue et al. 1988), 
both of which have specific activity in differentiated 
muscle cells. The second vector, pcDNA3-GH, used 
a human cytomegalovirus (CMV) immediate early pro
moter to drive GH expression in muscle cells (Fig. 1). 
pcDNA3-GH was made by removing the GH cDNA  
from pMHLC-GH by Sail restriction digest, and by 
hgating to pcDNA3 digested with Xhol. The third vector, 
pcDNA3E-GH (Fig. 1), was made in two steps: first, the 
920 base pair sequence containing the myosin light chain 
enhancer was removed from p(3PASe9, using BamHI 
restriction endonuclease, and this was Hgated into 
pcDNA3 digested with Bglll to make pcDNA3E. 
Secondly, the 729 bp Sail DNA fragment containing the 
GH cDNA was ligated to pcDNA3E, which had been 
digested with Xhol, to make pcDNA3E-GH.

T4 DNA hgase was used for aU D N A  ligations, accord
ing to the manufacturer’s instructions. Competent D H 5a  
E. coli cells were used to screen figation reactions for 
recombinant D N A  vectors, as described by Sambrook et al. 
(1989). Plasmid DNA, used for sequencing and muscle 
cell transfections, was prepared from transformed D H 5a  
cells by alkaline lysis and anion exchange chromatography, 
using a Maxi prep kit (Qiagen Ltd UK) and following 
the manufacturer’s instructions. The PCR product was 
sequenced for insert orientation and for open reading 
frame fidefity using the method described by Sanger

et al. (1977), with a Sequenase version 2 0 kit 
(Amersham-Pharmacia Ltd).

In vitro muscle cell culture and transfections

Materials C2C12 myoblasts were obtained from the 
American Tissue Culture Collection (ATCC-CPX-1772; 
ATCC, Rockville, MD, USA); fipofectamine, fetal 
bovine serum (FBS), horse serum (HS), phosphate 
buffered safine (PBS), Optimem, and Dulbecco’s modified 
Eagle’s medium (DMEM) with glutamax were obtained 
from Life Technologies Ltd (Paisley, Strathclyde, UK). 
Coming 75 cm^ vented flasks, 6 well tissue culture plates, 
Gentamycin and Ampicillin from Sigma Aldrich Ltd.

C 2 C 1 2  myoblast and myotube cultures

Frozen C2C12 mouse myoblasts (Blau et al. 1985), were 
thawed rapidly at 37 °C, transferred into 15 ml growth 
medium (DMEM+glutamax containing 10% FBS and 
0-5% gentamycin/ampicillin) in a 75-cm^ vented flask, 
and medium was changed once the cells had adhered. 
Myoblasts were routinely grown to between 70-80% 
confluence, and spht 1:20 every 2 days. Myoblasts were 
induced to fuse into myotubes by replacing growth 
medium with fusion medium, where 5% HS was used as 
the serum supplement, and fresh medium was added every 
2 days. Differentiation of cells was established visually, as 
myoblast fusion into myotubule-like syncytia (Barnhart 
et al. 1998). Cells were incubated in a humidified 
atmosphere of 5% C02/95%  air at 37 “C.

Transfection o f C 2 C 1 2  myoblasts

A modified version of the method described by Trivedi 
and Dickson (1995) was used to transfect C2C12 myo
blasts. Initially, a mixture of cationic liposome (Kpo- 
fectamine) and a plasmid containing the chloramphenicol 
acetyl transferase (CAT) reporter gene (pcDNA3-CAT) 
was used to optimise the transfection of C2C12 myoblasts. 
Cells were lysed for 24 h after transfection and assayed for 
CAT activity following the method described by Gorman 
et al. (1982). This optimised method was used to transfect 
myoblasts with each of the GH expression plasmids. 
Dividing myoblasts were seeded in 6-well dishes (2 ml) at 
a final density of 7-5 x lO'^cells/ml, and grown for 18 h. 
Lipofectamine (10 pg) and plasmid D N A  (2 pg) were 
mixed together in 1 ml serum-free medium (Optimem), 
and incubated for 45 min at room temperature. Cultures 
were washed 3 times in PBS to remove serum, and 
overlaid with Hpofectamine/DNA complexes. Each trans
fection was incubated in 5% C02/95%  air at 37 °C for 5 h, 
and stopped by adding fusion medium. Transfected 
myoblasts were either grown for 48 h before analysis of rat
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growth hormone production, or left over a 10-day period 
to reach confluence and to differentiate into myotubes.

Western blot fo r  recombinant rat G H

Materials Affinity-purified rat GH and primary antibody 
to rat GH (rhesus anti-rat growth hormone, RGH-ICl) 
were obtained from the National Hormone and Pituitary 
Program (NHPP, Harbour-UCLA Medical Center, 
Torrance, CA, USA), USA. Microconcentrators with 
a 5 kDa molecular mass cutoff were obtained from 
Vivascience, Lincoln, UK Ltd and prestained molecular 
weight markers were obtained from N ew  England Bio
labs Inc., Hitchin, UK. All electrophoresis reagents, 
Tween-20, rabbit anti-monkey IgG alkahne phosphatase 
conjugate, EDTA, and 5-bromo-4-chloro-3-indoloyl 
phosphate (BCIP) and nitro blue tetrazohum (NBT) 
developing reagent were obtained from Sigma-Aldrich; 
Hybond-C nitrocellulose membrane was purchased firom 
Amersham-Pharmacia Biotech Ltd, St Albans, UK.

Western transfer and detection o f rat G H

Forty-eight hours after transfection, conditioned medium 
(500 pi) was removed from myoblasts, transferred to a 
microconcentrator and centrifuged at 13 000 ̂  for 15 min. 
Cell lysates were prepared as described by Novo et al. 
(1997), and concentrated. Protein concentrates from each 
transfection were separated under reducing conditions by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), as 
described in Sambrook et al. (1989). Protein molecular 
weight markers, rat growth hormone standard and protein 
concentrates were denatured at 80 °C for 10 min in 
1 X sample loading buffer, and loaded onto a discontinu
ous polyacrylamide gel with a 4% acrylamide stacking gel 
and a 12% resolving gel. Each gel was run for 1 h with a 
constant current of 60 mA per gel.

Protein was transferred to Hybond-C membranes using 
the method described in Harlow and Lane (1988). Mem
branes were washed once in PBS and incubated overnight 
at 4 “C in blocking solution: PBS containing 5% w /v  fat 
free milk powder (Marvel), and 0-01% v /v  Tween 20. 
Membranes were incubated at 4 °C for 2 h with primary 
antibody (RGH-ICl) diluted 1 in 200 in blocking solu
tion, and then washed 3 times in PBS containing 0-01% 
v /v  Tween 20. Second antibody (rabbit anti-monkey IgG 
alkahne phosphatase conjugate) was diluted 1 in 2000 in 
blocking solution, and incubated with membranes at room 
temperature for 1 h. Membranes were then washed 
3 times in 0-01% Tween 20 in Tris-buffered sahne (pH 8). 
Alkahne phosphatase activity was detected by incubating 
nitrocellulose membranes with 5 ml developing reagent, 
containing BCIP and NBT. Reactions were stopped by 
adding 20 mM EDTA, pH 8.

Somatogenic bioassay for rat G H

Materials The creation of murine myeloid leukaemia 
cells that stably express the murine growth hormone 
receptor (FDCPl-MGHR) has been described previously 
(Rowhnson et al. 1996). RPMI-1640 was obtained 
from Life Technologies Inc. Penicihin, streptomycin, 
L-glutamine, Coming 25 cm  ̂ tissue culture flasks and 96 
well microculture dishes were obtained from Sigma- 
Aldrich Company Ltd. Human pituitary growth hormone 
(hGH -  IS 80/505) was provided by the National Institute 
for Biological Standards and Control (South Mimms, 
Herts, UK). 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethyl- 
thiazolyl) -3- (4-sulphophenyl) tetrazohum inner salt (MTS) 
and phenazine methosulphate (PMS) were obtained flrom 
Promega UK Ltd (Southampton, UK).

Cell culture FDCPl-M GHR ceUs were maintained in 
suspension culture, in 25-cm^ flasks with growth medium 
consisting of RPMI-1640 medium without phenol 
red containing 10% FBS, 100 U  penicihin/ml, 100 pg 
streptomycin/ml, 2 mM L-glutamine and 0 1  pg/ml 
human growth hormone. Myeloid cells were routinely 
passaged every 3 days, and cultures were incubated in a 
humidified atmosphere of 5% C02/95%  air at 37 °C.

Microculture tétrazolium assays

A microculture tetrazohum assay (MTA) was used to 
measure the metabohc activation of FDCPl-M GHR  
cehs by growth hormone. CeUs were resuspended in 
assay medium without hGH, with 10% HS used as the 
serum supplement. CeUs were dispensed into 96-weU 
microculture dishes (50 pi) at a final density of 8 x 10  ̂
ceUs/ml and activated with 50 pi aUquots of assay 
mediurh containing either recombinant rat GH derived 
from transfected muscle ceUs, or known amounts of 
pituitary-derived rat GH. For the comparison between 
recombinant rat growth hormone and pituitary standard, 
conditioned media from three separate transfections, 
shown by Western blot to contain immunoreactive GH, 
were pooled and seriaUy diluted in assay medium before 
adding to FDCPl-M GHR ceUs. Assay plates were then 
incubated for 24 h in a humidified, gassed chamber at 
37 “C.

MTS tetrazohum salt and PMS, an intermediate 
electron acceptor, were used for the colorimetric MTA 
(Goodwin et al. 1996). Twenty microhtres of a solution 
containing an optimised mixture of MTS+PMS (4-1 mM 
MTS + 0T5 mM PMS) were added to assay weUs and 
mixed. Each assay plate was then incubated in a dry, 
non-gassed incubator at 37 °C for 2 h. The quantity of 
soluble formazan produced by bioreduction of MTS was 
determined by measuring optical density (O.D.) at 
490 nm. Each sample was assayed in triphcate, and 
O.D. values expressed as the mean ±  s.e .m . Significant
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F igu re  2 Western blot o f recombinant growth hormone produced by transfected C2C12 myoblasts. 
Conditioned medium was removed from undifferentiated C2C12 myoblasts 2 days after transfection with 
either pcDNAB or pcDNA3-GH. Three independent transfections were analysed and immunoreactive 
recombinant rat GH was detected using RGH-ICl antisera, as described in the Materials and Methods 
section. Each replicate transfection is shown. Lane 1, 50 ng rat pituitary GH standard; lanes 2, 5, 8, 
conditioned media from C2C12 myobolasts transfected with pcDNAS; lanes 3, 6, 9, cell extracts from 
C2C12 myoblasts transfected w ith pcDNA3-GH; lanes 4, 7, 10, conditioned media from C2C12 myoblasts 
transfected with pcDNA3-GH.

differences between mean O.D. values were determined 
using a Student’s (-test, with significance set as P < 0  05.

Results

Immunoreactivity o f rat G H  produced by C 2 C 1 2  myoblasts

Undifferentiated C2C12 myoblasts produced immuno
reactive recombinant rat growth hormone 2 days after 
transfection with pcDNA3-GH, and Fig. 2 shows a 
Western blot of conditioned media from 3 separate trans
fections. These contained recombinant protein which 
co-mi grated at 22 kDa with pituitary-derived rat growth 
homione. A more sensitive method of chemiluminescent

detection also demonstrated that rat GH was also present 
in cell extracts (data not shown). Rat GH immuno
reactivity could not be detected using these methods, 
either in control C2C12 myoblasts or in cells transfected 
with plasmid without the GH cDNA (pcDNA3).

Bioactivity o f recombinant rat G H

The conditioned media from C2C12 myoblasts transfected 
with pcDNA3-GH stimulated FDCPl-M G H R myeloid 
cells, which express the murine GH receptor, as measured 
by the MTA assay (Fig. 3). Hormonal specificity of these 
responses to the pooled media was demonstrated by the 
abolition of the bioactivity by preincubation with an

1.2

0.6 - -

3=^

I— C2C12 Myoblasts 

—SI— pcDNA3 

- ■o - pcDNA3-GH  

r—  GH Standard

H 1 h
3 2 0 0

Dilution Units 
(Arbitrary)

4 1 0 .3 2 4  992

Pituitary GH (ng/ml)

F igu re  3 Stimulation o f FDCPl-MGHR cells by rat GH produced by transfected C2C12 myoblasts. 
Conditioned media, containing immunoreactive rat GH from 3 separate transfections of C2C12 
myoblasts, were pooled and assayed for somatogenic activity. Serial dilutions o f pooled media, taken 
from undifferentiated myoblasts 48 h after transfection with pcDNA3-GH, were used to activate target 
cells in the colorimetric somatogenic bioassay, as described in the Materials and Methods section. 
Hormonal activation was quantified by the increased O.D. (490 nm) due to formazan production by 
FDCPl-MGHR target cells. Negative controls were run as described in the text. In addition, a dose- 
response curve to affinity purified rat pituitary GH standard was run in parallel in this bioassay. For both 
GH preparations, each dilution was tested in replicate wells (n = 3) and all responses are expressed as 
mean O.D. ± s.lm .
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Figure 4 (a) Comparison between plasmid vector activities in undifferentiated C2C12 myoblasts, and in differentiated C2C12 myotubes. 
Conditioned media were harvested from cultures o f undifferentiated C2C12 myoblasts 2 days after transfection, or from  differentiated 
C2C12 myotubes 10 days after transfection, and tested for rat GH production using the somatogenic bioassay. The transfection variants 
were: /, untransfected myotubes; 2, myotubes transfected w ith pcDNAS; 3, myoblasts transfected w ith pcDNA3-GH; 4, myotubes 
transfected w ith pcDNA3-GH; 5, myoblasts transfected w ith pcDNA3E-GH; 6, myotubes transfected w ith pcDNA3E-GH. Transfected 
myoblasts were induced to differentiate into myotubes, as described in the Materials and Methods section. Transfections were repeated 
three times and the conditioned media from individual experiments were assayed for GH bioactivity in replicate wells (n = 3). All responses 
are expressed as mean O.D. ±  s.e.m ., *P<0-001 for variant 4 compared w ith variant 3. (b) Comparison between 3 plasmid expression 
vectors in 10-day cultures o f transfected C2C12 myotubes. The transfection variants were: /, untransfected myotubes; 2, myotubes 
transfected w ith pcDNA3-GH; 3, myotubes transfected w ith pcDNA3E-GH; 4, myotubes transfected w ith pMHLC-GH. Transfected 
myoblasts were induced to differentiate into myotubes as described in the Materials and Methods section. For each plasmid, conditioned 
medium from 6 separate transfections was tested for rat GH bioactivity in replicate cultures o f FDCPl-M GHR target cells (n=3)  and all 
responses are expressed as mean O.D. ±  s.e.m . *P<0-001 for variant 3 compared w ith variant 2.

antibody raised against the native hormone (results not 
shown). No stimulation was observed with the media 
harvested from negative controls of untransfected C2C12 
myoblasts, or from cells that had been transfected with 
pcDNA3 only. A comparison between dose-response 
curves to the secreted recombinant rat GH and rat 
pituitary-derived GH standard, revealed essentially parallel 
response increments (Fig. 3).

Com parison o f  vector efficiency in muscle cells

The bioassay was used to compare the levels of recom
binant rat GH secreted into conditioned medium by 
undifferentiated C2C12 myoblasts and fused myotubes, 
which had been transfected with plasmid GH expression 
vectors containing different combinations of viral and 
muscle promoter elements (Fig. 4a and b). Figure 4a shows 
the comparison of CMV promoter activity in both cell 
types. Ten days after transfection with pcDNA3-GH, the 
bioassay response to the rat GH secreted from differenti
ated myotubes was significantly less than that secreted 
from undifferentiated myoblasts (077 O.D. units ±  0-07 
vs M  ±  0-1 respectively, P<0-001). These responses were 
indistinguishable (both TO T 0-09) if myotubes and 
myoblasts were instead transfected with pcDNA3E-GH, 
which included both the CMV promoter and the myosin 
light chain enhancer element (Fig. 4a).

In a separate series of transfections, we compared the 
efficiencies of different plasmids in 10-day cultures of 
transfected C2C12 myotubes. We confirmed that when 
myotubes had been transfected with pcDNA3E-GH they 
produced significantly more GH than myotubes trans
fected with pcDNA3-GH (0-82 ±  0-06 vs 0-57 ±  0-05, 
P<0-001) (Fig. 4b). However, if the plasmid vector 
pMHLC-GH was substituted, there was a marked de
crease in the responses to the conditioned medium 
from fused myotubes, compared with pcDNA3-GH and 
pcDNA3E-GH (0-24 ±  0-02 vs 0-57 ±  0 05 vs 0-82 ±  
0-06 respectively) (Fig. 4b). This vector contained the 
myosin heavy chain promoter and myosin light chain 
enhancer element. We concluded that, since the responses 
observed were a direct function of the GH secreted, the 
combination of CMV promoter and myosin light chain 
enhancer in pcDNA3E-GH had the greatest expression 
efficiency of the vectors which we investigated.

D iscussion

The aim of this study was to compare the relative amounts 
of recombinant rat GH produced by three types of plasmid 
DNA vector in differentiated C2C12 myotubes and in 
undifferentiated C2C12 myoblasts, with a view to devel
oping one or more of these for deHvering GH in vivo.
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Immunoreactive recombinant rat GH was secreted by 
C2C12 myoblasts transfected with pcDNA3-GH, and this 
had the same molecular weight as pituitary-derived rat 
GH. The somatogenic bioassay was then used to demon
strate that the immunoreactive protein had a comparable 
biological activity to native rat GH. Both recombinant and 
pituitary-derived GH generated similar dose-response 
curves over the same dilution range, when incubated with 
FD CPl-M G H R  cells.

Using this bioassay to measure GH secretion as a 
function of promoter activity, the efficiency of the CMV 
promoter was then compared in both transfected C2C12 
myoblasts and differentiated myotubes. W e found that 
myotubes transfected with pcDNA3-GH produced sig- 
nificandy less biologically active GH when compared with 
myoblasts transfected with the same construct. However, 
when the CMV promoter was combined with a muscle- 
specific enhancer in the vector pcDNA3E-GH, equiva
lent levels of bioactive GH were secreted by transfected 
C2C12 cells irrespective of the state of differentiation of 
these muscle cells.

The decrease in the levels of GH secreted, following 
differentiation of transfected myohlasts into myotubes, and 
the subsequent attenuation of this effect when the CMV  
promoter was combined with the myosin fight chain 
enhancer element in pcDNA3E-GH, was consistent with 
our current understanding of several of the cellular pro
cesses that control gene expression during myogenesis. 
First, the reduction in GH secretion observed in myotubes 
transfected with pcDNA3-GH may have been caused by 
the decrease in binding activity of the activator protein-1 
(AP-1) transcriptional activator, which occurs following 
the induction of myogenesis in  vitro  (Lehtinen e t al. 1996). 
AP-1 is a heterodimer consisting of Fos and Jun protein 
monomers, which specifically activates promoters that 
contain the binding site TGACTCA, including the CMV  
promoter used in pcDNA3-GH and pcDNA3E-GH  
(Lehtinen e t al. 1996).

The difference between the levels of GH secreted by 
myotubes transfected with pcDNA3-GH, as opposed to 
pcDNA3E-GH must be due to the myosin fight chain 
enhancer. This enhancer is activated specifically in differ
entiated C2C12 myotubes, but not in dividing myoblasts 
(Donoghue e t al. 1988), as it contains several E box 
(CANNTG) and A /T  rich (CTA)A/T4) D N A  motifs. 
These sites bind to the myogenic differentiation factor 
(MDF) and myocyte enhancer families of transcription 
factors, which are expressed during muscle cell differen
tiation (Neville & Rosenthal 1996). The observations 
indicate that the myosin fight chain enhancer compensates 
for the reduction in CMV promoter activity, which occurs 
following differentiation of transfected muscle cells.

In comparison with the plasmids using the CMV 
promoter, pMHLC-GH generated much lower levels of 
GH in transfected C2C12 myotubes. This vector used a 
truncated myosin heavy chain promoter in combination

with the myosin fight chain enhancer element, and the 
results were consistent with previous observations where 
these vectors were used for the expression of human 
alpha-galactosidase (Novo e t al. 1997). However, we have 
also shown that the promoter elements used in 
pMHLC-GH generate tissue-specific gene expression in 
muscle fibres (Skarli e t al. 1998) and as other studies show 
that specific types of muscle promoters are effective at 
producing hormones in muscle cells (Barton-Davis e t al. 

1998, Li e t al. 1999), this vector is being studied further.
In conclusion, the amount of biologically active growth 

hormone produced by transfected C2C12 myotubes was 
found to depend on the types of promoter element used in 
each plasmid vector, and a combination of viral and 
muscle-specific transcription elements proved to be the 
most effective. However, it is also recognised that plasmid 
vectors which are effective in cultured muscle cells, 
may not be as potent when used for gene transfer into 
skeletal muscle (Barnhart e t al. 1998), and therefore these 
conclusions may not apply to in  v iv o  situations.
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