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Summary

With the eventual aim of producing a transgenic rat model in which to assess the

ability of IGF-I to inhibit muscle degradation during stress, I have constructed a chimeric

transgene linking the promoter of the Phosphoenolpynrvate Carboxykinase @EPCK) gene

to an IGF-I cDNA. This construct was permanently transfected into Chinese Hamster

Ovary (CHO) cells and was shown to enable production of biologically active hIGF-I by

these cells" Similar transfections of the construct into rat H4m hepatoma cells did not

result in the production of significant biologically active hIGF-I. This is likely to result as

a consequence of a feedback loop in which hIGF-I is able to inhibit transcription via the

PEPCKpromoter in the transfected cells.

Prior to the use of the PEPCK-IGF-I construct for transgenesis, the rat system

was evaluated using a transgene construct proven previously in mice, hMTIIa-pGH. Rats

carrying the MTtra-pGH transgene were successfully generated at a frequency comparable

to mice. Founder rats produced pGH in their blood at the time of weaning at

concentrations between 18ng/ml -1200 nglml. V/hile r-nost animals with plasma GH levels

o1>25 ng/mt at weaning exhibited enha¡rced gowth relative to their littermates, other

animals exhibited apparently normal gowth in the presence of pGH. Examination of the

tissue-site of pGH expression in several of the primary transgenic rats showed that in

almost all cases the liver was the major producer of pGH mRNA. In one animal, the

intestine appeared to be the major producer of pGH mRNA. Two families of rats were

generated from breedings. In both families the production of pGH a¡rd associated growth

phenotype was co-inherited with the transgene. In one of the families three of the

transgenic Fl progeny exhibited plasma levels of pGH which were inducible by zinc

treaünenL

The PEPCK-IGF-I transgene was subsequenly microinjected into rat oocytes and

transgenic animals generated with a similar frequency to the MTIIa-pGH transgene.

Expression of hIGF-I was detected in 1/11 rats into which the transgene had integrated.

This animal produced approximately 30 nglml of hIGF-I following fasting. Analysis of

hIGF-I mRNA distribution showed that expression was predominant in the liver and

kidney of the animal. This animal produced an Fl generation, 50 7o of which were shown

to inherit the transgene in the same organisation as their transgenic p¿ìrent. Blood was

sampled from these animals after fastingfor 24 hours and following re-feeding. Analysis



of these samples by RIA showed ttrat 3/6 of the transgene positive animals were 
ll

expressing hIGF-I. Two of these animals exhibited expression which was induced by the

fasting and subsequently depressed by re-feeding. The third animal showed essentially

constant levels of hIGF-I. Expression of hIGF-I mRNA has been analysed in these

animals and in all cases the liver was the predominant expression site with significant

levels also being observed in the kidneys. The PEPCK-IGF-I tansgene has been

faithfully inherited into the F2 generation of this line and expression of hIGF-I mRNA has

also been observed in the livers and kidneys of transgenic F2 generation animals. No

effects on the growth rate of transgenic animals in this litter have been observed probably

due to the extremely low basal hIGF- levels of expression likely in these animals.
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INTRODUCTION AND LITERATURE REVIEW



INTRODUCTION AND LITERATURE REVIEV/

1.1 Growth Regulation

Regulation of growth in vertebrate organisms is governed by several different

hormones and peptide growth factors produced by different tissues at specific developmental

timepoints. The growth response is manifested both as a result of endocrine release of these

factors and paracrine/autocrine release and actions. Several of the key hormones involved in

the phenomena of growth in vertebrates have been identified and characterised extensively.

The central control of mammalian growth is believed to be via the growth hormone

(GH) cascade. This series of events begins in the hypothalamus, where neurotransmitters

stimulate the release of growth hormone releasing factor (GHRF). This small peptide is

transported to the pituitary where it induces the secretion of GH from somatotroph cells,

into the bloodstream. Alternatively somatostatin (SRIF) can inhibit release of GH from the

anterior pituitary. GH is transported through the circulatory system to the liver where it

stimulates the production of insulin-like growth factor-I (IGF-I). Many, if not all of growth

hormone's gowth-promoting actions are believed to be due to this production of IGF-I

(Bang et al., 1993). This idea formed the basis for the "somatomedin hypothesis" proposed

by Salmon and Daughaday in 1957. Additionally, IGF-I is able to inhibit pituitary GH

synthesis, providing a necessary feedback control of this axis (Berelowitz et a1., 1981;

Yamashita er al., 1987). Hence both GH and the insulin-like growth factors play a pivotal

role in the phenomena of growth. A detailed discussion of the role played by each of these

molecules will be presented in this chapter.

In addition, to these hormones/growth factors, other molecules are involved in the

regulation of mammalian growth eg. insulin, somatostatin, thyroid hormone, androgens,

estrogens and corticosteroids. These will only be discussed where they impinge upon the

GHÂGF-I axis. Discussions witl be focussed in particular on the role of the GIIIGF-I axis

in the crowth of rodents.

1.2 Growth Hormone

GH is a polypeptide member of a family of related proteins which includes prolactin

(PRL) and in humans, placental lactogen (PL) (Watahiki et al., 1989; Nicoll et al., 1986).

This protein is secreted by the somatotroph cells of the anterior pituitary in an episodic
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pulsatile manner in every mammalian species in which it has been examined (Martin et a1.,

1978).

A link between this pituitary derived product and growth regulation was first

suspected in acromegalic humans that contained enlarged pituitaries (Marie, 1889).

Subsequently, the importance of the pituitary in other forms of human gigantism and

dwarfism was noted. The direct role of the pituitary was shown by the observation that

hypophysectomy resulted in the immediate cessation of growth in young dogs and rats

(Smith, 1927; Eigenmann et a1., 1977).

Li et al (L945) were the first to isolate GH from bovine pituitaries. Since that time it

has been isolated from human pituitaries and with the advent of recombinant DNA

technology, produced biosynthetically on a large scale. Administration of GH to

hypophysectomised rats has been shown to increase growth (Russel et al., 1985; Schoenle

et al., 1985; Guler et al., 1988), while ablation of the pituitary somatotroph cells in

transgenic mice has been shown to result in dwarf animals (Borreli et al., 1989) reinforcing

the importance of this hormone in animal growth. Furthermore, hGH has been used for

over'30 years in the treatment of children with GH insufficiency and consequent glowth

defects (Raben et al., 1958).

Growth hormone has both direct and indirect (via the IGFs) effects. It exhibts wide

ranging short term metabolic effects including increasing protein synthesis and amino acid

uptake by cells, effects on carbohydrate and lipid metabolism (on the enzymes of glycogen

synthesis / degradation and of gluconeogenesis) and both insulin-like ( direct and mediated

by the IGFs) and insulin-antagonistic effects (see review by Davidson, 1987). The role of

these short-term effects in somatic growth is not fully understood. In contrast to the short-

term effects, good evidence supports the hypothesis that many (if not all) of the longer term

glowth effects are due to IGF-I release (both from liver and other tissues) in response to GH

(Schlechter et al., 1986; Isgaard et al., 1988).

GH is a polypeptide of 188-191 amino acids depending on the species, containing

four cysteine residues which form two disulphide bridges. The position of the four cysteine

residues is conserved amongst all GHs, prolactins (PRLs) and placental lactogens (PLs),

indicating the structuralÆunctional importance of these residues (V/atahiki et a1., 1989).

GH is synthesised by the somatotroph cells of the anterior pituitary in a pro-hormone

form containing a hydrophobic leader sequence (between 22-26 amino acids) which is

cleaved from the molecule during secretion (Seeburg et al., 1977 ). In addition to the
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normally secreted 2}k<Daform, a number of GH s which differ in molecular weight have

been detected. Thus, the pituitary releases a number of GH forms into the circulation with

the major species being a 22V,Daform. These altemative GHs arise from alternative

splicing events, aggïegation of native GH, inter-chain disulphide linkages, glycosylation

differences, phosphorylation and proteolytic modifications of the molecule ( for review see

Baumann, I99l; Lewis ,1992.).

The most notable human variant is 20 kDa in size and results from an alternative

splicing event in exon 3 of the human GH gene that deletes amino acids32-46 of the

polypeptide (\Mallis er al., 1980). Such a variant has also been detected in the rat and is

likely to be present in all species (Sinha et a1., 1986; Howland et al., 1987). Importantly,

the biological properties of this variant molecule are somewhat different to the normally

secreted 22L,}¡aform. This molecule does not bind to the GH receptors in human liver and

as result is unable to stimulate significant production of IGF-I from this organ (McCarter et

al., 1990). The 20 kDa variant species lacks the insulin-like properties of the ZZkÐaform.

Hence, GH may have as yet undetermined functions by virtue of these structural variants.

The genes encoding rat, human, bovine, porcine and ovine GH have been isolated

and each contains five exons and four introns of similar lengths in almost identical positions

(Baru et al ., 1981; DeNoto et al., 1981; Seeburg et al., 1977;Yize et al., 1987; Woychick

et al., 1982; Byme et al., 1987). Furthermore, these genes exhibit striking sequence

conservation in both their 5'-promoter and 3'-untranslated regions (Woychick et al., 1982;

Yize eta|., 1987). The similar arrangement and high degree of homology is consistent with

the suggestion that these genes have a common evolutionary origin.

Although, single copy GH genes are present in the rat, bovine, porcine and ovine

genomes, there are five GH related genes in the human haploid genome (Seeburg et al.,

1982) Three of these genes encode placental lactogen (hPL) while two encode hGH. Only

one of the hGH genes termed hGH-N is expressed in the pituitary. A second gene (hGH-V)

is expressed in the placenta (Frankenne et al., 1987) and encodes a variant hGH which

differs from the normal protein product at 13 positions (Lewis et al., 1992). Only the

pituitary expressed hGH-N gene is capable of generating the 20 kDa variant protein

discussed previously (Baumann et al., 1991).

Analysis of GH gene transcription in vitro in pituitary cell lines and ín vlvo, has

shown the GH gene to be stimulated by growth hormone releasing factor (GHRF) (Baringa

et al., 1983), thyroid hormone (Dobner et al. ,1981; Evans et al., 1982) and glucocorticoids
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(Baringa et al., 1983; Spindler et al., 1982). While all of these agents act to increase

initiation of transcription, thyroid hormone and glucocorticoids a¡e believed to also act at a

post-transcriptional level. In addition to these stimulatory agents, somatostatin and IGF-I

are able to inhibit the secretion of GH (Yamashita et al., 1986). IGF-I's inhibitory action

also involves attenuation of GH transcription and requires binding to type 1 IGF receptor

present on somatotrophs (Yamashita et al., 1987; Yamasaki et al., 1991).

Significant progress has been made in identifying regulatory sequences and protein

trans-acting factors responsible for the regulation of the GH genes. There is extensive

homology within the first 500 bp of the 5' flanking regions of the GH genes from rat and

human. The first regions of homology correspond to the TATA box and binding sites for

GHF-1 (or Pit -1), the pituitary-specific transcription factor (Bodner et al., 1988; Ingraham

er al., 1988). This factor has been isolated an shown to be a 291 amino acid protein

containing a 60 amino acid homeodomain and a 75 amino acid POU type domain ( Bodner et

al., 1988; Ingraham et al., 1988). Like other transcriptional activators these two binding

domains map to the C-terminal part of the molecule while the N-terminus contains a strongly

negatively charged activation domain (Karin et al., 1990). It has recently been shown that

although both GFIF-I elements in the rat gene are required for pituitary specihc expression,

maximal levels of GH expression require a synergistic interaction with upsüeam promoter

elements (Lira et al., 1993).

GHRF induces transcription of both the rat and human GH genes via a mechanism

involving cAMP (Baringa et al., 1985). Thus, a third region of homology, responsible for

this induction by cAMP has been mapped between the TATA box and position -100 (Dana et

al., 1989; Copp et al., 1989; Thomas et al., 1990).

Two further elements in the 5' flanking region mediate induction of the human gene

by glucocorticoids. In cooperation with an element within the first intron of this gene these

sequences enable binding of the glucocorticoid receptor (Slater et al., 1985). Furthermore, a

thyroid response element has been mapped in the 5' DNA of the rat GH gene (Wight et al.,

1988; Glass et al., 1988). More recently a series of silencer elements have been identif,red in

the promoter of the rat growth hormone gene (Roy et al1992). It is believed that binding of

a protein factor to these sites represses growth hormone expression in non-pituitary cells.
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1.3 GH Receptors

The onset of GH regulation of mammalian somatic growth occurs postnatally and

appears to be correlated with the appearance of specific GH receptors (Gluckman et al.,

1983; Freemark er al., 1986) The initial step in the action of GH is its binding to a cell

surface receptor. As with the hormone itself, the receptor for growth hormone is part of a

gene family (Boutin et al., 1938) which contains the receptors for GH, Prolactin (PRL) and

several cytokines (Bazan et al., 19S9X see Kelly et al., 1993 for an extensive review of this

family). In addition, a soluble binding protein for GH has been identified in a number of

species. Together these molecules are responsible for mediating and modulating the range of

biological actions of GH.

Although, the highest concentrations of this receptor (and its mRNA) are found in

the mammalian liver, the GH receptor has now been shown to be present in a wide range of

mammalian tissues (adipose, intestine, kidney, heart, lung, pancreas, brain, cafiilage,

skeletal muscle, testes and immune cells) (Kelly et al., 1991), suggesting that GH has direct

actions in these tissues. Consistent with the heterogeneity of GH, marked heterogeneity in

GH receptors has been shown (Bamard et al., 1985; Smith et al., 1987) and it has been

suggested that there are at least three subtypes of these receptors (Goodowski et al., 1989).

The rabbit liver GH receptor was the hrst to be purified and cloned (Leung et al.,

1987). The primary structure of the mature receptor as deduced from the nucleotide

sequence resulted in a620 amino acid protein containing an extracellular hormone-binding

domain of 246 amino acids (seven cysteine residues and 5 potential glycosylation sites), a

single transmembrane spanning region and a cytoplamic domain of 350 amino acids.

Subsequently, the mouse, rat, bovine and ovine receptors have been cloned and all share

approximately 70 Vo amino acid similarity (Mathews et al., 1989; Hauser et al., 1990;

Adams et a1., 1990).

Investigations on the regulation of the GH receptor have revealed that its levels are

decreased in situations of growth failure in rats e.g., fasting, diabetes and renal failure

(Postel-Vinay er al., 1982; Finidori et al., 1980). Receptor levels respond variably to GH,

in some instances being up-regulated eg. expression of ovine GH in transgenic mice (Orian

et al., l99l) and in otherc e.g. hypophysectomy or diabetes in female rats, down-regulation

of receptors is evident (Kelly et al., 1991). In these cases the levels of GH mRNA do not

change, suggesting that this regulation occurs post-transcriptionally. The observation that

insulin treatment of streptozotocin diabetic rats can restore hepatic GH receptors suggests
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that insulin also plays a role in their regulation (Baxter et al., 1980; Postel-Vinay et al.,

L982). Additionally, estrogen appears to modulate the levels of the receptor as shown by the

lg-fold increase in GH binding to liver membranes from pregnant rats (Kelly et al., 1991).

GH has been shown to have effects on the $owth of chondrocyte and osteoblast

cultures, stimulation of local IGF-I production has also been shown to result from these

treaûnents suggesting that both hormones may act coordinately on cells (Madsen et a1.,

1983; Stracke et al. ,1984). These observations have been strengthened by ínvivo studies

in which concurrent administration of GH and IGF-I antibodies to hypophysectomised rats

was shown to abolish the stimulation of tibial growth normally observed with GH alone

(Schlechter et a1., 1986). As well as regulating the production of IGF-I from a variety of

cells in culture (liver and others) (Mathews et al., 1986), GH has been shown to have a

direct effect on pre-adipocyte differentiation (Green et al., 1985).

Despite the characterisation of the GH receptors at a molecular biological and

structural level, lack of suitable in vitro models for direct GH action (independent of IGF-I

production) has made the study of the signal transduction pathway diff,rcult and to date the

mechanism by which GH effects biological responses after binding to the receptor is still

unresolved. A more recent addition to this area of research, was the suggestion that receptor

dimerisation was probably crucial for signal transduction. This suggestion followed the

determination of a crystal structure for the hGIVGH roceptor extracellular domain complex

(DeVos et al., 1992).

1.4 GH Binding Proteins

While circumstantial evidence for the presence of a soluble serum GHBPs existed for

many years, by virtue of high molecular weight forms of circulating GH, it was not until

recently that their existence has been substantiated. Two groups of researchers almost

simultaneously discovered the high affrnity GH-BP. A lower affinity GH-BP has been

isolated (Baumann et al., 1990) but its relevance to growth hormone function is at this stage

debarable. Baumann et al. (1986) discovered the high affinity GH-BP in examining the

higher molecular weight forms of GH found in plasma and their conversion to smaller

forms. At the same time Herington et al., (1986) identified a soluble GH receptor-like

protein in rabbit liver cytosol and by extension in rabbit and human serum. High affinity

GHBPs, homologous to that present in human plasma have now been identified in the
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rabbit, the pig, the pregnant mouse and the rat (Ymer et al., 1985; Leung et al., 1987;

Spencer et al. ,1988; Smith et al., 1989; Shaw et al., 1988; Lauterio et al., 1988).

The high afhnity GHBPs are glycosylated proteins composed of approximately 620

amino acids. These 60 kDa proteins bind one molecule of GH each to form larger

complexes (Baumann et al., 1991). It is now widely accepted, but not definitively shown

for all species, that these proteins are essentially the exuacellular domains of the GH

receptor.

Molecular biology has provided great information into the mechanism of generation

and regulation of these GHBPs, particularly in the rat. Following the isolation of a liver

cDNA for the rat GH receptor (Mathews et al., 1989), an alternatively spliced truncated form

of the mRNA was identified in both mouse and rat (Smith et al., 1989; Baumbach et a1.,

1989) suggesting a convenient mechanism for generation of the BP. Generation of the

soluble GHBP by altemative splicing has not been shown for humans and proteolytic

modification of the GH receptor cannot yet be ruled out .

In the rar, the soluble GHBP is encoded in a 7.2 kb mRNA species while the GH

recepror is represented by a 4.5 kb transcript (Tiong et al., 1991,1992). In addition to these

species another transcript of 2.6 kb which contains GHBP specific sequences has also been

detected in rat liver (Carlsson et al. ,1990; Tiong et al 1991). The significance of these

additional transcripts is unknown but their importance is supported by their presence in other

species and non-hepatic tissues (Herington et al., 1991). Studies on the major GHBP

6RNA have shown that its major site of expression is the liver with lower levels present in

other tissues expressing the GH receptor. Also the GHBP exhibits a similar ontological

expression in the liver to the GH receptor (Tiong et al., 1992), with low expression in the

fetus and increasing expression postnatally. Differences in the postnatal expression of the

BP mRNA and the receptor mRNA suggest that they are each regulated independently

(Herington er al., 1991). This is supported by the large increase in GHBP but not GH

receptor mRNA during pregnancy in the rat (Herington et al., 1991).

V/ith the finding that the receptor and binding protein for GH are regulated

differently, it is likely that the binding protein plays a specific role in the modulation of

glowth hormone action. This role has yet to be elucidated but may involve preventing

fluctuations in the amount of GH available to ta.rget tissues, which would otherwise occur

due to the pulsatile nature of GH secretion (Herington et al., 1991). Also the GH binding

protein may act as a store of GH, increasing its serum half life (Herington et a1., 1991;
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Baumann et al., 1937). Furthermore, it is possible that the binding protein may modulate

the action of GH (enhance or inhibit), as has been shown for the IGFBPs (see later). In this

regard it is interesting that the mRNA for the binding protein has been identified in many

other tissues apart from the liver, eg. skin (Lobie et al., 1989; Garcia-Aragon et al., 1992)

implying that it may control actions of GH in as yet undefined target tissues for GH action.

1.5 The Insulin-like Growth Factors

1.5.1 Historical aspects

The insulin-like growth factors are a class of small molecular weight polypeptides

which by virtue of their structural similarities to insulin are able to mimic some of the

biological effects of insulin. The insulin-like growth factors in addition exhibit pronounced

effects on cellular growth, unobtainable with insulin. On the basis of their receptor binding,

immunological and structural characteristics, two subclasses of insulin-like growth factors

have been distinguished; Insulin-like growth factor -I (IGF-D and Insulin-like growth factor-

II (IGF-II). I will deal almost exclusively with IGF-I which is of major importance in

postnatal mammalian growth, although where relevant, discussions of IGF-II will also be

included.

The study of the insulin-like growth factors originally resulted from three

independent lines of observation. In 1958 Salmon and Daughaday observed that serum

from growth hormone üeated hypophysectomised rats stimulated the incorporation of

sulphate into cartila ge in vitro whereas grcwth hormone itself was without effect in this

assay. These observations prompted the suggestion that growth hormone's effects were

mediated by a'sulphation factor', rather than by growth hormone directly. Subsequent

purification of this activity led to the characterisation of two polypeptides named

somatomedin C and somatomedin A (Daughaday et al., 1972). These findings formed the

basis for the 'somatomedin hypothesis' of GH action. Although findings that GH was able

to directly stimulate cafiilage growth by Isaksson et al. (1985) cast doubt over the validity of

this hypothesis, it has now been shown that these direct effects of GH may be due to local

production of IGF-I in the cartilage (Schlechter et al., 1986). Numerous other studies have

supported and strengthened this hypothesis including the observation of increased growth in

hypophysectomised rats following administration of recombinant IGF-I (Schoenle et al.,

1982).
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In l9|2,Pierson and Temin isolated the factors in calf serum responsible for its

mitogenic actions on cultured cells. These low molecular weight factors were named

'multiplication stimulating activity' (MSA), since when added to culture medium, MSA

stimulated cells to replicate. It was later demonstrated that MSA was produced and secreted

by rat liver cells in culture (Dulak etal.,1973). This activity was subsequently purified to

homogeneity and it is now recognised that MSA is the rat equivalent of IGF-II (Marquardt et

al., 1981)

The third line of investigation that led to the discovery of the IGFs was made by

researchers examining the insulin-like metabolic effects of serum on insulin target tissues

such as muscle and adipose tissue. The insulin content of serum alone was unable to

account for the magnitude of the observed effects suggesting the presence of other factors.

When it was found that these insulin-like effects were not able to be suppressed by anti-

insulin antibodies, it indicated that there were indeed immunologically distinct insulin-like

substances in serum (Froesch et al., 1963). In 79'l.6, Rinderknecht and Humbel purified

this'non-suppressible insulin-like activity' (NSILA) from tonne quantities of human serum

and discovered that the activity resided in two distinct peptides. Finally purif,rcation and

sequence analysis of these peptides was performed and the peptides named insulin-like

growth factor-I and insulinJike growth factor-Il (IGF-I and IGF-II) (Rinderknecht and

Humbel, 1978). It was subsequently shown that Somatomedin C was identical to IGF-I

(Svoboda et a1., 1980).

1.5.2 Structure of the IGFs

Both IGF-I and IGF-II peptides exhibit 45-50 % similariry to insulin and thus belong

to a peptide family which includes insulin, relaxin and nerve growth factor. Also both are

singte chain polypeptides, consisting of 70 and 67 amino acids repectively cross-linked by

three intrachain disulphide bridges. Like pro-insulin both peptides contain an N-terminal B

domain and an A domain that are linked by a connecting peptide or C domain. However,

both peptides unlike pro-insulin contain an additional carboxy-terminal extension region @

domain). A further E extension peptide is also coded for by IGF-I genes (Jansen et al.,

1983; Rotwein et al., 1986) but is not present on circulating forms of the peptide, due to

proteolytic modification (Daughaday and Rotwein, 1989). The three disulphide bonds

within IGF-I, IGF-II and insulin are in identical positions in all three molecules suggesting

evolutionary relatedness (Rinderknecht and Humbel, 1978a). Furthermore, most of the
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hydrophobic residues of the A and B domains are also identical suggesting a similar tertiary

structure for this family. Thus a model for the tertiary structure of the IGF-I was proposed

based on that of porcine insulin (Blundell et al., 1983) This observation has been essentially

confirmed with the determination of the solution structue of IGF-I using nuclear magnetic

resonance (Cooke et al., 1991)

The primary structure of the IGFs from numerous mammalian (human, rat, mouse,

bovine, porcine and ovine) and several non-mammalian species (chicken, Xenopus, hagfish

and salmon) have been characterised from either the protein or cDNA sequence

(Rinderknecht et al., 1978; Bell et al., 1986; Honegger et al., 1986; Murphy et a1., 1987;

Tavakkol et al., 1988; Francis et al., 1989 ; Shimatsu et al., 1987; Stempian et al., 1986;

¡992;Kajimoto et a1.,1989, 1990; Nagamatsu et al., 1991; Duguay et al., 1992). V/ithin the

mature IGF-I peptide, 76 Vo of the amino acids are conserved amongst all vertebrate species

examined thus far (Ward et al., 1993). Figure 1 shows the high degree of conservation

throughout species. The importance of the B domain in binding to serum binding proteins

(DeVerode er al., 1985; Joshi et al., 1985; Szabo et al., 1988) is reflected by its highty

invariant nature across species.

In addition to the small species differences observed, variant forms of IGF-I and

IGF-II have also been identified. An IGF-I molecule lacking the first three amino-terminal

amino acids has been purified from bovine colostrum (Francis et al., 1986) and human brain

(Sara er al., 1986; Carlsson-Skwirut et al., 1936). Large forms of IGF-2 have been isolated

from human serum (Zumstein et al., 1985).

1.5.3 IGF-I gene structure, expression and regulation

The genes for IGF-I which have been studied most extensively in both the human

and rat, contain at least 5 exons and generally encode two precursor forms of IGF-I. The

human and rat genes extend over 80 kb of DNA . The human IGF-I locus has been mapped

tothelongarmof chromosome12(Brisendenetal., 1984). Fiveof thesixexonsfoundin

the rat gene are analogous to the human genes, in both organisation and sequence homology

(Shimatsu et al., 1987a). From these genes two types of IGF-I precursorsof 153 amino

acids (type a)) and 195 amino acids (type b)) arise via the combined use of multiple initiation

sites, alternative splicing events and variable polyadenylation leading to the generation of

multiple mRNA species in both species (Rotwein et aI., 1991). The same situation occurs in

the mouse (Bell et al., 1986).
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The two precursor molecules while containing the same B, C, A and D domains,

differ in the distal end of the carboxy terminal E domain (the proximal end of the E peptide is

also identical). The IGF-Ia) molecule possesses a 19 amino acid distal E peptide resulting in

an E peptide of 35 amino acids, while in IGF-I b) there are an additional6l amino acids

giving rise to a77 amino acid extension. Athough there is a high degree of nucleotide

conservation between the rat and human IGF-I a) precursor, a significant divergence exists

with IGF-Ib) (Sara et al., 1990). Also, the splicing mechanism by which the IGF-I b)

species is generated differs between the human and rat.

In the case of the human gene, the domains conserved between IGF-I a) and IGF-I

b) (8, C, A and D) are encoded by exons 2,3 and 4 while the divergent E regions are

composed of either exon 6 (for IGF-I a)) or exon 5 (for IGF-I b)). In rodents the IGF-I a)

precursor is composed of exons 1 (or 2), 3,4 and 6 in a similar fashion to the human case

(Exon 2 is likely to encode a variant amino terminus for the signal peptide of IGF-I in the rat

). However, the IGF-I b) precursor is composed of exons t,3, 4 and sequences from both

exon 5 and 6 (See figure 2). This difference is due to a splice donor sequence which is

present in exon 5 of the rat gene but not in its human counterpart (Lowe et al., 1988).

In addition to the alternative splicing that generates the pre-pro-IGF-I molecules,

there are also multiple polyadenylation sites 3' of the IGF-I genes which result in further

complexity of the IGF-I mRNA population. This phenomenon has been best studied in rat ,

where the heterogeneity of IGF-I mRNA species was found to be largely due to varying

lengths of 3' untranslated region (Lund et al., 1989) Interestingly, evidence for multiple

polyadenylation recognition sequences has been found for rat, mouse, and human genes

(Shimatsu et al., 1987; Bell et al., 1986; LeBouc et al., 1986).

Additionally, in generating the IGF-I protein there are three potential initiation

methionine (AUG) codons encoded by the gene. It is currently not known which of these

initiation codons in used in vivo although initiation from the met at -48 has been observed

for an in vito translation system (Rotwein et a1., 1987). Also mRNA species with different

5' untranslated regions can arise due to initiation of transcription at multiple sites around

exon 1 and2, as is the case for the rat (Roberts et al., 1987; Shimatsu et al.,1987a; Adamo

et al., 1989). Of relevance to this finding is the study of the tandem promoter regions in the

rat IGF-I gene showing that there are no TATA or CAAT motifs and that initiation occurs at

multiple sites within each promoter region (Adamo et al ., 1991; Hall et al., 1992). In its



Figure 2 Structure and splicing of the rat IGF-I gene
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human counterpart, a single promoter region also lacking both of these elements has been

reported (Woon-Kim et al., 1991).

IGF-I mRNA is expressed at low levels in most organs and tissues (liver, kidney,

skeletal muscle, intestine , ovary, testes, brain, adipose) during mammalian growth and

development ( Lund et a1., 1986; Han et al., 1987; Beck et al., 1987; Roberts et a1., 1987;

Bondy et al., 1990). Lower levels of IGF-I are generally present in fetal tissues (here IGF-

II expression predominates). However, the liver is the major site of expression and

synthesis during postnatal growth (Steele et al., 1989). Here, as in other tissues IGF-I

expression is increased by GH (Roberts et al., 1986; Mathews et al., 1986; Norstedt et al.,

1937). The mechanisms by which GH is able to induce transcription and alter splicing of

the IGF-I mRNAs are unknown.

While endocrine production of IGF-I from the liver is GH-dependent, in many

extrahepatic tissues autocrine/ paracrine production of IGF-I may be regulated by local

factors (among them hormones such as glucocorticoids, thyroid hormone and estrogen)'

Nutritional status is also a very important regulator of IGF-I expression. In rats

fasting has been shown to reduce hepatic IGF-I mRNA levels and subsequently IGF-I

serum levels (Emler et al., 1987; Straus et al., 1990). Similar results have been observed in

human malnutrition and fasting (Phillips et al., 1984; Ho et al., 1988).

When total RNA is subject to Northern analysis for IGF-I, multiple mRNA species

are detected (as mentioned above) which range between 0.8 kb-7.5 kb (Rotwein et al., 1986;

Casella et al., 1987). In many cases specific rat IGF-I transcripts have been shown to be

differentially regulated by GH (Lowe et al., 1987; Hernandez et a1., 1989), nutritional status

(Adamo et al. ,1991), and to vily in abundance between different tissues ( Hoyt et al., 1988;

Adamo er al., 1989). Thus the complexity of IGF-I production provides ample room for

regulation at many levels, e.g. choice of promoter, splicing, polyadenylation, translation ,

proteolytic modihcation and even post translational modifications such as glycosylation

(Bach et al., 1990)

1.5.4 Actions of IGF-I (ín vítro and ín vívo)

By virtue of its stmctural similarities to insulin it is not suprising that IGF-I (and

IGF-II) is able to elicit qualitatively similar biological responses. These acute, metabolic

actions of IGF-I are mediated via the insulin receptor on target tissues such as adipose and

via the IGF-I recepror in muscle (Zapf et a1., 1978). In adipose tissue these actions include
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stimulation of glucose transport as well as increased lipid, glycogen and protein synthesis.

Furthermore,lipid, glycogen and protein breakdown are concurrently inhibited with 50-100

fold lower potency than insulin (Zapf et al., 1978).

The longer terrn or growth promoting effects of IGF-I have been observed

extensively using cultured cells or organ explants. In these studies IGF-I has been

repeatedly shown to stimulate RNA, DNA synthesis, protein synthesis and cell proliferation

while inhibiting protein degradation ( for review see Froesch et al., 1985). IGF-I has been

postulated as a'progression factor' which stimulates cells through the DNA synthesis phase

of the cell cycle and acts in concert with competence factors such as PDGF and FGF (Stiles

et al ., 1979)

In addition, IGF-I has been shown to play a role in cell differentiation. Schmid et al

.(19S3) showed that IGF-I enhanced the differentiation of chicken embryo fibroblasts into

muscle cells. Other studies have since shown stimulation of differentiation in osteoblasts,

myoblasts, chondrocytes, adipocytes and oligodendrocytes (Schmid et al., 1984; Bhaumick

et a1., 1991;Florini et al., 1986; Kato et al., 1980; Smith et al., 1988; McMorris et al.,

1986; Mozell et al., 1991) confirming this role. Thus in addition to its metabolic role, IGF-I

is an important stimulator of cellular replication and differentiation. It should be noted that

these growth promoting actions in vitro depend upon the state of the target cell , the

presence of appropriate cellular receptors for IGF-I/ insulin and the regulatory actions of

IGF binding proteins (see later section).

Due to accumulating data on the production @'Ercole et al., 1984) and actions of

IGF-I in non-heparic tissues (Schlechter et al., 1986), the original somatomedin hypothesis

has now been modified to incorporate the paracrine and autocrine actions of this peptide as

well as those which occur due to endocrine release in response to GH (Holly et al., 1989).

Evaluation of IGF-I's glo'wth promoting actìons has also been made in vivo. As

with the invítro studies both short term'metabolic' and longer term'growth promoting'

effects of IGF-I administration have been seen. The short term insulin-like metabolic effects

have been observed in the form of hypoglycaemia when IGF-I is administered as an

intravenous bolus to rats (Zapf et al., 1936) , mini-pigs and healthy humans (Guler et al.,

1986). This effect is due to the presence of 'free' IGF-I which is not associated with

binding proteins. The hypoglycaemic effect may be overcome by chronic subcutaneous

infusion of the peptide which allows co-ordinate induction of IGF carrier proteins. Such

infusions stimulated body weight gain , longitudinal bone gowth and accretion of lean body
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mass in both normal and growth reta¡ded rodents (Schweiller et al., 1986; Hizuka et al.,

1986; Van Buul-Offers et al., 1988; Tomas et al., 1990,91, 9Ia,92,93). Furthennore'

biosynthetic IGF-I has been shown to increase the body weight and tail length of Snell

Dwarf mice, def,rcient in the production of growth hormone and thyroid-stimulating hormone

(Van Buul-Offers et al., 1936). Similarly long-term subcutaneous infusion of recombinant

IGF-I also stimulated the growth of hypophysectomised rats (Skottner et al., 1987; Guler et

al., 1988), neonatal rats (Phillips et al., 1988) and a GH-deficient strain of dwarf rat

(Skottner et al., 1989).

It should be noted that although IGF-I infusion stimulates growth, in most studies

the response is quantitatively smaller than that with GH. Also IGF-I treatment may exert its

effects on different tissue targets than GH. In hypophysectomised rats IGF-I selectively

stimulated the growth of kidney, spleen and thymus while GH had more pronounced effects

on skeletal muscle (Guler et al., 1938). Furthermore, in transgenic mice expressing IGF-I

in the absence of GH, selective growth was seen in the brain compared with liver

enlargement in GH transgenics (Mathews et al., 1988; Behringer et al., 1990). These

differences in response to IGF-I and GH may be partially due to the changes these respective

treatments produce on the IGFBPs.

Apa.t from stimulating growth in normal and hormone deficient rodents, exogenous

IGF-I has been shown to stimulate erythropoiesis in normal or neonatal rats (Kurtz et al.,

1988; Phillips et al., 1938) and improve renal function in rats and man ( Matin et al., 1991;

Guler et al., 19S9). Additionally, IGF-I has been found to reduce weight loss associated

with starvation, diabetes or glucocorticoid treatment of rodents (Skottner et al., 1987; Tomas

et al., 1992,1993). Finally, IGF-I has been shown to act in concert with other gowth

factors to induce wound healing in pigs (Lynch et al. ,1989) and IGF-I expression has been

strongly associated with wound chambers in rats and rabbits during healing (Spencer et al.,

1988a; Mueller et al., 1991; Suh et al., 1992).

1.5.5 IGF Receptors

IGF-I and IGF-II acr rhrough cellular receptors as is the case with most polypeptide

hormones. On the basis of physical studies, (indicating structural features), and on cross-

reactivity studies there have been two receptors recognised for binding of IGF-I and IGF-II

respectively, in addition to the insulin receptor through which some IGF-I and IGF-II
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actions may be mediated (see figure 3). However, this classification may be an

oversimplification of the in vivo situation.

The type 1 receptor binds IGF-I with higher affinity than IGF-II and migrates with a

molecular weight of 300 kDa under non-reducing conditions, although due to glycosylation

its mature size is over 350 kDa (Rechler and Nissley, 1985). The primary stmcture of this

protein has been deduced from its cDNA sequence and has been shown to be highly

homologous to the insulin receptor (Ulrich et al., 1986).Thus the cDNA encodes a single

transmembrane spanning polypeptide composed of two subunits (cr and ß)

As with the insulin receptor the mature type 1 receptor is heterotetrameric and

composed of two extracellular o (ligand binding) subunits and two transmembrane-spanning

ß (signal-transducing) subunits in an a2ß2configuration. While the approximately 130 kDa

cr subunits (80 kDa from the cDNA clone) bind IGF-I, they also bind IGF-II to a lesser

extent and bind insulin weakly. The intracellular regions of the approximately 95 kDa, the ß

subunits (71 kDa from cDNA), have no binding capacity but have intrinsic tyrosine kinase

activiry, responsible for signal transduction (Morgan et al., 1986). Despite their similar

strucrures it is likety that the type 1 receptor and the insulin receptor have distinct signalling

capabilities (Lammers et al., 1989)

Other forms of the type 1 receptor have been identified that differ in thei¡ aff,rnity for

the IGFs. In human placenta evidence was found for the presence of binding sites on type I

receptors which preferred IGF-II over IGF-I (Casella et al., 1986). Furthermore, on IM9

lymphocytes a 130 kDa cr subunit has been identified which also prefers IGF-2 and insulin

equally over IGF-I (Jonas et al., 1990). To add confusion, it has also been demonstrated

that insulin cr-ß chains and/type 1 cr-ß chains form receptor hybrids in vitro and in vivo

(Treadway er al., 1989; Moxham et al., 1989; Soos et al., 1989). The physiological role of

these receptors is presently unknown as is their contribution to the total receptor pool . It is

likely they provide a further level of diversity for IGF-I and insulin action by virtue of

different signalling capabilities in reponse to ligand binding.

The mechanism of signal transduction from the type 1 receptor is yet to be fully

characterised. One likely pathway for this transduction is via phosphorylation of

intracellular proteins in response to ligand binding. A common phosphorylated subsffate

(IRS-1) has been identified following both insulin receptor and type 1 receptor binding,

suggesting both receptors may have similar or common signal transduction pathways (Myers

et al., 1993). However the subsequent role of phosphorylated IRS-1 has yet to be shown.
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In contrast to the type I receptor, the type 2 receptor does not bind IGF-I or insulin

(Komfeld, 1992). Furthermore, it is a monomeric transmembrane spanning protein of

approximately 260 kDa which unlike the type I receptor lacks intrinsic kinase activity. Also,

there is little evidence to conclusively show that binding of IGF-II to this receptor

consistently propagates an intracellular signal.

Based on molecular cloning and subsequent physical studies it was shown that the

human form of the type 2 receptor was identical to the cation-independent mannose 6-

phosphate receptor (Morgan et al., 7987; Roth et al., 1987; Tong et al., 1988; Kiess et al.,

1938). This observation can be extended to all mammals thus far studied but has not been

observed in non-mammalian species (Oshima et al., 1988; Canfield et al., 1989) (A receptor

identified in chicken liver possesses a binding site for Mannose-6-phosphate but lacks an

IGF-II binding ). Hence, the type 2 receptor contains a large extracellular domain with

distinct binding sites for both mannose 6-phosphate (M6P) moieties and IGF-II (Braulke et

al., 1988).

The large extracellular domain of the type2 receptor is composed of 15 contiguous

repeats of approximately 150 amino acids each (Lobel et al., 1988). Despite the presence of

spatially distinct binding sites for both IGF-II and M6P, it has been shown that binding of

either ligand may inhibit binding of the other, by some as yet undetermined means (Kiess et

al., 1988,1990; Nolan et al., 1990). Intracellularly the type2 receptor exists on the Golgi

membranes where it binds to the M6P moieties (at neutral pH) of newly synthesised

lysosomal enzymes. These enzymes are then released under acidic conditions in the late

endosome compartment of the Golgi. The type 2 receptors on the cell surface are in

equilibrium with the cellular pool and experimental evidence suggests a constant cycling of

these receptors independently of receptor occupancy (Braulke et al., 1987). Besides effects

on cellular enzymes, the type 2receptor has been shown to mediate the degradation of

extracellular IGF-II by receptor internalisation (Kiess et al., 1987). Thus, the function of

such a protein in relation to IGF-II action is still incomplete.

Few reports have conclusively shown signalling by this receptor in response to IGF-

II binding using receptor antibodies. Most reports have relied upon the fact that IGF-II was

more efficient in stimulating a particular response than IGF-I. However, antibodies to the

type2receptors of Hep-G2 human hepatoma cells and Balb/c 3T3 cells have been shown to

mimick the stimulation of glycogen synthesis and DNA synthesis respectively observed with

IGF-II in these cells (Hari et al., 1987: Kojima et al., 1988). Moreover, by examining the
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Ca++ influx which occurs in Balb/c 3T3 cells primed with PDGF and EGF prior to IGF-II

stimulation , it has been possible to show a coupling of the type 2 receptor with a GTP

binding protein in generating this response (Nishimoto et al., 1989).

Interestingly, naturally occurring mouse mutations (deletions) of chromosome 17

lead to a lethal phenotype when inherited from the mother. The absence of a gene called

Tme (T-associated maternal effect) in these embryos has been suggested to cause this

lethality. Upon mapping of candidate genes falling within these deleted regions and

expression studies of these genes, it has been deduced that the type 2 receptor is the cause of

this mutation (Barlow et al., 1991). Thus, the type 2 receptor is paternally imprinted in mice

with expression only occurring if a functional allele is inherited from the mother.

Conversely, the IGF-II ligand itself is imprinted (see section 1.6.2) such that expression

occurs only if the IGF-II gene is inherited from the father (DeChiaria et al., 1991). The

significance of these findings is as yet unknown but it has been speculated that the function

of the type II receptor is to limit embryonic growth by acting as a 'sink' for IGF-II. Thus

while it is in the patemal interest to maximise the growth of offspring it is in the maternal

interest to limit the size of her offspring such that her welfare is not compromised by the

growth of the litter, through competition for scarce maternal resources (Flaig and Graham,

l99l; Willison, 1991).

1.5.6 The Insulin-like growth factor Binding Proteins (IGFBPs)

The IGFBPS represent a family of proteins which specifically bind the IGFs but are

structurally unrelated to either of the high affinity IGF receptors. The IGFBPs , determine

their availability of the IGFs and are capable of regulating their biological actions. Thus far

six classes of IGFBP have been identified ( called IGFBP-1 to IGFBP-6 according to their

order of discovery) which vary in their size, proteolytic modification and preference for

binding IGF-I and IGF-II. Despite differences between each class of IGFBP, all are found

to have a high degree of primary amino acid sequence homology. The highly invariant

nature of cysteine residues present in two clusters at both the N-terminus and C-terminus of

all IGFBPs so far elucidated suggests that all are likely to have extensive secondary stmcture

homology as well. Furthermore, these structural similarities are observed between species

implying a strong conservation of function exists in this family of proteins. As extensive

reviews of this held have been published within recent years (Baxter and Martin, 1989;
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Rechler and Nissley, 1990; Lamson et al., l99l; Rechler and Brown,1992 Baxter, 1993

and Rechler,1993) I shall only cover each class of binding protein briefly.

1.5.6.L rGFBP-1

The isolation and characterisation of IGFBP-1 occurred as the result of work on

proteins purified from human amniotic fluid (Drop et al., 1979), conditioned media from

human (Hep G2) hepatoma cells (Moses et al., 1983; Povoa et al., 1985) and from human

placental tissue (Koistinen et al., 1936). It has also been isolated from the conditioned

medium of rat H4IIE hepatoma cells, where it is the major IGFBP (Yang et al., 1990). In

all cases a protein of between 28-35 kDa was identified. The size of this BP has been

deduced as 25 kDa from its cDNA sequence (Brewer et al., 1988). Analysis of its sequence

showed IGFBP-1 has 5 potential O-linked glycosylation sites suggesting that glycosylation

differences may account for the initial size heterogeneity observed among separately purified

species. IGFBP-1 also contains an Arg-Gly-Asp (RGD) motif nea¡ its carboxyl terminus'

Such motifs are thought to enable adhesion of proteins to the cell surface via integrins and

other cell surface proteins.

The gDNA s of both rat and human species have now been characterised and show

extensive homology (Brewer et al., 1988; Brinkman et al', 1988; Lee et al., 1988; Murphy

et a1., 1990). In addition, the rat gene has been isolated and shown to contain four exons

spanning approximarely 5 kb of DNA. Analysis of the promoter region of the rat IGFBP-1

gene has identified homology with the insulin-response element of the rat

phosphoenolpyruvare (PEPCK) gene (Unterman et a1.,7992). Hence it is not surprising

that IGFBP-1 is negatively regulated by insulin (Ooi et al., 1990). IGFBP-1 gives rise to a

1.4-1.5 kb species upon Northern blotting. An AUUUA (mRNA instability) sequence has

been identified in the 3' untranslated region of this mRNA, consistent with the short half-life

of this species (Luthman et al., 1989; Orlowski et al., 1990).

While IGFBP-1 is found in body fluids such as lymph and milk its major source is

believed to be the liver. Serum levels of IGFBP-1 exhibit a diurnal rhythm which is

independent of GH secretion (Baxter and Cowell, 1987). However, serum levels of

IGFBP-I fluctuate in response to dietary intake suggesting some hormonal control.

Glucagon or glucocorticoids increase, while insulin decreases serum IGFBP-I levels

(Hilding et al., I992;Lee et aL.,1992). Furthermore, in rats, hepatic IGFBP-1 transcription

is inhibited by insulin and stimulated by dexamethasone (Luo et al. ,1990; Ooi et al., 1990;
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Orlowski et al., 1990). These expression changes are also observed in cultured hepatocytes,

along with increased transcription following administration of agents which increase

intracellular cAMP (eg glucagon) (Unterman et al., l99l: Lewitt et al., 1989). In these

respects control of IGFBP-1 expression mimicks control of the gluconeogenic enzyme

PEPCK (Magnuson et al., 1987), leading to the suggestion that IGFBP-I plays a major role

in maintenance of glucose homeostasis (Lewitt and Baxter, 1991). Thus, it is thought that

merabolic fluctuations in IGFBP-1 could parallel increases in IGF-I and inhibit the insulin-

like effects of free IGF-I. Support for this suggestion comes from the ability of

exogenously administered hIGFBP-1 to block the hypoglycaemia observed in rats given

exogenous IGF-I (Lewitt et al., 1991).

\.s.6.2 rGFBP-2

IGFBP-2 was originally purified from serum-free medium conditioned by rat liver

BRL 3A cells (Mottola et al., 1986) and MDBK bovine kidney cells (Szabo et al., 1988).

The protein sequence of rat IGFBP-2 has been determined, as has the N-terminal sequence

of IGFBP-2 purified from human serum (Brown et al., 1989; Zapf et al., 1990).

Complementary DNA clones for rat, human, porcine and bovine IGFBP-2 have been

isolated (Brown et al., 1989; Binkert et al., 1989; Delhanty et al., 1992; Upton et al., 1990).

From these sequences it has been deduced that IGFBP-2 has a molecular weight of

approximately 30 kDa. This size is inconsistent with IGFBP-2's estimated molecula¡ weight

from SDS-PAGE, of approximately 40 kDa. under reducing conditions and 34 kDa. under

non-reducing conditions. Sequence analysis also showed the absence of glycosylation

signals for IGFBP-2. Hence this size disparity is likely to be due to some other post

translational modification or structural feature of the mature protein. All 18 conserved

cysteines are present in mature BP-2 (Rechler et al., 1993). Also IGFBP-2,like IGFBP-I

contains an RGD motif near its carboxy-terminus. IGFBP-2 has been shown to have a

higher affinity for IGF-II than IGF-I (Roghani et al., I99l; Forbes et al., 1988; Rechler et

al., 1993)

A single mRNA species of 1.5-1.6 kb encodes IGFBP-2 and is expressed

abundantly in many tissues of the fetal rat (eg. liver, stomach, brain, kidney and lung) as

well as the adult with a different distribution (mainly brain, testes, ovary, kidney and less

abundant but present in liver) ( Margot et al., 1989; Ooi et al., 1990). Also IGFBP-2 has
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been found to expressed in early rat embryonic tissue at sites distinct from IGF-II expression

suggesting a possible role in development independent of IGF-II (Wood et al., 1990).

IGFBP-2 appears to increase in states where there is insufficient IGFBP-3 to bind

available IGF pools, suggesting that IGFBP-2 acts largely as an alternative carrier for the

IGFs (Baxrer er a1., 1993). Furthermore, IGFBP-2 levels are influenced by GH status.

Thus BP-2 levels are increased at both the mRNA and protein levels in hypophysectomised

rats (Orlowski et al ., 1990). However, GH alone fails to decrease IGFBP-2levels to

normal suggesting that the regulation of this protein is also dependent on other factors. One

such factor is likely to be nutrition. Fasting leads to an elevation of IGFBP-2 protein and

hepatic 6RNA in rats (Ooi et al., 1990; Orlowski et al., 1990). Interestingly, the brain and

kidney levels of IGFBP-2 are not altered by fasting indicating a possible mechanism for

retaining IGF in these organs (Sraus and Takemoto, 1990; Tseng et al., 1992). An

additional, prominent regulator of IGFBP-2 is insulin. Hepatic IGFBP-2 has been shown to

be increased 10-20 fold in streptozotocin-treated rats (Ooi et al., 1990). This increase could

be reduced by adminisÍation of insulin (Boni-Schnelzler et al., 1989). Also serum IGFBP-

2 was found to be elevated in transgenic mice which overexpressed IGF-I in the presence or

absence of normal GH levels suggesting that IGF-I alone may be a regulator of IGFBP-2

(Camacho-Hubner et al., 1991). However it is possible that in these animals IGFBP-2 is

elevated aS a consequence of a decreased circulating level of insulin.

1.5.6.3 IGFBP-3 and the ternary complex

Approximately 75 Vo of the IGF pool (IGF-I + IGF-II) in the adult rat circulation

exists as a 150 kDa , ternary complex readily identified upon neutral gel filtration

chromatography of plasma (Baxter et al., 1986). A similar situation has been observed in

humans (Gargosky et al., 1991). This complex is composed of IGFBP-3, a 40-45 kDa

glycoprotein (ß- subunit), one molecule of either IGF-I or IGF-II (y-subunit) and an 84-86

kDa. glycoprotein termed the acid-labile subunit (ALS, cr-subunit) (Baxter et al., 1989).

Sugar residues on both BP-3 and ALS contribute significantly to the size of the overall

complex. This complex prolongs the half-life of IGF-I and IGF-II in the circulation (Lewitt

et al., 1993) and may be too large to pass from the blood into the surrounding tissues

(Martin and Baxter , lgg2). The binding of IGF-I or -II to IGFBP-3 is independent of ALS

binding but binding of ALS to the complex is absolutely reliant upon prior binding of IGF

(Baxter et a1., 1989). The IGFBP-3 portion of the ternary complex has been shown to be
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susceptible to proteolytic cleavage which can release already bound IGFs or alter aff,rnity of

the complex for re-uptake of IGFs (Clemmons et al., 1983; Guidice et al., 1990;

Hossenlopp et al., 1990; Davenport et al., 1992). Thus proteolysis may provide a

mechanism for IGF bioavailability in certain states.

IGFBP-3 has been purified from human, rat, porcine and bovine serum and its

amino acid sequence determined (Rechler et al., 1993). The mature protein has an apparcnt

molecular weight between 34-45 kDa and has several sites for N-linked glycosylation (Z'apf

et al., 1938). Rat IGFBP-3 often appears as a triplet of 43,41 and 39 kDa on ligand blots,

probably due to glycosylation differences between these (iso)forms (Flossenlop et al.,

1987).

Complementary DNA sequences have been attained for the human (Wood et al.,

1988), rat (Albisten and Herington, 1990), bovine (Spratt et al., 1991) and porcine

(Shimasaki et al., 1990) proteins. These sequences showed that all 18 conserved cysteines

were present and unlike the smaller binding proteins no RGD motifs were present. The

human gene for IGFBP-3 contains 4 protein coding exons and a fifth exon encoding a long

3' untranslated region (Cubbage et al., 1990). The gene spans 8.9 kb of DNA and in both

human and rat a single mRNA of approximately 2.5 kb is produced (Wood et al., 1988;

Shimasaki et al., 1989). In the rat expression is observed in a variety of tissues with the

kidney and liver being the most prominent (Takenaka et al., 1991). While IGFBP-1 and -2

are expressed in numerous tissues, the relatively small range of IGFBP-3 expressing tissues

is consistent with the role of this protein as the major carrier of endocrine IGF-I.

The acid labile subunit (ALS) has been purified and its cDNA isolated from a human

liver library (Leong et aJ., 1992). A glycosylated protein of approximately 64 kDa was

deduced from DNA sequence data, somewhat smaller than its 84 kDa size by SDS PAGE.

The protein contains a series of highly leucine rich repeats, thought to be involved in protein-

protein interactions (Rechler et al., 1993).

Serum IGFBP-3 and ALS levels follow the same ontogeny as IGF-I, being lowest in

the neonate and steadily increasing to maximum levels at puberty before declining from

puberty onwards (Baxter , 1990). A major regulator of both IGFBP-3, and ALS, and hence

temary complex formation is GH. Levels of IGFBP-3 and ALS are increased under

conditions of GH excess and decreased under GH-deficient conditions. In

hypophysectomised rats and GH-defîcient transgenic mice, serum IGFBP-3 as shown by

ligand blotting was reduced (Zapf et al., 1989; Clemmons et al., 1989; Camacho-Hubner et
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a1., 1991). The reduced levels could be increased by infusions of GH, IGF-I or

overexpression of IGF-I in the GH-deficient transgenic mice , suggesting that IGF-I rather

than GH is the primary regulator of IGFBP-3 in rodents (Interestingly, changes in plasma

IGFBP-3 in response to hypophysectomy were not reflected by changes in BP-3 hepatic

mRNA (Albiston and Herington,1992), suggesting that regulation of BP-3 expression may

be post-transcriptional). In conÍast to these findings it has been shown that GH directly

regulates ALS expression (Zapf et al., 1989).

IGFBP-3 levels are also nutritionally regulated, but to a lesser extent than IGFBP-l

or IGFBP-2 levels. There does not seem to be any diurnal rhythm associated with IGFBP-3

levels (Baxter and Martin, 1989). Although fasting of rats for 2 days did not significantly

lower BP-3 levels, protein deprivation resulted in signihcant decreases of IGFBP-3 levels

and reversal of this trend was observed following either GH or IGF-I infusion (Orlowski et

al., 1990; Clemmons et al., 1989).

Other factors affecting IGFBP-3 levels are disease states such as chronic renal failure

and diabetes mellitus which lead to increased and reduced levels respectively (Baxter and

Martin , 1986; Clemmons et al., 1989). During pregnancy in the rat the operation of a

specific IGFBP-3 protease is responsible for a pronounced loss of the 150 kDa complex

despite the normal synthesis of BP-3 at this time (Gargosky et al., 1990; Donovan et al.,

1991).

1.5.6.4 IGFBP-4, -5 and -6

In contrast to the previously discussed binding proteins (IGFBP-1,-2 and -3)

relatively little is known about the regulation and roles played by these distinct classes of

binding proteins.

A low molecular weight binding protein of approximately 24 kDa., IGFBP-4 has

been purified from rat serum (Shimonaka et al., 1989), porcine serum (V/alton et al., 1990)

and the conditioned media of a human osteoblast cell line (Mohan et al., 1989).

Furthermore, cDNAs of this protein has been isolated from rat liver, human placenta and

TE89 osteosarcoma cell lines (Shimasaki et al., 1990a; La Tour et al., 1990). V/hile

IGFBP-4 contains the 18 cysteines conserved in most other binding proteins it is unique by

virtue of two extra cysteines. In addition this binding protein has sites for N-linked

glycosylation but no RGD sequence is present. The 2.6 kb mRNA species which encodes

BP-4 is expressed in many tissue of the rat including liver where there are the highest levels,



Figure 3 Sequence Alignment of Cloned Rat lGF-Binding Proteins
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adrenals, testis, spleen, heart, lung, kidney, stomach and brain (Rechler et al., 1993). In

osteoblast cells the production of this binding protein has been shown to be stimulated by

parathyroid hormone suggesting that in vivo it may be specifically involved in bone

development or remodelling (La Tour et al., 1990; Torring et al., 1991).

IGFBP-j has been purihed from adult rat serum and human cerebral spinal fluid

(CSF) respectively (Shimasaki et al., 1991a;Binoux et al., 1991) With the cDNA cloning

of the rat and human genes IGFBP-5 was deduced to be approximately 28.5 kDa (Shimasaki

et al., 1991). It contains all 18 conserved cysteines and lacks both glycosylation and an

RGD morif. Unlike the other IGFBPs,IGFBP-5 produces a large 6 kb transcript which

predominates in rat kidney but is also present at high levels in lung, heart, stomach, adrenal

and intestine (Shimasaki et al., 1991). The protein has similar affinities for both IGF-I and

-u.

More recenrly a sixth class of IGFBP has been identihed and purified from human

lung fibroblasts (Forbes et al., 1990; Martin et al., 1990) with molecular weight between 30-

34 kDa.. This protein has also been identified in human and rat serum (Zapf et al., 1990;

Shimasaki et al., 1991). From sequence analysis and deductions from the cDNA , IGFBP-6

contains an N-terminus which is quite distinct from that conserved in IGFBPl-5. Also

IGFBP-6lacks 2 and4 of the 18 conserved cysteines in the rat and human proteins

respectively (Rechler et al. ,1993). As with IGFBP-5, IGFBP-6lacks the RGD motif.

IGFBP-6 is also glycosylated (Forbes et al., 1990). Interestingly, this IGFBP shows a

marked preferntial affinity (60-70 fold) for IGF-II over IGF-I (Rechler et al., 1993). A

6RNA of approximately 1.3 kb is produced for this protein and expression is widely

distributed throughout the adult rat in lung, testis, small intestine, adrenal, kidney ,

stomach, spleen heart, brain and liver (Shimasaki et al., 1991).

1.5.6.5 Actions of IGFBPS

Roles that the various IGFBPs play, viz. in prolonging the half-life of the insulin-

like growth factors in the circulation, acting as a reservoir for IGF and aiding the distribution

of the IGFs, have been discussed briefly above. However, in addition to these functions

the IGFBPs have been shown capable of either potentiating or inhibiting the actions of

IGFs. Support for these actions of IGFBPs has come exclusively from in virro studies and

has not been conclusively proved invivo'
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In inhibiting rhe actions of the IGFs, partially purified IGFBP-1 has been shown to

reduce the incorporation of glucose into fatty acids in adipose tissue (Drop et al., 1979).

Similarly, Ross er al.(1989) have shown that addition of exogenous IGFBP-1 or IGFBP-2

to chicken embryo fibroblasts, which do not produce their own IGFBP, can decrease both

DNA and protein synrhesis in response to administered IGFs. Furthermore, the IGFBPs

have been shown to inhibit IGF receptor binding on a number of cell types in culture

(Rutanen et al., 1988; Ritvos et al., 1988; Gopinath et al.' 1989; Campbell et al., 1991)'

Conversely, several reports have shown the potentiation of IGF action in the

presence of IGFBP s under certain conditions. In studies by Elgin, Busby and Clemmons

(1987), IGFBP-1 was shown ro potentiate the stimulation of DNA synthesis caused in

porcine aortic smooth muscle cells by IGF-I. These authors also reported a similar

phenomena for IGFBP-2inthese cells. Similarly in human fibroblasts IGFBP-1 was

shown to lead to an enhanced response to IGF-I alone but only in the presence of platelet-

poor plasma (Clemmons et al., 1986). In another case, IGFBP-3 preincubated with human

skin fibroblasts, enabled greater subsequent responses by these cells to IGF-I than when

both molecules were added together (DeMellow and Baxter, 1989; Conover, 1992). Thus,

under certain conditions mechanisms may exist which enable ttre Iòf'gps to present the

growth factors to the cellular receptors more advantageously'

1.6 Transgenesis

The experimental introduction of foreign DNA was first accomplished by Jaenisch

and Mintz in I914,who microinjected Simian virus 40 (SV40) into mouse blastocysts which

were then re-implanted into foster mothers. In these early experiments germ-line

transmission of the DNA was not achieved. Subsequently, a variety of protocols have been

used to stably alter the phenotype of mice and other animals. The most common technique,

that of microinjection of cloned DNA into the male pronucleus of fertilised oocytes was first

made successful by Gorden et al., (1980). In addition, a second method involves the

infection of early embryos with retroviruses or retroviral-based vectors bearing foreign

DNA. Finally, a recenrly developed technique involves DNA being introduced to embryonic

stem cells @S cells) via viral transduction or transfection (Bradley et al., 1984). These stem

cells are totipotent cells derived from the inner cell mass of blastocysts and can be kept

undifferentiated in culture. Following transfection of the cells they can be reintroduced into

a host blastocyst where they maintain the ability to differentiate in vivo. Thus, a transfected
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ES cell when reintroduced can generate a chimaeric animal and can also contribute to the

germ-line of this animal making the chimaerism heritable. A more powerful technique based

on this procedure is now enabling the selective disruption or knockout of mammalian genes

and subsequent generation of chimaeric mice lacking functional copies of these genes

(DeChiara et a1., l99l; Beddington et a1., 1992).

Microinjection of cloned DNA has become the most widely and successfuly used

methd for transgenesis studies. In this procedure, fine glass pipettes are used to puncture

the male pronucleus of a fertilised oocyte and numerous copies of the foreign DNA

introduced. Typically, the transgene is incorporated into approximately l-5 7o of the eggs,

as concatamers in a head-to-tail array inserted at a single locus (Palmiter and Brinster, 1986).

These tandem ¿urays are usually inherited in Mendelian fashion as autosomal dominants

(Constantini and Lacy, 1981). In rare cases the transgene can integrate into multiple sites or

remain as an un-integtated episome (Lacy et al., 1983; Hammer et al., 1990; Kollias et al.

,lgg2). The method of chromosomal integration of ransgenes following microinjection is

currently unknown but models involving concatemerisation followed by non-homologous

recombination have been proposed based on the similarities between integrations achieved in

cell culture transfections and those achieved in transgenic animals (Bishop and Smith,

1989).

If replication of the genome occurs prior to integration of the transgene, only a subset

of the cells will carry the transgene and the animal will be mosaic. Some authors have

shown that up to 30 Vo of transgenic founder mice lines are mosaic (Wilkie et al., 1986). In

these animals transmission of a transgene may not occur due to its absence in the germ cells

of the founder.

Transgenesis has been used extensively to study the control of gene expression in

conjunction with cell culture studies. It offers a number of advantages over cell culture. In

particular transgenesis enables genes to be studied throughout the entire developmental

program of the animal rather than in a single state as with cell culture. Also the gene may be

simultaneously studied in every cell of the transgenic animal rather than the limited range of

cell types available for in virro studies. Transgenes are introduced in the absence of a

selection marker, preventing prejudiced incorporation of the gene into active regions of the

host cell which may influence the gene under study. Finally, the levels of expression

achieved in cell culture may often be inappropriate compared to the levels seen in vivo. In

the field of growth research, transgenesis offers advantages over infusion studies of growth
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factor action by virtue of eliminating any potential immune response to the administered

g¡owth factor as well as solving many practical considerations. This may be particularly

important when using gowth factor analogs which may exhibit enhanced immunogenicity

due to altered structure.

As well as studies examining gene regulation, transgenesis is allowing the creation of

animal models for human diseases. Transgenic models for hypothalamic/pituitary disorders,

sickle cell anaemias, hypertension, diabetes, muscular dysuophy and cystic fibrosis have

been created (Stewart et al., 1993; Greaves et al., 1990; Lathe and Mullins, 1993). In some

cases these models are enabling evaluation of gene therapy in treatment of human disease.

Transgenesis is increasingly allowing the production of biopharmaceuticals. In this role,

transgenes are usually targeted specihcally for expression in the mammary gland epithelium

and the protein product is then isolated in its native form from the milk of the transgenic

animal (Bayna and Rosen, 1990). Transgenesis has also been extensively used in the fields

of immunology, neurobiology and oncogenesis (see Grosveld and Kollias, 1993).

Finally,with the advent of technology enabling the specific alteration or disruption of

individuat genes transgenesis is becoming widely used in the determination of gene function

and elucidation of the developmental role played by specific genes.

1.6.1 Expression of genes in transgenic animals

The major obstacle to successful transgenesis has been attaining predictable,

heritable and tissue specific expression of transgenes. Early on it was discovered that the

presence of prokaryotic vector sequences in constructs could inhibit expression of certain

transgenes. Although, genes including cr-actin, u-fetoprotein and ß-globin were inhibited

by vector sequences, others encoding immunoglobulin, elastase and collagen were

unaffected (Hammer et al. ,1985; Krumlauf et al., 1985; Townes et al., 1985; Swift et al.,

1985; Stacey et al., 1988; Khillan et al., 1986) suggesting that this phenomena may be

dependent on the individual transgene used. Also, linear fragments with non-compatible

complementary ends gave the best integration frequencies (Brinster et al., 1985).

Furthermore, it has been shown that in some cases the presence of introns is required to

achieve good expression (Brinster et al., 1988) (this is discussed in detail in chapter 3).

Transgenesis has been employed extensively to functionally evaluate cis-acting

sequences responsible for tissue-specifîc expression gene regulation. Generally these

studies involve attachment of cis -acting sequences from the gene under study to a reporter
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genes (eg. Chloramphenicol Acetyl Transferase (CAT), ß-galactosidase, GH) and creation

of transgenic animals. Such studies have enabled the regulation of the rat

phosphoenolpymvate carboxykinase (PEPCK) gene to be fully characterised and the

identifrcation of cis -acting sequences responsible for its liver/kidney specifrc expression

identified (McGrane er al., 1988,1990; Short et al., \992). Similar studies have elucidated

the promoters of genes such as elastase and gamma crystallin where tissue specific

expression is controlled by a region only several hundred base pairs in length (Swift et al.,

1984; Goring et al., 1987). In some cases the gene itself is used as a reporter for expression

subsequent to removal of putative cis -acting regions, providing that its product is

distinguishable from endogenous gene products (Eisenberger et al., 1992). In such cases

the transgene may be'tagged' in order to identify its product'

As the promoter regions and control of gene expression is elucidated for genes, their

promoter regions become tools useful for directing the controlled expression of heterologous

genes to specifrc tissues. Thus, regulatory regions from the mouse metallothionein (Brinster

et al., 1981), rat insulin gene (Hanahan et al., 1985), mouse crystallin (Overbeek et al.,

1985), rar pEPCK (Mcgrane er al., 1988), mouse ornithine decarboxylase (Flalmeþto et

al., 1993) and numerous other genes have been successfully used for nansgenesis.

However in some cases, fusion genes are expressed in novel developmental patterns due to

unique combinations of promoter and heterologous gene. This was exemplif,red by the high

brain expression observed with metallothoinein-I-rat GH transgene in mice (Evans et al.

,1985). In these animals, MT-I expression (and rGH) was never observed in the brain,

indicating that the fusion gene had a unique expression profile. This expression pattern was

observed in several independent lines of mice ruling out the possibility of a position effect.

Also, Low et al. (1989) have identified sequences within the 3' end of the hGH gene which

conferred unusual gonadotroph specific expression of a mouse MT-I-hGH fusion gene in

transgenic mice. Thus, inappropriate expression of Fansgenes may result due to the

presence within a transgene of cis--acting regulatory sequences whose effects are normally

masked in their respective endogenous genes.

Reporter genes such as ß-galactosidase (Lac Z) have also been used to uncover novel

enhancers or genes in the mouse genome. In so called'enhancer-trap' experiments, a

transgene is produced which contains a weak promoter linked to the reporter gene. This

transgene is then used to generate transgenic animals randomly and the animals screened for

the expression of Lac Z in interesting tissue-specific or developmental patterns. Because the
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weak promoter is unable to function alone, transgene expression will only be observed

where an enhancer is functional near the transgene integration site (O'Kane and Gehring,

1987). The enhancer may then be cloned by using the transgene as a probe for isolation of

DNA flanking the insertion site. Alternatively, transgenes containing the Lac Zrcportet gene

linked to an RNA splice acceptor site can be used to identifiy interesting mouse genes. rWith

this approach transgenes are able to be expressed if they integtate within a gene. The

expression pattern of the host gene will then be reflected by the expression of the reporter

(Gossler et al., 1989).

Despite the presence of promoter regions, transgenes are rarely expressed at the level

of their endogenous counterparts. This is usually because the transgene does not contain all

of the regulatory regions involved for expression. Also because microinjected transgenes

integrate randomly into the genome, a large influence on transgene expression can often be

exerted by the flanking DNA (Allen et al., 1990; Bonnerot et al., 1990). The human ß-

globin genes were a good example of genes which were extremely sensitive to their position

in the genome of transgenic animals and as a result v/ere never expressed at a level

comparable to endogenous ß-globin genes. However, when sequences 50-60 kb upstream

of the human ß-globin genes were included in transgenes, copy-number dependent

expression comparable to endogenous levels was achieved in transgenic mice (Grosveld et

a1.,1987; Orkin et al., 1990). This expression was achieved in several lines of mice

indicating that the expression was also independent of chromosomal position. These

upstream sequences were called locus control or activation regions (LCRs/ LARs) and may

represent nuclear matrix attachment sites or binding sites for topoisomerase II (Townes et

al., 1990). LCRs usually correlate well with the presence of DNAse hypersensitivity

suggesting that their function is by way of DNA binding proteins. Such sequences have

recenrly been identif,red for the chicken lysozyme gene (Bonifer et al., 1990), the a-globin

gene (Higgs er al., 1990), thefps gene (Greer et al., 1990) and the CD2 gene (Greaves et

al., 1989). Also, a purarive LCR has been reported 4.8 kb upstream of the rat PEPCK gene

in a hypersensitive site previously shown to be a tissue-specific enhancer (Cheyette et al.,

L992; Ip et al., 1939). Whatever their mechanism of action, LCRs are able to insulate genes

from the interfering presence of flanking DNA allowing correct developmental gene

expression to occur. Thus, with the discovery of locus control or activation regions

(LCRs/LARs) it may eventually be possible to attain copy number dependent expression of

transgenes without fear of interference by flanking sequences.
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The ability of transfected DNA to recombine homologously into the genome at low

frequency has become the basis for a range of 'gene targeting' strategies that can generate

embryonic stem cells and eventually mice in which specific genes have been disrupted or

modified (Bradley er al., 1992). Gene constructs are employed which have been specially

designed to undergo homologous genetic exchange with regions of the mouse genome.

These vectors typically contain a positive selection marker which is transfered to the coding

region of the targetted gene causing its disruption and enabling the selection of ES clones

containing this alteration (Thomas et al. ,1987). The targetted ES cell lines may then be

grown up individually and transferred to host blastocysts to generate individual lines of

chimaeric animals. Heterozygous lines may then be bred to generate animals lacking both

copies of a particular gene. More sophisticated targeting vectors should soon allow the

replacement of particular genes with modified (but not disrupted) forms, providing a

powerful new forum for protein structure-function studies.

1.6.2 Transgenesis, growth and the GH/IGF axis

The link between GH and animal growth was conclusively shown by the'supermice

' experiments of Palmiter and Brinster, 1982. In these studies transgenic mice were

produced carrying a mouse MT-I promoter fused to the rat growth hormone structural gene.

Animals expressing the gene grew up to 1.87 times the size of non-tansgenic littermates.

Similar studies expressed the hGH structural gene under the control of the mouse MT-I

promoter and also obtained an increased growth rate in transgenic compared to non-

transgenic mice (Pamiter et al., 1983). In both studies expression was predominantly in the

liver and gave rise to variable plasma levels of rGH or hGH ranging from 2-800 fold greater

than the levels in non-transgenic animals. In addition, Palmiter et al., 1983 showed that the

increased GH was associated with increased IGF-I levels suggesting a probable role for

IGF-I in achieving the substantial increases in growth rate. Even larger transgenic mice

were produced with the hGH gene under the connol of the murine class I major

histocompatibility (MHC) complex lF-'-zK gene promoter. The increased growth of these

animals was probably due to the ubiquitous expression of hGH in all tissues examined

(Morello et al ., 1986).

Since these early srudies, porcine GH (pGH) has been expressed under the control

of the human metallothionein IIa promoter in transgenic mice (Vize et al., 1988). Also,

bGH and hGH have been expressed under the control of the PEPCK promoter (McGrane et
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al., 1988; Short et al., 1991). In both of these studies GH was found to result in increased

growth of the transgenic animals produced. While transgenes under the control of the

metallothionein promoters were inducible by zinc and in some cases glucocorticoid

administration, the PEPCK driven transgenes were responsive to the dietary intake of the

transgenic animals (Hammer et al., 1985; McGrane et al., 1988). Subsequently, the GH

gene has become a useful reporter gene for studies on cis -acting sequences as it leads to an

easily determined, non-invasive biological endpoint (increased body weight).

Over expression of a metallotheionein-rCH fusion gene was shown to correct the

dwarf phenotype of MIit mice which are genetically homozygous for a chromosome 6

deficiency (Hammer et a1., 19S4). These mice suffer from a defîciency in GH production

caused by a receptor-mediated resistance to the action of GHRF. Hence, expression of

exogenous rGH was able to supplement the low levels of GH normally observed in these

dwarf animals.

In conffast to studies involving overexpression of GH, transgenesis has also been

used to reduce the level of endogenous GH in transgenic mice resulting in a dwarf

phenotype. In these studies a pituitary-specifrc rat GH promoter was used to direct

expression of the A-chain of diptheria toxin in the somatotroph and lactoEoph precursor cells

of the anterior pituitary. Any cells expressing the toxin were ablated resulting in mice

lacking normal numbers of somatotrophs and hence the ability to secrete GH (Behringer et

at., 1988). In a subsequent study, lines of transgenic mice were developed in which the

viral thymidine kinase (rft) gene was driven by the rat GH promoter. Although expression

of rk is not in itself toxic to the cells, it makes cells sensitive to the actions of certain

nucleoside analog drugs, which will kill the cells. When rk expressing ransgenic mice were

treated with one such drug (1-(2-deoxy-2-fluoro-ß-D-arabinofuranosyl)-5-iodouracil or

FIAU), they became dwarfed due to the selective ablation of both somatotrophs and

lactotrophs (Borrelli et al., 1989).

Transgenesis has also enabled study of the relationship between GH structure and

function. The importance of the third u helix of bGH for growth promotion was

investigated in a line of mice containing a metallothionein-I-bGH transgene in which the

bGH gene had been mutated to disrupt this helix. Mice expressing this transgene showed a

signif,rcant growth supression despite the apparently unchanged receptor binding properties

of the bGH analog, indicating the importance of this region for GH action (Chen et al.,

1990, 1991). Additional studies in transgenic mice have shown that glycine 119 of bGH is
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critical for growth promotion (Chen et al., 1991). Also transgenesis has been employed to

evaluate the functions of the 221<Da, the 20 kDa and the 5 kDa N-terminal polypeptide forms

of hGH. In these studies the respective coding sequences were expressed under the

influence of the mouse mammary tumour virus (MTV) long terminal repeat (Stewart et al.,

t992).

Aside from GH, expression of a mouse MT-I -human GHRF transgene has been

shown to increase somatic gfowth in transgenic mice. Animals expressing the gene had

measurable levels of GHRF in their serum and grew between 25-50 Vo larger than non-

transgenic littermates (I{ammer et al., 1985).

Transgenesis studies have also been performed to investigate the role of IGF-I in

animal growth. Transgenic mice expressing a human IGF-I type a) cDNA linked to the

mouse metallothionein-I promoter, manifested a30 Vo increase in body weight and exhibited

selective organomegaly of the brain, pancreas, spleen and carcass (Mathews et al., 1988).

In contrast to GH transgenic mice, these animals did not exhibit enhanced skeletal growth

preventing them from attaining the proportions of MT-I-GH transgenic mice. However it

was noted that the circulating levels of IGF-I in the MT-I-IGF-I transgenic mice were lower

than those achieved in GH transgenic mice. Therefore to characterise more fully the part

ptayed by each hormone, new strains of animals were produced from the mating of mice

expressing MT-I-IGF-I with dwarf GH-deficient transgenic mice in which the GH

producing cells had been ablated by expression of the diptheria toxin A chain (Behringer et

al., 1990). Thus, mice generated from this cross carrying both transgenes expressed human

IGF-I in the absence of GH. These animals were larger than their singly transgenic GH-

deficient littermates but their $owth was indistinguishable from non-transgenic mice. This

study confirmed the role of IGF-I in mediating GH's stimulation of body growth including

skeletal growth and suggested that while GH was necessary for the attainment of normal

liver size, IGF-I could stimulate brain growth (Behringer et al., 1990). Further confirmation

of IGF-I's role in brain growth has recently been attained by closer examination of the

original MT-I-IGF-I animals. Despite the relatively low levels of exogenous IGF-I

expressed in these mice, expression was ubiquitous throughout most tissues including the

brain. Expressing mice were found to have brains which were 55 Vo larger than those of

controls at postnatal day 55. This increase in size was due to both an increase in cell size

and cell number in this organ. Furthermore, the degree of myelination observed in the
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brains of transgenic IGF-I over expressors was 730 Vo of that in controls (Carson et al.,

Le93).

In confirming an essential role for IGF-II in normal embryonic growth, the

technique of homologous recombination in embryonic stem cells was used to selectively

disrupt one of the mouse IGF-II alleles rendering it non-functional. ES cells containing the

disrupted gene were then transferred to normal blastocysts and heterozygous chimaeric

animals generated in which expression of IGF-II from one allele was silenced (DeChiara et

al., 1990). In this study germline transmission of the inactivated IGF-II allele from male

transgenic mice resulted in offspring which were 60 Vo smaller than wild type littermates.

However, when the disrupted gene was inherited from maternal genome the heterozygous

progeny were phenotypically normal (DeChiara et al., 1991). Thus, these studies also

provided evidence that the IGF-II gene is maternally imprinted such that only the male copy

is expressed during normal mouse development.

1.7 Phosphoenolpyruvate Carboxykinase (PEPCK)
and its promoter

The cytosolic enzyme PEPCK catalyses the conversion of oxaloacetate to

phosphoenolpyruvate in the rate limiting step of mammalian gluconeogenesis (Hanson et a1.,

lg72). This enzyme is primarily expressed in the liver/ kidney / intestine and adipose

tissues, postnatally due to the change in the glucagon / insulin ratio at birth (Tilghman et a1.,

lg76). These conditions accompanied by a rise in glucocorticoids are permissive for hepatic

pEpCK synthesis. Hence, PEPCK is subject to tissue-specific developmental regulation.

The level of PEPCK in a tissue is regulated primarily by hormones, at the level of

transcription (Lamers et al., 1982; Granner et al. ,1983). The PEPCK mRNA has a short

half-life of approximately 30 minutes ensuring that changes in the transcription rate of the

gene lead quickly to increased enzyme synthesis (Nelson et al., 1980). In some instances

mRNA stability plays a part in controlling PEPCK levels (Hod et al., 1988)

The levels of the hepatic enzyme are induced by glucocorticoids (Gunn et al., I975),

cAMp (Tilghman et al., L974) and glucagon (Inedjian et al., l9l5) while they are decreased

by insulin (Andreone er al., I9S2). In the kidney, PEPCK is induced by changes in the

acid-base balance as well as glucocorticoids but does not respond to insulin (Inedjian et al.,

lg75). In con¡ast, PEPCK expression is inhibited by glucocorticoids in adipose tissue

(Neuchushtan et al. ,1988).
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Cell transfection studies (transient and permanent) and transgenesis have been

employed extensively to determine the cis -acting sequences responsible for the hormonal

regulation and tissue specific expression of the rat PEPCK gene. In the transgenesis

studies, mice were produced by microinjection in which varying lengths of PEPCK 5'

flanking sequences were linked to either the bGH or hGH structural genes (McGrane et al.,

1988, 1990; Short er al., 1992). A number of binding protein sites have been identified

within approximately 500 bps 5' of the transcriptional start site (Liu et al., 1991; McGrane et

al. ,1988). Subsequent mutational analysis has identif,red sites responsible for PEPCK's

cAMp (CRE-lfrom -9O|82 and P3 (I) from -2501-234) (Liu et al., 1991), glucocorticoid

(GRU from -455l-350) (Imai et al., 1990) and insulin (O'Brien et al. ,1990)

responsiveness. FurtheÍnore, regions required for liver/kidney-specific expression have

been shown to be contained within a region from -460 to +69 bp. This region was also

sufficient to confer dietary and hormonal (cAMP and glucocorticoid) responsiveness on the

bGH reporter gene in transgenic mice (McGrane et al., 1990; Short et al., 1992: Eisenberger

et al. ,1992). Expression in adipose tissue has been shown to require PEPCK promoter

sequences between -2086 and -888 bp (Beale et al., 1991).

1.8 Aims and rationale of Project
In this introduction I have attempted to review the existing knowledge on the major

proteins responsible for mammalian growth. I have also attempted to provide an insight into

the applications and limitations of transgenic technology . V/hile extensive documentation

exists supporting the role of IGF-I in this process, few in vivo studies of IGF-I action have

been reported. Of those reported most were concerned with infusion of the $owth factor.

Our studies and others have shown that IGF-I and various analogues can restore growth or

attenuate muscle degradation and nitrogen loss in rodents subject to stress (eg starvation,

diabetes, gut resection,glucocorticoid treatment, hypophysectomy) (Gillespie et al., 1990;

Lemmey er al., |99l;Tomas et al., 1991,I991.a,1992,1993). While infusion studies may

be useful in addressing the endocrine actions of this gowth factor they give little or no

insight into relevant paracrine or autocrine actions. In contrast, studies involving production

of IGF-I by transgenic animals enable the hormone to be produced locally and may be more

suitable for examining these actions (Mathews et al., 1988). Also secretion of IGF-I from

the cells of a Eansgenic animal largely mimics the normal state and may therefore allow

coordinated expression of other proteins involved in the growth response, eg IGFBPs.
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Furthermore, by carefully designing transgenes, delivery of the IGF-I can be targeted to

specific tissues for the testing of specific hypotheses. Thus, with the long term goal of

assessing the ability of IGF-I / des(1-3)IGF-I to negate the deleterious effects on growth of

stressed states, my aim has been to produce a transgenic rat model expressing these glowth

factors under the control of the' stress responsive' PEPCK promoter region.

pEPCK is expressed only after birth, eliminating the possibility of undesirable

expression of IGF-I affecting fetal development. Imponantly, PEPCK is induced by

conditions which normally lead to decreased production of IGF-I in vivo , e'g. starvation,

glucocorticoid treatment, physical stress. In addition, PEPCK is predominantly expressed

in the liver, the major site of postnatal IGF-I expression. Therefore the PEPCK promoter is

ideally suited to stimulate endocrine release of IGF-I from the liver in situations that

normally decrease IGF-I secretion. Furthermore, PEPCK is also expressed in the kidney, a

tissue on which IGF-I has been shown to have stimulatory actions (Fagin et al. ,1987; Bortz

et al., 1988; Martin et al. ,1991).

While mice have been routinely used for transgensis, they are less appropriate for

endocrinological studies which require serial sampling of blood, surgical manipulation or

metabolic measurements. In particular, mice recycle 3-methyl histidine (3-MH) , a

breakdown product of actin and myosin. The urinary excretion of 3MH in rats can be used

as a measure of nitrogen retention (Murray et al., 1981). Hence for the purposes of this

study rats were deemed to be the experimental animal of choice.

At the conìrnencement of this project no reports on tansgenesis in rats had been

published. Therefore it was important to establish the procedure in rats using a proven

construct. This thesis describes the establishment of the rat transgenesis system using a

metallothionein-pGH construct previously used successfully in mice and pigs (Vize et al.,

19SS). The growth characterisitics of these rats are also examined (Chapter 2). Secondly

the construction of a PEPCK-IGF-I ransgene and its expression in tissue culture cells is

described (Chapter 3). After establishing that expression of IGF-I was possible with the

designed construct the PEPCK-IGF-I transgene was incorporated into the germJine of rats

and its expression examined (Chapter 4).
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CHAPTER 2
ESTABLISHMENT OF RAT TRAI\SGENESIS USING A MTIIA.
PGH TRANSGENE

2.1 INTRODUCTION:
The creation of transgenic mouse lines for use in laboratories has become routine

over the past decade with numerous and varied ransgenes being incorporated into the

murine germ-line following microinjection (Brinster et al., 1988; Gorden and Ruddle,

1983). Although mice provide a convenient system in which to study aspects of

development and expression of most genes, examination of more physiological questions

may require the use of a larger animal. For example the preferred model for mammalian

neurobiology and endocrinology is the rat, largely due to its physical size and hence ease of

manipulation. Studies relying heavily on the use of invasive surgeries or sampling protocols

too could benefit from use of a larger animal. Furthermore, in comparison to the mouse,

extensive knowledge has accrued on the physiology of the rat.

In my studies the rat was chosen as the preferred species because of the eventual

need to sample large amounts of blood from the experimental animals for measurement of

GH, IGF-I and other blood-borne secretagogues. In addition, rats excrete 3-

methylhistidine, availing us a crucial measurement of nitrogen balance in the experimental

animal unlike mice which recycle this metabolite. Urinary 3-methylhistidine is derived

exclusively from the breakdown of actin and myosin and therefore is a good indicator of

muscle breakdown (Tomas and Ballard, 1987).

At the comnencement of my candidature no literature reports had been made of the

successful creation of transgenic rats. For this reason it was highly desirable for us to first

attempt transgenesis in this species using a transgene construct already proven in mice-

Also, it was useful to us to work with a hormone involved heavily in the gowth cascade,

namely GH. Not only should growth hormone be a good reporter for the transgenesis by

virtue of its expected action on body $owth but GH is known to be a major controller of the

IGF-I axis in rats (Roberts et al., 1986). The construct chosen as a reporter for üansgenesis

in rats was the MIIa-pGH transgene. This gene has been incorporated successfully into the

germ-line of mice and pigs (Vize et al., 1988) and shown to express pGH in both species.

Thus, this chapter describes the production and initial characterization of transgenic

rats containing the MTIIa-pGH transgene. Due to previous experience with the technique in

mice, microinjection of the transgene was chosen as the preferred route of gene introduction.
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All of the microinjections, embryo transfers and pGH RIAs described in this chapter were

canied out by DuZhangTao (Ph.D student in the Department of Obstetrics and

Gynaecology, University of Adelaide).

2.2 RESULTS:
2.2.1 i) About the MTIIa-pGH transgene

The construct containing the transgene was supplied to me, as illustrated in figure

2.2.1,by Vize et. al., 1988 as the PMG.01 construct. The transgene contains the efficient

metallothionein II-a promoter (Karin and Richards,1982). Transcription from this promoter

has been shown to be induced by both glucocorticoids and heavy metals (Karin et al ,1984a;

Karin et al., 1984b). Furthermore, it has been shown to be active in a wide variety of

tissues and prior to birth in animals (Andrews et al., 1991). The promoter is present as a 825

bp Hind III-Eco RI fragment (-763 to +60 of the promoter with an additional few bps of

vecror sequences). To the hMTIIa promoter has been abutted the pGH cDNA (522 bps)

which is itself tigated to and contiguous with, a cosmid clone containing exon 5 of the pGH

gene with approximately 800 bps of 3' non-translated sequence (Vize et al., 1988) (see

figure 2.2.1 l)). In producing this construct a cosmid clone containing exon 5 of the pGH

gene was introduced into the unique Sma I site of the pGH cDNA, replacing exon 5 of the

çDNA and including sequences downstream of the last exon believed to be important for

correct processing of the pGH mRNA (Woychick et al., 1982).

For transgenesis, plasmid PMG.01 was linearised with Hind III and then the2.7 kb

transgene released by redigestion with Pvu I. Preparative digests of the plasmid were

electrophoresed on lZoTBEgels and the transgene fragment purified by GenecleanTM

(materials and methods section 6.3.5). Digestion with both enzymes releases the MTIIa-

pGH fansgene with an addition al 120 bp of the bacterial lac-Z gene attached to the 3' end.

Figure 2.2.1í) illustrates the structure of the transgene.

2.2.I ä\ Generation of transgenic rats

The MIIa-pGH transgene was diluted to a concentration of 5ng/ml and 2-3 pl of

DNA solution was injected into the male pronucleus of fertilized Hooded V/istar eggs. Eggs

were culture d in vitro for l-2 hours before being Eansferred into the oviducts of

pseudopregnant (12-14 week old) recipients (see materials and methods section 6.3.25).

Throughout this study a total of 748 embryos were microinjected, of these 546 (73 Vo) were

deemed to be viable and were transferred following microinjection. Seventeen recipient
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females were used and the transfers resulted in the birth of 70 pups. Of the pups born 39

(56 Vo) were found by way of either Dot-blot and/or Southem analysis ( materails and

methods sections 6.3.14 and6.3.15) (figure 2.2.1ä))to possess the transgene .

2.2.2 Identification of primary transgenic rats

Tails were removed from weanling rats at3-4 weeks of age and genomic DNA

isolated as described in materials and methods (6.3.3). Dot-blots were carried out using 5 pg

of tail DNA from each rat. It should be pointed out that dot-blots were carried out at

different times depending upon the arrival of new litters. Thus it does not seem informative

to include every blot performed. Only blots which illusrate animals featured throughout this

srudy have been included. The hybridisation probe used for analysis was the 540 bp Hind

Itr-Ava I fragment from the 5' end of the MTIIa promoter. This probe has been

successfully used to identify mice and pigs carrying the MTIIa-pGH transgene (Vize et a1.,

19SS). Following an initial round of microinjection and embryo transfer, a number of

animals were identified as possessing the transgene by Dot-Blot analysis. Figure 2.2.2i)

illustrates the identification of several animals including MT-1(fust expressing

transgenic)(column 2,row b), A (column 7, row d) and C (column 6, row d), found to

possess the transgene. Following scintillation counting of the radioactivity in each dot, these

animals were found to have 80, 8, and 1 copies of the transgene respectively when

compared to the copy number control dots. It should be noted that several other animals on

this blot have also integrated the transgene but will not be discussed. The high background

hybridisation present even in the negative control (non-transgenic rat DNA ) has been a

constant problem in analysis of these animals, making identif,rcation of low copy animals

virtually impossible. Background hybridisation has also been observed in genomic

Southern analysis of rats throughout the study. This background most likely represents

cross hybridisation to the rat metallothioinein IIa gene(s). Such background has meant that

selection of animals for breeding relied upon additional criteriâ, .eg. production of pGH in

the blood of the rats.

Figure 2.2.2.11) shows the integration of the transgene into 2 rats, B(column 9, row

d) and D (column 1, row c) from 3 further litters. Again integration of the fransgene can be

seen to have occurred in a very high percentage of the animals featured. Animal MT-1 has

been included on this blot as a positive conrol (column 2,row b). Comparison of the two

blots illustrates the inter-experiment variation associated with performing such analysis on
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different occasions. It can be seen that the dilution series used as a copy number control in

both blots is giving quantitatively different signals making absolute copy number

determination difficult. For my purposes such blots served as an initial rapid screen in

combination with the pGH radioimmunoassay. 'Where possible high copy number animals

were studied due to ease of identification.

A later series of microinjections and embryo transfers led to the production of 32

animals of which 12 possessed the ransgene in low copy number. Seven of these animals

were selected for breeding on the basis of pGH expression.

2.2.3 lntegration of the MTIIa'pGH transgene

In order to examine the organisation of the integrated transgenes in the rats, Southern

analysis was performed using either Eco RI or Bam HI. As there are no Bam HI sites

within the transgene itself digestion of genomic DNA from transgenic rats with this enzyme

should yield a single MIIa promoter hybridising band for each site of integration. The size

of the fragments will depend upon tho distance from the site of integration to the nearest Bam

HI site. Figure 2.2.3 i) shows Bam HI Southern analysis of several primary MTIIa-pGH

transgenic rats. Rats MT-1, D and M5.5 (lanes 3, 5 and 6 respectively) exhibit a single band

of high molecular weight hybridisation, indicated with an a¡rowhead, due to integration of

the Eansgene at a single site within the genome. Although of apparently the same molecular

weight on this gel, resolution of bands of this large size could only be achieved on a lower

percentage agarose gel. Upon prolonged autoradiography of this filter a single integration

site was observed for the low copy number animal C. Even after long exposure no

corresponding bands were seen in the control lane verifying that the hybridisation being seen

in lanes 3, 5 and 6 is due to the transgene. Digestion of genomic DNA with EcoRI, an

enzyme which cuts the transgene in two places can be expected to yield information on the

organisation of individual integration events. Figure 2.2.3 11) shows an Eco RI Southern

analysis performed on 20 pgs of tail genomic DNA from rats MT-l(lane 5), A (lane 2), B

(lane 3) and C (lane 1). All four rats exhibit three common bands of approximately 6 kb, 2

kb and 1.2 kb. These species are also present in the DNA of another MTIIa-pGH

microinjected rat shown in lane 7, but are absent from the DNA of a non-transgenic animal

(lane 6). In addition rats MT-1, A and C possess a band of approximately 0.9 kb. (although

barely visible in C), while rat B exhibits a smaller 0.3 kb species. Later Southern analysis

on A (data not shown) indicated that the 1.2 kb band may be due to incomplete digestion of
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the DNA. The 0.9 kb band present in MT-1, A and C is diagnostic of head-tail integration

of the rransgene in these animals (see figure 2.2.3 ä1)) and therefore suggests that rat C has

at least one and a half copies of the ransgene integrated. The relative intensities of this band

vary in proportion to the number of gene copies integrated. The presence of the higher

species are not easily explicable as their size does not corespond to either head-head or

head-tail organisation of the transgenes, but perhaps arise due to Eco RI sites flanking the

sites of insertion. However, it is unusual that these fragments would be of identical size in

each individual animal given the assumption of random Íansgene integration. It is possible

that at least some of these corrìrnon species represent the previously mentioned cross

hybridisation of the MTIIa probe with endogenous rat metallothionein genes. The small

molecular weight species present in B may be due to rearrangement of the MTIIa-pGH

transgene at the site of integration leading to a deletion of part of the ransgene.

2.2.4 Blood-borne pGH and growth of primary MTIIa'pGH rats

At the time of weaning when tail was removed for DNA analysis, a small amount of blood

was sampled from each animal. This blood was subject to radioimmunoassay for pGH. In

four animals, blood taken at the time of sacrifîce was assayed for IGF-I. Animals were also

weighed from the time of weaning at weekly intervals. Table 2.2.4lists the plasma levels of

immunoreactive pGH present and IGF-I in the blood of transgenic rats as well as the relative

gfowth of each animal compared to sex-matched non-transgenic littermates at 12 weeks of

age. As can be seen levels of plasma pGH varied signif,rcantly between individual animals.

No correlation was observed between the transgene copy number of these animals and their

pGH levels, for example rat C is a low copy number animal and yet produced more pGH

than rat D, who has many more gene copies. In general female animals produced higher

levels of pGH and reached a larger size at weaning relative to their controls than did males.

At 12 weeks of age male expressors were slightly larger than females of the same age

consistent with the sexual dimorphism reported for rat growth (Jansen et al., 1983). A

correlation was found between the circulating levels of pGH in females and their body size at

12 weeks of age (r=O.943, P<0.01). However, there was no such relationship between the

growth attained in all rats and their plasma level of pGH, although the two animals which

attained the highest relative size were the highest pGH producers. In several animals (D and

M3.4) essentially normal growth was maintained even in the presence of pGH. Figures

2.2.4 \), ü) and iii) illustrare rhe gowth profiles of several pGH producing rats from
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weaning. These curves show that the dynamics of gtowth for each transgenic rat initially

produced were somewhat variable. Most pGH producers began to outgrow littermates from

weaning onwards. However, it is possible that growth was manifested prior to this point,

since a number of animals were much larger from birth than their littermates. Studies are

underway to map more precisely the growth of transgenic rats prior to weaning. Figure

2.2.4 iv) and v) show the much greater body size of two pGH expressing transgenic rats

than their respective sex matched littermates at 13 weeks of age. Female rat C was almost

twice the size of her non-transgenic littermate at this stage. Thus the animals produced can

be divided roughly into two groups, those which exhibit enhanced gro'wth (generally have

high plasma pGH) and those which grow essentially normally despite the presence of pGH.

2.2.5 Breeding of primary MTIIa-pGH rats and inheritance of the transgene

Throughout the study attempts were made to breed most of the primary pGH

producing transgenic rats. In some instances animals died before mating was successful .

We were only able to successfully breed 4 of the primary rats (4, C, D and M5.5), three of

which were female and one male. The Fl generation animals produced were assayed for the

inheritance of the transgene by dot-blot and/or Southern analysis shortly after weaning. As

with the founder animals the offspring were weighed at weekly intervals and plasma pGH

levels measured.

Animal A sired two litters of offspring (rows a and b). From dot-blot analysis

(figure 2.2.5l) ) 3 males and2 females appear to have inherited the transgene in a similar

copy number to their parent (26 7o), whereas as many as five others may have inherited

lower numbers of copies of the transgene. Preliminary Southern analysis of these F1

animals suggested that none had inherited the head-to -tail arrangement of the transgene from

the parent (data not shown). The single litter produced from mating of rat C contained 13

animals (rows c and d). In this case because of the low copy number of the founder animal,

the dot-blot does not easily discern which animals inherited the tansgene. It does however

show that one male animal inherited more copies of the üansgene than the parcnt (column 2,

row c). This could be explained if founder C was a mosaic animal in which there was an

uneven distribution of transgene copies within cells of the germ-line and the somatic cells.

However, as DNA loadings on this blot have not been normalised relative to an endogenous

single copy murine gene, small differences in DNA loadings may account for this result.

Founder D gave birth to a single litter of 12 pups, 7 of which were male and 5 female (row
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e and column 12, row d). Dot -blot analysis showed that 4 male and 2 female (50Vo)

inherited the transgene in similar copy number to the parent. Southern analysis with Eco RI

on animals from this litter (figure2.2.5 ii) ) demonstrates that all of the animals identified as

positive by dot-blot appear to have the 0.9 kb band (indicative of head to tail üansgene

integration ), except male D1.4. and D1.10. In the case of D1.10 the genomic DNA used in

this Southern blot was seen to be incompletely digested. Hence this may explain the absence

of a hybridising 0.9 kb band in lane 7. In addition to the 0.9 kb fragment in lanes 2,3,5,

and 8, a fainter 1.6 kb species can be seen these tracks. This fragment colresponds with the

size expected for head-head copies of the transgene. Also a higher fragment of

approximately 2.0 kb can be seen in several Fl offspring (lanes 3, 5,6 and 8). This

fragment is absent from the digest of founder D's DNA but a slightly higher band of

approximately 2.5 kb is present. These bands may represent junction fragments betv/een the

transgene integration site and the Eco RI sites flanking the insertion site. If this is the case

then a re¿uïangement of the transgene organisation may have taken place in the Fl offspring

to generate a smaller 2.0 kb junction fragment. Such rearrangements have previously been

reported for the germ-line transmission of a foreign B-globin ransgene in mice (Lacy et al.,

1983).

The higher molecular weight bands in the autoradiograph are present in the DNA of

the non-transgenic control animal (lane 1) and therefore are likely to represent cross-

hybridisation of the hMTIIa probe with endogenous rat metallothionein gene(s).

Breeding of an additional pGH producing animal, M5.5 gave rise to a litter of 8

pups only one of which was shown by Southern analysis (figure 2.2.5 11i) ) to have

inherited the transgene. The low frequency of inheritance in this line along with the variation

in copy number amongst F1 animals produced from all breedings, points to the possibility

that a large number of the primary transgenic rats may have been mosaic. It has been

observed that up to 30 7o of transgenic founder mice produced by microinjection are mosaic

(Wilkie er al., 1936 ). In addition,because of lack of sufficient genomic DNA, I cannot

exclude the possibility of integrarion of the transgene into several chromosomal sites in

Founder A.

As pointed out earlier, pGH assays were carried out on the plasma of the F1

offspring and the animals weighed weekly (see Table 2.2.5.). In line with Southern

analysis of the Fl progeny of rat A (data not shown), none of these animals was found to be

producing pGH. Hence, it seems possible that the functional copy/copies (present as head-
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to-tail multimers) of the transgene have been lost in these animals. Only a single female

animal from breeding of C was found to be expressing pGH. This animal had a very similar

level of pGH (717 nglnrl, compared with 800 ng/ml) to its transgenic parent and exhibited a

similar enhanced rate of growth. Fl animals from breeding of D all possessed low levels of

blood-borne pGH (between 1.3-25nglml) and grew at a similar rate to their non-transgenic

littermates, as had their transgenic parent. Breeding of M5.5 produced a single female

animal which inherited its transgenic mothers enhanced rate of growth but had a somewhat

lower level of plasma pGH (25 ng/ml compared with 42 ng/ml).

A number of expressing Fl offspring were bred with non-transgenic animals to

produce an F2 generation and examine the stability of the transgene though another

generation. Cl.13 produced a litter of 13 pups, none of which was shown to be expressing

pGH in their blood. Rat D1.6 sired 3 litters (a total of 19 offspring), 42 7o of which were

found to have the transgene by Southern analysis (see figure 2.2.5.iv) ) or by Polymerase

Chain Reaction (PCR) (data not shown), using primers specific for the hMTIIa promoter

(see materials and methods section 6.3.13). In figure 2.2.5 iv) both a 0.9 kb and 1.6 kb

fragment, indicating head-tail and head-head integration of the transgene respectively are

seen in lane 1 (D1.6). These fragments are also observed in lanes 4,5,6,8,11, 13 and 14

indicating inheritance of the same transgene organisation by the F2 animals. A2.4 kb and

1.3 kb fragment are also observed in all lanes, most likely due to cross-hybridisation of the

probe with endogenous rat metallothionein gene(s). These animals also, possessed low

levels of pGH and exhibited normal growth compared with non-transgenic littermates.

Mating of M5.5.4 produced anF2 generation of 6 animals. PCR of tail genomic DNA

(figure 2.2.5 v) ) was used to show that 416 had inherited the transgene. These animals had

49,46,37 and 68 nglrnl of pGH in their plasma respectively at the time of weaning and all

were seen to grow at an enhanced rate relative to non-transgenic littermates. Hence it

appears that the MTIIa-pGH transgene has been stably inherited into the F2 generation in

two sepatate lines of transgenic rats. Figure 2.2.5 vi), illustrates the entire family trees of rat

M5.5 (high expressorÆast growing) and rat D (low expressor/normal growth)

2.2.6 Expression of the MTIIa-pGH transgene

Where possible at death, tissues were taken from pGH expressing transgenic rats

and RNA extractions were carried out. Subsequently 20 or 50 ¡rgs of total RNA was subject

to analysis by ribonuclease protection assay (RPA) (see materials and methods section
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6.3.17). The antisense probe used in this analysis was generated by T7 transcription and

corresponded to approximately 120 base pairs at the 3' end of the porcine gowth hormone

gene, cloned into pSP72. T7 transcription of the Pvu II linearised insert gave a 150 bp

riboprobe. The 150 bp probe (containing polylinker sequence from its vector host),

protecred a band of approximately 120 bp in an assay containing pig pituitary mRNA, which

served as a positive control (see figure 2.2.611)). In some assays this probe protected a

number of species in RNA from non-transgenic rats but did not protect the full 120 bp RNA

expected in pGH expressing animals.

Initially, a wide variety of tissues (liver, kidney, intestine, brain, leg muscle and

heart) from three individual pGH expressing animals (MT-1,C1.13 and D) were analysed

for pGH mRNA (see figures2.2.6.1) and ii) ). These animals each possessed different

levels of blood-borne pGH protein. A similar distribution of the pGH mRNA was observed

in two of these animals (MT-1 and Cl.13), with the highest levels observed in the livers of

both and the intestine being the second highest expression site. The signal present in other

tissues was extremely low and therefore difficult to quantify. However it appeared that there

were differences in the preferential sites of expression amongst the other tissues, with the

pattern as follows:

MT- 1 : Kidney>muscle>heart>brain

C1. 13: Intestine=Lung>brain>kidney

The third animal (D) in this group exhibited striking differences in the transgene

expression pattern (see figure 2.2.6ä) ). In this animal the major site of expression was the

intestine (conf,rrmed in three independent protection assays). followed by the lung, liver,

kidney and brain. Lung and brain data are not shown here.

A further four expressors (M4.7,M4.4,M1.9 and M2.1) have been analysed for the

production of the pGH mRNA (figure 2.2.6.äi) and iv) ) With these animals only liver,

kidney, intestine and spleen were assayed. As spleen was found to be expressing pGH

mRNA in transgenic mice produced from this construct within our department ( Mrs.L.

Crocker, personal communication), it was included for analysis. In all four animals the

major site of expression was once again found to be the liver. M 2.1had the highest levels

of pGH expression out of all animals examined, expressing equally well in the intestine and

the liver (figure 2.2.6 iv),lanes 4 and 6). This animal also expressed the pGH message

highly in kidney and spleen (lanes 5 and 3). Amongst the remaining three animals (figure

2.2.6 äi)) expression was a much lower in the remaining tissues, with a tendency towards
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kidney>intestine>>spleen.

With the finding that expression was highest in the intestine of animal D, it was of

interest to determine whether this expression pattern had been inherited by other animals in

this family. Figure 2.2.6 v) shows RNAse protection analysis of offspring within the D

family. This figure shows that founder D exhibited much higher expression than any of the

F2 progeny of D1.6. Although their expression is an order of magnitude lower (50 pgs of

each RNA has been used), animals D1.6.4 and D1.6 12 show the same preferential

intestinal expression as D. Furthermore this result has been observed in three independent

assays.

In summary, the major site of expression in most animals was the liver with high

expression also observed in the intestine of three animals from the same family. It appears

that all animals also express lower levels of the pGH mRNA in various other tissues

including the lung, kidney and spleen. This is consistent with the housekeeping role of the

metallothionein promoter in its corresponding native gene.

2.2.7 Zinc induction of the MTIIa-pGH transgene

As the MTIIa promoter contains metal-responsive elements (Karin and Richards,

1987) it was decided to test whether the low level expressors (D family) were inducible by

zinc. In order to test this hypothesis, 9/12 Fl animals were placed on a diet in which Zn**

(25 mM) was included in the animals' drinking water for a period of 2 weeks. Blood was

sampled from these animals prior to commencement of the treatment, following the treatment

and subsequent to the removal of the Zinc. RIA of the plasma samples revealed that3l9 of

these animals were inducible in the presence of Zn++ (see table 2.2.7)). The level of

induction ranged from 39o/o-957o. Subsequently, two Fl animals have been bred and their

offspring are currently being subjected to a similar experiment. Also a similar experiment

has been performed on the F1 generation of M 5.5 (data not shown) and showed that there

was no change in the plasma pGH level of M5.5.4, the sole transgenic in this litter. More

detailed experiments are being planned to ascertain the optimal levels of zinc required for this

induction in an effort to better understand the basis of such a phenomenon in the D family of

transgenic rats.

It would also be interesting to examine the response of plasma pGH to nutritional or

physical stress in these animals due to the known glucocorticoid inducibility of the MTIIa

promoter (Karin et al., 1984).



45

2.2.8 IGF and IGFBPs in pGH expressing rats

Growth Hormone is a known regulator of both IGF-I and the IGFBPs especially

IGFBP-3 (Zapf et a1.,1989). For this reason it was of interest to examine the production of

IGFBPs in the plasma of the pGH expressing ffansgenic rats and in addition look at the

effect of GH expression on endogenous IGF-I expression.

Blood samples \¡/ere taken from several animals at death and Vy'estern ligand blots

(materials and methods section 6.3.23) carried out on diluted plasma. Figure 2.2.8 i) shows

a ligand blot probed *¡¡ 1251-JGF-II tracer. The blot shows the existence of six clearly

defined species. A triplet of proteins (40-50 kDa.) followed by a doublet (28-30 kDa.) and

then a lower single protein (24-25 kDa.). This pattern has been previously observed for

normal rat plasma (Luo and Murphy, 1990) and these proteins are thought to correspond to

IGFBP-3, IGFBP-l and IGFBP-2 respectively. However,to categorically define these

ligand blotted species, purified sources of these BPs would need to be run in parallel on the

same gel and immunoblots performed using the appropriate antisera. Although the pattern of

IGFBPs is the same between the individual üansgenic animals shown here, the intensities of

different binding proteins varies. Unfortunately these animals were not killed at the same

age making any slight developmental differences in BP production difficult to rule out. It

should be noted however, that all animals had reached sexual maturity. No consistent

increase in one particular BP species appears to occur in all expressors. Animals D, Ml.9

and M2.1 show a definite increase in the higher molecular weight triplet (40-50 kDa.)

generally associated with rat IGFBP-3 (Yang et al., 1989). Furthermore, animals Cl.13, D

and M2.1 have an increase in the approximately 29 kDa protein. Only animal Cl.13 shows

any increase above control of the lowest molecular weight protein (24-25 kDa.). Staining

of a duplicate gel run concurently, using Coomasie blue suggested that these fluctuations

were not due to loading differences between samples.

In addition to'Western ligand blots, Northern analysis was carried out on the liver

RNA of several expressing transgenic rats. Northerns were probed initially with rat IGF-1

then rat IGFBP-3 and IGFBP-1 sequences. Subsequently filters were probed with a rat

GHBP/receptor probe, which contains extracellular domain sequences common to both the

GH receptor and the circulating GH BP (Tiong and Herington, 1991). Finally f,rlters were

probed with an 18S ribosomal RNA probe to examine RNA loadings in each lane.
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Figure 2.2.8ä) a) shows the expression of rat IGF-1 in several animals. Expression

was categorised by a large number of different sized messages, grouping broadly into three

major species of 0.8 kb, 1-2 kb and 7-8 kb. Only animals Cl.13 and ll{2.l are expressing

all three groups of messages. The control animal and other expressors appear to produce

only the lower molecular weight species. Densitometric scanning and quantitation of the 0.8

kb species confirmed the significant increase in the abundance of this message in animals

C1.13 and M2.1 relative to the non-transgenic control. Such increases in the abundance of

IGF-1 mRNA species have previously been observed in hyphophysectomised rats injected

with GH (Roberts et al, 1986) ,litllit mice (Mathews et al., 1986) and in GH transgenic mice

(Mathews et al., lgSS). When this filter was reprobed with a rat IGFBP-3 probe no signal

was obtained even after low stringency washing conditions. The reason for this result is not

known, although it is possible that expression of IGFBP-3 is too low to be readily detected

by Northern analysis in adult rats. In support of this suggestion, Albiston and Herington

(1992) have used a more sensetive S1 nuclease protection to detect IGFBP-3 mRNA in rat

tissues. The filter was then stripped and reprobed with IGFBP-1 (figure 2.2.8 ä) b)), only

animals Cl.13 and M 2.I werc seen to be expressing the 1.6 kb mRNA species This

apparent induction of IGFBP-1 mRNA is contradictory to the down regulation of this

mRNA species observed upon injection of GH to hypophysectomised rats (Seneviratne et

al.1990). In contrast to the IGF-I results the levels of IGFBP- I expression were gteater in

rat C1.13 than in M2.1. A higher 2.5-3 kb species of mRNA can be seen in RNA from

C1.13. Such higher molecular weight messages have also been previously reported in the

GH-treated hypophysectomised rat (Seneviratne et el., 1990).

V/hen expression of the rat GH BP/Rreceptor was examined (figure 2.2.8 ä) c)),

several different messages were seen , with the two predominant ones being 1-2 kb and 4-5

kb respectively. These mRNA species have been shown to correspond to the GH BP (1-2

kb) and GH receptor (4-5 kb) (Tiong and Herington, 1991). 'When densitometry was

carried out on the lower molecular weight species, again rats M.2.1and C1.13 were found

to have geatly elevated levels of this mRNA compared to all other individuals. However

expression of the GHBP was also elevated in D and to a minimal extent in Ml.9. Simila¡

increases in liver GHBP mRNA have been seen following continuous infusion of GH to

female hypophysectomised rats (Maiter et al., 1992).

Figure 2.2.8 ä) d) shows probing of the same filter with an 18s rRNA probe for

determination of RNA loadings. Although RNA loadings can be seen to vary across the
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filter, all increases in mRNAs discussed above are real when normalised to the loadings of

RNA in each track. Figure 2.2.8 äi) shows the densitometric quantitation of the 0.8 kb

IGF-I 6RNA and the GHBP mRNA normalised to the RNA loading in each lane of the

filter.



FTGURE 2.2.r i)

A linearized representation of the2.7 kb Hind Itr-Pvu I M'Ttra-pGH transgene.

FTGURE 2.2.1 ii)

Shows the overall results of transgenesis in rats using the MTtra-pGH construct"



FIGURE 2.2.1 Structure of the 2.7kb MTIIa'pGH transgene
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FIGURES 2.2.2 i) and 2.2.2 ä) Illustrate the identification of several primary

transgenic rats by dot-blot using the MTtra promoter Hind ltr-Ava I probe. 5ug samples of

DNA isolated from rat tails at weaning, were denatured and applied to a Nytran membrane

along with a negative control sample fom a non-transgenic rat. Also a series of samples with

increasing ¿tmounts of the transgene containing plasmid were applied after being mixed with

5ugs of the negative control DNA. The amounts of plasmid used corresponded to gene copy

numbers of between 1 and 160 copies per cell. This was calculated by taking into account

the proportion of the plasmid homologous to the hybridisation probe (approximately one

fifth) and assuming a rat diploid genome size of 5 pg (Sober et al., 1970). In row a the

number of transgene copies per cell, is given with the number in brackets indicating the

equivalent pg amount of plasmid DNA applied to the filter. Filters were hybridised

overnight ît 42oC and were washed up to 42o C in 0.1 x SSC l0.I Vo SDS for 30 minutes

before being auroradiographed overnight. A key illustrating the identity of each sample is

presented below for i) and ii). Where only a date is given, all animals on that row indicated

with a dash, were from a litter born on that date.

i)r234s67
a 12.5(1) 100(s) 300(24) 400(32) 500(40) 1000(80)2000(160)

b neg. MT-l

c b8/3

d, b20ß c A

e b2613

8 9 r0 1112

ii)tz34s
a r2.s (1) 50 (4) 100 (8) 200(16) 400 (32)

b neg. MT-l

c D b2814

d bs/6

891011126 7

500(40) 1000 (80)

b18/6 B
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Transgenic Rats
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t 2 3 4 5 6 7 8 9r0



FIGIJRE 2.2.3 i) Twenty micrograms of rat genomic DNA was digested with Bam HI

after spermine precipitation. Subsequently samples were electrophoresed on a 0.8 VoTBE

Agarose gel. The gel was transferred to a Nytran filter and was probed with the

oligolabellej Hind Itr-Ava I MTtra promorer. The filter was washed at high stringency for

thour at 65oC in 0.1 x SS90.1 7o SDS before being autoradiographed overnighr The

sizes of radiolabelled Sppl molecular weight ma¡kers run on the sameþel (ane l) are given

on the left of the gel. The other lanes were loaded as described below'

lane 2: non-transgenic rat

lane 3: rat MT-l

lane 4: rat C

lane 5: rat D

lane 6: ratM5.5

The arrowhead on the right of the gel indicates the single integration site for the transgene in

each of the animals analYsed.

FIGURE 2.2.3 ä) Rat genomic DNA (20 pg) was digested with Eco RI and

electnophoresed on a0.8 Vo TBE Agarose gel before being transferred to a Nytran membrane

and being probed with the MTIIa flind ltr-Ava I fragment. The size of SPP1 molecular

weight markers electrophoresed on the same gel are given on the right hand side of the

autoradiograph.

Lane 1: rat C

l-ane2:rat A

Lane3:rat B

I¿ne 4: rat born 4/6191

Lane 5: rat MT-l

Lane 6: non-transgenic control rat

l-ane7: rat born 8ßl9l



Bam HI Southern Analysis of MTIIa-pGH Rats

MW(kb) 1 2 3 4 s 6

1 2 3 4 5 6 7

<
'7.84 >-
6.96 >
5.86 >
4.69 >

3.37 >

2.68 >

Eco RI Southern Analysis of MTIIa-pGH Rats

>

>

l>
l>

MV/ (kb.)

<4.81
< 3.-59

<2.89

< 1.95/1.89

< 1.59/t.39

< 1.16

<0.98

<0.72

<0.4fÌ
< 0.3(r



FTGURE 2.2.3 äi) INTEGRATION AND POSSIBLE ORGANISTION
OF MTtrA.pGH TRANSGENES IN TRANSGENIC RATS
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Characteristics of Primary MTIIa-pGH rats

SEXID.NO.

A
B

C

D
}''{t.2
Ml.9
lvl2.l
}'.{3.4

}J.4.4.4

il.''4.4.7

}''{5.2

M5.5

serym pGH
(ng/rnl)

64

9

800

18.

85

tt92
Lt70
23

360

712

529

42

serum IGF-I
(ng/rnl)

Relative size
Weight ratio

1..24

1.00

1.81

1.2

r.28
2.0

r.97

0.96

t.4r
1.78

r.25
r.72

M
M
F
F

M
F
F
F
M
F
M
F

n.d.

n.d.

n.d.

942
n.d.

tt46
t074

n.d.

574
n.d.
n.d.

n.d.

TABLE2.2.4

This table shows the sex, serum pGH and relative size ratio of the primary
MTIIa-pGH rats. The weight ratio was calculated as the live weight of each
transgenic animal divided by the mean live weight of sex-matched non-transgenic
littermates at 12 weeks of age. There were no other females in the litter in which
rat D was born. Her relative growth rate is expressed as her weight at 12 weeks of
age divided by the average weight of her three non-transgenic Fl daughters.
Serum pGH and IGF-I were measured using specific radioimmunoassays
(Materials and methods section 2.3.22 and Owens et al., 1990).n.d.=not
determined. (Non-transgenic rats assayed for IGF-I had 550-600 nglml IGF-Ð



FIGURE 2.2.4

i) Shows the growth curve of the inúal pGH expressing male rat MT-1' This animal was

expressing 295 ngt¡¡lof pGH and as the graph shows began to outgrow his 5 male (m)

littermates approximately seven weeks after birth'

ii) shows the growth curves of two expressing MTIIa-pGH rats, A and c compared to the

growth of male non-transgenic littermates. Even though c is female (f) she has still

outgrown the males of this litter.

iii) Shows the growth curves of five female pGH expressing rats compared to their non-

transgenic linermates. In these animals the increased glowth can be seen after weaning'

Interestingly, animal M3.4 exhibits essentially normal growth even in the presence o123

nglml pGH. NT= non-transgenic'



Growth of First Expressing MTIIa-pGH
Compared To Non-transgenic Littermates
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FIGURE 2.2.4

iv) A photograph of male A (64 nglml pGHXabove) compared with its non-transgenic

littermate Oelow) at 13 weeks of age.

v) A photogaph of female C (800 nglml pGH)(below) compared with is non-transgenic

littermate(above) at 13 weeks of age.
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FIGURE 2.2.5 i) Dot-blot analysis was caried out on 5 ttgs of genomic tail DNA from

the Fl generation of founders A,C, and D. DNA was denatured and transferred to a Nytran

membrane. The probe was the oligolabelled Hind III-Ava I fragment of the MTtra

promoter. The filter was washed up to 42oC for I hour in 0.1 x SSC/ 0.1 Vo SDS before

autoradiography overnight DNA from the founder animal of each litter has been included

on the filter as a control. The grid below is a key to the samples on the filter

123456789101112

a A Al.1 Al.2 41.3 41.4 1.5 1.6 I.7 1.8 1.9

b A2.L A2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 2.t0

c C C.l.l Cr.z Cl.3 CI.4 C1.5 Cl.6 C1.7 Cl.8 Cl.9 C1.10 Cl.ll

d cr.r2 c1.13 Dt.t2

e D D1.1 Dt.2 Dl.3 D.14 D1.5 .D1.6 D1.7 Dr.8 Dl.9 D1.10 D1.11
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FIGURE 2.2.5 ä) 20 pgs of tail genomic DNA was digested to completion with Eco RI

(except in the case of animal D1.10 where digestion was seen to be incomplete following

electrophoresis). Samples were electrophoresed on a0.8 7o TBE Agarose gel before being

hydrolysed, denatwed neutralised and transferred to Nytran membrane. DNA was

crosslinked to the filter and the filter hybridised in the presence of the Hind III-Ava I MTtra

promoter probe. The frlter was subsequently washed up to 42oC for 30 minutes in 0.1 x

SSC/O.1 7o SDS and autoradiography caried out for 72 hours. The sizes of molecular

weight markers electrophoresed on the same gel are indicated on the left. The arrowheads

on the right indicate the 0.9 kb, 1.6 kb and2.5 kb species discussed in the text. The

contents of each lane were as follows.

lane 1: non-transgenic DNA

lane2: FounderD

lane 3: D1.1

lane 4: D1.4

lane 5: D1.6

lane 6: D1.7

lane 7: D.1.10

lane 8: DI.l2

FIGURE 2.2.5 äi) Southern analysis on Eco RI digested genomic DNA (20 pgs) was

performed as above on samples from the Fl generation of animal M5.5. This frlter was

probed with the Hind trI-Ava I MTtra promoter probe and washed at 42 oC in 0.1 x

SSC/Q.1 ToSDS for 30 minutes before being autoradiographed for 72 hours. The sizes of

SPPI markers electrophoresed on the gel are indicated on the left and the 0.9 kb Eco RI

fragment diagnostic of head-to-ail transgene integration is shown with an arrow on the left of

the autoradiograPh.

lane l: non-transgenic rat

lane2: Founder M5.5

lanes 3-10: Animals M5.5.1-M5.5.
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Characteristics of Fl and F2 Generation
MTIIa-pGH rats

ID.NO.
plasma
pGH
(ng/rnl)

717

19

L4

15

16

L3

22

25

49

46

37

68

Relative size
Weight ratio

t.72
0.89

1.03

0.88

0.86

0.98

0.95

t.&
1.65

1.78

r.74

1.5

SEX

c1.13
Dl.l
D1.5

Dr.6
DL.7

D1.10

DT.I2
M5.5.4

M5.5.4.1

IÙ{{5.5.4.2

M5.5.4.3

M5.5.4.6

F

M
M
M
M
F

F

F

M
M
M
F

TABLE 2.2.5

Shows the plasma pGH levels and relative size of the Fl and F2
generation MTtra-pGH trarisgenic rats. The weight ratio was
calculated as the weight of the animal in question at 12 weeks of
age divided by the mean weight of its sex-matched littermates at the
same age. In the case of M5.5.4.1-M5.5.4.3 there were no
non-transgenic male littermates from which to calculate the ratio.
Hence in calculating the ratios for these animals the mean weight of
the non-üansgenic Fl males at 12 weeks of age was used.



FIGURE 2.2.5 iv) Eco RI Southern analysis was carried out on the F2 generation

animals from the mating of D1.6. The frlter was hybridised to the Hind Itr-Ava I fragment

of the MTIIa promoter and was washed up to 42oC for 30 minutes in 0.1 x SSC/O.1 7o SDS

befo¡e autoradiogtaphy for 72 hours. The sizes of SPPI markers are shown on the right

hand side while the arrows at lefr highlight the 0.9 kb and 1.6 kb Eco RI fragments present

in several animals.

lane 1: D1.6

lanes: 2-14: DL.6. l-D1.6. 13
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FIGURE 2.2.5 v') polymerase chain reacrion (PCR) (see materials and methods section

6.3.13) was caried out on the F2 generation of M5.5.4 to quickly identify those offspring

carrying the transgene. The nvo primers used were designed to amplify up a 130 bp portion

of thehumanMTtrapromorer(primers 1367 and1384). PCRreactionswerecarriedoutin

a total volume of 50 pls. The following conditions were used for PCR'

1 cycle: 2 minutes at 94oC (denanring)

29 cycles:30 seconds atg4ocll minute ar 59oC (annealing)/1 minute at72oC(extension)

5uls of each reaction was electrophoresed along with Hpa II cut pUC, DNA markers (lane 1)

(low molecular weight range) on a2 Vo AgarcseTBE gel and the PcR product visualised

by staining the gel in Ethidium Bromide'

In each pCR a tube was included lacking template DNA as a contamination control (track 2).

In addition a negative control, containing non-transgenic rat DNA was included (track 3) and

a positive control T ,hit case DNA from M5.5.4 (track 4). Tracks 5-10 contain DNA from

M5.5.4.1-M5.5.4.6
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D

M.5.5

FIGURE 2.2.5 vr)

Shows the family trees of two MTIIa-pGH transgenic rats D (top)
and M5.5 (bottom). Males a¡e indicated by squares and females by
circles. Shaded hgures indicate animals which have the transgene
as judged by dot-blot, Southern or PCR analysis. Shaded
individuals have also been shown to express pGH by RIA.



FIGURE 2.2.6 i\ Ribonuclease Protection was carried out on RNA isolated from tissues

of MT-1. 20 ttgof each RNA was hybridised overnight with a probe complementary to the

3' untranslated region of the pGH gene. The full length probe is approximately 150 bps and

protects a species of 120 bps in pig pituitary RNA (figure2.2.6 ii) lane 15). Hybridisation

was carried out at 50oC and hybrids were digested with both RNase A and T1 at 37oC for

30 minutes. The protected species were then separated on a 6 Vo polyacrylamide gel before

autoradiography for 72 hours. The faint 150 bp band present in some lanes is due to

incomplete digestion of the full length probe

lane 1: probe (with digestion) lane 7: MT-l Intestine RNA

lane 2-3: Liver RNA from non-transgenic rats lane 8: MT-l Brain RNA

lane 4: MT-l Liver RNA lane 9: MT-l Muscle RNA

lane 5: MT-l Kidney RNA lane 10: MT-l Heafi RNA

lane 6: no sample loaded

FIGURE 2.2.6 ä) Ribonuclease protection analysis of transgene expression in MT-1,

Cl.13 and D. 50 pg of total RNA was analysed using the pGH 3' riboprobe. After

digestion of the hybridised species with RNase A+T1, the protections were electrophoresed

on 6 Vo polyacrylamide gels and visualised by autoradiography for 36 hours. The probe

prorects a species of 120 bps in pig pituitary poly A+ RNA (lane 15). In addition a second

smaller species is also protected. This smaller species czur however be seen as a result of

hybridisation between the probe and yeast RNA alone (lane l) and may be be due to probe

secondary structure. Furthermore this species is seen in RNA from non-transgenic rats and

hence does not correspond to mRNA from the MTIIa-pGH transgene.

lane 1: probe + yeast RNA, lane 2: nothing loaded, lane 3: Cl.13 Liver, lane 4: CI.13

Kidney ,lane 5: Cl.l3 Intestine, lane 6: Cl.13 Brain , lane 7: Cl.L3 Lung, lane 8:

Cl.13 Spleen, lane 9: MT-l Liver, lane 10: MT-1 Kidney, lane 11: MT-l Intestine,

lane 12: D Liver, lane 13: D Kidney, lane 14: D Intestine, lane 15: pig pituitary poly

A+RNA,lane 16: non-transgenic rat liver
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FIGURE 2.2.6 äi') Shows analysis of RNA from animals M1.9, lú4.4 and M4.7. 50

pgs of total RNA was used in this Ribonuclease protection assay (conditions as per figure

2.2.61)). Auroradiography was carried out for 72 hours. Arrows indicate the 150 bp

mature probe and 120 bp protected species respectively. Samples were as given below

lane 1: lN'l4.7 Liver

lane 2; IÙl4.7 Kidney

lane 3: M4.7 Intestine

lane 4: M4.7 Spleen

lane 5: l$'4.4.4 Liver

Iane 6: lul4.4 Kidney

lane 7: M4.4Intestine

lane 8: iNf4.4 Spleen

lane 9: Ml.9 Liver

lane 10: M1.9 Kidney

lane 11: M1.9 Intestine

lane 12: Ml.9 Spleen

FIGURE 2.2.6 iv) Expression of the transgene in M2.l was examined in the same assay

as above using 50 pgs of total RNA. A separate gel was run to accomodate all samples in

the assay Protected species in this case were visualised after overnight autoradiogfaphy

due to the extremely high signal.

lane 1: probe alone (with digestion)

lane 2: pig pituitary poly+ A RNA (0.5 pg)

lane 3: M2.lSpleen

lane 4: M2.l Intestine

Iane 5: Mz.l Kidney

lane 6: M2.1 Liver

lane 7: non-transgenic rat Liver

lane 8: non-transgenic rat KidneY
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FIGURE 2.2.6 v\ Ribonuclease protection was ca¡ried out on the F2 generation

offspring from the D family of transgenic rats using the pGH 3' riboprobe employed in

figure 2.2.6Ð (section 2.2.6). 50 pgs of RNA was used in this assay and autoradiography

was for 72 hotrs. Arrows indicate the 150 bp mature probe and 120 bp protected species

respectively.

lane 1: D Intestine

lane 2: D1.6.4 Liver

lane 3: D1.6.4 Intestine

lane 4: D1.6.5 Liver

lane 5: D1.6.5 Intestine

lane 6: DL.6.LZ Liver

lane 7: Dl.6.l2 Intestine
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Rat No.

Zinc Induction of plasma pGH in
D Family MTIIa-pGH rats

concentration of porcine GH in rat plasma (ng/ml)

After 14 days 7 davs after
BeforeZn with Zntr Ztflíithdra*n

40 66 60

<t7 25 <17

19 <I7 <r7

<L7 20 <17

<77 <L7 <17

42 83 78

31 43 39

20 <r7 26

20 <17 <r7

D1.1(m)

D1.2(m)

D1.3(m)

D1.4(m)

D1.5(m)

D1.6(m)

D1.7(m)

D1.8(Ð

D1.10(Ð

TABLE2.2.7

Vy'ater containing 25 mM Zn++ was given to nine Fl generation animals of
the D family for a two-week period in an attempt to induce expression of
the MTtra-pGH construct. Blood was taken from the animals prior to
conìmencement of the diet, immediately following the diet and one week
after withdrawal of the diet. Plasma samples were assayed for the presence
of pGH (materials and methods section 6.3.22).(m) indicates male, (Ð
indicates t-emale.



FIGURE 2.2.8 i) Plasma samples from Cl.13, D, M1.9, M2.l and two different non-

transgenic control rats were diluted and heated in the presence of SDS before the equivalent

of 1 pl of the original plasma was electrophoresed under non-reducing conditions, on a I2.5

7o SDS polyacrylamide gel. The gel was subsequently electrobloned on to a nitrocellulose

membrane and allowed to air dry before being probed *i¡¡ I25J-1GF-II tracer overnight

(materials and methods section 6.2.23). Following washing of the filter to eliminate

background hybridisation, the filter was exposed to X ray film for 21 days. The size of l4C

molecular weight protein markers lane 1) are shown on the left of the autoradiograph. The

samples loaded were as follows:

lane2: non-transgenic

lane 3: non-transgenic (Cl.12)

lane 4: Cl.13

lane 5: D

lane 6: M1.9

laneT:lll2.l
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FIGURE 2.2.5 ä) 50 pg of total liver RNA was electrophoresed on 7 7o agarose,

phosphate buffered L0 Vo formaldehyde gels. Following capillary transfer to Nytran, the

RNA was cross-linked to the filters using a Stratagene UV Crosslinker and the filters were

probed with a) an Eco RI cDNA insert of rat IGF-1, b) rat BP-1 insert, c) riboprobe of the

rat GH Bp/receptor exrracellular domain and d) 18s Ribosomal rRNA probe. After each

probing, frlters were snipped in 60 7o formamide/ 2 x SSC at 65oC for 2-3 hours Complete

stripping of the filter was monitored by autoradiography. The sizes of the RNA species are

given with ar¡ows on the left of the autoradiograph and were deduced from the positions of

the bands relative to the 28S and l8S rRNA bands seen on the stained filter after transfer, in

conjunction with radioactive DNA markers co.electrophoresed on the gel (not shown). The

samples loaded on the gel were as follows:

lane 1: M2.1

lane2: Ml.9

lane 3: D

lane 4: Cl.13

lane 5: MT-l

lane 6: non-transgenic rat
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FTGURE 2.2.8äi)

Densitometry of the autoradio$aphs shown in figure 2.2.8 ii) was
carried out on a Molecular Dynamics Laser Densitometer using the
Image Quant package. All readings were normalised against the
loadings in each lane as deducedby the 18S probe. These graphs
show the expression of the 0.8 kb IGF-I mRNA and the GHBP
mRNA in the individual transgenic rats relative to that seen for the
non-transgenic conüol animal.

0
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2.3 DISCUSSION:
V/ith an embryo survival rate of 73Vo following microinjection, 56Vo lntegration of the

MTIIa-pGH transgene into rats born from injected eggs after embryo transfer andl3%o of

the microinjected embryos developing into newborns, this study demonstrates that gene

transfer into the germ-line of rats by microinjection can be accomplished as successfully as

gene transfer in mice (Palmiter et aI.,1986; Brinster et aI.,1985). The integration rate

achieved is greater than the 34 Vo seen with a Iil-A-B.z7 transgene in rats (Hammer et a1.,

1990) and compares favourably with the 62.5 Vo integration of the Ren-2 transgene into rats

reported by Mullins et. al. (1990). Also this rate is considerably higher thanthe30Vo

integration of the MTIIA-pGH transgene into transgenic mice produced some years ago in

this laboratory (Michalska 4.E., Ph.D Thesis (1988)).

Animals produced in this study contained between 1- 130 copies of the transgene per

cell as judged by DNA dot-blot analysis (figures 2.2.21) and ii)). No direct correlation was

found between the gene dosage and the level of expression achieved in any of the animals,

consistent with the f,rndings of others (Palmiter et al., (1983), Miller et al., (1989)). Of the

expressing transgenic rats analysed, almost all appear to have integrated the MTIIa-pGH

constmct at a single site in the genome and with head-to-tail and head-to-head Íurays of the

construct at this site (see figures 2.2.3 l)-äi)). Head-to-tail arrangements of the transgene

give rise to a characteristic 0.9 kb fragment upon Southern analysis with Eco RI, while

head-to-head integrations produce a characteristic 1.6 kb Eco RI fragment. These results are

similar to the results of transgenesis using this construct in mice (Vize P.D. Ph .D thesis,

University of Adelaide 1987). Furthermore, the same pattern of integration has been

maintained in Fl and in some cases F2 progeny, indicating the stability of the transgene in

the germline (see figures 2.2.5 ri) and iii)). In the case of Founder A (see sections 2.2.3 and

2.2.5), it is possible that this animal had more than one integration site, with functional

copies being present at only one locus in a head-to-tail array. The Fl generation appear not

to have inherited the functional copies of the transgene at this locus from their expressing

parent. Further Southem analysis would be necessffy on DNA from this family determine

the validity of this speculation. The low frequency of inheritance obtained in breeding some

of the founder animals may be due to these animals being germ-line mosaics (e.g M5.5,C)

as observed previously by Wilke et al., (1986.). In the case of pedigree M5.5, inheritance

of expression does not seem to be sex-specific (see fîgure 2.2.5 vi). Thus incorporation of
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the active transgene into an imprinted region (see introduction 1.6.2) of the rat genome

cannot explain its expression pattern in this family. Palmiter et al. (1982) observed that

achieving expression of their MT-TK fusion gene in mice from microinjection did not

always ensure that the expression was stably inherited. Similar difficulty in achieving

consistent inheritance of expression has also been observed for the MTIIA-pGH fusion gene

in mice produced previously (Vize P.D., Ph.D thesis, University of Adelaide 1987)

In this study rats produced between 18-1200 nglrnl of pGH in their blood (see Tables

2.2.4 and.2.2.5),consistent with the levels observed in expressing transgenic pigs made

with this construct (Vize et al , 1988). A correlation,was found between the circulating

levels of pGH in the females and their body size (r=0.943, P<0.01) (tables 2.2.4 and

2.2.5). However, the enhanced growth observed in our transgenic rats as a whole does not

bear a direct relationship to the blood-borne level of the pGH protein. These observations

have also been made for mice expressing hGH form the MT-1 promoter (Palmiter et al

1933). It should be pointed out that blood samples have not been taken routinely to

determine the secretory pattern of the transgene derived pGH although expression from the

MTtra promorer would be expected to be constitutive. Hence it is possible that the pGH

values used for correlation may be artifactually under- or over-estimated, preventing any

significant correlation being made. Also, the tissue level of pGH expression may be more

relevant to the growth of individual animals than the plasma pGH, since animals may

express significant pGH in tissues other than the liver (the major source of plasma pGH)

There appears to be a threshold level of plasma pGH required to initiate noticeable

enhancement of growth in these rats. The D family of animals express no more than 25

ng/ml of pGH in their plasma and all exhibit normal growth compared to con[ols, whereas

other individual animals expressing upwards of 40 ng/ml appeff to achieve enhanced

growth relative to non-Fansgenic conrols. It is feasible that this threshold is due to the

sequestration of pGH by the rat GHBP present in excess in serum (Mannor et al

(1991),Tiong et al (1991)). In this model, GHBP would sequester the low levels of pGH

present in some of the animals preventing enhanced growth via the GH receptor. While this

model may be applicable to the female fansgenic rats there are two male rats, M1.2 and

M5.2 (table 2.2.5) which produce significant pGH (85 nglml and 529 nglrnl respectively)

and yet do not respond with increased growth. Although I have no explanation for this

observation, Palmiter et al. (1983) have also observed transgenic mice with substantial

immunoreactive hGH but lacking enhanced growth.
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The enhanced growth I have observed in many of the transgenic rats (see øb(e2.2.4)

has also been observed in studies in which intact rats were administered recombinant rGH at

several doses. Groesbeck et al., (1987) administered rGH at either 0.4 mg/day, 1 mg/day or

5 mg/day to intact 4 week old female rats and observed body weight increases of up Io 5l%o

in rats treated with 1 mg/day and73 7o increases with the highest dose. These body weight

increases ceased upon removal of the rGH Blood borne levels of rCH rose to

approximately 350 ng/ml with the 1 mg/day dose and 1200 ng/ml after 20 days of treatment

with the highest dose, 5 mglday. In the MTIIa-pGH rats, plasma pGH levels of between 25

ng/ml-1200 nglrrlcorresponded with body weight increases in female transgenic rats of

4l7o-I00ft4 within the ranges observed for administration of rGH. Byatt et al (1991) have

also shown that administration of bGH at doses ranging from 19 mg/day to 5 mg/day to

mature 200 gfemale rats was able to stimulate significant increases in weight gain relative to

vehicle treated controls, in line with our results using pGH. Interestingly these studies

showed growth effects on female rats but no reports have been published on the effects of

GH infusion on male rats. Due to insufficient numbers of breeding animals at this stage, it

has not yet been possible to analyse the growth of individual tissues in any of the MTIIa-

pGH expressors. Such measurements will enable more conclusions to be made concerning

the mode of growth in these animals in the future.

As illustrated in figures2.2.4 i)-iii), the enhanced growth of expressing transgenic

rats appeils to manifest itself prior to weaning, consistent with the expected expression of

the MTIIa promoter at these earlier time points in development (Andrews et al 1991). This

result is particularly interesting in light of the recent finding that mRNA and protein for the

rat GH receptor and BP are present in the early embryonic tissues of the rat (Garcia-Aragon

et al., 1992). In addition, a study by Palmiter et al (1983), suggested that hGH was

produced from a MT-hGH ransgene in mice from fetal stages, and that accelerated growth

in these mice commenced from 16 to 22 days after birth. Studies are currently underway in

our laboratory to examine more closely the onset of pGH expression and GH

responsiveness in one family of transgenics.

In all fast growing transgenics examined by RNAse protection, the major tissue site of

pGH expression was found to be the liver (figures 2.2.6 i)-iii)). It is not suprising

therefore, that these faster growing animals also possessed higher plasma levels of pGH. In

addition, pGH mRNA was observed in a wide variety of other tissues consistent with the

housekeeping role of the MTIIa promoter (Durnam and Palmiter 1981; Karin and Richards
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1982). The D line of transgenic rats exhibited lower plasma pGH levels than the faster

growing lines (eg. M 5.5). Interestingly, the founder of this line (D) exhibited higher

expression of the rransgene mRNA in the intestine than the liver (figure2.2.6 ä) ). Hence

the lower plasma pGH levels recorded for this group of animals are probably due to their

lack of liver-specific transgene expression. In support of this finding, animals in the F2

generation of this family (figure 2.2.6v) ) exhibit a similar expression pattern to D. If true

for additional members of this family, intestinal as compared to liver-specific transgene

expression in Founder D probably indicates that the D line of animals are unique due to

insertion of the transgene at a specif,rc chromosomal location which is able to confer different

regulation on the integrated sequences. Effects of the position of chromosomal integration

on the tissue site of expression of [ansgenes have previously been reported (I-acy et al.,

1983). To assess the location of transgene integration, it would be necessary to perform

chromosomal in sítuhybridisation on metaphase chromosomes from animals in the D and

other families.

The plasma levels of pGH in several animals from the D family have also been shown

to be inducible by zinc (see table 2.2.7). At this time it is not known whether the growth of

these animals is also zinc inducible, but experiments are currently being planned to address

this point.. Similar anomalies between lines of expressing transgenic animals have been

observed by Shamay et al., (1992) who saw differential hormonal regulation of Whey

Acidic Protein transgenes in three lines of transgenic mice. Since animals from at least one

other family (M 5.5) do not show expression changes in response to zinc (data not shown) it

seems likely that the induction phenomena may be a characteristic specific for the D family.

In view of the infertility seen in female mice overexpressing hGH, rGH and bGH

from the MT-I promoter (Bartke et al., 1988, Hammer et al., 1984, Naar et al., 1991), it is

of interest that the majority of successful breedings carried out during this study used

expressing transgenic dams. This suggests that in rats pGH is unable to substantially or

detrimentally perturb the reproductive capacity of females. As pituitary secretion of GH is

able to influence the production of reproductive hormones it would be interesting to examine

the pituitary expression of endogenous rGH in these transgenic rats.

Plasma IGF-I levels were measured in four individual animals throughout the study

(table 2.2.4). Three of these rats exhibited high plasma pGH levels and the fast growth

phenorype (M1.9,M2.1 and M4.4) while D exhibited low plasma pGH and normal gowth.

As expected the two highest pGH expressors (Ml.9 and M2.1) expressed largely from the
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liver and exhibited high circulating IGF-I at the time of death. Coincident with high plasma

IGF-I concentrations in these animals was an elevated level of liver IGF-I mRNA (figure

2.2.8 ä) a)) consistent with the Somatomedin Hypothesis. Furthermore figure 2.2.8 i)

shows an increase in the levels of the 40-50 kDa IGFBP-3 associated species in both Ml.9

and M2.1 presumably required to carry the increased level of plasma IGF-I. Also both

ligand blotting (figure 2.2.8 i) ) and Northern analysis (figure 2.2.8 ä) b) ) show, increases

in IGFBP-l have occurred in M2.1. In contrast to this situation l|i4.4.4 shows little increase in

liver IGF-I mRNA or plasma IGF-I (574 ng/ml compared to 550-600 nglrnl for non-

transgenic rats assayed) despite liver expression of pGH (figure 2.2.6 iii) ) and relatively

high plasma pGH, suggesting that expression of IGF-I may be have become refractory to

GH in this animal or may be under the influence of other controls (e.g. nutrition). Similar

states have previously been observed in diabetic rats (Scheiwiller et al., 1986), but are

normally associated with inhibited growth. Animal D showed little increase in liver IGF-I

mRNA consistent with the low liver expression of pGH in this animal. Interestingly,

plasma levels of IGF-I, IGFBP-3 and IGFBP- 1 (figure 2.2.81) ) have been increased in this

animal roo. Increases in BP-1 are supported by Northern analysis (figure 2.2.8 ii) b) ).

High circulating IGF-I in this animal may be accounted for by GH stimulated expression of

IGF-I in extrahepatic tissues (in particular the intestine), although this has not yet been

shown by mRNA analysis.

In this study two phenotypically different groups of animals have been produced by

microinjection of the same construct . One group appear to express primarily in the liver,

exhibit variable levels of plasma pGH but respond to the hormone with enhanced growth

throughout their life. The second group are essentially indistinguishable from control

animals with respect to their gowth and exhibit low levels of plasma pGH which are

however, inducible in the presence of Zn++ in their drinking water. Expression of pGH in

these animals appears to show a different tissue distribution. It is likely that these two

groups of animals reflect differences in the chromosomal location of the inüoduced

transgene, although this suggestion will require further experimentation to substantiate.

Further detailed analysis of these two distinct groups of pGH expressing rats is ongoing and

should permit us to examine in greater depth the mechanisms responsible for growth in the

rat. Importantly, this study showed the amenability of rats to gene transfer and suggested

that introduction of other constructs ( in particular the PEPCK-IGF-I transgene) into this

species would be feasible.



CHAPTER 3

PRODUCTION OF CHIMERIC PEPCK IGF GENES
AND THEIR EXPRESSION IN VITRO



53

CHAPTER 3
PRODUCTION OF PEPCK IGF CHIMERIC GENES AND THEIR
EXPRESSION IN VITRO

3.1 INTRODUCTION:
The gene encoding human insulin-like gtowth factor-I spans at least 70 kb of DNA

(Rotwein et a1., 1986). Due to the enormous size of this gene it is not yet feasible to

introduce it into the germ-line of animals using conventional microinjection procedures.

However, two distinct types of cDNAs have been reported which encode the mature human

insulin-like growth factor-I polypeptide ( Jansen et al., 1983: Rotwein et al., 1986). These

cDNAs termed type la and 1b differ at their 3' ends in the C-terminal sequence encoding

the E peptide of the hIGF-I protein. Because of their small size (450-500 bps) relative to the

genomic copy of the gene such cDNAs are viable alternatives for transgenesis studies.

Indeed, transgenic mice have been produced by Mathews et al. (1988) using the hIGF-I a

cDNA under the control of the metallothionein-I (MT-I) promoter. Expression of this cDNA

has also been reported in vitro (Bovenberg et al., 1990). In our department, expression of a

hIGF-I type a cDNA has been achieved using the strong Rous Sarcoma Virus LTR promoter

(McKinnon et al., 1991). This study also reported the RSV driven expression and

purification of des(1-3)IGF-I, an N-terminally truncated, superpotent derivative of IGF-I in

Chinese Hamster Ovary cells (CHO cells)'

V/ith the eventual goal of achieving inducible expression of hIGF-I and/or des(1-

3)IGF-I in transgenic rats during dietary or hormonal stress, it was necessary to produce a

construct containing the IGF-I/des(1-3)IGF-I cDNA under the control of a promoter that

would be appropriately regulated by diet and/or hormones. In addition, it was desirable to

restrict expression to a specific set of tissues. Furthermore, as IGF-I is known to play an

important role in animal development, it was necessary to choose a promoter which would

be largely inactive before birth. For these reasons, the promoter of the rat cytosolic

phospoenolpyruvate carboxykinase gene (PEPCK pr.) was chosen. This promoter has been

studied extensively and has been shown capable of directing controllable expression of

heterologous genes both ir¡ vitro andinvivo ( see Introduction section 1.7).

Thus, this chapter describes the production of constructs containing the IGF-I and

des(1-3)IGF-I genes linked to the rat PEPCK promoter. Also, the subsequent transfection

of these constructs into tissue culture cells and their expression therein is examined.
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3.2 RESULTS:

3.2.1 Construction of the PEPCK-IGF-Ia) transgene

The starting point for the construction of the PEPCK-IGF-Ia) transgene was two

individual plasmids, pRSVIGF-I and BH 1.2 (shown in figure 3.2.1) which housed the

IGF-I cDNA and PEPCK promoter sequences respectively.

plasmid pRSVIGF-I has been previously employed to produce hIGF-I in permanently

transfected Chinese Hamster Ouary (CHO) cells (McKinnon et al., 1991). This plasmid

was a modification of the pAVOOSA+ expression vector (Choo et al., 1986) and contained

strong viral promoter elements ( Rous Sarcoma Virus , Long Terminal Repeat (RSV LTR))

as well as the neomycin gene to enable selection of antibiotic resistant (G418) cells that have

incorporated the plasmid. The dihydrofolate reductase gene originally present in the vector

pAVOOSA+ had been removed by Hind III digestion and subsequent re-ligation. The

original pAVOOSA+ vector also contained a sheep metallothionein 3'region which had an

atypical polyadenylation signal, AGATAAA. This fragment had been replaced by a624bp

insert containing the 3' end of the hGH gene (downstream of hGH exon 4) as an end-filled

Sma IÆco RI fragment. The hGH 3' end contains a polyadenylation and associated

processing signals which have been previously used to facilitate expression of cloned genes

in vitro and. in vivo (Luciw et al., 1983; Overbeek et al., 1986; Pfarr et al., 1986). In

creating this insertion, the Eco RI site was destroyed (indicated in figure 3.2.1i) by an Eco

RI*) but the Sma I site was reconstituted. In addition, the vector pRSVIGF-I contains a

human IGF-I cDNA. To obtain this clone a human liver cDNA library in lamda gt 11 (

courtesy of Dr. G. Howlett, Department of Biochemistry, Melbourne University,

Melbourne, Victoria, Australia) was screened by Dr. P. Krieg (University of Texas, Austin

Texas, Dept. of Zoology) with a 30 mer oligonucleotide designed to be complimentary to

bases l7g-208 of the hIGF-I sequence reported by Jansen et al., (1983). Several identical

clones were isolated which all contained an approximately 600 bp insert with the entire

coding region of hIGF-I up to position -12 of the leader sequence. The extra bases coding

for amino acids at -13 to -25 of the leader were added by site directed mutagenesis of the

clones in a Ml3mp18 vector. Also, a Bam HI site four bases upstream of the intiating

methionine was introduced allowing removal of the IGF-I cDNA as a Bam HI fragment.



55
The complete IGF-I sequence was then excised as a Bam HVBam HI fragment and ligated

into the expression vector, behind the RSV promoter.

plasmid BH 1.2 (figure 3.2.1 ii)) was kindly provided by Professor R.V/.Hanson

(Case Western Reserve University, Cleveland, Ohio) and contains a 1.2 kb genomic DNA

fragment of the rar cytosolic PEPCK gene. This region contains 560 bp of 5' flanking DNA

which extends into the second intron of the PEPCK gene and contains numerous regulatory

sequences (Yoo-V/arren et al ., 1983). Digestion of the plasmid with Bam HI and Bgl tr

yields a 620 bp fragment which has been used to direct tissue-specific, hormone and dieta¡y-

inducible expression of the bGH stuctural gene in transgenic mice ( McGrane et al ., 1988).

The Bgl II site is just inside the first exon of the PEPCK gene at position +73. This 73 bp

of sequence is transcribed but not translated (McGrane et al., 1988). The PEPCK promoter

region contained within plasmid 8H1.2, in conjunction with reporter genes such as the

herpes simplex virus thymidine kinase structural gene have been used to analyse the

expression of this promoter in transfected hepatoma cells (Wynshaw-Boris et al., 1984).

Hence this plasmid provided me with a source of rat PEPCK promoter sequences.

The cloning steps carried out in producing the PEPCK-IGF-I a) construct are shown

in figure 3.2.2. Initially, the IGF-I cDNA was excised from pRSVIGF-I as a 448 bp Bam

HI / Bam HI fragment. This inserr was then cloned into the Bgl II site of BH 1.2. As the

fragments generated by Bam HI and Bgl II have compatible ends, such a ligation is possible,

but results in the destruction of both sites. In figure 3.2.2 the destruction of both sites is

denoted by the B/B* site produced following ligation. BH 1.2 clones found to contain the

448 bp insert were sequenced using a 17 mer oligonucleotide primer (see section 6.2.8 and

figure 3.2.8 ) in order to ensure the correct orientation of the IGF-I cDNA relative to the

PEPCK promorer. This oligonucleotide binds the hIGF-I DNA from Glycine32 of mature

hIGF-I to Lysine 27 (ftgve 3.2.8) and is orientated 5'-3' towards the amino terminus of

hIGF-I. Hence, using this primer, sequence could be read through the N-terminus of the

IGF-I gDNA and into the adjoining BH 1.2 DNA Figure 3.2.3 shows the sequence around

the insertion site of aBlH I.2 clone containing the IGF-I cDNA ligated directly behind the

PEPCK promoter in the desired orientation for transcription of hIGF-I.

Clones with the çDNA in the correct orientation relative to the PEPCK promoter were

digested with Bam HI / Hind III and the 1.6 kb inserts subcloned into pBluescript SK+

(pBS) to enable favourable restriction sites to be obtained for subsequent manipulation.
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Bam HI / Hind Itr digestion releases an insert containing the PEPCK promoter linked

directly to the IGF-I çDNA, with PEPCK gene sequences (exon/intron 1 and exon2/intron

2) at the 3' end of the cDNA. These extra PEPCK sequences were maintained for the

purpose of transgenesis (see discusssion and chapter 4) and their inclusion denoted by the a)

after the name of the construct. Subsequent constructs lacking these sequences were

denoted with b) at the end of the construct name. Bluescript clones containing the 1.6 kb

insert were digested with Bam HI / ClaI and the inserts subcloned further into pSP73 to

enable restriction sites convenient for the f,rnal cloning step to be attained. Recombinant

SP73 clones containing the insert were then digested with Sal I / BgI II to remove the

PEPCK-IGF-I fragment for directional cloning into the expression vector. In the final step,

pRSVIGF-I was digested with Sal I / Bam HI to remove the RSVIGF-I gene from the hGH

termination sequences and the Sal I./ Bgl II PEPCK-IGF-I fragment ligated in its place,

crearing pPEPCK-IGF-Ia). In doing so, both the Bam HI and Bgl II sites 3' of the insert

were destroyed (again denoted in figure 3.2.2 as BIB*). Thus the final construct shown in

figure 3.2.4 can be linearised with Sal I for üansfection into cell lines or a transgene

generated by double digestion with Sal I and Sca I.

3.2.2 Verification of the PEPCK-IGF-I a) construct

In order to verify that the construct was correct, several restriction digests were

carried out on the final plasmid. Figure 3.2.5 shows the resolution of these digests on a | 7o

agarose gel. Sal I, Bam HI, and Eco RI all digest pPEPCK-IGF-Ia) at a single site (lanes 2,

4 and 5) and rherefore give rise to a single 7.3 kb species. Hind III digests the plasmid at

two positions, 5' of the PEPCK promoter and 3' of PEPCK intron 2 (lane 3), giving rise to

an approximately 2 kb fragment and a higher 5.3 kb species. Addition of Bam HI to ttre

Hind III digesr removes a small 360 bp fragment (only faintly visible near the bottom of lane

6) from the 2 kb insert generated by Hind III, leaving a I.64 kb fragment in addition to the

the5.3.kbspecies(lane6).DigestionoftheplasmidwithEcoRl/ScaIreleasesthe2.S5

kb fragment and a 4.45 kb fragment (lane 7), while digestion of the plasmid with Sal I / Sca

I releases a slightly larger transgene 2.96kb insert along with a 4.34kb higher species (lane

8). Digests in lane 9 and 10 are discussed below, in relation to figure 3.2.5 ä).

As a further verification of pPEPCK-IGF-Ia), several additional restriction digests

were calried out and analysed by Southern analysis (see materials and methods section

6.3.15). Sal I, Sal I / Sca I, Hind III, Ava I and Dra I digests of pPEPCK-IGF-Ia) were



57
transferred to NytranrM membrane and probed with the 540 bp PEPCK promoter Bam

HVBgI II fragment (see figure 3.2.5 ii)). As expected the PEPCK probe detected a single

7.3 kb species following digestion with Sal I which cuts the plasmid only once (lane 1).

Digestion of Sal I linearised plasmid with Sca I results in the production of a2.96kb

pEpCK-IGF-Ia) transgene ro which the PEPCK promoter probe hybridises strongly (lane

2). As mentioned above Hind III produces a2kb species, which contains the PEPCK

promoter as evidenced by the strong hybridisation of the probe observed in lane 3 to tltis 2

kb species. Digestion of pPEPCK-IGF-Ia) with Ava I digests the plasmid in 3 positions and

resulrs in the production of two species of 3.8 kb and 3.2kb respectively (see figure 3.2.5 i)

lane 9) as well as a small 300 bp fragment not shown on the Southern. The PEPCK probe

hybridises only to the smaller 3.2kb species (lane 4) which contains the PEPCK promoter

sequences. Dra I sites are only known with precision for the DNA included in the

transgene. V/ithin the transgene there are two Dra I sites, one is present within the PEPCK

promoter (522bps from the Bam HI site) while the second site resides in the hGH

termination sequence (487 bps from the Sma I site). It is clear from digestion of pPEPCK-

IGF-I a) (figure 3.2.5 i) lane 10) and pRSVIGF-I (data not shown) with this enzyme that

many additional Dra I sites are present in the vector. Despite these sites,lane 4 shows that

the predicted 1.63 kb fragment hybridises to the PEPCK probe as expected, confirming the

nature of pPEPCK-IGF-Ia). Also a fragment of approximately 5.68 kb which represents the

plasmid minus the 1.63 kb species is detected by the PEPCK probe. The hybridising

species' between 1.63 kb and 5.68 kb therefore represent fragments generated by Dra I

digestion 5' of the Dra I site within the PEPCK promoter. The presence of an intact 5.68

kb hybridising fragment therefore indicates that the Dra I digest was not complete.

3.2.3 Modification of the PEPCK-IGF-Ia) Transgene

At the time of coûìmencement of this project a novel ten-fold more potent analogue of

IGF-I had been discovered in bovine colostrum by our laboratory. Known as des(1-3) IGF-

I, this analogue lacked the three amino terminal amino acids of IGF-I, viz. Glycine, Proline

and Glutamate (Francis et al., 1986, 1988; Ballard et al., 1987). It showed increased

biological porency ínvitro by virtue of its lower afhnity for the IGFBPs (Bagley et al.,

1989; Szabo et al., 1988; Ross et al., 1989). This analogue has also been produced by

pernanent transfection of an RSV-des (l-3)IGF-I construct into Chinese Hamster Ovary

(CHO) cells (McKinnon et al., 1991). Importantly, des (1-3) IGF-I has also shown
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increased biological activity in some invivo studies (Tomas et al., 1991). Hence, with the

eventual aim of producing üansgenic animals expressing this analogue inducibly, I have

produced consrrucrs which place des (l-3)IGF-I under the control of the PEPCK promoter.

i) Mutagenesis of the IGF-I cDNA

In order to produce these constructs, site directed mutagenesis (see materials and

merhods secrion 6.3.13) was ca¡ried out on pBS bluescript clones carrying the PEPCK-

IGF-Ia) inserr (see figure 3.2.2, step 2). The 30 mer used, RRS 644 (section 2.2.8) bound

to the hIGF-I cDNA at Alanine I of mature IGF-I and proceeded in a 5'-3' direction up to

Serine 2l of the25 amino acid leader sequence (see f,rgure 3.2.8). It lacked the sequences

for Glutamate 3, Proline 2 and Glycine 1. Mutagenesis of these three amino acids was

confirmed in the pBS clones by direct sequencing of the clones using a 17 mer

oligonucleoride primer (shown in figure 3.2.8) which binds downstream of the mutagenic

oligonucleotide. Figure 3.2.6 shows conhrmation of the removal of the three, N-terminal

amino acids in one particular bluescript clone of PEPCK-IGF-I compared with a non-

mutated clone. Mutated inserts were then subcloned into SP73 zurd finally into the

expression vector, as for the original PEPCK-IGF-I construct (see figure 3.2-2).

ii) Removal of PEPCK introns

Although, heterologous introns from the PEPCK gene had been included in the initial

PEPCK-IGF-I construct to potentially enhance expression of our cDNA in vivo, it was also

desirable to be able to compare expression achieved with these sequences to expression

achieved in their absence. To this end the pBS PEPCK-IGF-I and PEPCK-des(1-3)IGF-I

clones were subjected to additional mutagenesis to enable removal of the PEPCK sequences

3'of each respective gene. A 30 mer oligonucleotide ( #1655 see materials and methds

section 6.2.8) was designed to introduce a Hind III restriction site at the junction of the

heterologous PEPCK sequences with the 3' end of the IGF-I or des(1-3)IGF-I genes

(shown schematically in figure 3.2.7). By introducing a Hind III site at this position, the

PEPCK sequences could be conveniently removed as a 560 bp Hind III fragment.

Mutagenesis was carried out (see section 6.3.13) and mutagenised clones were selected on

the basis of Hind III digests. Clones which gave a 560 bp fragment upon digestion with

Hind III were kept. Following separation of the Hind III fragment from the remaining

vector by preparative gel electrophoresis (see sections 6.3.4 and 6.3.6), the vector was
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isolated and its Hind III ends religated (see section 6.3.1). Subsequently, the approximately

1 kb Bam HI / Cla I inserts containing either PEPCK-IGF-Ib) or PEPCK-des(1-3)IGF-1b)

were isolated and subcloned into SP73. The remaining cloning steps were as described

initially (see figure 3.2.2). Restriction digests have been carried out on all final constructs

produced and have confirmed that all are as stated (data not shown). Furthermore,

sequencing of clones subsequent to mutagenesis has confimed that the IGF-I and des(1-

3)IGF-1 sequences were unaltered. Figure3.2.7 shows schematically the four constructs

produced in this study. Those constructs with the 3' PEPCK sequences removed are

denoted with b) following their name.

3.2.4 Production of a hIGF-I Riboprobe to detect PEPCK-IGF'I mRNA

The insulin-like growth factor-I protein is highly conserved across evolution as is its

corresponding gene (Shimatsu et aI., 1937). This high level of conservation along with the

large number of cell types which produce IGF-I meant that analysis of expression in cells

transfected with PEPCK-IGF-I could be difficult using Northern analysis. Thus, before

commencing transfections of the PEPCK-IGF-I a) construct into cells it was necessary to

produce a probe which could discriminate hIGF-I from any other form of endogenous IGF-I

mRNA produced by the transfected cells. In addition, the levels of expression from the

transgene may have been low and therefore difficult to detect by Norrhern analysis. Hence,

it was decided to produce a riboprobe that would enable a more sensitive ribnuclease

protection assay (RPA) to be used in analysing expression from the transfected cells and in

subsequent transgenic animals produced.

Comparison of the hIGF-I cDNA (see figure 3.2.8) and both the rat and mouse IGF-I

type a and b cDNA sequences using FAST A, (from the GCG package of programs)

revealed a number of mismatches despite the overall homology of greater than77 7o. The

number of mismatches was greatest in the sequence coding for the C-terminal 35 amino acid

E peptide of the IGF-I molecule. the hIGF-I cDNA also contains approximately 40 bp of

untranslated sequence ar the 3 ' end of the E peptide which also differed from the rat and

mouse sequences considerably (f,rgure 3.2.8)

The hIGF-I çDNA was present in pRSVIGF-I (see figure 3.2.1) and could be

removed as an Eco RI / Sma I fragment. This fragment was removed and ligated into the

polylinker of pSP 73. Figure 3.2.9 shows the resultant clone pSP73-IGF-I. Conveniently

the hIGF-I cDNA used in these studies contains a Rsa I site at position 346 (out of 448 bp
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toral sequence). Therefore, linearisation of pSP73-IGF-I with Rsa I enables antisense

transcription of the hIGF-I cDNA from the T7 promoter present in the vector. Thus, a 159

bp antisense mRNA can be generated that specifically covers the 3' untranslated and E

peptide region of the hIGF-I cDNA. This probe should protect 102 bp of the hIGF-I mRNA

species.

Figure 3.2.9 shows that the newly synthesised 159 bp riboprobe (lane 2) does indeed

protect the correctty sized 102 bp species in total RNA isolated from a hIGF-I expressing

cell line (lane 3) whilst detecting no transcripts in non-transfected cells and mouse liver RNA

samples (lane 5 and 4 respectively), as predicted. There is also a lower molecular weight

species of approximately 80 bp present in both lane2 and lane 3. The absence of this

species in lanes 4 and 5 and its presence in lane 2 suggests it is likely to represent protection

of hIGF-I mRNA (in lane 3) by a degradation product of the 159 bp riboprobe.

3.2.5 Permanent Transfection of Constructs

Given thar expression of the IGF-I cDNA had previously been achieved in Chinese

Hamsrer Ovary Cells (McKinnon et al., 1991) it was decided to initially transfect the

PEPCK-IGF-Ia) construct into these cells. However CHO cells',¡/ere not highly

gluconeogenic and as such may have been a poor choice for PEPCK promoter mediated

expression of IGF-I. Hence, ffansfections wsre also carried out into Reuber H4IIE cells a

highly differentiated rat Hepatoma cell-line. These cells have been used extensively in

studies of PEPCK expression (Granner et al., 1983; Wynshaw-Boris et al., 1984; Forest et

al., 1990) and therefore contain all of the necessary trans-acting factors for expression from

the PEPCK promoter.

Initially, transfections were carried out into CHO cells only, using the PEPCK-IGF-

Ia) constmct. To ensure the fansfection procedure was working colrectly the RSV-IGF-I

construct (McKinnon et al., 1991) was transfected into these cells in parallel. Large

amounts of each construct were prepared and linearized with Sca I, which cuts at a single

site 5' of either promoter (see figure s 3.2.I and 3.2.4). The linearised constructs were then

purified by gel f,rlnation chromatography (see 6.3.22) and quantitated, ready for

electroporation. Electroporation of CHO cells was carried out as described in section 2.3.19

using 15 pg of each construct. In addition, to electroporations of RSV-IGF-I and PEPCK-

IGF-Ia), a mock (no DNA ) electroporation was also carried out. Following electroporation,

selection was applied using the antibiotic G418 (a50 pglml), a neomycfn analogue. Seven
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days after commencing selection, all cells from the mock electroporation had been killed and

individual colonies had begun to be formed on plates containing cells from the RSV-IGF-I

and PEPCK-IGF-I transfections. Four G418 resistant CHO colonies from transfection of

RSV-IGF-I were picked and fifteen were picked from PEPCK-IGF-Ia) transfection.

Individual colonies were gïown up to confluence in 75 cm3 flasks and RNA from each

harvested after overnight incubation in the presence of serum-free medium containing

dexamethasone (50 nM) a known inducer of PEPCK expression (Granner and Beale 1985).

Figure 3.2.10 shows Ribonuclease Protection analysis on RNA extracted from many

of the clones isolated. This assay employed the 159 bp hIGF-I riboprobe (see section

3.2.4). RNA isolated from a known hIGF-I expressing cell-line was used as a positive

confol in this assay (lane 2) and shows the correct 102 bp protected species. This assay

along with other RPA assays (data not shown) indicated that2l4 of the RSV-IGF-I clones

were expressing hIGF-I but only 1/15 PEPCK-IGF-Ia) colonies (clone O (lane 12)) picked,

expressed hIGF-I mRNA. Considering equal amounts of RNA were used for all samples,

the level of expression achieved in the PEPCK-IGF-Ia) expressor was signifrcantly lower

than that of the RSV-IGF-I clone. This is perhaps not suprising given the strength of the

RSV LTR promoter (Yamamoto et al., 1980).

Following the low rate of hIGF-I expression achieved in the initial transfections and

with the production of PEPCK-des(1-3) constnrcts (see figure 3.2.7) now completed, a

second round of transfections were conducted. This time, both CHO and rat Reuber H4m

hepatoma cells were transfected with the four constructs shown in figure 3.2.7. Mock

electroporations were again performed for each cell line but the RSV-IGF-I consûuct was

not included for transfection because the rate of transfection as judged by the initial

experiment was satisfactory. The conditions used for electroporation of H4IIE cells (see

section 2.3.19) were based on the results of G. Bradiotti (Department of Biochemistry,

University of Adelaide, Ph.D. Thesis 1991) and included the use of carrier DNA during the

electroporation. Furthetrnore, selection of transfected H4IIE clones was carried out in a

higher concentration of G418, 500 pglml, due to the high natural resistance of these cells.

This level of antibiotic selection has also previously been reported by Forest et al., (1990),

who produced permanent H4IIE cell lines containing PEPCK-CAT (Chloramphenicol Acetyl

Transferase ) constnrcts. One week after transfection all of the cells from the mock

electroporations had died ofl implying that this selection regime was successful. I picked



62
and gre'w up 28, G418-resistant CHO colonies, 7 for each of the four constructs transfected.

Also 34, G418-resistant H4IIE clones were selected for expansion (7-9 for each construct).

As with the initial transfections each clone was grown to confluence in 75 cm3 flasks

and then overnight in the presence of dexamethasone (50 nM) to induce expression of the

IGF-I gene. RNA harvested from each clone was subject to analysis by RNAse protection

using the 159 bp hIGF-I riboprobe. Clones from transfection of the PEPCK-IGF-Ia) and

PEPCK-IGF-I b) consrructs are designated with the letters A, B / F, G for CHO cells and

H4IIE cells respectively. Clones from transfection of PEPCK-des(1-3)-IGF-I a) and

PEPCK-des(l-3)-IGF-I b) are given the letters C,D /H, I for CHO cells and H4IIE cells

repectively.

Figure 3.2.11i) and ii) show assays carried out on CHO and H4IIE clones

respectively. In both assays the mature probe (159 bp) is still evident in each track due to

incomplete digestion with RNAse. \ü/hile the expected I02 bp species is absent from both

normal CHO and H4IIE cells (figure i) lane E and figure ii) lane J) it is present in a number

of clones from each construct (notably A3,82,83, Cl, C2, C6, D3, D6, F2,F3, G8, H4,

H5, 11, I3). However, the levels of hIGF-I were extremely low especially in H4IIE clones

(the autoradiographs in ii) was exposed for 7 days) given the sensitivity of ribonuclease

protection assay (Melton et al., 1984).

Although all clones screened by ribonuclease protection were G418-resistant and

therefore carried the neomycin resistance gene from the transfected constructs, dot-blot

analysis was ca¡ried out on several of the clones from each construct to ensure all contained

DNA from the plasmids. The dot-blot shown in figure 3.2.12 i) was probed with a 487 bp

Sma VDra I fragment from the 3' end of the hGH termination signal. This figure shows that

the probe cross-reacts highly with sequences present in the CHO cell line. In spite of the

background hybridisation observed in the non-transfected CHO cells (E),(row b lane 2) the

signal observed in transfected clones (row c) is an order of magnitude higher indicating the

presence of the hGH termination signal in these clones (in most cases between24-32 copies

of this sequence). In comparison the probe shows little cross-reactivity with sequences from

non-rransfected H4IIE cells (J) (row b lane 3). H4IIE transfectants (rows d and e) all appear

to have integtated less copies of the plasmid (between 2-8 copies) than the CHO cells.

Diffrculty in transfecting this cell-line has previously been reported (Forest et al., 1990). All

isolated clones have maintained their G418 resistance for several months in culture indicating

that stable integration of the plasmid in each case has been achieved. Several clones were
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grown for a period of 3 months in the absence of antibiotic selection. Upon reintroduction

of selective media no alteration in growth or death of cells was observed, supporting the

stability of plasmid integration. Furthermore, PCR analysis shown in figure 3.2.12 ä),

using primers specific for the PEPCK promoter region and IGF-I/-3N leader region

confirms that all clones have these sequences. These primers amplify a285 bp region

between the PEPCK promoter and the IGF-I leader peptide in DNA samples derived from

clones A7,82, Cl, Dl, D4, F3, G3,H4,II and 14 but do not amplify this fragment in DNA

samples from non-rransfected CHO or H4IIE cells (lanes 3 and 4) confirming intact insenion

of this junction region.

Having shown the presence of the hIGF-I mRNA in a number of the CHO cell lines,

all were re-grown up to confluence in 75 cm3 flasks. Each flask was washed in two

changes of PBS at 37 o C for one hour to remove any remaining serum from the flasks,

before being incubated overnight in 10 ml of F12 medium containing dexamethasone (50

nM). Longer incubations in the presence of dexamethasone were not possible due to the

large increase in cell death accompanying such treatments. Following 24 hour incubation,

the medium was removed from the cells, briefly centrifuged to pellet any remaining cell debri

and concenrated 8-fold by drying. These supernatants were then tested for their ability to

stimulate protein synthesis as measured by incorpomtion of 3H-Leucine into semi-confluent

monolayers of rat L6 myoblast cells. The details of this assay are given in section 6-3.21.

Figure 3.2.13 shows the stimulation of protein synthesis in L6 myoblasts by

supernatants from several CHO clones compared with the levels achieved in the presence of

increasing concentrations of hIGF-I. These clones were the only ones to show significant

stimulation above control levels in this assay. This result shows that protein synthesis was

stimulated slightty (34 Vo above control) by the supematants of non-transfected CHO cells

(lane E) suggesting the secretion of endogenous $owth factors by these cells during the

ovemight incubation period. Importantly, supernatants from transfected cells showed

greatly enhanced stimulation (72-170 Vo above control) of protein synthesis implying the

production of hIGf-I or des(1-3)-IGF-I by these individual clones. It should be noted that

none of the supernatants from clones transfected with the PEPCK-IGF-Ib) construct were

found to stimulate protein synthesis and are therefore are not included in figure 3.2.13'

Interestingly, higher levels of protein synthesis were stimulated by supernatants derived

from clones containing the PEPCK-des(1-3)-IGF-I a) and b) constructs, indicative of the

higher biological activity of the des(1-3) peptide on L6 cells (McKinnon et al., 1991; Francis



64
et a1.,1988). Thus, in addition to producing hIGF-I mRNA, biologically active material is

being secrered, consistent with the production of hIGF-I or des(1-3)-IGF-I by these CHO

clones. Similar analysis of supernatants derived from H4IIE cells showed little stimulation

of L6 protein synthesis, consistent with the extremely low levels of hIGF-I transcription

observed for these clones.

Attempts have been made to increase the expression of hIGF-I by both the CHO and

H4m ce|| lines (data not shown) but all have been unsuccessful, including increasing the

concentration of dexamethasone to 200 nM, harvesting RNA at earlier time points after

incubation with inducer and inducing cells grown to different levels of confluence.

Furthermore, expression of the neomycin resistance gene was examined by ribonuclease

protection to ensure that the integrated sequences were still present. This assay (data not

shown) confîrmed that the neomycin resistance gene was expressed in the H4IIE clones

indicating no loss of the integrated sequences had occurred.

3.2.6 Anatysis of a PEPCK-IGF-I a) expressing cHo cell-line

As one permanent cell-line was expressing significant hIGF-I mRNA it was decided

to analyse this expression in greater detail. To ensure that hIGF-I was being secreted into

the medium by this cell-line, the expressing PEPCK-IGF-Ia) clone (1O), an expressing

RSV-IGF-I clone a non-expressing PEPCK-IGF-Ia) clone (1K) and non-transfected CHO

cells were each grown to confluence, before the serum containing medium was removed and

each clone grown overnight in the presence of dexamethasone (50 nM), to induce PEPCK

expression. Both the medium and the cell pellet were collected for analysis. RNA was

extracted from the cell pellet using the methd of Chomczynski and Sacchi, (1987) and

ribonuclease protection assay ca¡ried out as shown in figure 3.2.10, conhrming that only

clone 10 and the RSV-IGF-I clone were producing hIGF-I mRNA (data not shown).

The medium was removed after overnight incubation and centrifuged briefly to

remove cell debris. Subsequently, 300 pl of each medium was de-fatted by FREON

exgaction and subjected to gel filtration chromatography under acidic conditions (section

6.3.20). Acidic conditions were required to dissociate any IGFBPs from the secreted IGFs

prior to radioimmunoassay (see section 2.3.22 and 4.2.5). Four pools of eluent were

collected during the chromatography (pool 1: 6.5-8.5 ml, pool 2: 8.5-9.0 ml, pool 3: 9'0-

11.0 ml, pool 4: 11.0-11.5 ml). Radioactive hIGF-I was chromatographed before and after

the four samples and shown to elute as a single peak at 10.4 rnl. Following chromatography
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aliquots of each eluted pool were assayed in an IGF-I radioimmunoassay (see section 6.3.

20) utilising a monoclonal antibody to hIGF-I provided by Dr. R. Baxter (University of

Sydney) (Tomas et al., 1992).

Figure 3.2 L4 shows the result of this assay. The immunoreactivity detected in pool 1

(6.5-8.5 ml) represents interference in the assay by IGFBPs present in these fractions which

are able to sequester the 125[!-IGF-I tracer used in the assay and thus register as

immunoreactivity. This figure shows clearly that pool 3 (9.0-11.0 nìl) contains signif,rcant

immunoreactive hIGF-I in samples derived from both the RSV-IGF-I clone and PEPCK-

IGF-I a) clone 10 above the background level observed in the other two samples.

Importantly, little immunoreactivity was observed in pool2 indicating complete separation of

IGFBPs from the IGFs. This assay showed that the RSV-IGF-I clone was expressing264

ng/ml hIGF-I while the PEPCK-IGF-Ia) clone (1O) expressed 191 ng/ml hIGF-I

consistent with the lower level of hIGF-I mRNA observed in the latter.

Aliquots of conditioned medium from this experiment were concentrated four-fold

and assayed for their biological activity in an L6 protein synthesis assay (see section

6.3.21). Figure 3.2.15 shows that the hIGF-I secreted by PEPCK-IGF-I a) clone 10 is

indeed biologically active. The stimulation of protein synthesis achieved with conditioned

media from the PEPCK-IGF-I a) clone (206 7o above control) was comparable to that

observed with conditioned media from the RSV-IGF-I clone (228 Vo above control). Both

were significantly greater than the 52 Vo stimulation above control observed in the presence

of conditioned media from non-transfected CHO cells. Thus, the hIGF-I secreted by the

PEPCK-IGF-I a) cell-line was biologically active.

In order to determine if the correct sized mRNA species was being produced by the

PEPCK-IGF-Ia) expressing cell-line, RNA was harvested from non-transfected CHO cells,

the RSV-IGF-I cell-line and the PEPCK-IGF-Ia) cell-line after overnight incubation in

serum-free medium. Figure 3.2.16 i) shows Northern analysis of these RNA samples. The

filter was probed with the Bam HIÆam HI hIGF-I cDNA and was washed at high

stringency. This probe detected an approximately 1.1 kb mRNA species in both the RSV-

IGF-I and PEPCK-IGF-Ia) RNA but no species were detected in RNA from non-transfected

cells. The RSV-IGF-I and PEPCK-IGF-Ia) constructs are predicted to produce mRNAs

representing 1109 bp and 1435 bp (see figure legend 3.2.16 ) upon initiation of transcription

from the RSV and PEPCK promoters respectively. The prediction for the PEPCK-IGF-Ia)

mRNA species assumes that PEPCK exonic sequences present 3' of the IGF-I cDNA
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would be included in the mature cytoplasmic transcript. The result observed from Northern

analysis suggests that this region has been removed from the mature transcript giving rise to

a species representing ll4t bp. Thus the 28 bp difference between RSV-IGF-I and

PEPCK-IGF-Ia) transcripts would not be detected in this analysis. Re-probing of the f,rlter

with a rat 18 S rRNA probe confirmed that RNA was present in all lanes.

In order to examine the inducibility of hIGF-I expression in CHO 10 this clone was

subject to treatment with dexamethasone and insulin, a potent inducer and potent inhibitor of

PEPCK gene transcription respectively (Granner et al., 1983 ; 1985). In the ribonuclease

protection assay shown in figure 3.2.16 ii) the 159 bp hIGF-I riboprobe (see figure 3.2.9l))

was employed on RNA samples from PEPCK-IGF-Ia) clone 10 treated with F12 medium

containing either 10 7o serum, no serum, 100 nM dexamethasone,200 nM dexamethasone

or 100 nM dexamethasone plus 1 ng/rrìl insulin. This result shows that expression of hIGF-

I mRNA was increased when serum was removed from the F12 medium in line with the

presence of inhibitors of PEPCK expression (primarily insulin) in serum. Little effect on

hIGF-I mRNA expression was observed in the presence of the lower concentration of

dexamethasone whereas in the presence of the higher concentration of dexamethasone,

hIGF-I mRNA levels were modestly increased. Furthennore, when insulin and

dexamethasone (high dose) were added simultaneously levels of hIGF-I mRNA were

decreased. These results although not quantitatively similar to the changes in PEPCK

mRNA expression observed in H4IIE cells, are qualitatively similar and indicate that hIGF-I

expression in this cell-line is controlled by the sequences of the mt PEPCK promoter.

3.2.7 Examination of H¿IIIE cells as a suitable model for expression of

PEPCK-IGF transgenes

As mentioned previously, only low levels of expression were observed in H4IIE

clones shown to contain PEPCK-IGF-Ia) or b) constructs. Since transcription of the

PEPCK gene in this cell-line has been shown to be inhibited rapidly by insulin (Sasaki et al.,

1984), it was possible that such inhibition could also be accomplished by IGF-I. Hence in

order to test this hypothesis, the regulation of the endogenous H4IIE PEPCK gene was

examined by ribonuclease protection.

In the experiment shown in figure 3.2.11 ii), H4IIE cells were grown to confluence to

maximise PEPCK expression as shown by Beale et al., (1991). Serum containing medium

was removed and cells were washed in PBS prior to overnight incubation in the presence of
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DMEM containing either dexamethasone, insulin or increasing concentrations of

recombinant hIGF-I. RNA was subsequently extracted and analysed by ribonuclease

protection assay using a 189 bp antisense riboprobe covering the first 73 bps ofthe rat

PEPCK gene. The construct for preparation of this riboprobe was produced by directional

cloning of a 529 bp Eco RI / Bgt II fragment from pBH 1.2 (see figure 3.2.1) containing the

PEPCK promoter, into the polylinker of pSP72 (see figure 3.2.17 i)). The construct was

linearised with Nco I prior to transcription with T7 polymerase.

Figure 3.2.17 ii) shows that the probe protects two distinct species of approximately

70-75 bp in RNA harvested from H4IIE cells grown in the absence of serum (lane 2).

Wynshaw-Boris et al., (1984) showed that the end-labelled Nco I-Bgl II PEPCK promoter

fragment protected fragments between 70-7 5 bp, with the most intense being 73 bp using S 1

nuclease mapping to identify the start site of PEPCK transcription. Thus, results presented

here are in general agreement. Incubation of the H4IIE cells in the presence of

dexamethasone (lane 3) has led to an approximately two-fold induction of PEPCK mRNA.

As expected, ffeatment with insulin (lane 4) resulted in a large reduction (approximately five-

fold) in PEPCK mRNA. Interestingly, treatment of the H4IIE cells with increasing

concentrations of hIGF-I was also shown to reduce PEPCK mRNA. This presumed

inhibition of PEPCK transcription was evident with as little as 10 ng/ml hIGF-I (lane 6). At

the highest concentration of hIGF-I tested, 50 nglrnl (lane 7), the reduction in PEPCK

mRNA was approximately four-fold. Thus, this experiment clearly showed that hIGF-I was

able to inhibit the production of PEPCK mRNA in H4IIE cells. A further experiment on the

H4IIE cells was performed to examine the expression of the PEPCK gene in the presence of

IGF-I and dexamethasone applied concurrently. Again, RNA was harvested from the cells

after overnight incubation in the presence of 50 nM dexamethasone (the same concentration

used to induce my permanent transfectants) and increasing concenfations of hIGF-I or a

single dose of insulin.

Figure 3.2.18 shows ribonuclease protection analysis carried out on 30 pg of RNA

from each treatment using the 189 bp PEPCK promoter riboprobe. Only the protected 70-73

bp species are shown. Scanning densitometry of the protected species was carried out and

the results are presented graphically below the autoradiograph. The level of PEPCK mRNA

was increased 3-fold by treatment with dexamethasone (lane 2). This increased expression

was maintained in the presence of hIGF-I at 5 ng/ml (lane 3). However, at a hIGF-I

concentration of 10 ng/rnl (lane 4), dexamethasone-stimulated PEPCK expression was
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decreased by 24 7o and with 50 nglrnl hIGF-I (lane 5) by 52 Vo. Treatment of the cells with

insulin in the presence of dexamethasone virtually abolished production of PEPCK mRNA.

Thus, although hIGF-I was not as potent as insulin in preventing expression of the PEPCK

gene, as little as 50 ng/ml was sufficient to reduce PEPCK mRNA even in the presence of

dexamethasone.

Therefore, these experiments suggest that the inability to produce H4IIE clones

expressing the PEPCK-IGF-I a) or b) constructs is most likely due to the turning off of

constn¡ct transcription by hIGF-I secreted into the surrounding media in the first24 hours.

Hence, despite possessing all the desirable characteristics for expression fom the PEPCK

promoter these cells were inappropriate for studies on the regulation of the constructs I have

produced.



FIGURE 3.2.1 i) Plasmid pRSVIGF-I contains a hIGF-I cDNA (aa8 bp) linked to the

Rous Sarcoma Virus LTR promoter sequences (540 bp). Included in this construct is the

hGH 3' transcriptional termination signal (62a bp). As well as containing the Ampicillin

Resistance gene for manipulation in bacteria this plasmid contains the aminoglycoside

phosphotransferase (Neo R) gene permitting selection of permanently Eansfected mammalian

cell lines with the neomycin analogoue G418. This gene is expressed in eukaryotic cells by

virnre of the SV40 early promoter. Eco RI* indicates that this site has been destroyed.

ii) plasmid BH 1.2 is a pBR322 based vector and was kindly provided by

professor R.W. Hanson (Case'Western Reserve University, Cleveland, Ohio). It contains

I .2 kb of the rar Phosphoenolpymvate Carboxykinase (PEPCK) gene includin g 57 4 bp of

5' regulatory sequences which extends into the second exon of the PEPCK gene- The

pEpCK initiation site containing73 bp of the frrst PEPCK exon is shown. This region is

transcribed but not translated-
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FIGURE 3.2.2 Shows the steps involved in the production of the pPEPCK-IGF-Ia)

construcl Briefly the IGF-I cDNA from pRSV-IGF-I was cloned into the Bgl tr site of

pBH1.2. After confirming the orientation of the IGF-I cDNA was correct with respect to the

PEPCK promoter, the Bam HIÆIind Itr PEPCK-IGF-I gene was cloned into pBS and then

SP 73 to gain useful restriction sites. Finally the PEPCK-IGF-I was cloned into pRSV-

IGF-I replacing RSV-IGF-I as a Sal I/Bgl II fragment and positioning the PEPCK-IGF-I

gene next to the hGH transcriptional termination signal.



Construction of pPEPCKIGF-Ia
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FIGURE 3.2.3 Subsequent to cloning of the hIGF-I cDNA Bam HI fragment into

plasmid 8H1.2, clones containing the 448 bp insert were sequenced using a 17 merprimer

that binds within the IGF-I oDNA, to ensure that the correct orientation of the cDNA with

respect to the PEPCK promoter had been attained. Shown is a small portion of sequence

confirming that these 2 clones contained the desired orientation. The sequence may be read

directly from the autoradiogmph in a 5'-3' direction according to the arrow shown. Ddeoxy

sequencing was caried out with 32P-dNTPs and the Klenow fragment of DNA Polymerase

I (see materials and methods section 6.3.9) on double-stranded templates purified by gel

filtration chromatography. The autoradiograph shown was exposed to film for24 hours.

The Bam HIlBgl tr site has no effect on translation as this region of the construct is

transcribed but not translated



Sequencing to confirm orientation of IGF'I cDNA
with respect to PBPCK promoter region
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FIGURE 3.2.4 Shows a detailed map of plasmid pPEPCK-IGF-Ia). This 7.3 kb

plasmid contains the rat PEPCK promoter linked to a hIGF-I cDNA and the hGH

transcriptional termination signal. In addition the plasmid has the aminoglycoside

phosphotransferase gene (NeoR) enabling selection of permanent cell-lines. For

transgenesis the plasmid was digested with Sal I and Sca I and the 2.96kb fragmentpurified

for microinjection. The sites denoted BIB* represent sites of ligation between compatible

Bam HI and Bgl II ends resulting in destruction of both sites. Eco R[* is a destroyed Eco

R[ site. Restriction sites relevant to discussion have been shown. A linear representation of

rhe 2.96 kb Sal VSca I transgene fragment is given below with the sizes of its composite

parts indicated.
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FIGIJRE 3.2.5 i) Plasmid pPEPCK-IGF-Ia) was digested with the following

restriction enzymes and the digests analysed by electrophoresis on a 1 VoTBE buffered

Agarose gel containing 3mglrnl Ethidium Bromide. Eco RI digested SPP1 size markers

were co'electrophoresed

lane l: SPPI markers

lane 2: Sal I
lane 3: Hind Itr

lane 4: BamHI

lane 5: Eco RI

lane 6: Hind m /Bam HI

lane 7: Eco RI / Sca I

lane 8: Sal I / Sca I

lane 9: Ava I

lane 10: Dra I

ii) Additional digess were caried out on pPEPCK-IGF-I a) (as below) and analysed on a

I7o TBE bufferd Agarose gel. The gel was subsequently transferred to Nytranru and the

DNA crosslinked to the filter with W light. The filter was hybridised at 42oC overnight in

the presence of the oligolabelled Bam HI / Bgl tr fragment of the PEPCK promoter. After

washing the filter at high stringency in 0.1 x SSC/ 0.I Vo SDS at 65 oC for I hour,

autoradiography was carried out for 4 hours at -80 oC.

lane 1: Sal I
lane 2: Sal I / Sca I
lane 3: Hind Itr

lane 4: Ava I
lane 5: Dra I
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FIGURE 3.2.6 Dideoxy sequencing (section 6.3.9) of clones following site-directed

mutagenesis to remove the three N-terminal amino acids from the IGF-I molecule.

Mutagenesis (section 6.3.12) was carried out on PEPCK-IGF-I templates cloned into the

pBS vector. Sequencing was performed on double-stranded templates purified by gel

filtration chromatography. A clone containing the non-mutated IGF-I sequence is shown

(left) along side a mutagenic clone (righ|. The sequence shown can be read directly from

the autoradiogaph. The emboldened T residue is common to both sequences and the *

represents the point of mutagenesis in the PEPCK-des(1-3)IGF-I clone. (Please note the

order of the G and C lanes differs between each clone)

5' GCA GAG CGT CTC CGG TCC AGC 3'

CGT CTC GCA GAG GCC AGG TCG

(sequence off gel)

(opposite strand)

Cys Leu Thr Glu3 Pro2 Glyl Ala (coding capacity of compliment )



Sequencing to confirm des(l-3)IGF-I mutation
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FIGURE 3.2.7 Shown a¡e the four constructs produced during this study. The small

box below the PEPCK-IGF-I a) construct illustrates the position of a 30 mer oligonucleotide

primer, designed to create a Hind Itr site and facilitate removal of the 3' PEPCK exon 1,

intron 1, exon 2 andintron 2 (El,IlF2,I2) sequences.
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FIGURE 3.2.8 The sequence of the coding strand of the hIGF-I cDNA and GH

transcriptional terminàtor is shown as it appears in pRSVIGF-I (figure 3.2.L). The Bam

HI, Rsa I and Sma I sites of the IGF-I cDNA are shown in bold typeface. The position of

the 17 mer oligonucleotide primer used throughout this snrdy is indicated.



Sequence of IGF-I /hGH region of PEPCK-IGF-I fransgene

met hls thr met ser ser ser hls leu phe tyr ìeu ala leu cys leu leu thr
TCCÀCCATGCACÀCCATGTCCTCCTCGCÀTCTCTTCTACCTGGCGCTGTGCCTGCTCÀCC

phe thr ser ser ala thr ala gly pro glu thr ìeu cys gly ala glu leu val asp ala
TTCACCAGCT CTGCCACGGC TGGACC GGAGAC GCTC TGCGGGGCTGAGCTGGTGGATGCT

leu gln phe val cys gly asp arg gly phe tyr phe asn lys pro thr gly tyr gly ser

Cttceett cGTGTGTGGAGACAGGGGCTTTTATTTCÀACAAGCC CACAGGGTATGGCTCC

17rrcr
ser ser arg ang ala pro gln thr gly lle val asp glu cys cys phe aîg ser cys asp

AGCAGTCGGAGGGCGC CTCAGACAGGTATC GTGGATGAGTGC TGCTTCCGGÀGC TGTGAT

leu arg arg leu glu met tyr cys aìa pro leu lys pro ala lys ser ala arg ser vaì

CTAAGGAGGCTGGAGATGTATTCGGCACCC CTCAAGCC TGCCAÀGTCÀGCTCGC TC TGTC

arg ala gln arg hls thr asp met pro lys thr gìn lys gìu val hls leu lys asn ala

CGTGCCCAGCGCCÀCACC GACÀTG CCCAAGACCCAGAAGGAAGT.ACAT TTGAAGAACGCA
Rsa I

ser arg gìy ser ala gly asn lys asn tyr arg met
AGTAGAGGGAGTGCAGGAAACA.A'GAACTACÀGGATGTAGGAAGACC CT CCTGAGGAGTGA

Bam HI Sma I
AGAGTGACÀTGCCÀCC GCAGGATCCCCGGGTGGCAT CC CT GT GACC CC TCCC CAGT GC CT

CTCCTGGCCCTGG.AAGTTGCCACTCCAGTGCCCACCAGCCTTGTCCTAÀTÀÀATTAAGTT

GCATCATTTTGTCTGACTAGGT GT CCTT CTATÀATATTAT GGGGTGGÀGGGGGGTGGTAT

GGAGCAÀ.G GGGC CCAAGTTGGGAAGACAÀC CTGTAGGGCC TGCGGGGT CTAT TC GGGAAC

CAAG CTGGAGTGCAGT GGCACAÂ.T CTTGGCTCACTGCAAT CT CC GC CT CCTGGGTTCAAG

CGÀT TC TC CT GC CTCAGCCT CCCGAGTTGTTGGGATTCCAGGCATGCATGAC CÀGGCT CÀ

GCTAATTTTTGTTTTTTTGGTAGAGACGGGGTTTCÀCCATATTGGCCAGGCTGGTCTCCA

ACTCCTAATCTCÀGGTGATCTACCCACCTTGGCCTCCCAA.A,TTGCTGGGATTACAGGCGT

GAACCACTGCTCCCTTCCCTGTCCTTCTGATTTTA.AÀATAACTÀTACCAGCAGGAGGACG

TCCÀGÀCACAGCATAGGC TÀCC TGCCAT GGCC CAÀC CGGT GGGACÀTT TGAGTT GCTTGC

TTGGCACTGlCCTCTACTGCGTTGGGTCCACTCAGTAGATGCCTGTTGA.A,TTC

hIGF-I
cDNA
(aa8 bp)

hGH
transcriptional
termination
sequence

624 bp)



FIGURE 3.2.9 i) A schematic representation of the riboprobe used to detect hIGF-I

mRNA. An Eco RI/ Sma I fragment containing the entire hIGF-I cDNA was cloned

directionally into the polylinker of pSP73. The template for transcription was prepared by

gel frltration chromatogaphy after first being digested to completion with Rsa I.

ii) Transcription with T7 polymerase gives rise to a full-length probe of

159 bp. Twenty micrograms of RNA isolated from either yeast (lane 2), a hIGF-I

expressing CHO cell-line (McKinnon et., al 1993) (lane 3), mouse liver (lane 4) or non-

transfected CHO cells (lane 5) was analysed by ribonuclease protection assay using an

Ambion RPA kit. After overnight hybridisation at 55 oC the hybrids were digested with

RNA se A+Tl (except lane2) and were resolved on a 6 7o polacrylamide gel.

Autoradiography was carried overnight at -80 oC.
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FIGURE 3.2.10 RNA was harvested from individual G4l8 resistant CHO clones

transfected with either the RSV-IGF-I or PEPCK-IGF-Ia) constructs, after 24\v.

incubation in serum-free medium containing dexamethasone (50 nM) and was subject to

analysis by ribonuclease protection. RNA (20 ¡rg) was hybridised overnight at 55 oC with

the 159 bp hIGF-I riboprobe (except where stated). Following digestion with RNase A+Tl,

the hybrids were resolved on 6 Vo polyacrylamide gels before autoradiogmphy for 36 hours.

The sizes of radiolabelled Hpa tr digestedpUC DNA markers co-electrophoresed on the gel

a¡e shown on the right. The samples were as follows

lane 1: yeast RNA (20 pg)

lane2: RSV-IGF-I CHO clone (20 pg)

lane 3: mouse liver RNA + B Actin riboprobe (protects a250 bp species)

lane 4: mouse liver RNA +hIGF-I riboprobe

lane 5: RSV-IGF-I CHO clone A (20 pg)

lane 6: PEPCK-IGF-Ia) clone lC

lane 7: PEPCK-IGF-Ia) clone lD

lane 8: PEPCK-IGF-Ia) clone lK
lane 9: PEPCK-IGF-Ia) clone lL
lane l0: PEPCK-IGF-Ia) clone lM

lane 11: PEPCK-IGF-Ia) clone 1N

lane 12: PEPCK-IGF-Ia) clone 10
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FIGURE 3.2.11 RNA (25 p.g) was harvested from clones transfected with either the

PEPCK-IGF-Ia), PEPCK-IGF-I b), PEPCK-Des(I-3)IGF-I a) or PEPCK-Des(1-3)IGF-I

b) construcs and grown overnight in serum-free medium containing dexamethasone (50

nM). RNA was then analysed by ribonuclease protection using the 159 bp hIGF-I

riboprobe. Hybridisation was overnight at 55 oC , before the hybrids were digested with

RNase A+T1. Digestion was incomplete in this assay as shown by the large amount of free

probe (159 bp) present in most lanes. Hybrids were resolved on 6 7o polyacrylamide gels.

i) Shows RNA samples from CHO transfectants.

A= PEPCK-IGF-Ia) clones

B= PEPCK-IGF-Ib) clones

C= PEPCK-Des( l-3)IGF-I clones

D= PEPCK-Des( I -3)IGF-I clones

E=non-transfected CHO cells.

These autoradiographs were exposed for 4 days

ii) Shows samples from H4IIE transfectants

F= PEPCK-IGF-Ia) clones

G= PEPCK-IGF-Ib) clones

H= PEPCK-Des( I -3)IGF-I clones

I= PEPCK-Des(1-3)IGF-I clones

J= non-transfected H4ITF cells

These autoradiographs were exposed for 7 days
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FIGURE 3.2.12 i) Dot-blot analysis was carried out on transfected CHO and H4IIE

clones. DNA (5 pg) was denatured and applied to Nytranru membrane undervacum before

the frlter was cross-linked with UV light. After prehybridisation, the frlter was probed

overnight at42aC with the 487 bp Sma I/Dra I fragment of the hGH transcriptional

terminator (see figure3.2.4) and washed at high stringency (0.1 x SSC/ 0.1 7o SDS at 65 o

C for 45 min. ) before autoradiography for 24 hours. In addition to test samples, a positive

copy number control series was applied containing pPECK-IGF-I a) diluted in mouse

genomic DNA (5 pg). The bracketed numbers in row a indicate the equivalent copy

number of this series. A key to sample identiry is given below:

A=CHO PEPCK-IGF-Ia), B= CHO PEPCK-IGF-I b), C= CHO PEPCK-Des(I-3)IGF-I

D=CHO PEPCK-Des( l -3)IGF-I, E=ron-transfected CHO, F= H4IIE PEPCK-IGF-Ia)

G= H4IIE PEPCK-IGF-Ib), H=H4IIE PEPCK-Des( I -3)IGF-I, I=H4IIE PEPCK-Des( 1 -

3)rGF-I

J= non-transfected H4IIE.

123456789101112
Ð (1) (2) (4) (8) (24) (32) (40)

b mor¡se E J
genomic

cA2A6A7BlB2B5ClC6ClDlD4D6
d N. F3 F4 F5 G3 G7 G8 Hl H2 H3 H4 H5

ell1415

ii) Polymerase Chain Reaction was carried out as described in section 6.3.13 ii), on DNA

isolated from CHO and H4IIE transfectants. The primers mapped to the PEPCK promoter

region and IGF-I cDNA respectively. Aliquots of each reaction (5 ul) were electrophoresed

on2 7o TBE buffered Agarose gels containing Ethidium Bromide (3 mg/ml) The 285 bp

product was visualised by UV irradiation of the gels. The sizes of low molecular weight

Hpa tr digested pUC DNA markers are indicated by arrows to the left of the gel.

lane 1: Hpa tr pUC markers

lane 2: no DNA control

lane 3: non-transfected CHO

lane 4: non-transfected H4IIE

lane 5: A6

lane 6: A7

LaneT:82

lane 8: Cl
lane 9: Dl
lane 10: D4

lane I l: F3 lane 16: Hpa II Mkrs.

lane 12: G3

lane 13: H4

lane 14: Il
lane 15: 14
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FIGURE 3.2.13 Conditioned media from several PEPCK-IGF-I or PEPCK-Des(1-

3)IGF-I CHO clones was collected after overnight incubation in the presence of serum-free

medium and dexamethasonè (50 nM). These samples (20 pl of 8-fold concentrated) were

then tested for their ability to stimulate incorporation of 3H-Leucine into total cell protein of

semi-confluent rat L6 myoblasts. Included in the assay was a series of hIGF-I standards

and 10 7o FBS as positive controls. The negative controls were PBS (MEM) and

conditioned media from non-transfected CHO cells (E). The results are expressed as the 7o

stimulation above control protein synthesis observed in the presence of PBS alone. Values

for clones Al, C7, Dl, D4, D6 and E were the means of triplicate assays whereas values for

A2,C2, C6 and D3 were means of duplicates.
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FIGURE 32.14 Media conditioned by permanently transfected CHO cells (RSV-IGF-I

(clone A), oTPEPCK-IGF-I (clones 10 and K)) or non-transfected CHO cells grown

overnight in the presence of dexamethasone (50 nM), was FREON extracted and

chromatographed by gel frltration under acid conditions. Four pools of eluent were collected

and aliquos (50 pl) of each fraction assayed in triplicate in a radioimmunoassay employing a

monoclonal antibody to hIGF-I (section 6.3.20). The position of elution of authentic hIGF-

I,10.4 ml, was confirmed by chromatography of 125- [!-IGF-I before and after the

samples.

FIGURE 3.2.15 Conditioned medium from CHO clones containing RSV-IGF-I (RSV)

, PEPCK-IGF-Ia) (PCK) or from non-transfected cells (CHO) was collected after overnight

incubation in the presence of serum-free medium and dexamethasone (50 nM). Each sample

was then concentrated four-fold and 50 pl assayed for its ability to stimulate protein

synthesis by way of 3-H-Leucine incoqporation into rat L6 myoblasts. Triplicate

detemrinations for each supematant were performed and expressed as the 7o stimulation

achieved in the presence of PBS (MEM) only. A series of hIGF-I standards were included

as positive controls along with 10 7o FBS.
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FIGURE 3-2-16 i) Northern analysis was performed on RNA (20 pg) isolated from
RSV-IGF-I CHO clone A, PEPCK-IGF-Ia) clone lO and non-transfected CHO cells. RNA
was isolated after ovemight incubation in serum-free media and run on a l7ophosphate-

buffered Agar,ose gel containing formaldehyde (r0 vo). The gel was subsequently

transferred to Nytranru and RNA cross-linked to the filter with tIV lighr The filter was

initially probed with the 448 bp Bam HI hIGF-I cDNA and exposed for one week after

washing the filter at high stringency in 0.1 x SSpE/ 0.1 Vo SDS at 60 oC for 30 minutes.

Loadings were checked by reprobing the filter with a rar lg s rRNA probe and

autoradiography for 4 hours.

Sd t :DoÞ 4Þ tæÞ sÞ sÞ &¡l

pPEPCKJGF-rr)

ÞCrF. tGFt d)tt^ }'EPCX GIlarJ¡ù
krj' ?'J2,

+
73b,p + .¡¡l8h,p + 291h + 6æbp - ra3sbp

sdr 6æÞ 4,€Þ e{ bp 6ltbp Sc¡l

pRSV-tGF-I

n5v F. tGF-ld)N^ cilffie

+
,rrbp+,t4Sbp+6ãbp _ rr09Þ

¡ h w u bou *hctÞ lbc PEPCK @ic rql@ ror¡td ùc ir¡!èd d rÈi.rd d of
thÊ ñ cytodeúc ERNA rIþcjd.

ii) cHo clone 10 containing the pEpcK-IGF-Ia) construcr was

grown overnight in the presence of serum-free (Fl2) medium (lane 4), FI2+ l0 Zo FCS

(lane 3), F12+ 100 nM dexamethasone (lane 5), Fl2+ 500 nM dexamethasone (lane 6) or
F72 + 100 nM dexamethasone + insulin (1 nglml) (lane 7). RNA was ha¡vested and

ribonuclease protection carried out using 25 pgof total RNA and the 159 bp hIGF-I .
riboprobe. After digestion, the protected species were resolved on 6 Vo polyacrylamide gels

and autoradiography caried out for 48 hours. Only the protected I02bp species and matu¡e

probe (ane l) a¡e shown with a¡rows. Lane 2 contained yeast RNA as a negative control.

Densitometry was performed on the 102 bp species and is illustrated by the bar graph below.
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FIGURE 3.2.17 i) To produce a suitable probe for analysis of PEPCK mRNA, an Eco

RI/ Bgl tr fragment containing the transcription initiation site of the PEPCK gene \¡/as

isolated and directionally cloned into the ploylinker of pSP72. The construct was linearised

with Nco I prior to nanscription of antisense mRNA using fi polymerase. Transcription

produces a 189 bp riboprobe which should protect a 70-73 bp region of PEPCK mRNA.

ii) Total RNA was harvested from confluent cultures of rat Reuber

H4IIE Hepatoma cells grown overnight in serum-free DME medium (lane 2), DME +

dexamethasone (100 nM) (hne 3) , DME + insulin (1 nglml) (lane 4), DME + IGF-I (5

ng/ml) (lane 5), DME + IGF-I (10 ndmlXlane 6) orDME + IGF-I (50 ng,/rnl) (lane 7).

Ribonuclease protection was carried out on 25 Ltg of RNA from each culture using the 189

bp PEPCK riboprobe (shown above). The protectedT}-75 bp species are shown with an

¿urow. These species were detected in 25 Vg of total RNA isolated from rat liver (lane 8),

but were not detected in the negative control, yeast RNA (lane 1). Densitometry was carried

out on the protected species and is illustrated graphically below
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FIGURE 3.2.18 Ribonuclease protection analysis was performed on 25 ttg of total RNA

isolated from confluent H4TÍF cultures using the 189 bp PEPCK riboprobe. Cells were

grown overnight in the presence of serum-free DME medium (lane 1), DME +

dexamethasone (50 nM) ( lane 2), DME + dexamethasone (50 nM) + IGF-I (5 nglml) (lane

3), DME + dexamethasone (50 nM) + IGF-I (10 nglml) (lane 4), DME+ dexamethasone (50

nM) + IGF-I (50 ng/ml) (lane 5) or DME + dexamethasone (50 nM) + Insulin (1 ng/ntl)

(lane 6). Only the protected 70-73 bp species are shown. Quantitation of the autoradiograph

by densitometry is presented as a bar graph below.
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3.3 DISCUSSION:
The major aim of the work presented in this chapter was to produce a construct

linking the PEPCK promoter to the hIGF-I cDNA that would express biologically active

hIGF-I invitro, as a prelude to transgenesis studies. Hence, for its end use invivo ,

intronic sequences from the PEPCK gene were included in the construct.

Intronless copies of protein encoding genes are often expressed poorly compared to

genomic constructs. In some cases this may be due to the presence within such introns of

cÍs acting elements (eg. enhancers) that can influence transcription initiation or elongation (

Gillies et al., 1983; Mitchell et al., 1989). However, in other cases no such sequences have

been observed and it is thought that introns may influence some aspects of nucleosome

composition or binding thereby facilitating access to the chromosome by transcription factors

(Sveren et al., 1990). Additionally, introns may aid in RNA stability anüor transport by

beneficial association with the splicing machinery of the cell.(Dreyfuss et al., 1988;

Buchman et al., 1988; Nesic et al., 1993). Although effects of introns on gene expression

ín víffo have been reported, several studies have observed pronounced effects of introns on

expression invivo without accompanying changes to ir¿ vitro expression (Brinster et al.,

1988; Palmiter et al., 1991).

Because of the low levels of expression observed in my permanently transfected cell

lines it was not possible to strictly examine the relationship between expression levels and

the presence or absence of introns in the constructs. However, examination of transfected

CHO cells by ribonuclease protection showed that clones containing constructs with or

without introns were able to produce mRNA, indicating no absolute dependence on intons

for expression of these constructs in vitro. This is not surprising since previous expression

of hIGF-I cDNAs has been achieved in CHO cells using intronless constructs (McKinnon et

a1., 1990; Bovenberg et al., 1990). Whether the levels of IGF-I expression obtained could

be increased by including introns in the constructs is still unanswered.

Transfection of pPEPCK-IGF-I a) into CHO cells led to the recovery of a large

number of positive clones. Although all isolated clones expressed the neomycin resistance

gene, only low level expression of hIGF-I was observed in most, as judged by ribonuclease

protection. Of relevance to this observation, it has previously been reported that selection

for one marker(eg. antibiotic resistance) may result in a skewed population in which

expression from a non-selected promoter is suppressed (Engelhardt et al., 1990).
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Alternatively, the low level expression of hIGF-I may be due to these cells lacking liver-

specifrc trans-acting factors required by the PEPCK promoter for efficient expression. The

exceptional levels of expression observed in one particulffi clone (10) may therefore reflect

favourable integration of the construct into the CHO genome, resulting in an enhancement of

expression from the PEPCK promoter due to cis acting elements flanking the site of

insertion. Despite the higher levels of expression observed for this particular clone,

production of hIGF-I mRNA was regulated by dexamethasone and insulin suggesting that

transcription was initiated from the PEPCK promoter. The amount of hIGF-I secreted by

this clone (190 ng/rnt) was low compared to production by clones where the IGF-I gene ïvas

d¡iven by the RSV LTR promoter (McKinnon et al., 1990) or the Drosophila hsp 70 Heat

shock promoter (Bovenberg et al., 1990). These studies were designed to produce

sigrrificant quantities of cell-derived hIGF-I whereas my aim was merely to establish that

regulatable expression was achievable.

Because CHO cells were not highly gluconeogenic a better cell-line in which to study

regulation of the constructs and therefore the transgenes was sought. The liver was the

desired major source of expression for these transgenes in vivo due to it also being the

predominant source of endocrine IGF-I in the rat (Phillips et a1., 1976). Hence, rat Reuber

H4m cells were chosen as a suitable cell-line for transfection. This cell-line had been

extensively used to study the regulation of the rat PEPCK gene (Sasaki et al., 1984;

Magnuson et al., 1987). However, expression in the G418 resistant H4IIE clones was

extremely poor for each constnrct. To explain this result, I was able to show that not only

could hIGF-I suppress the endogenous levels of PEPCK mRNA in these cells but it could

do so in the presence of a known inducer of PEPCK transcription (dexamethasone). Since it

was known that the 560 bp of PEPCK promoter used in my constructs contained sequences

responsible for mediating the glucocorticoid, cAMP and insulin effects on the rat PEPCK

gene (Roesler et al., 1989; Liu et al., 1991), it was likely that hIGF-I could also inhibit

transcription from these constructs. Thus, a feedback loop was probably in operation in the

pemanently transfected cell-lines, preventing significant levels of PEPCK mediated hIGF-I

secretion.

The2-3 fold induction of endogenous PEPCK mRNA levels by dexamethasone in the

H4m ceil-line found in my experiments after 24 hours of treatment was slightly lower than

the 4-fold induction previously observed in this cell-line after treatment with 500 nM

dexamethasone but was consistent with the induction of transcription previously reported in
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this cell-line by 50 nM of dexamethasone (Granner et al., 1985). Also this dexamethasone

induction of PEPCK mRNA is within the range reported by Peterson et al., (1989) after 24

hours of neatment. Similarly, insulin's ability to"dominantly" inhibit production of PEPCK

mRNA in H4IIE cells even in the presence of dexamethasone (as shown in this chapter) and

other PEPCK inducers has been described previously (Granner et al., 1983; Magnuson et

al., 1987).

No studies had previously been carried out to examine the effect of hIGF-I on

PEPCK expression in H4IIE cells. The 50-100 fold lower potency of hIGF-I in

suppressing PEPCK mRNA levels I observed in these cells compared to insulin corresponds

to the cross-reactivity of this peptide with the insulin receptor. Furthermore, H4TIFs are

believed to possess only insulin receptors (Massague et al., 1982; Rechler et al., 1985)

Together these findings suggost that hIGF-I is able to inhibit PEPCK mRNA expression by

acting via the insulin receptor in an analogous fashion to insulin.

Although des(l-3)IGF-I was not tested directly for its ability to inhibit expression of

PEPCK mRNA in my studies, this analogue has recently been shown to have increased

affinity for the insulin receptors on H35B hepatoma cells (Francis et al., 1993 (in press)).

Thus it seems likely that lack of expression observed for H4IIE clones containing the des(1-

3)IGF-I constmcts is also explicable by a strong feedback inhibition of the PEPCK promoter

by secreted des(l-3)IGF-I acting via the insulin receptor.

To more fully assess this proposition it is necessary to evaluate the regulation of

IGFBPs in this cell-line. The major binding protein species produced by H4IIE cells has

been shown to be IGFBP-1 (Unterman et al., 1990). Interestingly, dexamethasone has been

shown to rapidly stimulate the production of IGFBP-1 in H4IIE cells (Orlowski et al., 1990)

as has cAMP (Unterman et al., 1991). Thus it is possible that BP-l secreted in response to

dexamethasone could bind secreted IGF-I preventing its binding to insulin receptors.

Alternatively, the binding of IGF-I by BP-l may enable more efficient presentation of the

ligand to the cell surface insulin receptor rathü than sequestering it as suggested by some

authors (Elgin et al., 1987). Adding further strength to my feedback loop hypothesis is the

finding that insulin rapidly inhibits the expression of IGFBP-1 in H4IIE cells via its own

receptor (Orlowski et al., 1991) and that the insulin effect is dominant over inducers

(Unterman et al., 1991). Also des(l-3)IGF-I has recently been shown to inhibit production

of BP-l from a human hepatoma cell-line (Lindgren et al., 1993) Therefore, expression of
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the IGFBP-I gene is under similar control to the PEPCK gene in these cells. Hence, IGF-I

and des(1-3)IGF could inhibit their own sequesÍation by inhibiting BP-1 production..

Although, I was unable to show expression of my constructs in the H4IIE cells it is

necessary to realise that these cells, however well differentiated, do not behave as

hepatocytes in culture. Thus, contrary to studies in H4IIE cells, in primary rat hepatocytes

and fetal rat hepatocytes insulin is not able to exert a dominant inhibitory effect on PEPCK

mRNA levels in the presence of PEPCK inducers such as cAMP, dexamethasone or

glucagon (Christ et al., 1988; Iynedjian et al., 1989; Chrisr er al., 1990; Pegorgier et al.,

1992). The reasons for this paradox in insulin action between hepatoma cells and normal

hepatocytes are not known. Interestingly, work on cultured hepatocytes from mature rats

supports my findings on inhibition of PEPCK expression by IGF-I. Harrmann et al.,

(1990) showed that IGF-I was able to antagonise the glucagon-dependent induction of

PEPCK mRNA levels in primary rat hepatocytes. The antagonistic potency of IGF-I at half-

maximal effective concentrations was 2 Vo of that exhibited by insulin and was probably

mediated through the insulin receptor. Importantly, in this study the insulin and IGF-I

effects were not dominant.

Obvious differences therefore exist between the regulation of the PEPCK gene in

H4IIE cells and primary cultured hepatocytes. Furthermore, the situation invivo differs

from the invitro state due to the presence of a circulatory system. V/hile secretions from

tissue culture cells remain in the near proximity of the cells, secreted products from an intact

liver cell may be removed from the interstitial fluid into the bloodsream. These factors

together suggest that the feeback loop operating to tum off expression from my construct in

H4IIE cells would not be evident for PEPCK-IGF-I or PEPCK-des(l-3)IGF-I transgenes in

vivo.
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CHAPTER 4
PRODUCTION OF PEPCK.IGF.I TRANSGENIC ANIMALS

4.1 INTRODUCTION
Only a very small number of studies have looked at the expression of IGF-I in

ransgenic animals (Mathews et al., 1988; Behringer et al., 1990) and in these studies only

transgenic mice have been produced. Mice are inappropriate as an endocrinological tool due

to their small size. Nonetheless, IGF-I production in transgenic mice has been shown to

have quite selective growth effects in these animals (Quaife et al., 1989). This size

constraint may be overcome by using transgenic rats. The long term goal of transgenesis

within our laboratory is to assess the ability of hIGF-I or IGF-I analogs to combat stress-

associated weight loss in transgenic rats.

The levels of expression seen in transgenic mice using IGF-I cDNAs have been low

relative to that achieved with other constructs (Mathews et al., 1988). This is not surprising

when it is realised that the endogenous IGF-I genes are 50-80 kb in length (Rotwein et al.,

1986; Shimatsu et al., 1987) and are likely to contain numerous regulatory regions within

this enormous distance.

The PEPCK promoter (-574 bp- +73 bp) has been shown to be capable of directing

tissue specific (liverikidney) and dietary-inducible expression of the bGH gene in transgenic

mice (McGrane et al., (1988)). Furthermore, in these transgenic mice, expression was

inducible by glucocorticoid administration. As IGF-I levels have been shown to be

negatively regulated by both undernutrition and stress (eg. glucocorticoids) (Phillips et al.,

1984; Emler et al., 1987) it was suitable for us to use the Phosphoenolpyruvate

Carboxykinase (PEPCK) promoter to direct IGF-I expression in our transgenic animals.

Not only should we expect largely liver-specific expression of IGF-I but it would enable us

to examine the effect of IGF-I produced in animals under stress. Additionally the PEPCK

promoter should not be turned on until after birth (McGrane et al., 1988,1990) eliminating

potential developmental problems due to inappropriate IGF-I expression in utero.

Having shown the expression of the PEPCK-IGF-Ia) construct in tissue culture

cells, it was reasonable to expect its expression in transgenic animals. However, I had

preliminary data suggesting that although our IGF-I cDNA expressed well in tissue culture

cells (McKinnon et al., 1990), it expressed poorly in vivo even under the influence of a

strong promoter (the RSV LTR). Thus,I had included in the PEPCK-IGF-Ia) construct
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used in the following experiments, two heterologous introns from the rat PEPCK gene in an

effort to maximize the expression of our cDNA ín vivo. Several reports have shown some

necessity for introns in attaining expression of cDNAs in transgenic mice (Brinster et a1.,

1988 ; Choi et al., 1991 ; Palmiter et al., 1991). As the feasibility of gene transfer to rats

had now been established (Chapter2), the PEPCK-IGF-Ia) constnÌct was microinjected into

both mice and rat oocytes and the resultant litters screened for the presence of the transgene.

This chapter describes the identification and characterisation of transgenic mice and

rats carrying the PEPCK-IGF-Ia) transgene. All microinjection and embryo transfer work

was carried out by Du ZhangTao ( Ph D. student in the Department of Obstetrics and

Gynaecology, University of Adelaide). In addition, some of the acid gel hltration and

subsequent radioimmunoassay described was carried out by Kirsty Moyse (Child Health

Research Institute, Childrens Hospital, Adelaide).

4.2 RESULTS:

4.2.1 Generation and identification of transgenic animals

The PEPCK-IGF-Ia) consruct was removed from its pBR322 based expression

vector (see chapter 3, figure 3.2.4) by first linearizing with Sal I and then subsequent

digestion with Sca I. Sal I cuts just 5' of the PEPCK promoter and Sca I cuts approximately

688 bps downsream of the hGH transcriptional termination signal. Thus the 2.96kb

linearized transgene contains approximately 700 bp of plasmid DNA. Due to the relatively

large size of the transgene and the nature of its construction these two restriction sites were

the only convenient options for transgene preparation. The transgene fragment was isolated

and diluted to a concentration of lOng/ml in PBS for microinjection. The same procedures

as used for the MTIIa-pGH transgene were employed for generation of rats and mice with

the PEPCK-IGF-Ia) construct (see materials and methods, 6.3.5).

From gene transfer into mice, an initial 37 pups were produced and later a further 18 animals

generated. From transfer to rats 26 animals were generated. Small sections of tissue were

taken from the tails of all animals at weaning and genomic DNA prepared as described in the

Materials and Methods chapter ( section 6.3.3).

Initial screening of the animals was by way of dot-blot analysis. Dot blots were

caried out on 5 ¡rg samples of genomic DNA from each animal. Blots were initially probed

with a 487 bp Sma I/Dra I fragment from the hGH 3' region of the transgene (see f,rgure
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3.2.4>. This probe contains largely 3'untranslated sequences and as such should be highly

specific for the transgene. However, background hybridisation has been observed with this

probe even at high stringency ( 65 oC in 0.1 x SSC/0.17o SDS), indicating its homology to

sequences within the mouse and rat genome (probably the GH gene superfamily (Baumann

er al., 1991)). Blots were subsequently stripped and re-probed with either the 615 bp Bam

IIIÆgl II fragment of the PEPCK promoter or a Sal VBgl II fragment containing both the

PEPCK promoter and IGF-I cDNA sequences. These probes were used only as a double

check as they were also expected to hybridise to the endogenous PEPCK gene (especially in

rats).

Figure 4.2.I i) shows a dot blot carried out on the first 3'7 mice produced. This blot

was probed with the Sma IlDra I hGH 3' fragment and was washed very stringently before

autoradiography. Animal 34 (row D column 11) clearly has several copies of the transgene

(between 8-24 copies) while animals 29 , 3I, 32, 33, 35 , 36, 37 appear to have one or less

copies of the transgene. The negative control DNA (row B column 1) on this blot showed

no hybridisation to the probe. Reprobing of this filter with the Sal VBgl II fragment resulted

as expected in a higher overall background, but again identifred animal 34 clearly (data not

shown).

Figure 4.2.I ll) shows a dot blot of DNA from mice and rats probed with the hGH

3'probe. On this blot, mouse 34 (row B column 4) has been included as a positive control.

In addition mouse 37 (row B column 5) was also included and showed much greater

hybridisation to the probe on this occasion. Although the background hybridisation on this

blot is quite high even after very stringent washing of the filter, it is obvious that a number

of animals are exhibiting hybridisation above background. Rats, P1.4, P6.1, P6.3, P6.5

and P6.6 were above background, while mice 37 ,39 and 40 were also clearly above

background.

Reprobing of the filter in figure 4.2.1 ä) (Figure 4.2.1 äi)) with the PEPCKIGF-I,

Sat IÆgl II fragment gave interesting results. Although strong hybridisation was still

observed in rat P1.4, P6.3 and P6.5, several animals previously identified with the hGH

probe gave only background hybridisation with this probe for example P6.1, P6.6.

Furthermore, this probe clearly identified animal P2.5 as transgenic. Similar differences

were observed for the mice. This probe again showed mice37,39 and 40 to be transgenic

but interestingly also identified animal45 as having the transgene. Curiously, backgtound

hybridisation in mouse samples was much higher than in rat samples with this probe. These
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results suggest that in some animals transgene sequences have been deleted during the

integration process. Thus, while animals such as P6.3 appear to contain sequences from all

parts of the transgene, others such as P2.5, lack sequences in the hGH region and others for

example P6.1 may lack pafis of the PEPCK promoter or IGF-I cDNA. Some of these

results could also be explained by rearrangements of integrated transgenes. For example,

rearrangement of the PEPCK promoter with respect to the IGF-I cDNA may lead to

decreased hybridisation of this probe. Therefore, although the dot-blots identified a number

of definite transgenics, I was unsure of any animals with low copy number inte$ation of the

transgene. To overcome this sensitivity problem I decided to use PCR to re-screen all

animals.

4.2.2 Polymerase Chain Reaction analysis of transgenic animals

Oligonucleotide primers were designed to specihcally amplify a region of the

transgene between PEPCK promoter and the end of the IGF-I cDNA. Primers were

analysed for their degtee of complementarity, GC content and potential hybridisation to

mouse and rat repetitive sequences using the PRIMER program in the GCG package of

programs (6.3.24). The two primers chosen for use, encompassed 285 bps of transgene

sequence and were deemed unlikely to hybridise with themselves or each other. Primer one

was an 18 mer and mapped in the PEPCK promoter (materials and methods, 6.2.8) while

primer two was a 20 mer and mapped in the leader peptide region of the IGF-I cDNA.

Preliminary PCR was carried out using a number of different annealing temperattrres and

DNA from mouse 34, as a positive control along with plasmid DNA. Reaction conditions

(see figure 4.2.2.i)) were finally chosen under which amplification of the 285 bp üansgene

fragment was only observed in transgenic animals or in reactions containing transgene DNA

and no product was seen in reactions carrying DNA from conEol animals. The PCR was

carried out on all 55 mice and 26 PEPCK-IGF-I rats produced.

In contrast to the low numbers of animals detected unequivocally in screening by

dot-blot analysis, many more animals were detected using PCR. Following analysis 27155

mice (49 Vo) and lU26rats (42 Vo) were found to possess the transgene including all of the

animals previously shown by dot-blot as positive. Thus a very high percentage of animals

in this study have incorporated the transgene. Although these hgures are in excess of the

percentages usually achieved for transgenesis (Kollias et al., 1992), it should be pointed out

that screening of transgenics by PCR is only a relatively new technique and hence most
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percentages presented in the literature may be an underestimate of the true number produced.

The transgene-positive mice and rats are given below. These data have been summarised in

Figure 4.2.2 i) which shows electrophoresis of PCR reactions carried out on mice and rats.

Several rats are not present on this gel due to space restrictions but have been shown to be

positive eg. (P2.7, P3.1, P6.3, P6.5, P6.6)

positive mice: 3, 4, 5,6, 9, 10, ll, 12, 14, 18, 19, 21,22,25,26,28,29, 30,31,

32, 33, 34, 35, 36, 37, 39, 45,

positive rats: P1.2, PL.4, P2.1, P2.2, P2.5, P2.6, P2.7, P3.1, P6.3, P6.5, P6.6.

As an additional assurance that the PCR product being made was indeed due to

amplification of the transgene, a Southern transfer was carried out on the gel infigure 4.2.2

i) and the filter probed with a Bam HI/Bgl II fragment of the PEPCK promoter. Figure

4.2.2.ä) shows clearly that the major 285 bp product produced does indeed contain

sequences from the PEPCK promoter. In a number of animals (see row 1 lanes d, o, i, j,

row 2lanes e, f, i and o ) extra, smaller PCR products have been produced which hybridise

to the PEPCK promoter probe. These may represent amplif,rcation of transgenes which have

been deleted in regions between the two primer binding sites. Alternatively, these may be

due to cross hybridisation of the primers with non-specific DNA leading to improper

amplification. The higher molecular weight hybridisation seen in some tracks is likely to be

due to hybridisation to the endogenous PEPCK gene carried over from the genomic template

DNA used in the reactions.

4.2.3 Southern analysis of transgenic PEPCK-IGF-I mice

In order to examine the organisation of the inte$ated ransgenes in the mice, Southern

analysis was performed on DNA isolated from the tails of animals #34 and #37. These

animals were chosen because of their higher copy number status. DNA was digested with

enzymes that cut the transgene once or twice . Figure 4.2.3 shows the result of Southern

analysis on 10 pg of genomic DNA. This Southern was probed with the Bam HI/Bgl II

PEPCK promoter probe. Hence, both the endogenous PEPCK gene and the transgene are

detected. Digestion of the negative control DNA with Bam HI gives rise to a 7 kb species

only, due to hybridisation of the probe to the endogenous PEPCK gene (Yoo-Vy'arren et al.,

1983). In addition to this endogenous species, both animals 34 and 37 show a2.9 kb

species present. This band arises due to the head-to-tail integration of the PEPCK-IGF-I

transgenes (greater than one copy) in the mouse genome. Bam HI has a unique site within
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the transgene, 5' of the PEPCK promoter (see figure 3.2.4) and thus gives rise to a

characteristic pattern of ftansgene length fragments when transgenes integrate 5'-3' next to

one another. There are two Dra I sites within the transgene. The first site resides 522bps

from the start of the PEPCK promoter (or at position 1160 of the PEPCK gene), while the

second site is present 487 bps into the hGH sequence (see figure 3.2.4). The negative

control track reveals a band of approximately 2.6 kb, suggesting that there is a Dra I site 2

kb upstream of the endogenous PEPCK gene. This species is also observed as expected in

animals 34 and37. In both transgenic mice a smaller (fainÐ hybridising band of

approximately 1.3 kb can be seen. A fragment of this size is predicted for head-to-tail

integration of the PEPCK-IGF-I transgenes into the genome and represents hybridisation of

the probe to a junction Dra I-Dra I fragment containing the 3' end of the transgene abutted to

the 5'region of the adjoining transgene copy. The 1.7 kb internal Dra I fragmentproduced

by digestion of each transgene copy would not be detected by the PEPCK promoter probe

employed, since it lacks PEPCK promoter sequences. Hence in these two individuals the

transgene appeared to have been integrated without rearrangement.

4.2.4 Growth of PEPCK-IGF-I mice

Mice were weighed from weaning onwards as it was possible that basal activity of the

PEPCK promoter may elevate plasma IGF-I and lead to enhanced growth. McGrane et al.,

(1938) reported significant basal expression of bGH in their transgenic PEPCK-bGH mice,

which led to enhanced growth. Such enhanced growth had also been previously observed in

mice producing IGF-I from the MT-I promoter (Mathews et a1., 1988a)).

'When examining the mice during weighing there were no obvious physical

differences between those animals with the transgene and those without. This is in contrast

to the observation of increased head size in MT-IGF-I transgenic mice (Mathews et al.,

1988a)). Although, signif,rcant variation was observed in the growth of individual mice,

possession of the transgene did not confer any growth advantage overall to the ransgenic

group. In fact many animals with the transgene were considerably smaller than their non-

transgenic littermates.

Figures 4.2.41) and ii) show the growth of transgenic males and females versus that

of sex-matched non-transgenic littermates. Of all the transgenic mice produced animal # 37

(female ) was the only animal to exhibit significantly increased growth after weaning.

Figure 4.2.4 äi) shows that this animal continued to outgrow its other transgenic littermates
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for some weeks after weaning. Therefore, this animal was the most likely basal expressor

of IGF-I. Subsequent assay of plasma from this animal, however showed that it was not

expressing (see section 4.2.5) ^

4.2.5 Detection of hIGF-I in transgenic animals

Mice and rats produce significant amounts of endogenous IGF-I subject to their

nutritional intake and hormonal status (Ernler et al., 1987; Goldstein et al., 1988; Luo et al.,

1989; Thissen et al., 1991). Thus, before commencement of the transgenesis work it was

necessary to have a screen which could distinguish transgene derived hIGF-I from

endogenous mouse or rat IGF-I. The IGF-I family are highly conserved at the protein level,

with only three amino acid differences between human and rat IGF-Vmouse IGF-I

(Shimatsu et al., 1987; Murphy et al., 1987). Thus a polyclonal antibody assay would

detect both endogenous IGF-I and transgene derived IGF-I together making assignment of

expressing animals virtually impossible. A monoclonal antibody to hIGF-I was in use

within our department (kindly provided by Dr. R. Baxter (Sydney University)). This

antibody had previously been shown to cross react poorly with rat IGF-I (Dr. P.C. Owens

personal communication; Tomas et al., 1992). Hence, it was reasonable to assume cross-

reactivity would also be low with mouse IGF-I due to the latter's high sequence identity with

rIGF-I (see introduction chapter, frgure 1).

A second complication to measurement of üansgene-derived hIGF-I in the mice/rats

was the presence of IGFBPs in the circulation. If not removed prior to assay, IGFBPs are

able to sequester the radiolabelled IGF-I tracer and/or bind to IGF-I in the test sample during

the radioimmunoassay, leading to overestimates of IGF-I immunoreactivity. Thus

dissociation and removal of IGFBPs is essential before plasma samples can be reliably

assayed (Daughaday et al., 1987). Acidification of plasma and separation of free IGF-I by

gel filtration chromatography under acidic conditions has been accepted and validated as the

most reliable approach @aughaday and Rotwein, 1989; Breier et al., 1990; Crawford, et al.,

7992: Owens et a1.,1990 ). Therefore, acid gel filtration chromatography was used in

combination with the monoclonal antibody to set up the screen for hIGF-I (materials and

methods, 6.3.20).

To validate this approach for measurements in mice an experiment was carried out in

which three different samples were measured by radioimmunoassay (using the monoclonal

antibody) following acidification and separation of IGFBPs from IGFs on a gel filtration
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column. The three samples were 20 Vo pig plasma, 20 7o mouse plasma and20 7o mous€

plasma spiked with hIGF-I (a pg,/ml). Porcine IGF-I has an identical amino acid sequence

to hIGF-I and therefore cross reacts with the monoclonal antibody. Samples were first

defatted and then chromatographed before aliquots of each fraction rwere removed and

assayed with the monoclonal antibody to hIGF-I.

Figure 4.2.5 i) shows the results of this experiment in diagramatic form. It can be

observed that in all three samples there is a large peak of immunoreactivity eluting from the

column at between 7-8 mls. This immunoreactivity is due to interference of the higher

molecular weight IGFBPs in the assay (probably by way of tracer sequestration). The

amount of IGFBP measured in each sample was very similar. Chromatography of iodinated

recombinant hIGF-I under the same conditions on this column leads to a single peak of

radioactivity eluting at between 9.5-10.0 mls. Hence a small amount of IGF-I

immunoreactivity is being measured by the antibody in the 20 Vo pig plasma sample by virnre

of the conservation of IGF-I sequence in this species. Importantly, no immunoreactive IGF-

I was measured in the 20 Vo mouse plasma sample indicating that the monoclonal antibody

could not recognise mouse IGF-I. Subsequent polyclonal antibody assay conf,rrmed the

presence of immunoreactive mIGF-I (150-300 ng/rnl) in these fractions. When mouse

plasma was spiked with hIGF-I (4 pglrnl) the antibody again detected IGF-I in fractions

between 9.5-10 ml, conhrming that this assay could distinguish hIGF-I from mIGF-I and

validating this approach for use on mice/rat plasma samples.

Mice were starved overnight before blood sampling in an effort to maximize any

expression of IGF-I from the PEPCK promoter (Hopgood and Ballard,1973; Yoo-Warren

et al., 1981;Girard et al., 1991). Due to the size of the mice only a small volume of blood

was able to be sampled. Plasma was diluted to L0 7o and defatted prior to chromatography.

Chromatography of radioactive IGF-I was performed before and after sample

chromatography to verify the elution position of IGF-I. Four pools of eluent were collected

and aliquots of these pools assayed with the monoclonal antibody. Unfortunately,

essentially no hIGF-I was found in any of the 55 mouse samples assayed. Hence it was

likely that none of the animals with the Íansgene were expressing hIGF-I. However, it was

also possible that the starvation period of 24 hrs was insufficent to induce IGFBPs in these

animals. In such circumstances any hIGF-I produced may have been cleared quickly from

the body. Alternatively the levels of hIGF-I being produced were below the level of

detection of the assay used (less than 70 ng,/rnl).
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4.2.6 Analysis of PEPCK-IGF-I mice for hIGF-I mRNA

Since no evidence was found for hIGF-I in the plasma of mice shown to possess the

PEPCK-IGF-Ia) transgene it was decided to sacrihce a number of animals and examine their

tissues for evidence of transgene expression. Animals were again fastedfor 24 hrs prior to

sacrifice to induce any PEPCK promoter directed hIGF-I expression. RNA was extracted

from the livers and kidneys of all animals and the adipose tissue of 10 animals. In total 12

transgenic and 4 non-Íansgenic mice were assayed for the presence of hIGF-I mRNA. The

positive control used in each assay was total RNA isolated from PEPCK-IGF-Ia) or RSV-

IGF-I expressing Chinese Hamster Ovary cell lines described in chapter 3. The 159 bp

riboprobe used has been previously described and contains the E domain of the IGF-I

cDNA, a region which diverges between species ( Jansen et al., 1983; Bell et al., 1986;

Rotwein et a1.,1986; Shimatsu et al., 1987). Despite the protection of the predicted 102 bp

species in the positive control used, no protected species was observed in RNA from any of

the mice assayed (see f,rgure 4.2.9 l)). Therefore, in line with results of the RIA none of the

PEPCK-IGF-Ia) mice were expressing hIGF-I. As not all transgene positive mice were

assayed for IGF-I mRNA it is possible that some of the unassayed animals were low level

expressors of the ffansgene.

4.2.7 Analysis of PEPCK-IGF-Ia) rats

As discussed in section 4.2.I,26 rats were produced by microinjection of the

PEPCK-IGF-Ia) construct. By PCR analysis 11/26 were shown to have incorporated the

transgene. In view of results obtained in screening mice for expression of hIGF-I it was

decided to try and induce transgene expression to greater levels before sampling and

assaying the plasma of each rat. Thus, a protein-rich /carbohydrate poor diet was produced

and fed to the rats ad libitum for a 5 day period prior to blood sampling. The diet was

similar to that used by McGrane et al., (1988) to induce expression of their PEPCK-bGH

transgene. It contained 64 7o casein,22 7o methyl cellulose, ll Vo vegetable oil, 2 Vo yeast

and a I Vo mineral mix with vitamins. Rats had free access to water throughout the 5 day

period.

V/eighing of the animals prior to blood sampling revealed that in all cases weight loss

had occured (between 5-10 g) (data not shown). Hence it is likely that many of the animals

did not consume the diet at all. Blood was sampled before commencement of the diet and
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immediately after removal of the diet. As with samples from the PEPCK-IGF-Ia) mice,

each plasma sample was chromatographed by gel f,rltration under acidic conditions to

separate any IGFBPs, before being assayed with the hIGF-I monoclonal antibody. No

hIGF-I was detected in the plasma of any of the rats assayed by this means. The minimal

detectable concentration in this assay corresponded to approximately 50 nglml hIGF-I.

Because of the lower sensitivity of the monoclonal antibody assay, all fractions were

reassayed using a more sensitive polyclonal antibody to hIGF-I (Tomas et al., 1991a). This

antibody cross reacts highly with endogenous rat IGF-I, but has a lower level of detection

and suffers less from interference due to IGFBPs. Table 4.2.7 shows the levels of

immunoreactive IGF-I detected in the rat samples with the polyclonal antibody. Thus,

unlike results with the monoclonal antibody, significant levels of immunoreactive IGF-I

were detected in the polyclonal assay, all of which should be due to endogenous rat IGF-I.

A minimal detectable concentration of 5 nglml confirmed that this assay was more sensitive

than the monoclonal antibody assay.

Interestingly, out of 26 animals all but two of the animals exhibited a decrease in

plasma IGF-I following the diet. Malnutrition in rats is generally associated with a decrease

in serum IGF-I levels, as is fasting (Emler et al., 1987; Straus et al., 1988; O'Sullivan et

a1., 1989). It is also known that protein restriction in rats reduces serum IGF-I levels

(Maiter et al., 1988; Tomas et al., 1990; Thissen et al., 1990). However, no reports have

been made on the effect of low carbohydrate/high protein diets on rat IGF-I levels. The

observed decrease in plasma IGF-I in this group of rats supports the suggestion that many of

the animals may not have eaten the diet. Therefore, it was highly unusual that two animals

responded to the diet with increased plasma IGF-I. It should be noted that both of these

animals exhibited concomitant weight loss during the 5 day period and therefore would be

expected to have lowered rat IGF-I levels. Furthermore, both animals P2.5 andP6.3 had

been previously shown to have integrated the transgene. Hence, the increased IGF levels

observed in these animals may have been due to the expression of hIGF-I from the transgene

in response to the lowered carbohydrate diet. However, my calculations suggested that were

the increased polyclonal immunoreactivity in P2.5 and P6.3 due solely to hIGF-I, these

animals should have been detected in the initial monoclonal assay. Despite these calculations

it was possible that the monoclonal antibody assay was not sensitive enough to detect this

amount of hIGF-I. Therefore, both animals were bred as potential transgenic expressors

before more detailed analysis of their blood IGF-I was made.



83

4.2.8 Inheritance of the PEPCK-IGF-Ia) transgene in rats

Breeding of both P2.5 and P6.3 led to F1 generations. P25 gave birth to a litter of

13 animals (8 males and 5 females) while P 6.3 sired a litter of 12 (9 males and 4 females)

animals. PCR was used to screen for the presence of the transgene in the F1 animals.

Although 6/12 animals from the Fl of P6.3 were found to have inherited the transgene, none

of the offspring of P2.5 were identified as having the transgene. Figure 4.2.8 i) shows

PCR identification of the cariers of the transgene amongst the F1 offspring of P6.3. The

transgene was amplified by the primers in animals 6.3.2,6.3.5, 6.3.6, 6.3.7 ,6.3.10 and

6.3.13 (not visible on photo).

To ensure that the organisation of the transgene had been maintained in the Fl

animals, Southern analysis was carried out (figure 4.2.8). Bam HI digests the ransgene at a

single site 5' of the PEPCK promoter and thus should give rise to transgene length, 2.96kb

fragments if head-to-tail integration of more than one ransgene has occurred and 5.8 kb

fragments if tail-to-tail integration has occurred. Figure 4.2.8 ä) shows Bam HI Southern

analysis of the P6.3, F1 generation. This filter was probed with the Bam HI/Bgl II PEPCK

promoter probe which cross-hybridises to the 7 kb Bam HI fragment of the endogenous rat

PEPCK gene, shown in the negative control lane. This species is also visible in many of the

other tracks. The autoradiograph shows P6.3 to have both 2.96kb and 5.8 kb hybridising

species, indicative of both head-to-tail and tail-to-tail integrations of the transgene. Although

it appears here that only the lower molecular weight fragment has been passed on to animals

in the Fl generation, later Southern analysis (see figure 4.2.lli)) showed that both the2.96

and 5.8 kb species were indeed inherited. While P6.3.5, P6.3.6, P6.3.7 and P6.3.10.have

clearly inherited the transgene, longer exposure of the film was required to detect the 2.9 kb

band in animals P6.3.2 and P6.3.13.

4.2.9 Testing expression of PEPCK-IGF-Ia) in the P6.3 family

Having bred the potentially expressing PEPCK-IGF-Ia) rats, it was decided to

sacrifice the founder animals for analysis of their RNA. Thus, after fasting overnight, rats

P1.1(non-transgenic), P2.2, P25 and P6.3 were sacrificed and their livers, kidneys and

intestines taken for RNA extraction. In addition, alarge volume (1-1.5 mls) of blood was
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taken from each animal by heart puncture immediately prior to death, and plasma prepared

for IGF-I assay.

Following RNA extraction, samples from all four animals were included in a

Ribonuclease protection assay which utilized the hIGF-I3'riboprobe described earlier

(section 3.2.4). In these assays RNA from a hIGF-I expressing Chinese Hamster Ovary

cell-line was used as a positive control. Initially only liver RNA was assayed for hIGF-I.

Figure 4.2.9 i) shows an assay in which RNA from the livers of ten PEPCK-IGF-

Ia) mice were also included. Only liver RNA from rat P6.3 gives rise to the correctly

protected 102 bp species (lane 16). Hence, P6.3 was transcribing the PEPCK-IGF-I

transgene following fasting. To further examine the transgene's expression pattern, an

assay was carried out on RNA from the kidneys and intestines of animals P2.5 and P6.3.

Figure 4.2.9 ä) shows that RNA from all three tissues in rat P6.3 protect the 102 bp

species. Since equal amounts of RNA were assayed in each tissue it is clear that expression

of the transgene was highest in the liver (lane 6). Expression was somewhat lower in the

kidney (lane 5) and lower still in the intestine (lane 7). This pattern of expression is simila¡

to that observed for bGH transcription in PEPCK-bGH transgenic mice (McGrane et al.,

1988) and corresponds to the expression preference of endogenous PEPCK (McGrane et

al., 1990; Short et al., 7992; V/atford et al., 1988).

Plasma taken at sacrifice from P1.1,P2.5 and P6.3 was defatted and

chromatographed by gel filtration under acid conditions to sepa.rate IGFBPs from IGF. Due

to the limited availability of blood taken from the tail vein initially, injection of only l0 7o

plasma had been permitted, possibly limiting our detection of transgene derived hIGF-I.

Therefore, due to the larger volume of blood taken, 50 7o plasma was injected onto the

column. Fractions were collected and triplicate aliquots of each fraction assayed with the

þIGF-I monoclonal antibody. Figure 4.2.9 äi) shows the assay results across the

chromatoglaphy profile. A large amount of interference in the assay is seen due to the

IGFBPs eluting between 7-9 mls. Importantly fractions between 9-10 mls were found to

contain immunoreactive hIGF-I in the P6.3 sample (approximately 32 nglml). This value

was just above the minimal detectable concentration for this particular assay of 27 ng/ml No

such immunoreactivty was observed in samples from animals P1.1 and P2.5. Hence, this

assay confirmed that P6.3 was a transgenic expressor.

Having already produced an Fl generation from this founder animal, half of which

had inherited the transgene it was reasonable to expect expression of hIGF-I in all of these
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animals. V/ith this in mind the entire Fl generation of P6.3 were fasted for 24 hours rn an

effort to induce hIGF-I expression from the PEPCK promoter. Large volume blood

samples were taken after the fast and 24 hours following refeeding, via the tail vein of the

animals. As previously, 50 7o plasma was defatted and chromatographed on a gel filtration

column. Four pools of eluant were collected from each sample and aliquots assayed for

hIGF-I with the monoclonal antibody. Radiolabelled hIGF-I standard was chromatographed

before and after the samples to verify the elution position of the IGF-I species. The results

of this assay showed that with the exception of three animals, the rats showed no

immunoreactive hIGF-I in their blood before or after fasting. The three animals in question,

P6.3.5, P6.3.6 and P6.3.7 had all been shown to have the transgene (see figure 4.2.8 iÐ).

After fasting, the levels of hIGF-I were 11.8 nglml, ll.2 ng/ml and34 nglml respectively.

Following refeeding the levels in P6.3.5 and P6.3.7 decreased to 0.3 ng/ml and 9.6 ng/ml

while P6.3.6 showed no real change in its level (13.4 nglml compared to ll.2 ng/rrìl). AU

other plasma samples in this assay were below the lowest hIGF-I standa¡d used (16pg/tube).

Thus, the absolute levels of blood-borne hIGF-I in the F1 offspring were somewhat variable

despite the inheritance of the same transgene from P6.3 in each case. This phenomena has

been previously observed in transgenic animals (Palmiter et al., 1982; McGrane et al., 1988)

The detection of hIGF-I following fasting and decreased expression of the transgene

following re-feeding in P6.3.5 and P6.3.7 indicates expression of hIGF-I in these animals

parallels the expression pattern observed for rat PEPCK (Hopgood et al., 1973; Yoo-'Wa¡ren

et al., 1981) and suggests hIGF-I is under the control of the PEPCK promoter. The

relatively constant level of hIGF-I detected in P6.3.6 after fasting and following re-feeding

is however not consistent with this suggestion. In order to establish the mode of transgene

conEol in these animals further analysis of the F1 animals will need to be carried out.

To establish that the increase in plasma hIGF-I following fasting in P6.3.5 was due

to transcription of the transgene, this animal was fasted overnight and sacrificed the

following day. An Fl animal known not to possess the transgene, P6.3.8 was also fasted

and sacrificed as a control. Total RNA was extracted from the liver, kidney, intestine and

hearts of both animals before Ribonuclease protection assays were carried out using the 159

bp hIGF-I specific probe. Figure 4.2.9 iv) shows that P6.3.5 was indeed expressing

hIGF-I mRNA following the fast, in both the liver (lane 5) and the kidney (lane 6). Only

low level expression was observed in the intestine of this animal (lane 7). Importantly, no

expression of hIGF-I mRNA was observed in the heart of this animal suggesting that
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expression of hIGF-I was restricted to those tissues known to express PEPCK. RNA from

founder P6.3 included in this protection assay, exhibited are very similar level of hIGF-I

mRNA in both liver (lane 2) andkidney (lane 3) to P6.3.5. Samples from non-transgenic

rat P6.3.8 showed no protected species in this assay as expected.

4.2.10 IGFBPs in PEPCK-IGF-Ia) rats

Since alteration in the production of IGFBPs has been shown in both GH and IGF-I

expressing transgenic mice (Camacho-Hubner et al., 1991) it was of interest to examine this

aspect in the PEPCK-IGF-Ia) transgenic rats. Therefore blood samples taken after fasting

and following re-feeding of the Fl generation PEPCK-IGF-Ia) rats were analysed for their

content of IGFBPs by Western ligand blotting (see section 6.2.23). Figure 4.2.10 shows a

ligand blot probed with radiolabelled IGF-2 tracer. In all tracks a triplet (40-50 kDa) and a

doublet (28-30 kDa) of binding proteins was observed. The lower molecular weight 24kDa

often observed in rat plasma samples (see Chapter 2,2.2.8) was virtually undetectable . In

each animal examined the total amount of IGFBP (all species) was higher after fasting than

following re-feeding. In some cases, (P6.3.5 and P6.3.8) IGFBP levels were greatly

decreased during re-feeding. There was not any observable difference in the behaviour of

the IGFBPs in plasma from transgenic as opposed to non-transgenic animals. To examine

in more detail the IGFBP changes observed in animals during expression of hIGF-I,

densitometry was carried out on this autoradiograph. The levels of total IGFBP in each

fasted animal were norrnalised to the total levels after re-feeding. In the control animal

(P6.3.8), total IGFBP levels increased by 98 Vo after fasting. In P6.3.5, P6.3.6 and P6.3.7

IGFBP increased by 179 Vo,36 7o and 6 7o respectively. Therefore there was no direct

relationship between the expression of hIGF-I and IGFBP changes in the fasted state. It is

noteworthy that P6.3.7 which exhibited the highest expression of hIGF-I during fasting also

showed the smallest induction of IGFBPs in this state. This was due primarily to a higher

level of IGFBP in the refed state. The higher levels of IGFBP in both P6.3.6 and P6.3.7

during re-feeding is consistent with these two animals expressing higher levels of hIGF-I in

this state than P6.3.5. However such alterations in the total level of binding protein may be

related more to changes in the level of rat IGF-I than the transgene IGF-I in these states.
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4.2.1L Breeding of PEPCK-IGF-Ia) transgenic rats

Successful breeding of P6.3 5, P6.3.6 and P6.3.7 yielded three litters of 12, 13 and

10 animals respectively. Genomic DNA was made from tail samples taken at weaning and

PCR (see section 6.3.3) used to initially screen the animals for the transgene. Figure

4.2.lli) shows PCR analysis of the F2 generation of P6.3.5 in which 8/L3 (62 7o) animals

were found to have inherited the transgene. PCR analysis on the P6.3.6litter suggested

l2ll3 (92 Vo) had inherited the transgene from their parent while in the case of P6.3.7,5113

(38 Vo) had inherited the gene (data not shown).

To confirm inheritance of the transgene in these animals a¡rd to ensure that the same

transgene architecture had been maintained in passage through the germline, Southern

analysis was performed on the F2 generation animals. Bam HI was used to digest DNA and

the filters were probed with the Bam HIÆgl II PEPCK promoter fragment.

Figure 4-2.LI ii) shows Bam HI Southern analysis of animals in the F2 generations

of P6.3.5 and P6.3.7. Two distinct species ale detected with the PEPCK promoter probe.

The lower, 2.9 kb species represents head-to-tail integration of the transgenes while the

higher molecular weight species of approximately 5.8 kb is due to tail-to-tail transgene

integration. In some lanes a 7 kb species corresponding to the endogenous PEPCK gene

can be seen. Comparison of the pattem exhibited by the Fl animals with their F2 offspring

shows that the organisation of the transgene has been stably inherited through the F2

generation. This Southern blot confirmed that 5/13 animals produced from P6.3.7 had

inherited the transgene. Further Southern analysis on the F2 generation of P6.3.6, shown in

figure 4.2.11iü) confirmed that l2lI3 of these animals had inherited the transgene structure

of their parent. Hence the PEPCK-IGF-Ia) transgene has been stably inherited throughout

two generations of animals.

To examine expression of the transgene in the F2 generation animals, three

individual males (6.3.5.4,6.3.5.5 and 6.3.5.6) from one family were fasted for 24 hours

and sacrif,rced the following day. RNA was extracted from liver, kidney, intestine and heart

of these animals before expression was evaluated in a ribonuclease protection assay using

the previously discussed hIGF-I 3' riboprobe. Figure 4.2.9 v) shows that both males

6.3.5.5 and 6.3.5.6 which had inherited the transgene expressed the hIGF-I mRNA species

predominantly in the liver and at slightly lower levels in the kidney. No expression of

hIGF-I was observed in the non-transgenic animal,6.3.5.4, nor was any expression

observed in the hearts and intestines of the transgenic rats. This result has been verified in
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three independent assays. The faint bands observed in tracks 1-4 and 12 were also present

in a protection containing only yeast RNA and the probe. These species are believed to be

due to probe secondary structure and are only observed after long periods of

autoradiography.

4.2.12 Growth of PEPCK-IGF-Ia) transgenic rats.

Since expression of hIGF-I in transgenic mice had been shown to result in increased

gowth of these animals (Mathews et al., 1988) it was possible that such increased growth

could be manifested in the PEPCK-IGF-Ia) rats. Thus, the Fl generation animals produced

from mating of P6.3, were weighed from weaning as were F2 animals produced from

mating of P6.3.5, P6.3.6 andP6.3.7. These weekly weights were expressed as a

percentage of the animals original body weight at weaning.

Figure 4.2.12 i) illustrates the growth of primary PEPCK-IGF-Ia) rats. When the

growth of the hIGF-I expressing rat , P6.3 was compared to the growth of two sex-matched

non-transgenic littermates (P6.1 and P6.2), no significant difference was found. Rather

than exhibiting enhanced growth, this animal shows a small inhibition of growth compared

to the controls. Thus the presence of the PEPCK-IGF-Ia) transgene was not positively

influencing gowth. It should be remembered that hIGF-I had only been detected in the

plasma of P6.3, following fasting. Therefore it is possible that in the fed animal hIGF-I

may be virtually absent due to its control by the insulin-repressible PEPCK promoter (Sasaki

et al., 1984: Magnuson et al., 1987; Forest et al , 1990). It should also be noted that the

levels of hIGF-I detected in the this rat were relatively low (34 ng/ml) and as such may have

been ineffective in eliciting a biological response. Alternatively, an inhibition of growth

could be achieved due to repression of endogenous rat IGF-I transcription by hIGF-I. Such

feedback inhibition of IGF-I trascription has been observed following IGF-I infusion into

rats (Schalch et al., 1989) and due to hIGF-I expression in transgenic mice (Mathews et al.,

1988).

Figure 4.2.12 ii) shows the growth performance of the Fl generation offspring of

P6.3, compared to littermates that have inherited the transgene but were not found to be

expressing hIGF-I As with P6.3, no signif,rcant differences were observed between those

animals shown to be expressing hIGF-I and those which lacked expression. Although

P6.3.6 is growing at a faster rate than most other animals, consistent with its expression of

hIGF-I, P6.3.13 which was not found to be expressing also grew at a similar rate. Thus, it
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is unlikely that this moderate enhancement of growth was due to transgene derived hIGF-I.

In support of this it can be seen that rats P6.3.5 and P6.3.7 were slower growers than

animals lacking expression of hIGF-I. Thus, the growth rates of all animals which inherited

the transgene were not significantly different from animals lacking the transgeno. These

results suggest that the level of hIGF-I produced in this family of transgenic rats during

normal dietary intake is ineffective in promoting total body growth.



FIGURE 4.2.Li\ Samples (5 pg) of genomic DNA from PEPCK-IGF-Ia) mice 1-37

were denatured and applied to NytranN filters. A series of copy number controls was

included containing PEPCK-IGF-Ia) plasmid diluted in 5 pg of non-transgenic mouse DNA

(NÐ to give the equivalence of 1-80 copies of the transgene/cell assuming a raVmouse

genome size of lx 10ó bps. A value of 12.5 pg of plasmid DNA was determined to be

equivalent to 1 transgene copy /haploid genome in 5 pg DNA. The values in brackets refer

to pg of plasmidDNA. This blot was hybridised with the oligolabelled Sma llDra I

3'fragment of the hGH gene and was washed at 65oc in 0.1 x SSC/ 0.I7o sDS for 30

minutes before overnight autoradiography, A key to sample identity is provided below'

123456789
A r(rz.s) 2(25) 4(50) s(100) ?t+Q00) 32(400) 40(s00) 80(1000)

BNT #1 #2 #3 #4 #5 #ó #7 #8

C #r2 #13 #14 #15 #16 #L7 #18 #19 #20

D #24 #25 #26 #n #28 #29 #30 #31 #32

E #36 #37

10 11 12

FIGURE 4.2.Lä\'Dot blot was performed on 5 pg of genomic DNA from PEPCK-

IGF-Ia) rats ( p1.1-p6.6) and mice #38-#55. This blot was carried out as for figure 4-2.1l)

and was probed with the Sma IlDra I hGH 3' fragment. The filter was washed at 65oC for

t hr. in 0.1 x SSC/ 0.17o SDS before overnight autoradiography.The samples applied were

#9 #10

#2r #22

#33 #34

#11

#23

#35

as below

r234567
A r(rz.s) 2(?5) 4(s0) s(100) 24(300) 32(400) 80(1000)

B NT(rat) NT(mouse) NT(rat) #34 #37

C Pr.l P1.2 P1.3 Pr.4 Pz.r P2.2 P2.3

D Y3.z P4.t P4.2 P4: P4'4 P4.5 P4-6

E P6.5 P6.6 #38 #39 #40 #4r #42

F #,t¡ #49 #50 #51 #52 #53 #54

89101112

P2.4

P4.7

#43

#55

P2.5

P6.1

#44

P3.1

Pó.4

#47

Y2.6 V2.7

P6.2 P6.3

#45 #46

FIGURE 4.2.I äi) The filter ln 4.2.1ii) was stripped and re-probed with the Sal V Bgl

II fragment of the PEPCK-IGF-Ia) construct. The filter was washed as above and was

autoradiographed overnight.
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FIGURE 4.2.2 i) Polymerase Chain Reaction was carried out on PEPCK-IGF-Ia) mice

and rats to confirm which animals were transgenic. The primers used for amplification

were derived from both the PEPCK promoter and the IGF-I cDNA. PCR was caried out in

a total volume of 50 ¡tls (see materials and methods section 6.3.13). Reactions were

overlayed with paraffin oil before the following cycles were carried out in a Cetus-Emler

Thenno cycler.

1 cycle of denaturing at 94oC for 4 minutes.

29 cycles atg4oc for 45 seconds / annealing at 58oC for 1 minute / extension atT2oCfor I

minute

Following these cycles, 5 pl aliquots of each reaction were electrophoresed on2 7o Agarose

TBE buffered gels and the reaction product visualised by UV irradiation of the Ethidium

Bromide stained gels. Each set of PCR reactions contained contamination conrols lacking

addition of template'DNA. Also included were negative controls containing non-transgenic

mouse or rat genomic DNA and a positive control containing the microinjected transgene

DNA. The PCR product was sized by comparison with co-electrophoresed Hpa II cut pUC

DNA markers (low molecular weightrange).

FIGURE 4.2.2 ä\ T\e 2 Vo gel shown in 4.2.2 i) was transferred overnight to NytranrM

membrane and the DNA cross-linked to the filter. The filter was subsequently probed with

the oligolabelled Bam Fü Bgl II fragment of the PEPCK promoter and washed at high

stringency (0.1 x SSC/O.1 7o SDS at 65oC for 30 minutes) before autoradiography

overnight The loadings for each lane were as below: (NTm=non-transgenic mouse ; NTr

=non-tftìnsgenic rat; Eansg.=PEPCK-IGF-Ia) Sal VSca I transgene DNA)

ab
1. no NIm

Dl.{A

cdefg
#3 #4 #5 #6 #9

h i j k I m n op qr s

#10 #11 #12 #14 #18 #19 #21 #22 #25 #26 #28 transg.

2.+zg #30 #31 #32 #33 #34 #35 #36 #37 #39 #45 NTrpl.r. pl.2 pr.4 vz¡vz.zy2.5yz.6
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FIGURE 4.2.3 Southern analysis was carried out on DNA from transgenic PEPCK-

IGF-Ia) mice #34 and #37. Genomic DNA (20 pg) was digested with either Bam HI or Dra

I and electnophoresed on 0.8 7o TBE Agarose gels. The gel was then transferred to

Nytranru membranes and DNA crosslinked by UV irradiation to the filter. This Southem

was probed with the oligolatrelled Bam III/ Bgl II PEPCK promoter fragment and the ñlter

was washed at 42oC in 0.1 x SSC/ 0.1 Vo SDS for 30 minutes before autoradiography for

72 hours. The sizes of radiolabelled SPP1 markers co-electrophoresed on the gel are given

on the left hand side. The lanes are as described below.

lane 1: non-transgenic mouse (Bam HI)

lane2: #3a @amHI)

lane 3: #37 (Bam HI)

lane 4: non-transgenic mouse (Dra I)

lane 5: #34 (Dra f)

lane 6 #37 (Dra f)
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FIGURE 4.2.4 i) Growth curves from weaning of several transgene positive male

PEPCK-IGF-Ia) mice compared with non-transgenic littermates. Body weights were

expressedrelative to the weight of each animal at weaning.

FIGURE 4.2.4 ä) Growth curves from weaning of several female PEPCK-IGF-Ia)

transgenic mice compared to their non-transgenic littermates. Weights were expressed

relative to the body weight of each animal at weaning.
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FIGURE 4.2.5 i') Two hundred microlitres of 20 Vo plasma was chromatographed by gel

filtration under acidic conditions to separate IGFBPs from IGF-I. Fractions (200p1) were

collected throughout the run and 50 pl aliquots of each fraction assayed in triplicate for

hIGF-I using,a monoclonal antibody radioimmunoassay Cfomas et al., L992). Three

separate chromatography runs were carried out on 20 7o mouse plasm4 20 Vo porcrne

plasma and 20 7o moüSo plasma spiked with hIGF-I (4 pglml). The elution position of

hIGF-I (9-10 ml) was determined by chromatography of radiolabelled hIGF-I standard

before and subsequent to the plasma samples. The immunoreactivity eluting at 7-8ml

corresponds to IGFBP interference in the radioimmunoassay.
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FIGURE 4.2.7 AIIPEPCK-IGF-Ia) rats were placed on a high protein/ow carbohydrate

diet containng64To casein,22Vo methyl cellulose,ll Vo vegetable oil,27o yeast and al Vo

mineral mix +vitamins, for a period of 5 days. Blood samples were taken prior to and

directly after this period and were assayed using a polyclonal IGF-I radioimmunoassay.

n.d.=not determined. These results represent means of triplicate determinations on each

sample.
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FIGURE 4.2.8i) Polymerase Chain Reaction was carried out to identify transgenics

amongst the Fl progeny of PEPCK-IGF-Ia) rat,P6.3. The two primers employed, mapped

to the PEPCK promoter and IGF-I cDNA respectively and amplified up a 285 bp region of

the transgene. The conditions used for PCR were as described in FIGURE 4.2.2 Ð PCR

product was visualised by running a 5 pl aliquot of each reaction on a2 Vo TBE buffered

agarose gel and staining with ethidium bromide.The contents of each lane were as follows.

lane 1: Hpa digested pUC low molecular weight ma¡kers

Iane2: no DNA

lane 3: non-transgenic rat

lane 4: P6.3

lane 5: P6.3.2

lane 6: P6.3.3

lane'l: P6.3.4

lane 8: P6.3.5

lane 9: P6.3.6

lane 10: P6.3.7

lane 11: P6.3.8

lane 12: P6.3.9

lane 13: P6.3.10

lane l4: P6.3.11

lane l5: P6.3.12

lane 16: P6.3.13
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FIGURE 4.2 8 ä) Southern analysis was carried out on the Fl generation of P6.3 using

Bam HI. 20 ttgof DNA from each animal was digested overnight before being run on a 0.8

Vo aguose gel. The gel was subsequently nansferred to Nyranru membrane and the DNA

crosslinked to the membrane by UV irradiation. The filter was probed with the oligolabelled

Bam HI/Bgl tr PEPCK promoter fragment. and was washed up to 65oC in 0.1 x SSC/O.1 7o

SDS for 30 minutes before autoradiognphy for 72 hours. It should be noted that ethidium

bromide staining of the gel prior to transfer revealed that samples P6.3.6 and P6.3.10

appeared to have much more (>20 pg) DNA than other lanes. The sizes of co-

electrophoresed SPP1 markers are given on the left hand side.

lane 1: non-transgenic rat

lane2:P6.3

lane 3: P6.3.2

lane 4: P6.3.5

lane 5: P6.3.6

lane 6: P6.3.7

lane 7:.P6.3.8

lane 8: P6.3.10

lane 9: P6.3.11

lane 10: P6.3.13
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FIGURE 4.2.9 i) A ribonuclease protection assay was carried out on 20 ttg (except

where stated) of total liver RNA from a number of PEPCK-IGF-Ia) mice

(#4,6,11,12,13,14,18,20,21,and 25) and rats (P1.1 and P6.3). The probe used

corresponded to 3'end of the hIGF-I cDNA and its mature size was 159 bps. This probe

should prorecr 102 bp of the PEPCK-IGF-Ia) transgene mRNA. Hybridisation of probe to

RNA was carried out overnight at 50oC. Digestion of hybrids was with both RNase A and

T1 at 3 oC for 30 minutes. Hybrids were precipitated and run on a 6 Vo polyacrylamide gel

before autoradiography for 14 days. The size of co-electrophoresed Hpa tr digested pUC

low molecular weight DNA markers is given on the left of the figure (lane 1)

lane 2: Probe without digestion

lane 3: 5 pg RNA from hIGF-I expressing CHO cell line

lane 4: 5 pg RNA from hIGF-I expressing CHO cell line

lane 5: liver mouse #4

lane 6: liver mouse #9

lane 7: liver #11

lane 8:.liver #12

lane 9.liver #13

lane 10: liver#14

lane 11: liver #18

Iane L2: liver #20

lane 13: liver #21

lane 14: liver #25

lane l5: liver Pl.1

lane l6: liverP6.3



Expression of hIGF-I mRNA in PEPCK-IGF-Ia) Transgenic
Mice and Rats

i)
MW
(bp)

190 >

t47 >

110 >

67>

| 2 3 4 5 6 7 8 9 10 11 t2 13 14 15 16

t

Dd¡i
¡

t:'.



FIGURE 4.2.9 ä) Ribonuclease protection was carried out on 40 ttg of total RNA from

liverkidney and intestine of rat P6.3 with the hIGF-I3'riboprobe. RNA was extracted

following an overnight fast. The reactions were ca:ried out as described in FIGURE 4.2.9

i) and protected products were separated on a 6 Vo polyacrylamide gel. Autoradiography was

for 72 hours.

lane 1: Hpa tr digested pUC markers (sizes given) lane 5: P6.3 kidney RNA (40 trg)

lane2: undi'gested probe (159 bp) lane 6: P6.3 liver RNA (a0 pg)

lane 3: hIGF-I expressing CHO cell line (5 pg RNA) lane 7: P6.3 intestine RNA (40 trg)

lane 4: P1.1 liver RNA (40 pg) lane 8: P2.5 liver RNA (a0 pg)

lane 9: P2.5 kidney RNA (40 pe)

FIGURE 4.2.9 iv) Ribonuclease protection was performed on total RNA (50 trg)

derived from the tissues of Fl PEPCK-IGF-Ia) rat, P6.3.5, and a non-transgenic littermate,

P6.3.8, using the 159 bp hIGF-I3'riboprobe. The assay was carried out as described in

FIGURE 4.2.9 i) and the protected species were analysed on a6 Vo polyacrylamide gel

which was autoradiographed for 24 hours. RNA extracted from tissues of P6.3 was

included as a positive control. Only the 102 bp protected species a¡e shown.

Autoradiography was for 72 hrs.

lane 1: non-transgenic rat liver lane5: P6.3.5 liver lane 9: P6.3.8 kidney

lane 2:P6.3 liver lane 6: P6.3.5 kidney lane 10: P6.3.8 intestine

la¡re 3: P6.3.kidney laneT: P6.3.5 intestine lane 11: non-transgenic ratkidney

lane 4: P6.3 intestine lane 8: P6.3.8 liver

FIGURE 4.2.9 v) Ribonuclease protection was performed on 50 trg of total RNA from

PEPCK-IGF-Ia) F2 generation animals, P6.3.5.4, P6.3.5.5 and P6.3.5.6 using the hIGF-I

3' riboprobe previously described. The protected species were separated on a6 Vo

polyacrylamide gel and visualised by autoradiography for 5 days.

lane 1: P6.3.5.4liver lane 7: P6.3.5.5 inrestine

Iane2:P6.3.5.4 kidney lane 8: P6.3.5.5 heart

lane 3: P6.3.5.4 intestine lane 9: P6.3:5.6 kidney

lane 4: P6.3.5.4 heart lane 10: P6.3.5.6liver

lane 5: P6.3.5.5 liver lane 11: P6.3.5.6 intestine

lane 6: P6.3.5.5 kidney lane 12: P6.3.5.6 heart



ii)

Expression of The PEPCK-IGF-Ia) Transgene In Rats

MW
(bp)

489 >
401 >
331 >

242 >

l9o *

147 >

110 >

67>

34>

26>
| 2 3 4 56789

iv)

v)

102 bp >

102 bp >

1 2 3 4 s 6 7 8 9 10 ll

1 2 3 4 5 6 7 8 9 t0 ttl2



FIGURE 4.2.9 äi) Rats were fasted for 24 hours before blood was taken from each

animal at sacrifice. Plasma (50 Vo) was chromatographed by gel filtration under acidic

conditions to separate IGFBPs from IGF-I. Fractions were collected (0.25 ml) and 50 ¡rl

aliquots of each fraction were assayed in triplicate using a monoclonal antibody

radioimmunoassay (fomas et al., 1992). The elution position of hIGF-I was verified as

being between 9-10 mls by chromatographing radiolabelled hIGF-I on rhe column before

and after the plasma samples. The concentration of hIGF-I present in P6.3 was determined

by comparison with hIGF-I standards included in the assay. The large peak of

immunoreactivity elutinga¡.7-8 ml is due to interference in the assay by IGFBp.



Acid gel filtration and assay of PEPCK-IGF-Ia) rat plasma

1 000

...-..r- P2.5 (< 3nglrnl)

......o- P6.3 (32ne/rr,l)

# P1.1 (<3ng/ml)
001

Þ0

O
cË
c)
t<o

E

I

fJio
É
ä0
o

10

1

1

76 89
Elution volume (ml)

10 11



FIGURE 4.2.10 Fl generation PEPCK-IGF-Ia) rats were fasted for 24 hours and then

refed ad libitum. Blood samples were taken after fasting and following re-feeding. Plasma

samples were diluted and denatured by heating before the equivalent of 2 pl of the original

plasma was electrophoresed on a 12.5 7o SDS polyacrylamide gel under non-reducing

conditions. The gel was subsequently electrobloned on to a nitrocellulose filter and allowed

to air dry before being probed *i¡r 1251-1GF-II tracer overnight. Following washing of the

filter to eliminate background hybridisation the filter was autoradiographed for 14 days. The

size of 14C molecular weight protein ma¡kers are shown on the left of the autoradiograph.

The samples loaded were as below, where (f)=plasma during fast and (rf)= plasma after re-

feeding.

lane 1: P6.3.5 (Ð

lane2: P6.3.5 (rÐ

lane 3: P6.3.6 (Ð

lane 4: P6.3.6 (O

lane 5: P6.3.7 (Ð

lane 6: P6.3.7 (rÐ

laneT: P6.3.8 (Ð

lane 8: P6.3.8 (rÐ
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FIGURE 4.2.L1i) The Polymerase Chain Reaction was carried out on genomic DNA

from the tails of PEPCK-IGF-Ia) F2 generation animals (offspring of P6.3.5). The primers

were as previously described (figure 4.2.2. i)), as were the reaction conditions. Aliquots of

each reaction were electrophoresed on 2 7o polyaæylamide gels and the 285 bp product

visualised by ethidium bromide staining of the gels.

lane 1: Hpa tr digested pUC low molecular weight DNA markers

lane2: noDNA

lane 3: non-mnsgenic rat

lane 4: non-transgenic rat

lane 5: P6.3.5.1

lane 6: P6.3.5.2

Iane'l: P6.3.5.3

lane 8: P6.3.5.4

lane 9: P6.3.5.5

lane 10: P6.3.5.6

lane 1L: P6.3.5.7

Iane 12: P6.3.5.8

lane 13: P6.3.5.9

lane 14: Ma¡kers

lane 15: P6.3.5.10

lane 16: P6.3.5.11

lane 17: P6.3.5.12

lane 18: P6.3.5.13
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FIGURE 4.2.L1ä) Southern analysis was carried out on the F2 generation PEPCK-

IGF-Ia) rats (offspring of P6.3.5 and P6.3.7) . Genomic DNA (20 pg) was spermine

precipitated and digested to completion with Bam HI. Samples were electrophoresed on 0.8

VoTBgbuffered, agarose gels and the gels transferred to Nyranru membranes. DNA was

crosslinked by UV irradiation to the filters which were probed with the Bam HVBgI II

pEpCK promorer fragment before being washed at 60 oC for 45 minutes in 0.1 x SSC/O.1

Zo SDS and autoradiographed for 48 hours. Included on this autoradiogaph as a positive

control was DNA from the Fl generation parents of these F2 animals. The molecular weight

of co-electrophoresed SPPI DNA markers are shown on the left of the autoradiograph.

lane a: P6.3.5 lane b: P6-3-6 lane c: P6.3.1

lane d: P6.3.1.1 lane e: P6-3.7 -2 lane f: P6-3-7.3

lane g: P6.3.7.4 lane h: P6-3.7.5 lane i: P6-3-7.6

lane j: P6.3.7.7 lane k; P6.3.7.8 lane l: P6-3.1.9

lane m: P6.3.7.10 lane n: P6.3.5.3 lane o: P6.3.5 4

lane p: P6.3.5.5 lane q: P6.3.5.6 lane r: non-transgenic rat

FIGURE 4.2.11iii) Bam HI Southern analysis was carried out as above on the progeny

of p6.3.6. This f,rlter was exposed to super sensitive (Kodak X-Omat) film for 7 days.

lane a: P6.3.6.1

lane b: P6.3.6.2

lane c: P63.6.3

lane d: P6.3.6 4

lane e: P6.3.6.5

lane f: P6.3.6.6

lane g: P6.3.6.7

lane h: P6.3.6.8

lane i: P6.3.6.9

lane j: P6.3.6.10

lane k: P6.3.6.11

lane l: P6.3.6.12

lane m: P6.3.6.13

lane n: non-transgenic rat



Bam HI Southenr Analysis of PEPCK-IGF-I
F2 Generation Animals

MW(kb) abcde f ghi jklnìnoP qr
ii)

iii)

7.35 >
6.ll >
4.81 >
3.59 >
2.81 >

1.95 >
l.5l >

MW (kb)

6.ll >
4.84 >
3.59 >
2.81 >

1.95 ¡>

a b c def gh j k lmn



FIGURE 4.2.12 i) The gowth of three male PEPCK-IGF-Ia) microinjected rats from

weaning. Weights are expressed as a percentage of the original body weight at weaning.

(Ð=transgenic and (NT¡=¡s.-transgenic.

FIGURE 4.2.12 ii) The growth of expressing PEPCK-IGF-Ia) transgenic, Fl

generation, male rats compared to their age matched non-expressing littermates. Weights

have again been expressed as a percentage of original weight at weaning. The numbers in

brackets indicate the plasma levels of hIGF-I detected during feeding using a monoclonal

radioimmunoassay (Tomas et al., 1992).

FIGURE 4.2.12 iii) The growth of F2 generation transgenic PEPCK-IGF-Ia) male rats (I)

compared to that of non-Eansgenic littermates (NT). Weights are expressed as a percentage

of original weight at weaning.
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4.3 DISCUSSION AND FUTURE EXPERIMENTS:
This study has shown the PEPCK-IGF-Ia) transgene to be integrated at similar

efficiencies into the germ-line of both mice and rats. The 42 7o integration efficiency of the

construct into rats is somewhat below that reported for integration of the mouse Ren-2

transgene into transgenic rats (Mullins et a1., 1990) and greater than the 33 Vo and29 Vo

integration efficiencies achieved with the human Renin and Angiotensin genes respectively,

in the same species (Ganten et al., 1992). Furthermore, this efficiency is consistent with the

56 Vo incorporation of the MTIIa-pGH construct into rats observed in my earlier studies.

Hence, this study provides further evidence of the feasibility of transgenesis in rats.

Despite incorporation of the PEPCK-IGF-Ia) transgene into 49 Vo of mice born, no

expression of the transgene was observed in any of these animals. Southern analysis on two

of these non-expressors (figure 4.2.3) suggests that the transgene had not undergone

re¿urangement during its integration into the genome. Therefore, the lack of expression in

these individuals is likely to be related to the site of genomic integration ie. a "Position

effect."( Lima-de-Faria, A. 1983; Jaenisch,R. 1988). However, I cannot rule out the

possibility of transgene rearangement in the other non-expressing mice. As analysis of the

transgene mRNA was only made for 12127 of the Eansgenic mice, I cannot exclude the

expression of the transgene mRNA in the other transgenics. However mRNA production

could not have led to the production of protein, as RIA of all mouse plasma samples revealed

hIGF-I was undetectable.

Importantly, unlike the situation in the mice, expression of the PEPCK-IGF-Ia)

transgene was observed in l/11 (9 7o) of the primary transgenic rats. Evidence from DNA

dot blots (f,rgure 4.2.1) suggested that in some animals, fransgene sequences may have been

lost during integration. This deletion of important Eansgene sequences may be responsible

for the non-expression observed in these particular animals. The expression observed in rat

P6.3 was detected following an overnight fast, as expected for expression controlled by the

PEPCK promoter (Hopgood et al., 1973). The expression of hIGF-I was relatively low in

this animal , (32 nglml) compared with the expression of endogenous IGF-I in the rat

(Daughaday et al., 1989). It is difficult to compare the expression achieved in this

individual animal with that achieved in MT-IGF-I transgenic mice produced by Mathews et

al., (1988b), due to their use of an antibody which did not distinguish transgene-derived

IGF-I from endogenous mIGF-I. Nonetheless, the 32 nglml produced by P6.3, is
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consistent with the levels of bGH expression achieved in certain lines of animals transgenic

for bGH under the control of the same PEPCK promoter region used in this study (McGrane

et al., 1988,1990 ). These authors also obtained lines of mice expressing up to 2000 ng/ml

of bGH, implying that the PEPCK promoter is indeed capable of directing higher level in

vivo expression. Whether such levels of expression are attainable using the PEPCK-IGF-

Ia) construct will require further production of transgenic animals with this construct.

Expression of hIGF-I was detected predominantly in the liver and kidneys of the

expressing animal following fasting while lower levels of mRNA were found in the intestine

of this animal. A similar pattern of expression was observed by McGrane et al. (1988), in

PEPCK-bGH Eansgenic mice, indicating that the 460 bp region of the PEPCK promoter

used in these studies contains sequences required for the liver/kidney specif,rc expression of

transgenes. Furthermore, the expression pattern observed suggests that the chromosomal

integration site of the PEPCK-IGF-Ia) transgene in rat P6.3 does not interfere with tissue-

specific expression of the transgene. Predominant liver expression of hIGF-I mRNA

implies that the plasma levels of hIGF-I detected in this animal probably account for the

majority of total transgene expression.

The PEPCK-IGF-Ia) transgene has been successfully transmitted through two

generations of animals from Founder P6.3 (see f,rgures 4.2.8 i) and 4.2.11 ii)-iii) ) In the

F1 generation the transgene was inherited by 50 Vo of the offspring in the predicted

Mendelian fashion. However in one of the F2 generation litters, the transgene was inherited

by a disproportionately large number of animals (figure 4.2.II ii)). The reason for this

abnormal segregation of the transgene in unknown. Similar distorted ratios of transgene

inheritance have been previously reported (Palmiter et al., 1982). Further breeding of

animals within this family should enable the inheritance pattern to be more frrmly

established.

Expression of the transgene has also been inherited through at least one generation.

Interestingly, not all F1 animals carrying the transgene were found to be expressing hIGF-I

despite the apparent inheritance of the same transgene organisation in each case. Also, the

levels of expression amongst the progeny varied. Similar variable patterns of transgene

expression within single families of üansgenic mice have previously been reported in the

literature (Palmiter et al., 1982,1984: McGrane et al., 1988 ).

In the Fl offspring produced in this study, inheritance of expression appears to be

related to sex. Only Fl males which inherited the transgene were seen to be expressing
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hIGF-I. Although this phenomena has not yet been verified for expression of the transgene

in the F2 generation offspring, it is tempting to suggest that the PEPCK-IGF-Ia) transgene

in this family may have become imprinted (for review, see Reik, 1992). As DNA

methylation is believed to be associated with this phenomena, further investigation could

involve examining the methylation status of the transgene amongst the expressing and non-

expressing animals within this family. Such analysis was carried out by McGrane et al.,

(1988) and conf,rrmed that the methylation status of their PEPCK-bGH transgene did not

correlate with the inheritance of expression . Hence, in my studies also, the possibility of

another differentially segregating locus which affects the PEPCK promoter cannot be

excluded. Further lines of PEPCK-IGF-Ia) transgenic rats will be required before such

questions can begin to be answered.

The expression of the transgene observed in two of the Fl generation progeny

(P6.3.5, P6.3.7) was decreased when the animals were re-fed following an overnight fast,

consistent with the behaviour of the endogenous PEPCK gene (Flopgood et aI.,1973;

Cimbala et al., 1982). In addition, the tissue specificity of hIGF-I mRNA expression in one

of these Fl offspring, has been shown to mimic that of its transgenic parent, implying

control of hIGF-I expression by the PEPCK promoter is heritable. To fully examine the

control of hIGF-I production in these rats it will be necessary to measure the production of

hIGF-I mRNA in these animals under "fed" conditions.

The growth observed in rats expressing the PEPCK-IGF-Ia) transgene was not

significantly different from that of control animals suggesting that the amount of hIGF-I

produced under normal ad libitum feeding of the animals may not have been biologically

significant. Several studies have examined the effect of administered hIGF-I to rats.

Schoenle et al. (1985) showed that administration of hIGF-I to hypophysectomised rats for a

6 day period increased both tibial epiphyseal width, and thymidine incorporation into costal

cartilage at plasma levels between 168-268 nglrrìI. The higher plasma level of hIGF-I also

produced an increase in body weight over the 6 day period compared to controls. Guler et

al., (1988) have also shown similar body weight increases in hypophysectomised rats in

which administration of hIGF-I led to plasma levels of 300-350 nglml. More recently,

Tomas et al , (1992) have shown significant body weight increases in dexamethasone

infused rats, attaining plasma levels of between 700-1000 nglrnl hIGF-I. Thus, although

these studies were carried out acutely and have used animals with hormonal pertubations,

precluding direct comparison with my studies, the levels of hIGF-I achieved in attaining
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increased $owth were fa¡ in excess of the levels produced in the PEPCK-IGF-I a)

transgenic rats. Furtherrnore, in the single study in which hIGF-I has been administered to

intact, normally growing male rats, the observed increases in growth were shown to

correspond with increases in plasma IGF-I levels of approximately 200 ng/rnl ([Iizuka et al ,

1986), well above the levels achieved in the PEPCKIGF-I a) expressing rats.

MT-IGF-I, transgenic mice produced by Mathews et al. (1988a), manifested a 1.3-

fold increase in weight relative to their non-transgenic littermates. However, in these mice

increased plasma IGF-I levels were accompanied by an increase in the levels of plasma

IGFBP-3 , the major carrier of circulating IGF-I. By contrast, expression of hIGF-I in the

PEPCK-IGF-Ia) rats does not appeff to lead to a marked alteration in IGFBP-3 (figure

4.2.10) under fed conditions. It is therefore plausible that the PEPCK-IGF-Ia) rats fail to

exhibit increased $owth even in the presence of hIGF-I produced basally from the PEPCK

promoter, due to clearance of this hIGF-I from the circulation in the absence of sufficient

IGFBP-3.

In summary, this study has further confirmed the feasibility of gene transfer to rats.

In addition , we have produced a single line of rats which express hIGF-I in a manner which

is consistent with control by the PEPCK promoter. These animals appear to express a basal

level of hIGF-I which is increased during fasting. Expression of the transgene is

predominant in the livers and kidneys of these animals. Despite the presence of extra hIGF-

I in the plasma of these rats their growth is normal compared to non-transgenic littermates.

Future work on this line of rats will involve examination of the effect of the transgene

derived hIGF-I under conditions of dietary hardship or hormonal manipulation.

Specifically, it will be interesting to examine hIGF-I expression in these animals when fed

both low carbohydrate/high protein and high carbohydratelow protein diets (or when

sta¡ved for longer periods). Although, little effect on the growth of these animals was

observed under fed conditions it would be interesting to see whether expression of additional

hIGF-I for prolonged periods would enable those animals expressing the transgene to

maintain their body weights ahead of the non-transgenics. O'Sullivan et al. (1989) showed

that administration of IGF-I to mice during starvation (for 36 hrs) was able to reduce the

weight loss in these animals. Furtherrnore, total body weight may be an inappropriate index

of growth in these animals. Mathews et al., (1988a) observed ma¡ked specific

organomegaly in transgenic mice expressing hIGF-I under the control of the MT-I promoter

without an apparent increase in skeletal growth. Therefore, it will be important to examine
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the effect of hIGF-I expression in the PEPCK-IGF-Ia) transgenic rats, on carcass

composition and individual organ weights. In respect to this, it has recently been shown that

IGF-I transgenic mice show a markedly increased brain growth and myelination compared to

normal mice, suggesting an important role for this peptide in brain growth and development

(Carson et al., 1993).

It would also be beneficial to examine in greater detail the inducibility of the Eansgene

in the available line of rats. This could be done by administration of the glucocorticoid

dexamethasone to the animals and measuring changes in the plasma levels of hIGF-I in

response to this known inducer of PEPCK transcription (Nechushtan et al., 1987;

Magnuson et al., 1987). Also, dibutyryl-cAMP could be administered, as it has been

shown to induce expression of PEPCK controlled transgenes when administered to

transgenic mice (McGrane et al., 1988). Integral to such studies would be the paralell

creation of additional transgenic rat lines using the PEPCK-IGF-Ia) construct. Extra lines of

animals would allow better assessment of the potential for higher level expression of the

hIGF-I cDNA. Nevertheless, even with only one line of PEPCK-IGF-I animals available

we are now in a position to begin to assess the ability of hIGF-I to combat stress-associated

nitrogen loss in these animals.
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CHAPTER 5:

GENERAL DISCUSSIO}{
Since the commencement of this project the use of rats in the field of transgenesis has

become more widespread, with transgenic rat models for both hypertension and spontaneous

inflammatory disease being developed (Mullins et al., 1990; Hammer et al., 1990).

However the limited success of rat uansgenesis reported prior to my commencement

suggested it was necessary initially to establish the procedure in rats using an already proven

transgene. Therefore a construct containing the hMTIIa promoter linked to a pGH cDNA

was introduced into the rat zygotes by microinjection. This construct was chosen as it had

previously been proven to integrate successfully and express biologically active pGH in

transgenic mice and pigs (Owens et al. ,1989; Vize et al., 1988). Consistent with the

success in these species, a high integration frequency of 56 Vo was observed in rats.

Furthermore, a large proportion of these transgene positive animals (approximately 28 7o)

were found to have immunoreactive pGH in their blood at the time of weaning. The level of

plasma pGH in individual animals varied from as low as 18 ng/ml to as high as 1200 ng/ml

and was not related to the number of copies of the transgene. When expression of pGH

mRNA was examined in founder rats using a ribonuclease protection assay, the pGH

mRNA was detected in a number of tissues ie. liver, kidney, lung, spleen, brain, intestine

and heart, consistent with the expression of the metallothionein genes in most adult cell types

(Sea¡le er al., 1984). The pattern, tissue distribution and abundance of pGH mRNA varied

between individual rats. However, in all but one animal examined the predominant

expression of pGH was in the liver. The exception showed greater pGH mRNA in the

intestine than in the liver. These findings are in general agreement with the results of

transgenesis using the MT-I and MTII promoters in transgenic mice (Palmiter et al., 1986)

and strongly suggest that expression of this transgene is heavily influenced by its site of

integration. Thus the DNA surrounding the Íansgene can directly influence the level of

pGH expressed and its pattern of expression . Although it is assumed that the transgene has

integrated into different regions of the rat genome in each transgenic animal, confirmation

should be made using chromosomal in situ hybridisation (Lacy et al., 1983) employing the

hMTIIa promoter Hind III/Ava I probe.

Recently Palmiter et al., (1993) have identihed DNA regions far upstream and

downstream of the mouse MT-I and MT-II genes respectively, which are able to confer
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position-independent expression on a variety of reporter constructs in transgenic mice.

These regions also increased the in vivo expression of intronless copies of the rGH gene.

The sequences corresponded to sites of DNAse hypersensitivity and are believed to function

as Locus Control Regions (LCRs) for the metallothionein genes. Thus, inclusion of such

regions (or regions derived from the human MT genes) in any future MTIIa-pGH constructs

may well enable consistent expression of the construct in individual transgenic rats.

I have shown the MTIIa-pGH transgene to be heritable in two separate lines of rats.

These lines of animals show marked differences in both the levels of blood borne pGH and

their growth response. In the D line, transgenic animals exhibit low levels of plasma pGH

which have been shown in preliminary experiments to be inducible by zinc. Growth in these

animals is not significantly different from non-transgenic controls. In contrast the line

derived from M5.5, plasma levels of pGH are high, non-inducible and accelerated gowth

can be observed from as early as three weeks of age. These results again emphasise the

influence which may be exerted by the chromosomal site of integration on the expression

and regulation of the MTIIa-pGH ransgene.

A number of the founder animals showed increased growth from the time of

weaning, however the growth was not directly related to the plasma levels of pGH at this

time. tü/hile female animals C,M2.1 and M5.5 showed marked growth with plasma pGH

levels of 800 ng/ml, 1170 ng/rnl and 42 ng/ml respectively, male transgenics such as I[d5.2

showed little increase in growth despite a plasma pGH level of 360 nglml (table 2.2.4).

Thus, although pGH stimulated growth in a number of animals not all were equally

responsive. This is perhaps not surprising as the growth of these animals would also be

dependent on the levels of rat GH present. It is possible that the tissue site of expression

may influence the gowth response. Thus, while all of the fast growing animals examined

showed predominant liver expression the only unresponsive animal examined , Founder D

showed high intestinal expression. It is obvious from these anomalies that their are inherent

difficulties in studying the growth of founder animals, largely due to differences in the

integration site of the transgene.

At the present time it is not known whether the transgene derived pGH directly acts

on the rat GH receptors or whether enhanced $owth is manifested as a result of

displacement of rGH from circulating GH BP and its subsequent action on GH receptors.

Hence future studies to elucidate the mechanism of gowth in the MTIIa-pGH rats will need

to carefully examine the levels of endogenous hormones and binding proteins in these rats eg
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rGH (GFVBP) , rIGF-I (IGFBPs) and their possible relationships to the growth observed.

Furthermore, the contribution to the growth of these rats by individual tissues and organs

needs to be clarified. While meaningful examinations of these areas could not be performed

on the founder animals generated in this study, the production of two stable lines of

transgenic rats should enable well controlled and detailed experiments to now be performed.

Further characterisation of these lines of rats with respect to the onset and distribution of GH

expression, its possible regulation by zinc and the subsequent timing of the $owth response

should ensure that these animals become useful tools to study GH regulated somatic growth.

Before attempting transgenesis in rats using the PEPCK-IGF-I construct it was

highly desirable to test for its expression invitro. Therefore the construct was ransfected

into both CHO cells and H4IIE hepatoma cells by elecroporation. It should be noted that

expression of constmc ts ín vitro rarely reflects expression in vivo. V/hile a number of

transfectants were isolated, expression of hIGF-I was poor in all but one CHO clone (clone

1O). The poor expression generally observed in the CHO transfectants may be due to the

absence of a specif,rc trans-acting factor in this cell line necessary for eff,rcient expression by

the PEPCK promoter. In this scenario the single higher expressing clone may have arisen

due to fortuitous integration of the transgene into the CHO genome near an enhancer

sequence. Further transfections of this construct into CHO cells accompanied by Southern

analysis and ribonuclease protection analysis of expression on the resulting transfectants will

be necessary to determine whether this is the case. Closer examination of the expression

observed in clone lO could also be informative. In this regard the PEPCK promoter

riboprobe could be employed to assess the expression of the transgene mRNA in this cell

line and its regulation by additional factors such as glucagon or cAMP

In regard to the low expression observed it may be worth noting that the half-life of

endogenous PEPCK mRNA is extremely short (approximately 30 minutes) (Nelson et al.,

1980). Although the hGH sequences were included in the construct to increase the stability

of the fusion mRNA species, it is possible that the inclusion of additional PEPCK derived

sequences 3'of the IGF-I cDNA may have conferred instability to the transgene message.

Expression in clone 10 was lower than that previously observed for the same IGF-I

cDNA driven by a retroviral promoter element in CHO cells (McKinnon et al., 1992). The

material produced by this clone was shown to be hIGF-I by radioimmunoassay and its

bioactivity conf,rrmed in a L6 myoblast protein synthesis assay. Furthermore, this particular

clone produced hIGF-I mRNA in a manner consistent with control of expression by the
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glucocorticoid-inducible, insulin-repressible PEPCK promoter, suggesting that the

construct was functional and could be used for transgenesis studies.

Expression of the PEPCK-IGF-I constn¡ct in the H4IIE cell line was very low.

Unexpectedly, analysis of the endogenous PEPCK gene in non-transfected H4IIE cells

showed that the presence of IGF-I in the culture medium was able to inhibit the production

of PEPCK mRNA even in the presence of inducers of PEPCK transcription. This indicated

that expression of the ransgene could be subject to feedback inhibition by IGF-I,

preventing the isolation of clones expressing significant hIGF-I. Hence the H4IIE cell line

was unsuitable as an in vitro model for studying the regulation of the transgene. If future

tra¡rsfections were to be performed using the PEPCK-IGF-I constnÌct, kidney cell lines

would now be the likely choice of cell line for use. Such cell lines express the PEPCK

gene, but insulin (and hence IGF-I ) is not the dominant influence on transcription in these

cells (Inedjian et al. ,I975). Thus, induction of the transfected PEPCK-IGF-I gene by

glucocorticoids or cAMP should occur regardless of the accumulation of hIGF-I in the

culture medium.

Having shown the potential for the expression of the PEPCK-IGF-I construct in

tissue culture, microinjections of the transgene were performed into rat oocytes. Integration

of the transgene was shown for 427o of the rats produced, a frequency consistent with the

findings for the MTIIa-pGH construct in rats and substantially higher than the'7 Vo reported

recently for integration of a metallothionein-PEPCK transgene in rats (Zajac et al., 1993 ).

Of the animals carrying the transgene, a single male (P6.3) was found to be

expressing hIGF-I. The level detected following fasting in this animal was approximately

34 nglml, consistent with the low expression of the constmct observed in vitro. Tlte

transgene was found to be arranged in both head-to tail and tail-to-tail ¿urays in this animal

and this pattern was heritable through two generations, indicating stability of the construct in

the germ-line. The inherited transgene was expressed by only 316 of the Fl offspring

containing the gene indicating that other epigenetic factors (reviewed by Monk, 1990) may

control expression of the Íansgene in this family. In two of the animals, expression was

induced by fasting and inhibited by re-feeding suggesting control of hIGF-I by the PEPCK

promoter. Furthermore in all expressoÍs examined (Fo, Fl and F2 generations), transgene

mRNA has predominated in the liver and kidneys, further evidence for control of expression

by the PEPCK promoter. These findings also imply that the site of transgene integration in
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this line of rats does not affect the tissue-specif,rc expression of the transgene. This appears

to be in contrast with the situation observed for the MTIIa-pGH construct.

Studies have recently shown that there were signif,rcant effects on glucose

metabolism in mice containing PEPCK-bGH transgenes (Valera et al., 1993). Thus it may

be relevant to examine this area in the PEPCK-IGF-I rats, as many of GH's effects are via

IGF-I. As with studies I have performed in tissue culture cells, the effect of hIGF-I

expression on the endogenous PEPCK gene in these transgenic animals could be examined

as a preliminary to examination of gluconeogenesis in these animals.

Future experiments on this line of animals will focus on attempting to induce the

expression of hIGF-I to higher levels by administration of synthetic glucocorticoids such as

dexamethasone, dibutyryl-cAMP or by feeding the animals a special carbohydrate-free diet.

Longer term fasting of the animals is constrained by ethical considerations and is therefore

not the most favoured option. Furthermore, a thorough classif,rcation of all remaining

animals in the pedigree with respect to their expresssion of hIGF-I is planned as is

concwrent breeding of expressingFZ animals. As only 26 rats were generated from the

PEPCK-IGF-I microinjections, further microinjections of the PEPCK-IGF-I or PEPCK-

des(l-3)IGF-I transgenes will be necessary to determine whether higher levels of expression

are achievable with these constmcts.

McGrane et al., (1990) reported an increased frequency of expression in transgenic

mice containing the bGH structural gene linked to greater lengths of PEPCK 5' region than

used here (2000 bp compared to 460 bp), suggesting that elements further upstream of the

PEPCK gene contribute to its ability to be expressed. This idea has been strengthened by

the recent discovery of a LCR-like sequence 4.8 kb upstream of the rat PEPCK gene

(Cheyette et aI. ,1992). Modification of the existing IGF-I and des(1-3)IGF-I constructs to

include such LCR sequences may therefore increase the number of expressing animals and

shield the promoter from the influence of the neighbouring DNA in any future transgenic

rats. Use of LCR sequences in constructs for transgenesis has also been reported to increase

the expression level of intron-less constructs in vivo (Palmiter et al., 1993). V/hile the effect

on hIGF-I expression of heterologous introns included in the PEPCK-IGF-I construct is not

yet known, inclusion of PEPCK LCR-like sequences may alleviate the need for these in

future.

The growth rate achieved by the PEPCK-IGF-I transgenic rat line was not

significantly different from that of non-transgenic rats under a regime of ad libitum feeding.
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Under these conditions expression of hIGF-I from the transgene is predicted to be extremely

low and thus the essentially normal growth of these animals is not surprising. It should be

remembered that MT-IGF-I transgenic mice expressing hIGF-I were only approximately 1/3

larger than their non-transgenic littermates (Mathews et al. ,1988). It will be important to

examine the growth characteristics of the existing PEPCK-IGF-I rat line and any additional

transgenic PEPCK-IGF-I lines generated, under conditions shown to induce expression of

the transgene. It will be necessary to determine organ weights and carcass compositions of

these animals to assess the contribution to growth made by various tissues. This may be

particularly pertinent in view of the specific organomegaly observed in IGF-I transgenic

mice and the role of IGF-I as a autocrine / paracrine regulator of the gowth of numerous

tissues (Mathews et al., 1988; Quaife et al. ,1989; Carson et al., 1993). Thus, while levels

of hIGF-I produced from the liver and released in an endocrine fashion in the PEPCK-IGF-I

rats may not be sufficient to stimulate significant skeletal growth, hIGF-I acting locally in

individual tissues may facilitate the growth of these tissues.

Although, expression of IGF-I has not been shown in the brain of PEPCK-IGF-I

rats, it would be of interest to examine this tissue. Evidence suggests that the more potent

des(1-3)IGF-I peptide is formed and acts to stimulate the growth of the brain (Sara et al.,

1936). Carson et al (1993) showed that IGF-I produced in the brains of IGF-I transgenic

mice stimulated significant growth of this tissue. Thus it is possible that low level

expression of a PEPCK-IGF-I transgene in the brain could also show pronounced growth

effects in this tissue via the generation of des(1-3)IGF-I.

The importance of IGF-I in mammalian growth has recently been re-affirmed by

creating chimaeric mice in which the IGF-I gene has been knocked out by gene targeting in

embryonic stem cells (Robertson et al ,1993 ). The resultant heterozygous mice are 60 7o of

the size of non-transgenic littermates at birth, do not undergo a pubertal growth spurt and

reach only 30 Vo the size of normal animals at maturity. In addition, both males and females

exhibit hypoplasia of the reproductive tract and are sterile. Thus, these studies provide direct

evidence that IGF-I plays a role in embryonic growth but its major contribution is to the

postnatal gowth of mammals. While such experiments will continue to be crucial for

determining the role of IGF-I in mammalian development, traditional transgenesis

approaches as used in my studies are powerful in testing specific hypotheses of IGF-I

act10n.
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It is now becoming possible for researchers to incorporate signal sequences the

genome which allow the removal of intervening sequences by site-specific

(Fukushige et al., 1992; Orban et al., 1992: O'Gorman et al., 1991)). These sequences

require the presence of an recombinase protein in tans to facilitate this process (Baubonis et

a1., 1993). If such sequences were to be placed by homologous recombination next to a

specific target gene, that target gene could be excised. Therefore a very powerful approach

for studies of IGF-I action in the future may be to generate a line of animals containing the

IGF-I gene (or specific exons) flanked by these signal sequences. A second line of animals

could then be produced in which the recombinase protein was expressed under the control of

a tissue-specific promoter element. Double transgenic offspring generated as a result of

mating these two lines should excise the IGF-I gene (or specific regions) only in those

tissues in which the recombinase was expressed. Such experiments will form the main

armourmant of molecular biology against the mystery of IGF-I action in the coming years.

In addition to the use of gene targeting and site-specific recombination, the future

transgenesis in the IGF-I field may benefit from the advances made in manipulation of yeast

artifrcial chromosome vectors (YACs). YAC vectors are capable of housing extremely large

pieces of DNA (over 2 Megabases) (Burke et al., 1987). Recently YACs containing

transgenes up to 85 kb have been successfully used to generate transgenic animals (Schedl et

al. ,1992,1993; Choi et al., 1993). Thus the potential now exists to inroduce the entire

IGF-I gene into transgenic animals eliminating the problems associated with the use of

poorly expressed cDNAs.

The experiments described in this thesis demonstrate that the production of

transgenic rats for biomedical research is not only feasible but in general more efficient than

production of transgenic mice. New lines of rats have been generated in which either pGH

or hIGF-I are expressed in different patterns. Although further classif,rcation of these

animals is required both groups of animals offer the potential for elucidating many of the

unsolved questions surrounding the actions of both GH and IGF-I in mammalian growth.



CHAPTER 6
MATERIALS AND METHODS
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CHAPTER 6:
MATERIALS AND METHODS

6.1 ABBREVIATIONS
ATP: adenosine triphosPhate

APS : ammonium persulphate

B CIG: 5-bromo-4-ctrloro3-indolyl-ß-ð-galactopyranoside

bp: base pairs

BSA: Bovine Serum Albumin

CHO: Chinese Hamster Ovary

DNase: deoxyribonuclease

dNT?: deoxynucleoside triphosphate

DMEM: Dulbeccos Modified Eagles Medium

DMSO: Dimethyl sulphoxide

DTE: Dithioer¡hritol

DTT: Dittriothreitol

EDTA: ethylene diaminetetraacetic acid

FBS: fetal bovine serum

FCS: fetal calf serum

GH: Growth hormone

TIEPES : N-2-hydroxyethylpiperazine-n' -2-ethane sulphonic acid

HPLC: high pressure liquid chromatography

IPIG: isopropyl-ß-ð-thio-galactopyranoside

IGF: Insulin-Like Growth Fac

IGFBP: Insulin-like growth factor binding protein

PBS : phosphate-buffered saline

PEG: polyethylene glycol (MW 6000)

RNase: ribonuclease

SDS -PAGE: Sodium dodecyl sulphate polyacrcrylamide gel electrophoresis

Tris: Tris (hydroxymethyl) aminomethane

TCA: trichloroacetic acid
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6.2 MATERIALS

6.2.1 Chemicals drugs and general reagents

The following were obtained from Sigma Chemical Co. St.l,ouis, MO, USA

Acrylamide, agarose (Type 1), ampicillin, ammonium persulphate (APS)

bisacrylamide (N,N'-methylene-bis-acrylamide), bovine serum albumin (B SA),

chloramphenicol, dexamethazone, dibutyryl cyclic adenosine monophosphate (cAMP)

deoxyribonucleotide triphosphates (dNTPs), dithiothreitol (DTT), dithioerythritol (DTE),

ethidium bromide, ethylenediaminetetra-acetic acid (EDTA), ethylene glycol-bis (ß-amino

ethyl ether) isopropyl-thiogalactoside (IPTG), guanidinium isothiocyanate, N-2-

hydroxyethylpiperazine-N'-2-ethane sulphonic acid (I{EPES), salmon sperm DNA, sodium

dodecyl sulphate (SDS),2-Mercaptoethanol, spermidine, spermine, Tris base.

Sources of other important reagents were as follows :

5-bromo-4-chloro-3 -indolyl ß-D-galactopyranoside (B CIG) : B RL

Ficoll400: Pharmacia

phenol: BDH chemicals

polyethylene glycol 6000: BDH chemicals

N,N,N',N'- tetramethethylethenediamine (TEMED): Tokyo Kasei

trichloroacetic acid (TCA): Univar Pty. Ltd.

tRNA, E. coli: BRI-

glycogen: Boehringer Mannheim.

Kits for dideoxy DNA sequencing, oligo-labelling of DNA, in vitro synthesis of

RNA, kinasing oligonucleotides, polymerase chain reaction and genecleaning were obtained

from Biotechnology Research Enterprises of South Australia Ltd., (Bresatec),Adelaide,

South Australia Kits for Ribonuclease protection assays were supplied by Bresatec on

licence from Ambion Pty. Ltd. Site-directed mutagenesis kits were purchased from Biorad

Australia. All other chemicals and reagents were of analytical grade.

Hanks Balanced Salts and most plasticware used in tissue culture was purchased

from Gibco, Grant Island, N.Y., USA.

6.2.2 Enzymes

All restriction enzymes used during the course of this work were purchased from

either Pharmacia or Toyobo Inc.
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Other enzymes were obtained from the following sources:

Calf intestinal phosphatase (CIP) : Boehringer Mannheim

E. coli DNA polymerase I (Klenow fragment) : Bresatec

lysozyme: Sigma

proteinase K : Boehringer Mannheim

Ribonuclease A (RNase A) : Sigma The stock solution (l0mg/ml ) was incubated at 100 oC

for 10 min to inactivate any DNase activity. Also enzymes for Ribonuclease Protection

Assays (RPAs) were supplied by Ambion Pty. Ltd.

Ribonuclease T1 (RNase T1) : Pharmacia and Ambion

T4 DNA ligase : Bresatec.

T4 DNA polymerase : Integrated Sciences Pty. Ltd.

T7 RNA polymerase:Bresatec

SP6 RNA polymerase :Bresatec

6.2.3 Radiochemicals

lo-32p1 dATp (1800 ci/mmol), [o-32p] dcrP (1s00 cilmmol), ¡y-32l1arr

(>2000 Ci/mmol) and ¡cr-32P1 rUTP (1500 Ci/mmol) were all purchased from Bresatec.

[3u] -Leucine was obtained from Amersham as was l25l-iodide.

6.2.4 Buffers

Denhardt's solution : 0.IVo(wlv) Ficoll, 0.lVo(wlv) polyvinylpyrrolidine,

0.1Vo(w/v) BSA

NET : 100mM NaCl, lmM EDTA, 10mM Tris HCI pH 7.5

SSC : 150mM NaCl, 15mM sodium citrate

SSPE : 150mM NaCl, 10mM NaH2PO4, lmM EDTA

TAE : 40mM Tris-acetate,20mM sodium acetate, lmM EDTA, pH 8.2

TBE : 90mM Tris, 90mM boric acid, 2.5mM EDTA, pH 8.3

TE : 10mM Tris-HCl pH 7.5, 0.1mM EDTA

TES : 25mM Tris-HCl pH 8.0, 10mM EDTA, 157o sucrose

TEG: 25 mM Tris-HCl pH 8.0, 10mM EDTA, 20 Vo glucose

HEPES buffered saline: 20 mM HEPES, 137 mM NaCl and 5 mM potassium

chloride, pH 7.05 (Hepes buffered saline with 6 mM glucose was used as the H4IIE

electroporation buffer)
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All buffers were sterilizedby autoclaving or where necessary by filtration through a

Sartorius ru Minisart NML 0.2pm filter.

6.2.5 Bacteriat Strains and Bacterial Growth Media

i) Bacterial Strains

The following E.coli K12 srains were used :

(1) E. cotiBB|: srzp F58 supV44 hsdR5l4 gaIK2 galT22 rrp R55 metBlton A ÂlacU169

F'[proAB+ laclg lacZAMl5 Tn10 (ter\]host for recombinant plasmids and M13

bacteriophage.

(2) E.coli DH5a: sup 44 LlacIJl6g (p80 lac ZLM^I1) hsdRlT rec Al end AL gyr A96 thïl

relAl host for recombinant plasmids, obtained from the E. coli Genetic Stock Centre, Yale

University, New Haven.

(3) E.coli XLl-Blue : supE44 hsdRl7 recLl endAl gyr{46 thi reIAI lac- FlproAB+ IacI9^

lacZ\¡y'rl! Tn10 (tetr)l host for recombinant plasmids and M13 bacteriophage, purchased

from stratagene.

(4) E.coli JM101: L^ (lac-pro\F' Lac 19,Z L M15, tradl host for recombinant plasmids

purchased from Sratagene

(5) E.coli CJ236: dut, ung, thi, rel A; pCJ105 (Cmr) host for plasmids undergoing site-

directed mutagenesis.

(6)E.coli MV1190: L,(lac-proAB),thi,supE,L,(sri-rec A)306::TrIO(tetÐ [F': traD36,

pro AB,laclQZLMlsl

Stock cultures of these (and plasmid transformed bacteria) were prepared by

dilution of an overnight culture with an equal volume of 80Vo glycerol and stored at either

-20 oC, or -80 oC for long term storage. Single colonies of bacteria, obtained by streaking

the glycerol stock onto agar plates of suitable medium (Section 2.1.9) were used to

innoculate liquid growth medium, and the bacterial cultures were grown at 37 oC with

continuous shaking to provide adequate aeration.
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ii) Bacterial Media

Growth media Ìwere prepared in double-distilled water and sterilized by autoclaving,

antibiotics and other labile chemicals were added after the solution had cooled to 50 oC.

(1) Luria (L) broth : contained l7o (w/v) Bacto-tryptone (Difco),O.5Vo (w/v) yeast

extract (Difco), l7o (w/v) NaCl, adjusted to pH 7.0 with NaOH. Agar plates were prepared

by adding I.5Vo (w/v) Bacto-agar (Difco) to the L broth. Ampicillin (50 Ltdml) or

tetracycline (10 pglml) or chloramphenicol 170 pglrnl) were added where appropriate for

growth of transformed bacteria, to maintain selective pressure for the plasmid.

(2) 2 x YT Medium z l.6%o Bacto-tryptone, I7o yeast extract, O.57o NaCl, adjusted to

pH 7.5 with NaOH.

(3) Solid Media : Agar plates were prepared by supplementing the above media with

1.57o Bacto-agar.

6.2.6 Cloning Vectors

pBS KS- and pBS SK* were purchased from Stratagene.

pGEM 3Zf(+) was purchased from Promega.

pSP72 and pSP73 were purchased from Bresatec

6.2.7 Cloned DNA sequences

The following cloned DNA sequences used as probes throughout this study were

generous gifts from the following :

pMIIa-pGH: Dr. J.R.E. Wells, Biochemistry Dept., University of Adelaide

pFlFb-Actin : Dr. L. Matchoss, Stanford University, California.

pSV4OhGH : Mr. G. Ryan,Institute of Medical and Veterinary Science. Adelaide.

pRrl8S oDNA for 18S ribosomal RNA : Dr J Mercer, Murdoch Institute, Melbourne.

pPGH sp72 :Mrs. L. Crocker, Biochemistry Dept., University of Adelaide

pSP72 Neo R : Mr. Tim sadlon, Biochemistry Dept., university of Adelaide

pGEM rIGF-I and pGEM rBP-1 : Dr. L. Murphy, Dept. of Physiology, University of

Manitoba,'Winnipeg, Manitoba R3E OW3, Canada

pGEMTGHRÆP: Dr. A.C. Herington,Royal Childrens Hospital Melbourne Vic.

pBH1.2 and pPCKl0 : Professor R.W.Hanson, Biochemistry Dept., Case Western Reserve

University,Cleveland,Ohio)
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6.2.8 Oligonucleotides:
All oligonucleotides were synthesised by Bresatec Ltd.

MTIIa-pGH chapter:

# 1367 (26 mer): 5'-ATG AGA ATA CTG GAG AGT CCT TAT CT-3'

# 1384 (26 mer): S'-ATG ACG TAT CCG AAG CTA GTT GAG TA-3'

both primers bind within the hMTIIa promoter region (Karin and Richards 1984) and

amplify a 130 bp region

Cell Culture chapteri

17 mer sequencing primer: 5'-GCC ATA CCC TGT GGG CT-3' (binds to the codons for

lysine 27 of mature hIGF-I to glycine 32)

RRS 644: (30 mer) 5'-AGC CCC GCA GAG CGT*AGC CGT GGC AGA GCT-3'

(removes the three N-terminal amino acids of hIGF-I to produce des(1-3)IGF-I.

#1655: (30 mer) S'-GGT CTG GAT CAG AAG CTT TGC GGT GGC ATG-3' (creates a

Hind III site at 3'end junction of hIGF-I cDNA and PEPCK exon 1, to enable removal of

PEPCK intron / exon sequences)

PEPCK-IGF-I Transgenesis chapter!

#2024 (18 mer): 5'-GTT CAA TCA TTA TCT CCC-3' (binds in PEPCK promoterregion)

#2025 (20 mer): s'-GGT AGA AGA GAT GCG AGG AG-3' (binds in hIGF-I cDNA)

6.2.9 Tissue Culture Cell lines and Media

Rat Reuber H4IIE hepatoma cells and Chinese Hampster Ouary (CHO) cell lines

were purchased from the American Type Cell Culture (ATCC) Laboratory. Rat L6

myoblasts were provided by Dr.J.M.Gunn, Dept. of Biochemistry and Biophysics, Texas A

and M University College Station, Texas, USA.

Phosphate-buffered saline (PBS) : 136mmol /L NaCl, 2.6mmol/L KCl, l.Smmol/L

KHZPO¿ and 8 mmofl Na2HPO4, p}J7 .4, was sterilized by autoclaving (20 psi for 25

min at 140 oC).

TrypsinlEDTA solution : 0.I7o trypsin (Difco) and 1 x EDTA Versene buffer

solution (CSL), was sterilized by filtration through a 0.2pM filter (Whatman).

Growth Medium for H4IIE and L6 cells: 1 x I litre packet Dulbecco's minimal

essential medium, (DMEM) (Gibco), 28mmol/l NaHCO3, 19mmol/l glucose, and 20mmoVl



108
Hepes, pH 7.3, was supplemented with 50,000 Units Gentamycin (Gibco), and filter

sterilized as described above.

Growth medium for CHO cells : 1 x 1 litre packet Ham's F12 with L-glutamine

(Gibco), and 28mmol NaHCO3, was supplemented with 50,000 Units Gentamycin

(Gibco), p}J7.4, and filter sterilized as described above.

Fetal Calf Serum : Commonwealth Serum Laboratories, Melbourne , Australia

Fetal Bovine Serum: Flow Laboratories , North Ryde, N.S.W., Australia

6.2.10 Proteins and Growth Factors

Molecular Weight Protein Standards: Biorad, N.S.W., Australia

hIGF-I : Gropep Ltd, Adelaide, S.4., Australia

pGH: Bresatec Ltd., Adelaide, S.4., Australia

anti-pGH Antibody: UCB, Bioproducts

anti-hIGF-I polyclonal Antibody: Dr. P.C.Owens,CSIRO Division of Human Nutrition,

Adelaide, South Australia

anti-hIGF-I monoclonal Antibody: Dr. R. Baxter, Royal Prince Alfred Hospital,

Camperdown, N.S.Vy', Australia

6.2.1L Miscellaneous items

GF/A glass fibre filter discs and 3MM paper : Whatman Ltd

Kodak Diagnostic film X-Omat AR, USA

Nitrocellulose (BA 85) and Nytran 0.45pm : Schleicher and Schuell

X-ray film : Fuji Photo Film Co. Ltd, Tokyo, Japan

6.3 METHODS:
6.3. I
i) Containment facilities

All manipulations involving recombinant DNA technology and üansgenic animals

were caried out under C1 containment conditions in accordance with the regulations and

approval of the Genetic Manipulation Advisory Committee (GMAC) and the Adelaide

University council Experimental manipulation of animals was carried out with the

permission of the animal Ethics Comminee at the University of Adelaide.
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ii) General DNA methods

The following methods were performed essentially as described in Maniatis et al.,

(1e84) :

Growth, maintenance and preservation of bacterial and viral strains; quantitation of

DNA and RNA; autoradiogmphy; agarose and polyacrylamide gel electrophoresis; DNA and

RNA precipitations; phenol/chloroform extractions; end-filling or end labelling of DNA

fragments using the Klenow fragment of E.coli DNA polymerase I.

6.3.2 Plasmid DNA preparation

The rapid alkaline hydrolysis procedure of Birnboim and Doly (1979) was used for

the isolation of plasmid DNA from 2.5 ml overnight cultures for analytical restriction

digests. This method was also employed for the bulk preparation of plasmid cDNAs from 50

ml cultures for use as probes either for radiolabelling in Dot-blot, Southern or Northern

hybridization analysis.

DNA used for transfection of tissue culture cell lines or for double stranded DNA

sequencing, was routinely grown up in 100m1cultures innoculated with lml from a 5ml

overnight culture. The plasmid was extracted using the alkaline lysis procedure described

above and further purified by gel hltration on the HPLC following treatment with RNase A

(2 mg/ml), using a Superose-6, preparative grade column matrix (Pharmacia) to remove any

contaminating RNA, thereby allowing accurate quantitation of the DNA by

spectrophotometry.

6.3.3 Isolation of Genomic DNA

i) from animal tails: Tail samples (about 1 cm) were obtained from mice or

rats at approximately four weeks of age (at the time of weaning) snap frozen in liquid

Nitrogen and stored frozen until required. Tails were sliced into small sections and

resuspended in a solution (1 ml) containing I Vo (wlv) SDS, 50 mM Tris-HCL pH 7.5,I0

mM EDTA and 50 Lrglml proteinase K. The samples were then digested overnight at37 oC

before being spun briefly at 2000 rpm to pellet any cell debri. The supernatant was then

extracted twice with phenol/chloroform and once with chloroform before being digested with

RNAse A (50 pglrnl) for 60 minutes at 37 oC. Subsequently, the samples were subjected to

a single phenoVchloroform extraction followed by an additional chloroform only extraction.
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The DNA was then collected by ethanol precipitation and its concentration determined by

measuring the UV absorbance at a 'wavelength of 260 nm. The concentration, integrity and

contamination with RNA was then checked by running an aliquot of each preparation on an

agarose mini-gel.

ii) from tissue-culture cells: In most cases one confluent 150 cm3 flask

of H4IIE or CHO cells was washed with two changes of sterile PBS and the cell monolayer

trypsinised. After washing the cell pellet in PBS it was resuspended in 0.5-1.0 ml of

digestion buffer and digested overnight at37 oC Essentially the same protocol as above was

then used for extraction of DNA from the cell pellet.

6.3.4 Restriction enzyme digestion and analysis of DNA

In analytical digests,0.5-1 pg of DNA was incubated with 2-5 units each of the

appropriate restriction enzyme(s) for a minimum of 2 hours in the buffer conditions specified

by the manufacturer or in 1 x "super dooper" buffer.(3O mM Tris HCI pH 7.8,625 mM

potassium acetate, 100mM Magnesium acetate, 40 mM spermidine and 5mM DTE)

Reactions were terminated by the addition of a Il3 volume of urea load buffer and

electrophoresed on l7o or 0.8 7o mini-agarose gels in TBE buffer.

In preparative digests,5-20 pg of DNA was restricted in a reaction volume of 50

pl-100 pl using a two to four-fold excess of enzyme, and the desired DNA fragments were

isolated as detailed below.

Genomic DNA was routinely precipitated with spermine before restriction digestion

to facilitate digestion. Samples in TE buffer (usually 10-50 pg of DNA) were precipitated

for 15 minutes on ice with 2 mM spermine. After spinning at 10,000 rpm for 15 minutes

the pellet was resuspended in 100 pl of displacement buffer containing 0.3 M Sodium

acetare pH 5 and 10 mM MgCl2. The DNA was then collected by ethanol precipitation and

digested overnight in I x "super dooper" buffer, using a four-fold excess of enzyme.

6.3.5 Preparation of restriction fragments and vectors

All restriction fragments for use in ligation or as probes were isolated from either a

horizontal 0.87o-2.0Vo agarose gel, depending on the size of the DNA restriction

fragment(s). Bands representing restriction fragments were visualised under UV light

following staining with ethidium bromide, and the appropriate fragment(s) excised from the
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gel. The DNA containing gel slice was then placed in dialysis tubing and DNA electroeluted

into 200-500 pl of TE buffer at 60 mA for 30 min. Immediately before stopping the elution

the direction of current flow was briefly reversed to remove any DNA adhering to the

tubing. The eluent was then extracted with phenol/chloroform and chloroform singly before

the DNA was recovered by ethanol precipitation. Alternatively digests were run on 0.87o-

2.0VoTAE agarose gels and the DNA isolated using the Genecleanru protocol.

The Geneclean protocol was used exclusively in preparation of transgene DNA for

microinjection. In these cases the final elution of the DNA was ca:ried out into sterile PBS.

Plasmid vectors for cloning (p8H1.2, pBS, pSP72/73 ) were linearized with the

appropriate restriction enzyme(s) by digestion for 2-4 hours only. In cases where

complementary termini were produced, to prevent self-ligation of the vector, 5' terminal

phosphate groups were removed by incubation in 50mM Tris-HCl pH 9.0, lmM MgCl2,

0.lmM ZnCl2, with 0.5 units of calf intestinal phosphatase (CIP), in a final volume of 50 pl

for t hr at37 oC The vector DNA was isolated after electrophoresis on a 1.0Vo agarose TAE

gel using a GenecleanrM kit according to the manufacturers' instructions. The DNA was

resuspended at a concentration of 20-50 ng/pl, for use in ligation reactions.

6.3.6 Ligation of DNA

A 20pl reaction contained 20-50ng of vector DNA, the DNA restriction fragment,

50mM Tris-HCl pIJ7 .4,10mM MgCl2, lmM DTT, lmM ATP, and 1-2 units of T4 DNA

ligase. For cloning into plasmid vectors, a 2-3 molar excess of restriction fragment insert to

vector DNA was used. The reactions were incubated for either 4 hours or overnight at 14

oC. A control ligation with vector only was set up and included in the subsequent

transformation to determine background levels of uncut or recircularized vector DNA. In

some cases a ligation containing insert only was also carried out to assess the contamination

of insen stocks with un-cut DNA.

6.3.7 Transformation

A single colony of the E. coli host strain was innoculated into 5ml of L-broth

(where appropriate the L-broth was supplemented with an antibiotic) and the culture

incubated overnight at37 oC with continuous shaking. The overnight culture was then

dilured 100 fold into 50ml of L-broth (plus antibiotic) and the incubation continued at 37 oC,

with shaking, until the culture reached an absorbance at A6OO of 0.6-0.8. The cells were
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then pelleted by centrifugation at 2,000 x g for 5 min, resuspended in 2.5m1 of ice cold

0.2M MgCl2, 0.5M CaCI2and left on ice for 60 min. Two hundred microlitres of this cell

suspension was mixed with 2-5pl of the DNA ligation reaction mix (Section2.2.6) and left

on ice for 40 min. The cells were then heat shocked at 42 oC for 2 min, L-broth plus 20mM

glucose was added (100¡rl if the cells were spread directly onto the agar plates), and the cells

were incubated at 37 ocfor at 20-30 min. The transformed cells were then plated onto L-

agar containing 5Opg/ml of ampicillin [+/- BCIG (50 mg/rnl) and IPTG (20 mg/ml)], by

spreading with a wire spreader. The agar plates were routinely incubated at 37 oC

ovemight.

6.3.8 Preparation of single-stranded DNA

Single-stranded DNA was prepared for both sequencing and site-directed

mutagenesis as follows. Single colonies of transformed bacteria were inoculated into 1.5rnl

cultures of L broth containing 0.0017o thiamine and 5Opg/rnl ampicillin, and grown

ovemight at 37 oC with good aeration. The cultures were then diluted 1:40 grown to an

AOOO of 0.6-0.8, and again diluted 1:40. Ml3K107 helper phage at a multiplicity of

infection of 10 was added, and the cells were incubated at 37 oC for t hour. Kanamycin

(7Opg/ml) was then added and the cells incubated overnight at 37 oC with good aeration.

Cells were pelleted by centrifugation in an Eppendorf centrifuge for 5 min. The

supernatant was carefully removed into a fresh tube and recentrifuged. Two hundred

microlitres of 2.5M NaCl , 20Vo PEG 6000, was added to 1.2m1 of the supernatant. After

15 min at room temperature the single-stranded phage pellet was collected by centrifugation

in an Eppendorf centrifuge for 5 min. All traces of the supernatant were removed, and the

pellet was resuspended in 100¡rl of 10mM Tris-HCl pH 8.0, 0.lmM EDTA and extracted

with an equal volume of buffer-saturated phenol. The aqueous phase was re-extracted 3 x

with 500p1 of diethyl ether and ethanol precipitated. The phage DNA was collected by

centrifugation, washedinT0o/o ethanol, air dried, resuspended in 25pl TE buffer, and stored

at-20 oC. In some cases the DNA was treated with RNase A (50 pglrnl),

phenoVchloroform extracted and re-ethanol precipitated prior to storage or use.

6.3.9 Di-deoxy chain termination DNA sequencing

Single-sÍanded template DNA (approximately 500 ng) was annealed in 10mM

Tris-HClpH8.0, lmMMgCl2with 5-7 ngof theappropriateprimer(1pl)inafinalvolume
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of 10p1. The mixture was heated at 95 oC for 3 minutes, and incubated at 50 oC for at least

15 minutes.

Sequencing was performed using the dideoxy method (Sanger et al., 1977),with

the sequencing reagents supplied in the Bresatec DSK-A kits. The sequencing reactions were

performed in accordance with the protocol accompanying the kits.

Double-stranded sequencing was performed using plasmid DNA (3-5 pg per

reaction) purifred on a Superose-6 gel hltration column (Pharmacia). The DNA was

denatured in 0.2M NaOH, 2mM EDTA for 30 min at 37 oC. The mixture was then

neutralized by the addition of 0.1 volumes of 3M sodium acetate pH 4.6 and the DNA

precipitated with 3 volumes of ethanol. The DNA pellet was collected by centrifugation,

washed in70 Vo ethanol, and resuspended in 7¡tl of 0.1mM EDTA prior to sequencing. The

sequencing reactions were carried out as for single-stranded DNA, using either the DSK-A

kit (Bresatec) or a Sequenase@ version 2.0 kit in accordance with the protocol

accompanying the kit.

Aliquots of each sequencing reaction (1-2 pl) were analysed on 6 Vo acryIamide/8 M

urea gels run in 1 x TBE buffer. Gels were pre-electrophoresed at 20 mA before use and

were run at 30 mA constant current. Following electrophoresis gels were f,rxed for 10

minutes with 10 Vo (v/v) acetic acid and subsequently washed with 20 Vo (v/v) ethanol for 10

minutes prior to being baked dry. Dried gels were then exposed to X-ray film at room

temperatur e for 4-24 hours.

6.3.10 Preparation of Í32'pl-l-abelled DNA probes

(Oligo-labelling of DNA)

In all experiments, a Bresatec Hexaprime kit was used for the oligolabelling of

recombinant plasmids. 0.1-0.5 ¡rg of DNA was labelled with 32P in a2}¡t"lreaction

containing 100mM Tris-HCL p}l7 .6,20mM MgCl2, 100mM NaCl, 2mþglrnl BSA, 4pM

each of unlabelled dGTP and dTTP, 100pCi each of fa-tzpl dATP and [u -3zP] dCT? and

5.0 units of the large Klenow fragment of E coli DNA polymerase I.

The reaction mix was incubated at 3l oC for 30 minutes and then extracted with

phenoVchloroform . The probe was then precipitated with ethanol (3 volumes) in the

presence of 0.75 M ammonium acetate pH 5.5 buffer and 2 pl of glycogen (Boehringer

Mannheim) at -80 oC for 15 minutes The DNA was pelleted by centrifugation for 30
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minutes at 12,000 x g, washed with 1 ml of ice-cold 70Vo ethanol, air dried and resuspended

in 200p1of TE buffer.

The specific activity of probes was generally l-2 x 108cpm/¡rg. Immediately before

adding to the hybridization mix, the the oligo-labelled DNA was denatured by incubation at

100 oC for 10 minutes, after the addition of 10M NaOH to a final concentration of 0.3M.

The probe was then snap cooled on ice and neutralised by the addition of an equal volume of

4M ammonium acetate.

6.3.lL Kinasing of oligonucleotides

Briefly, stocks of crude oligonucleotides (50pg) varying between 75-98 Vo inpvity

were ethanol precipitated with 0.3 M sodium acetate pH 5.5 and 3 volumes of ethanol before

being resuspended in 20 pl TE buffer. Oligonucleotides were then run on a20Vo

polyacrylamide gel at32ml^for 60 minutes and the major, highest molecular weight species

excised from the gel after visualising the DNA bands by overlaying the gel on a TLC plate

under UV light. The oligonucleotide was then eluted overnight in water, quantitated, ethanol

precipitated and resuspended in TE buffer at a desirable concentration .

The purified synthetic DNA oligonucleotides used in mutagenesis were kinased

prior to use. The reaction mixture contained 10mM MgCl2, 50mM Tris-HCl p}l7.4,5mM

DTT,0.1mM spermidine,O.lmM EDTA, 1 mM ATP and 2 units of T4 polynucleotide

kinase in a final volume of 10p1. This was incubated at31 oC for 30 minutes and the

reaction stopped by freezing at -20 oC.

6.3.12 Site-directed mutagenesis

Site-directed mutagenesis was carried out using a Bio-rad Muta-generM kit

according to the manufacturers instructions. The template to be mutagenised was

transformed into competent E.coli CJ236 cells (these cells were plated on L-broth +

chloramphenicol (30 ¡rg/ml) agar plates) as in 6.3.7 and single-stranded uracil containing

DNA prepared as in 6.3.8.

Approximately 0.lpmol of single-stranded uracil containing DNA was annealed

separately with several different concentrations of 5'phosphorylated mutagenesis primer (2-

5 pmol) in reactions containing 20 mM Tris-HCl (pH7.4),2mM MgCl2 and 50 mM NaCl

and water to a final volume of 10 pl. An additional reaction tube in which no primer was

added, was set up to test for non-specific priming. The mixture was heated to 70 oC for 5
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min and left to cool at room temperature for a further 40 minutes to allow annealing of the

mutagenlc pnmer.

Synthesis of the second strand was carried out in each annealing reaction with 0.4

mM of each dNTP,0.75 mM ATP, 17.5 mM Tris-HCl (pH7.4),3.75 mM MgCIZ and 21.5

mMDTTfinalconcentration. Tothismixture l unitof T4DNApolymerase and2-5 unitsof

T4 DNA ligase were added. The reactions were incubated on ice for 5 minutes, at 25 oC for

5 minutes and finally at 37 oC for 90 minutes before the reaction was stopped by freezing at

-20 oC. To ensure second strand synthesis had occurred, aliquots of each reaction (5 ttl)

were electrophoresed on I 7o agarose gels and the mobility of the single-stranded template

DNA compared with the mutagenic reactions.

The remainder of each mutagenesis reaction was then transformed into competent

MVl190 cells. Plating of the transformed cells on L-broth + Ampicillin plates usually led to

the recovery of 20-100 colonies and no colonies on the reactions carried out in the absence

of primer. An extremely high rate of mutagenesis was achieved using the kit as above

(successful mutagenesis was achieved in 90 Vo of clones picked). Mutations were confirmed

by sequencing and/or restriction analysis of individual clones.

6.3.13 Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction (PCR) was carried out in the identification of

transgenic animals and was performed using a Bresatec Taq polymerase kit according to

instructions. A master mix was first produced containing nx(5 Lrl)10 x Taq reaction buffer,

nx(4 pt) 25mM MgC12, nx(0.5 pl) 20 mM dNTP (all four),nx primer 1, primer 2 (between

300-500 pglrnl) and nx(lul) 0.1 U/ul Taq polymerase where n is the number of reactions to

be calried out. Aliquots (14 pl) of the master mix were then removed to each reaction tube

and the volume in each tube made up to 48 pl with sterile water. Finally, template DNA (2

pl) was added to each reaction tube and the reactions sealed with the addition of sterile

paraffin oil. PCR was performed with a Perkin Elmer Cetus Thermal Cycler (Norwalk, CT,

USA). Each PCR run included a contamination control lacking template DNA and a tube in

which a negative control DNA template was used. All manipulations above were calried out

using dedicated positive displacement pipettes in a laminar flow hood to prevent

contamination. The reaction conditions used for individual PCR reactions are described in

the relevant results chapters.
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Following amplification, aliquots (5 pl) of the 50 pl reactions were analysed by

electrophoresis on 2 Vo agarose gels run in TBE buffer. The reaction products were

visualised by illumination under UV light.

6.3.14 DNA Dot-blot

DNA (5ug) extracted from the tails of rats or mice was denatured in 0.lM NaOH,

2M NaCl and applied to Schleicher and Schluell NytranrM membrane using a Millipore Dot-

blot manifold apparatus. Samples were washed through with 2M NaCl and the DNA

crosslinked to the membrane using a Stratagene UV Crosslinker. The filter was then

prehybridised overnight at 42 oC in a solution containing 50 7o Formamide, 10x Denhardts

soln., 17o SDS, lM NaCl, 50mM Tris-HCl pH 7.5, l07oDextran Sulphate and 100 pglml

sonicated/denatured salmon sperm DNA. Blots were hybridised in the same solution with a

heat denatured 32P-labelled probe. All probes were generated using a Bresatec Hexaprime

labelling kit. Filters were typically washed after overnight hybridisation, at room

temperature in a solution containing 2XSSC, 0.17o SDS (30 min.) followed by a wash at

42oC(30 min). Finally the filters were washed at room temp and 42oC or 65 oC (30 min)

in a solution containing 0.1xSSC ,O.lVo SDS, before autoradiography at -80 oC.

6.3.15 Southern analysis and hybridisation conditions

DNA was digested with the appropriate restriction enzymes and electrophoresed on

a0.8-2.0Vo (depending on the size of the DNA fragments being separated) agarose gel in 1 x

TBE buffer. Following staining with ethidium bromide, the gel was visualised under UV

light, and phorographed. The DNA fragments were partially hydrolyzedby soaking the gel

in 0.25M HCI for 20 minutes, denatured, by soaking the gel in 0.5 N NaOFVIM Tris pH

7.5 for 20 minutes and neutralised in 1.5M Tris pH 8.0 before transfer to Nytranru

according to the method of Southern, as described by Maniatis et aL, (1984). Following

transfer, the filters were either baked in vacrc for 2 hrs, or the DNA was cross-linked to the

nylon membrane using UV light in a Stratagene Strata-linker 1800 for 3 minutes.
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Prehybridization was then performed fot 4-24 hours in 6 x SSC,0.17o (w/v) Ficoll,0.17o

(w/v) potyvinylpyrrolidine,O.lTo (w/v) BSA,O.lVo SDS,50 7o deionisedformamide,l0Vo

dextran sulphate and 200 F.g/nrl of heat-denatured sonicated salmon sperm DNA, at 42 oC.

Hybridization was carried out for 24-48 hours in the same solutionat42 oC with the

addition of 20-50 nglml of ¡32p1-otigo-labelled DNA probe. Filters were washed in 1 x

SSC, 0.17o SDS for 15 minutes at room temperature, followed by one wash at 42oC in the

same buffer. Subsequently, the filters were washed at room temperature and then 42 oC in

0.1 x SSC, 0.17o SDS before autoradiography . In some cases a further wash of 30-60

minutes in 0.1 x SSC,0.17o SDS at 65 oC was performed. Autoradiography of the filter

was performed overnight or longer at -80 oC, depending on the strength of the hybridization

signal.

6.3.16 Isolation of RNA

Total RNA was extracted from animal tissue (0.5 -1.5 g) using the guanidinium

isothiocyanate procedure described by Chomczynski and Sacchi (1987), modified in the

following way. Firstly, the volumes used in the published extraction procedure were scaled

up. Secondly when RNA is prepared from liver, glycogen tends to co-purify with the RNA,

this was removed by precipatation of the RNA with 3 volumes of 4M Na acetate at 0 oC

overnight. In some cases as a final purification step instead of Na acetate precipitation, the

RNA was precipitated overnight at 0 oC with five volumes of 4M LiCl. The RNA was

recovered by centrifugation at 8000 x g for 15 min at 4 oC, and resuspended in 0.lmM

EDTA.

Total RNA was extracted from tissue culture cells, essentially as described by

Chomzynski and Sacchi (1987). Cells were first trypsinised from 75 cm3 or 150 cm3

flasks and the cell pellet washed three times in PBS prior to extraction with solution D (4M

guanidinium thiocyan ate,25 mM sodium citrate, pH7; 0.5 Vo sarcosyl, 0.1 M 2-

mercaptoethanol)

In both cases, following RNA extraction, the absorbance values at260 nm and 280

nm of each RNA sample were determined on a Shimadzu UV-1604 spectrophotometer. The

AZeO/AZgOrarios of the RNA samples were consistently in the range 1.6 - 2.0. The

relationship of one AZSO unit equal to 40 pg/rnl RNA was used in the calculation of RNA

concentrations. Aliquots of RNA were analysed on l%o Agarose TBE gels to assess the

integrity of the 18 and 28S ribosomal RNA species prior to use.
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6.3.17 Analysis of RNA

i) Northern analysis

Northern hybridization analysis of total RNA was carried out by denaturation on

l7o asarose gels containing 1.1M formaldehyde, 0.02 M Sodium Phosphate buffer pIl7.4,

and transfer onto NytranrM (Schliecher and Schuell) filters. Prior to transfer gels were

washed for 30 minutes in 10 x SSPE to remove formaldehyde. Transfer was carried out

overnight in either 10 x SSPE or HETSru (High Efficiency Transfer Solution ) Following

transfer, the filters were either baked for 2 hours in vacuo, or irradiated with l2Omjoules of

UV radiation for 3 minutes in a Stratagene UV Stratalinkerru 1800 which results in the RNA

being covalently crosslinked to the filter (manufacturer's instruction manual). Filters were

pre-hybridized for 4-16 hours at 42 oC tn 50Vo formamide, 5 x SSC, 5 x Denhardt's

solution 0.17o SDS, 0.05Vo sodium pyrophosphate, and 200 ¡tg/ml of sonicated salmon

sperm DNA. Hybridizations were carried out for 18-24 h under exactly the same

conditions, except for the addition of radiolabelled probe (1-5 x 108 counts/Fg). In the case

of riboprobes, prehybridisation and hybridisation were at 60 oC. Filters were usually

washed in2x SSC, 0.17o SDS at room temperature for five and twenty minutes, followed

by one wash in 2 x SSC, 0.17o SDS at 60 oC or 65 oC for 40 minutes.

ii) In vítro synthesis of ¡32p1 labelled RNA

Antisense RNA probes were prepared using a Bresatec invitro RNA transcription

kit according to the manufacturers instructions. Ten micrograms of the DNA vector

containing the anti-sense DNA template for RNA synthesis was linearized with the

appropriate enzyme, separated from any uncut vector by electrophoresis and the template

recovered by the GenecleanrM protocol. Alternatively, following complete digestion with the

appropriate restriction enzyme the template DNA was purif,red by gel f,rlûation on a

Sepharose-6 column (Pharmacia). One microgram of this DNA was added to a reaction mix

containing 0.01M DTT,0.04M.Tris-HCl pH 7.6,MgC12, 500¡rM of each ATP, CTP and

GTP, 50pM UTP, lpg BSA, 100pCi [One micro gramls.-32P] UTP and 4 units of T7

RNA polymerase, in a total volume of 20p1. The reaction was incubated at37 oC for 60

minutes, before the addition of RNase-free DNase I (5-10U) and further incubation at this

temperature for 20 minutes. The reaction was then phenoVchloroform extracted and the

probe precipitated in the presence of 0.3M Na acetate pH 5.5, glycogen (lug) and 3 volumes
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of ethanol at -80 oC for 15 minutes. The probe was then collected by centrifugation at

10,000 x g for 15 minutes and electrophoresed on a 67o polyacrylamide gel. The gel was

then autoradiographed for 2-3 minutes and the band corresponding to the full length probe

was excised. The labelled probe was eluted ovemight in 400¡rl of elution buffer (0.5M

ammonium acetate, lmM EDTA,and}.I%o SDS), af 37 oC. The buffer containing the probe

was then aspirated away from the gel slice and the RNA was stored at -20 oC.

iii) Ribonuclease protection analysis

This assay was caried out using the Ambion RPA IIIM kit supplied by Bresactec

Ltd., in accordance with the protocol provided. Test RNA (20 -50pg) and approximately

50,000 cpm of the single-stranded RNA probe were combined in an Eppendorf tube and

pelleted by centrifugation following ethanol precipitation. The supernatant was removed and

the RNA pellet dissolved in 20pl of deionized formamide, 3pl of water and 3pl of 10 x

hybridization buffer (4M NaCl, 0.4M PIPES pH 6.4, and 0.01M EDTA). The mixture was

heated to 85 oC for several minutes and then incubated at 55 oC overnight.

Following hybridization, 200¡rl of RNase digestion solution was added (0.3M

NaCl, 0.01M Tris-HCl pl/'7.5,0.005M EDTA) with a mixture of RNase A (50 units/rnl)

and RNase T1 (10,000 units/ml) diluted 1/100. Each assay included a tube in which

digestion buffer was added without enzyme. The reaction was incubated at37 oC for 30

min.before 300 ¡rl of RNase inactivation/precipitation mixture was added and the tubes kept

at -20 oC for 15 minutes before being centrifuged at 10,000 rpm for 15 minutes to precipitate

the hybrids. Alternative\y,225 ¡rl of Solution D (see Chomczynski and Sacchi (1987)) was

added, the tubes vonexed briefly and 5 pl of IRNA (1 pg,/ul) added before the mixture was

precipitated with an equal volume (approximately 450 ¡rl) of isopropanol. The protected

RNA was dissolved in formamide loading buffer (Maniatis et aI., 1982), denatured by

heating at 85 oC for 2 min and analyzed by electrophoresis on a 6-8Vo sequencing gel. The

gels were autoradiographed at -80 oC for approximately 2-7 days using Kodak X-Omat

sensitive film.

6.3.18 Creation of permanent tissue culture cell-lines

i) Cell maintenance

All cells were routinely maintained in 150 cm3 flasks at 37 oC in an atmosphere of

5Vo CO2and were subcultured every 3-4 days. To subculture or harvest the cells the culture

media was removed and the cells washed in PBS before the addition of 3mls of
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trypsinÆDTA solution. The cells were left at room temperature until they began to detach

from the flask, when Tmls of culture media was added and the flask washed to remove any

remaining cells. The cells were subcultured by routinely being split 1:4, into fresh media and

incubating aT 37 oC. If the cells were to be harvested they were washed twice in l0mls of

PBS, and pelleted by centrifugation at 1200 x g for 5 minutes, before resuspending in the

appropriate buffer.

Transfection of rat Reuber H4IIE hepatoma cells by electroporation

Transfection of rat H4IIE cells by electroporation was performed by a modification

of the method of Chu et al., (1987) and was also based on the procedure used for

electroporation of rat H4IIE C3 cells by Dr. G. Bradiotti (personal communication). To

ensure the cells were in the growth phase they were routinely split 1:2 the day before

electroporation

The cells were detached using trypsin/EDTA, washed 2 x in PBS and resuspended

in Hepes buffered saline (HBS) containing 0.02M Hepes pH 7.05, 0.137M NaCl, 0.005M

KCl, 700pM Na2 HPO4, 0.06M glucose at a concentration of lx 107 cells/ml. Sonicated

salmon spenn (250pg), 15pg of the DNA construct to be transfected and 500p1 of the cell

suspension was added to each electroporation cuvette and gently mixed using a pipette.

Cuvettes were also set up in which there was no DNA for transfection.

The cells were incubated at 4 oC for 10 min, exposed to a single voltage pulse of

240 Volts, Capacitance 960, and left at room temperature for 10 min before gently plating

into 60mm dishes containing 4mls of DMEM plus 107o FCS serum. Cells were incubated at

37 ocfor 48-72 hours. Following this period the media was changed to DMEM + I0 Vo

FCS plus the Neomycin analogoue, G418 at 500 pglml. The selective media was changed

every two days until approximately one week after commencement of selection, at which

stage all the cells from the no DNA, mock electoporation had been killed off. At this stage

individual G418-resistant colonies had begun to form on plates of cells electroporated with

DNA constructs. When colonies were composed of 50-100 cells the plates were washed

with PBS and the individual colonies trypsinised away from each other and transferred to 25

cm3 flasks where selection was maintained. From 25 cm3 flasks each clone picked was

expandend up until there were enough cells to freeze down (usually 2 x75 cm3flasks).

Cells for freezing down were trypsinised, pooled and spun down at 1200 x g before

being resuspended in I ml of FCS +10 7o DMSO and immediately transferred to -80 oC.
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iii) Transfection of chinese hamster ovary cells (CHO) by electroporation

Mycoplasma-free CHO cells were harvested and transfected by electroporation as

described above, using the following conditions. The cells were resuspended in PBS at a

concentration of 6.25 x 106 cells per ml, and 800p1of the cell suspension was used for each

transfection. The electrical pulse was 1800 volts and 240 capacitance, and the cells were

plated into 4mls of F12 media, and treated as described above. Selection of permanent cell

lines was carried out as for H4IIE cells except for the lower concentration of G418 used in

selection (450 pglml). Furthermore, CHO cells were maintained in F12 medium with the

addition of 1,0 7o FCS as opposed to DMEM .

6.3.19 L6 Protein Synthesis assaY

This assay was carried out as described by Ballard et al., (1986) using monolayers

of ratL6 myoblasts grown to confluencein24 place multiwell dishes (Gibco). The serum

containing DMEM gowth medium was removed from from each plate and each well washed

twice with 1 ml of V/MEM (a 1:1 mixture of Waymouths Essential Eagles Medium and

DMEM) for one hour each wash. This serum-free medium was then removed and each well

was ser up in 0.90 ml of the following labelling mixture: V/MEM containing 100 mM

leucine and 3H-leucine (47MCrlmmol). The appropriate sample or treatment was added to

the wells in a volume of 0.lml and the plates were incubated overnight at 37 oC in a

humidifred incubator with 5 Vo CO2 (v/v) in air. Following the overnight incubation the

plates were washed with 2 xlrnl of Hanks Balanced Salts, 2 x lml 0.5 Vo trichloroacetic acid

(each wash 5 minutes) and 1 x 2ml of glass distilled water. The monolayer was then

digested with I rnl/well of 0.5 N NaOÉVO.1ToTritonx-l00 for 10 minutes before 2x0.2

ml was subsampled from each well for ß counting with scintillant. Each assay included a

negative control in which 0.1 ml of sterile PBS replaced the treatment for each well. The

positive controls were 10 7o FBS and increasing concentrations of hIGF-I. Samples were

generally assayed in triplicate although in some cases duplicates were assayed when large

numbers of samples were to be assayed in the one experiment.
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6.3.20 Get filtration of plasma samples and culture supernatants

Prior to assay of plasma samples from Íansgenic animals and culture supematants

for IGF-I it was necessary to remove IGFBPs from the samples. IGFBP can interfere in the

radioimmunoassay used for IGF-I detection. The most rigorous way of removing IGFBP

from IGF is to carry out gel filtration chromatography of samples under acid conditions

(Owens et al., 1990). Plasma samples and culture supernatants were defatted with an

equivalent volume of FREON before chromatography. To protect the columns from

excessive protein build up, plasma samples were diluted to between 10-50 Vo prior to being

chromatographed. The samples were then acidifîed to pH 2.8 with glacial acetic acid and

chromatographed on a Waters Protein Pak 125 column (WatersMillipore, Lane Cove,

NSW, Ausralia) in mobile phase (0.2M acetic acid,0.05M triethylamine and 0.57o (vlv)

Tween 20). Fractions were collected at0.25 minute intervals (0.25 ml) and 50 ¡rl aliquots of

each fraction were assayed for the presence of IGF. Where multiple samples were to

processed simultaneously, 4 broad pools of eluent were collected from the chromatography

using a prograrnmable Gilson fraction collector .

The measurement of IGF-I in fractions from the chromatography was determined

using the radioimmunoassay described by Owens et al., (1990). Fractions from the Waters

Protein-Pak column or standards ( recombinant hIGF-I) were assayed by the addition of 30

pl Tris HCI pH 7.5 (0.4M), 200 pl RIA buffer (30mM NaH2PO4, 0.2 7o (w/v) protamine

sulphate, 10mM disodium EDTA, 0.2 7o (w/v) NaN3 and 0.O5 Vo (v/v) Tween 20 at pH

7.5),L251-¡GF-I (20,000 cpm)(50 pl ) and 50 pl anti-IGF-I antibody (either a mouse

monoclonal or rabbit polyclonal antibody) in RIA buffer (1/20,000 or 1/40,000 final dilution

respectively). After 18 hours at 4 oC, 50 pl goat anti-rabbit or sheep anti-mouse serum

(U20) and 50 pl of either mouse or rabbit serum (U250) were added to each sample for I

hour at 4 oC. Ice-cold PEG 6000 (1m1, 6 Vo wlv in 150 mM NaCl) was then added and the

tubes were centrifuged at 4000 rpm for 30 minutes at 4 oC. The supernatants were aspirated

and the pellet counted in a gamma counter. The minimal detectable concentration fluctuated

between individual assays (and is given in the results section for particulff assays) due to

variations in the standard curves for each assay on which the IGF-I determinations for

unknowns were calculated. Also the limit of detection was much lower for assays

employing the polyclonal antibody. The binding of tracer to the antibodies was between 20-

30 Vo of total counts used for all assays carried out.
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6.3.22 Radioimmunoassay for PGH

This assay was carried out on plasma collected from rats at weaning and employed

a procedure similar to that previously described by Michalska (1988). The assay was caried

out with a rabbit antiserum to pig pituitary GH (UCB-i571, Brussels, Belgium), porcine

growth hormone as a standard and ¡125 Il-iodo-pGH as radioligand. Porcine GH was

iodilated to specific activities between 80 and 100 Cilg using chloramine T (Van Obberghen-

Schilling et al., 1983) and purif,red as described by Francis et al., 1989). The routine pGH

RIA was performed in 0.05 M sodium phosphate buffer containing 5g/l BSA atpH7.4.

Replicate polystyrene tubes containing approximately 30,000 cpm [125!-ñH, rabbit anti-

pGH serum diluted 1/20 and triplicate 20 pl plasma samples were incubated at room

temperature.for 16-20 hours (the f,rnal reaction volume was 0.3 ml). After incubation,

cellulose coated donkey anti-rabbit immunoglobulin (S ac-Cell, Unsworth

Hall,WashingtonXl0O pl) was added, the tubes mixed and incubated for 30 minutes at room

temperature. Subsequently,0.5 ml of sodium phosphate buffer was added and the tubes

centrifuged at 3000 x g for 10 minutes. The supernatants were then aspirated and the

radioactivity'in the pellet was counted in a gamma scintillation specrometer.

In each assay a series of controls were included to ensure the assay was valid and to

enable construction of a standard curye for determining the concentration of pGH in the

plasma samples. Triplicate blank tubes were set up in which the anti-pGH antibody was

omined. Radioactivity in the pellets from these tubes represents non-specific binding of the

tracer to the tube and was subtracted from all values. A second set of triplicate tubes

included in each assay contained everything apart from pGH. These reference tubes

determine the amount of tracer binding to the antibody in the absence of competing ligand.

A final series of triplicate tubes contained dilutions of pGH (3.9-2000 pg/rube) and enabled a

standard curve to be derived for each assay. Plasma pGH results given in this thesis are

mearrs of triplicate determinations on each sample. The limit of detection of the pGH assay

varied from 7 to 17 ng/ml. Immunoreactive pGH in plasma from normal ras was lower

than the sensitivity of the assay, indicating the low cross-reactivity of the antibody used with

rGH and conhrming the specificity of the assay for pGH.
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6.3.23 Western ligand blotting

proteins were separated by 12.57o (w/v) SDS-polyacrylamide electrophoresis under

non-reducing conditions as described by Laemmli (1970). They were transferred to

nitrocellulose at 300m4 for 3 hours using a Hoeffer Transphor TE24 appamtus (tloeffer

Scientifrc, San Francisco, CA, USA.). Ligand blots were performed as outlined by

Hossenlopp et. aI.(1986). Briefly, nitrocellulose was washed with 0.15 M NaCl,0.1 M

Tris-HCl ¡H7.4,0.05 mg/ml sodium azide containing3%o (v/v) Nonidet P40 for 10

minutes followed by a}hour wash in the same buffer containing lVo (vlv) RIA g¡ade BSA

and a 10 minure wash in buffer containing lVo (vlv) Tween 20. The filters were incubated

with 1 x 106 cpm l25I-IGF-II overnight at 4 oC in buffer containing l7o (v/v) BSA and 17o

(v/v) Tween 20. Following}x 45 minute washes in buffer to femove unbound tracer, filters

were exposed to X-ray film (48323, Konica, Tokyo, Japan) for 11-28 days at -80 oc with 2

intensifying screens.

6.3.24 Microinjection and generation of transgenic animals

All of this work was carried out by Mr. Du Zñ.angTao @ept. of Obstetrics and

Gynaecology, University of Adelaide, S.A.). Immature female Hooded Wista¡ rats (4

weeks old) were injected with 15 IU pregnant mare serum gonadotropin (PMSG) at twelve

noon on day -2followed 48 hours later by 15 ru human chorionic gonadotropin (HCG).

They were then mated with intact males of the same strain. On the following day, mated

females were killed by cervical dislocation,23-24 hours after the HCG injection. Fertitsed

eggs were recovered by opening ampullae of the oviducts in a petri dish containing 2 ml

IIEpES-Htf'medium supplemented with BSA (5 mg/ml) and hyaluronidase (300 ru/rnl).

As soon as the eggs had been separated from cumulus cells, they were picked up and

washed twice in modifred rat embryo culture medium (Zhang et al., 1990). The eggs were

then placed in micro&ops of the cultu¡e medium overlayed with paraffin oil and incubated at

37 oC under 5 7o COz, 5 Vo 02,90 7o Nz (v/v) for I or 2 hours before microinjection.

For microinjection, 20-30 eggs were placed into a drop of FIEPES-HTF medium

overlayed with paraffrn oil in the injection chamber. An aliquot of the DNA solution was

centrifuged for 5 minutes at 10,000 rpm before use to prevent the injection pipettes from

clogging due to residual glass beads from the genecleanTM procedure. DNA solution (2-3
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pl) was injected into each male pronucleus. When the eggs were injected , they were

transferred back to the microdrops of culture medium and cultured for 1 or 2 hours.

Synchronisation of pseudopregnant recipients was made by pairing 12-14 week old

virgln female rats with vasectomised male rats of the same sEain the day before

microinjection. Matings were determined by checking for the presence of vaginal plugs the

next day. When all eggs were injected in the afternoon, healthy injected eggs were selected

for transfer and placed in microdrops of FIEPES-HTFoverlayed with paraffin oil.

Recipients were anaesthetised with tribromoethanol solution (2 7o,0.015 mg/g body

weight) and embryo transfer ca:ried out with procedures simila¡ to those described by

'Walton et al., (1983). Twelve to twenty single cell embryos were transferred to each

oviduct of the rats.

6.3.25 Miscellaneous items

i) Collection, Handling and storage of plasma.

Rats were anaesthetised with ether and blood samples collected from the tail vein

into tubes containing 0.1 M EDTA. Samples were kept on ice for2-3 hours after which time

plasma was recovered by cenrifuging the samples at 2000 x g for 30 minutes at 4 oC.

Plasma aliquots were stored aT. -20 oC until further use.

ii) Densitometric quantitation of bands on autoradiograms

Quantitation of bands on autoradiograms was performed on a Molecular Dynamics

laser densirometer using the IMAGEQUANT package. Exposure times were adjusted so

that the signals were within the linear range of the film used.

i¡i) Computer Programs

ANALYSEQ, a suite of DNA analysis programmes (Staden, 1982) was used to

identify restriction enzyme sites, translate coding regions into amino acid sequence and

produce sequence data of the complementary snand.

Sequence databases GenBank, EMBL, NBRF and VECBase were screened using

the suite of programs from Genetics Computing Group of the University of 
.Wisconsin

@evereux et a1.,1984) particularly FASTA.

pRIMER was used,ro design suitable PCR primers that did not hybridise to each

other or to repetitive sequences within the mouse or rat genome.



BIBLIOGRAPHY



(1gs9) Molecular and cellular biotogy of Insulin-like Growth Factors and their receptors'

Plenum Press, New York and London'

(1991) Insulin-like Growth Factors Molecular and Cellular aspects' CRC Press' Boca

Raton, Ann Arbor, Boston, London'

Adamo M.,I-owe W.L.J., LeRoith D. & Roberts C'T'J' (1989) Insulin-like gowth factor I

-ór"ng", ribonucleic acids with altemative 5' untranslated regions are differentially

expressed during development of the rat. Endocrinology 124'2737-2744'

AdamoM.L.,Ben-HurH.,LeRoithD.&RoberßC.T.J.(1991)Transcriptioninitiationin

the two leader exons of the rat IGF-I gene occurs from disperse versus localised sites'

Biochemical and Biophysical Research communications 176, 887-893'

Adams T.E., Baker L., Fiddes R.J. & Brandon M.R. (1990) The sheep glowth hormone

receptor: molecular cloning and ontogeny of pRNA expression in the liver' Molecular

Cellutar Endocrinol ogy 7 3, 135- 145'

Albiston A.L. & Herington A.C. (1990) Cloning and characterisation of the glowth

hormone-dependentinsulin-like glowth factor binding protein (IGFBP-3) in the rat'

Biochemical and Biophysical Research communications 166,892-897 '

Alibiston A.L. & Herington A.C. (lgg2) Tissue distribution and regulation of insulin-like

growth factor (IGF)-binding protein-3 messenger ribonucleic acid (mRNA) in the rat:

comparison with IGF-I mRNA expression. Endocrinology 130, 497-502' 
,

Allen N.D., Norris M.L. & Surani M.A.H. (1990) Epigenetic control of transgene

expression and imprinting by genotype- specific modifiers' Cell61' 853-861'

Andreone T.L., Beale E.G., Bar R.S. & Granner D.K. (1982) Insulin decreases

phosphoenolpymvate carboxykinase (GTP) mRNA activity by a receptor mediated process'

Journal of Biologicat Chemistry 257,35-38'

Andrews G.K., Huet-Hudson Y.M., Paria B.C. & McMaster M'T' (1991) Metallothionein

gene expression and metal regulation during preimplantation mouse embryo development'

Developmental BiologY I45, L3-27 '

BachM.A.,RobertsC.T.,SmithE.P.&l-eRoithD.(1990)Alternativesplicingproduces

messenger RNAs encoding insulin-like growrh factor prohormones that are differentially

glycosylated in vitro. Molecular Endocrinology 4' 899-904'



Bagley C.J., May B.L., Szabo L., McNamara P.J., Ross M., Francis G.L., Ballard F.J. &
Wallace J.C. (1989) A key functional role for the insulin-like growth factor I N-terminal

pentapeptide. Biochemical Joumal 259, 665-67 L.

Ballard F.J., Francis G.L., Ross M., Bagley C.J., May B. & Wallace J.C. (1987) Natural

and synthetic forms of Insulin-like Growth Factor-I (IGF-D and the poten derivative,

dóstripeptide IGF-I: Biochemical activities and receptor binding. Biochemical and

B iophysical Resea¡ch Communications I 49, 398 - 404.

Ballard F.J., Read L.C., Francis G.L., Bagley C.J. & Wallace J.C. (1986) Binding

properties and biological potencies of insulinlike $owth factors in L6 myoblasts.

B iochemical Journal 233, 223 -230.

Bang P. & Hall K. (1993) Insulin-like growth factors as endocrine and paracrine hormones.

In: The Insulin-like Growth Factors (ed. by A.a.E. Ward C.J.), pp. I50-L77.

Baringa M., Bilezikjian L.M., Vale W.W., Rosenfeld M.G. & Evans R.M. (1985)

Independent effects of growth hormone releasing factor on growth hormone release and

gene transcription. Nature 3L4, 27 9 -28I "

Baringa M., Yamonoto G., Rivier C., Vale W., Evans R. & Rosenfeld M.G. (1983)

Transcriptional regulation of gowth hormone gene expression by gowth hormone-

releasing factor. Nature 306, 84-85.

Barlow D.P., Stoger R., Herrmann 8.G., Saito K. & Schweifer N. (1991) The mouse

insulin-like growth factor rype 2 receptor is imprinted and closely linked to the Tme locus.

Nature 349,84-87.

Barnard R., Bundesen P.G., Rylatt D.B. & Vy'aters M.J. (1985) Evidence from the use of
monoclonal antibody probes for structural heterogeneity of the growth hormone receptor.

Biochemical Journal 231, 459.

Barta 4., Richards R.I., Baxter J.D. & Shine J. (1981) Primary structure and evolution of
the rat growth hormone gene. Proceedings of the National Acadamy of Sciences USA. 78,

4867-487r.

Bartke 4., Steger R.W., Hodges S.L., Parkening T.4., Collins T.J., Yun J.S. & Wagner

T.E. (1988) Infenility in transgenic female mice with hGH expression; evidence for luteal

failure. Journal of Experimental Zoology 218, L2L-I24.



Baubonis W. & Sauer B. (1993) Genomic targeting with purif,red Cre recombinase. Nucleic

Acids Research 21, 2025-2029.

Baumann G. (1990) Growth hormone binding proteins. Trends in Endocrinology and

Metabolism I,342-347.

Bauínann G. (1991) Growth Hormone Heterogeneity: Genes, isohormones, variants and

binding proteins. Endocrine Rewievs 12, 424-M9 .

Baumann G., Amburn K. & Buchanan T.A. (1987) The effect of circulating growth

hormone binding proteins on metabolic clearance, distribution and degradation of human

gowth hormone. Journal of Clinical Endocrinology and Metabolism 64,657-6û.

Baumann G. & Shaw M.A. (1986) The circulating growth hormone binding proteins: paftial

purification and structural characterisation by affinity cross-linking. Ctinical Research 34,

949A (Abstract).

Baumbach W.R., Horner D.L. & Logan J.S. (1989) The growth hormone-binding protein

in rat serum is an alternatively spliced form of the rat growth hormone receptor. Genes and

Development 3, 1 199-1205.

Baxter R.C. (1990) Circulating levels and molecula¡ distribution of the acidlabile subunir of
the high molecular weight insulin-like gowth factor binding protein complex. Joumal of
Clinical Endocrinology and Metabolism . 7 0, 1347 -1 353.

Baxter R.C. (1993) Circulating binding proteins for the insulin-like $owth factors. Trends

in Endocrinology and Metabolism 4,91-95.

Baxter R.C., Bryson J.M. & Turtle J.R. (1980) Somatogenic receptors on rat liver:
regulation by insulin. Endocrinology 107, ll76-1182.

Baxter R.C. & Cowell C.T. (1987) Diurnal rhythm of growth hormone-independent

binding protein for insulin-like growth factors in human plasma. Journal of Clinical
Endocrinology and Metabolism . 65, 432-440.

Baxter R.C. & Martin J.L. (1986) Radioimmunoassay of growth hormone-dependent

insulin-like growth factor binding protein in human plasma. Journal of Clinical Investigation

78, t504-t5r2.



Baxter R.C. & Martin J.L. (1989) Binding proteins for the insulin-like growrh factors:

structure, regulation and function. Progress in Growth Factor Resea¡ch 1,49-68.

Baxter R.C., Martin J.L. & Beniac V.A. (1989) High molecular weight insulin-like grcwrh
factor binding protein complex. Journal of Biological Chemistry 264,11843-11848.

Bayna E.M. & Rosen J.M. (1990) Tissue-specific high level expression of the rat whey
acidic protein gene in transgenic mice. Nucleic Acids Resea¡ch 18,2977-2995.

Bayne M.L., Cascieri M.4., Kelder B., Appelbaum J., Chicchi G., Shapiro J.A., pasleau

F. & Kopchick (1987) Expression of a synthetic gene encoding human insulin-like growth
factor-I in cultured mouse fibroblasts. Proc. Natl. Acad. Sci. USA 84,

Bazan J. (1989) A novel family of growth factor receptors: a common binding domain in the
growth hormone, prolactin, erythropoietin and IL-6 receptors, and the p75 IL-2 receptor ß
chain. Biochemical and Biophysical Research communicarions r&,798.

Beale E.G., Clouthier D.E. & Hammer R.E. (1991) Cell-specific expressino of cytosolic
phosphoenofpyruvate carboxykinase in transgenic mice. The FASEB Journal 6,3330-333:.

Beale E.G., Clouthier D.E. & Hammer R.E. (1992) Cell-specific expression of cytosolic
phosphoenolpymvate carboxykinase in rransgenic mice. FASEB 6, 3330-3337 .

Beck F., Samani N.J., Penschow J.D., Thorely 8., Tregear G.w. & Coghlan J.p. (19g7)

Histochemical localisation of IGF-I and IGF-tr mRNA in the developing rat embryo.
Development 101, l7 5-184.

Beddington R.S.P. (1992) Transgenic strategies in mouse embryology and development.
In: Transgenic Animals (ed. by F.a.K. Grosveld G.), pp. 47-70. Academic press,

Behringer R., Mathews L.S., Palmiter R.D. & Brinster R.L. (1988) Dwarf mice produced
by genetic ablation of growth hormone-expressing cells. Genes and Development 2,453-
461.

Behringer R.R., Lewin T.M., Quaife C.J., Palmiter R.D., Brinster R.L. & D'Ercole J.A.
(1990) Expression of Insulin-Like Growth Factor I Stimulates Normal Somatic Growth in
Growth Hormone-Deficient Transgenic Mice. Endocrinol ogy 127, I 033- 1 040.



Bell G.I., Stempien M.M., Fong N.M. & Rall L.B. (1986) Sequences of liver cDNAs

encoding two different mouse insulin-like gowth factor I precursors. Nucleic Acids

Research 74, 7 87 3-1 883.

Berelowitz M., Szabo M., Frohman L.4., Firestone S., Chu L. & Hintz R.L. (1981)

Somatomedin-C mediates growth hormone negative feedback by effects on both the

hypothalamus and pituitary. Science 212, 127 9 -1 28 1.

Berg P. & Buchman A.R. (1983) Comparison of Intron-Dependent and Intron-Independent

Gene Expression. Molecular and Cellular Biology 8,4395-4405-

Bhaumick B. & Bala M. (1991) Differential effects of insulin-like growth factors I and tr on

growth, differentiation and glucoregulation in differentiating chondrocyte cells in culture.

Acta Endocrinologica 125, 201-21I.

Binkert C., Landwehr J., Mary J.-L., Schwander J. & Heinrich G. (1989) Cloning,

sequence analysis and expression of a cDNA encoding a novel insulin-like growth factor

binding protein (IGFBP-2). EMBO Journal 8,2497-2502.

Binoux M., Roghani M., Hossenlopp P., Hardouin S. & Gourmelen M. (1991) Molecular

forms of human IGF binding proteins: Physiological implications. Acta Endocrinologica

(Copenhagen) I24, 4I-47 .

Bishop J.O. & Smith P. (1989) Mechanism of chromosomal integration of microinjected

DNA. Molecular Biology in Medicine 6,283-298.

Blundell T.L., Bedarkar S. & Humbel R.E. (1983) Tertiary structures, receptor binding and

antigenicity of insulinJike growth factors. Federation Proceedings 42,2592-2597.

Bodner M., Castrillo J.-L., Theill L.E., Deernick T., Ellisman M. & Karin M. (1988) The

pituitary-specific transcription factor GHF-1 is a homeobox-containing protein. Cell55,

505-518.

Bondy C.4., 'Werner H., Roberts C.T.J. & LeRoith D. (1990) Cellular pattern of insulin-

like growth factor-I (IGF-I) and type I IGF receptor gene expression in early organogenesis:

comparison with IGF-II gene expression. Molecular Endocrinology 4,1386-1398.

Boni-Schnetzler M., Binz K., Mary J.-L., Schmid C., Schwander J. & Froesch E.R.

(1989) Regulation of hepatic expression of IGF-I and fetal IGF binding protein mRNA in

streptozotocin-diabetic rats. FEB S Letters 251, 253-256.



Bonifer C., Vidal M., Grosveld F. & Sippel A.E. (1990) Tissue specific and position

independent expression of the complete gene domain for chicken lysozyme in transgenic

mice. EMBO Journal 9, 2843-2848.

Bonneror C., Grimber G., Briand P. & Nicolas J.-F. (1990) Patterns of expression of

position-dependent integrated trangenes in mouse embryo. Proceedings of the National

Acadamy of Science USA 87, 6331-6335.

Borrelli E., Heyman R., Arias C., Sawchenko P.E. & Evans R.M. (1989) Transgenic mice

with inducible dwarfism. Nature 339,538-541.

Bortz J.D., Rotwein P., DeVolD., Bechtel P.J., Hansen V.A. & Hammerman M.R.

(1938) Focal expression of insulin-like growth factor I in rat kidney collecting duct. Journal

of Cellular Biology 107, 811-819.

Boutin J., Jolicoeur C., Okamura H., Gagnon J., Edery M., Shirota M., Banville D.,

Dusante-fourr I., Djiane J. & Kelly P.A. (1988) Cloning and expression of the rat prolactin

receptor , a member of the growth hormoneþrolactin receptor gene family. Cell 53, 69.

Bovenberg Vy'.A., Dauwerse J.G., Pospiech H.M., Van Buul-Offers S.C., Van den Brande

J.L. & Sussenbach J.S. (1990) Expression of recombinant human insulin-like growth factor

I in mammalian cells. Molecular and Cellular Endocrinology 74,45-49.

Bradley 4., Evans M., Kaufman M.H. & Robertson E. (1984) Formation of germ-line

chimaeras from embryo derived teratocarcinoma cells. Nature 3W,255-258.

Bradley 4., Hasty P., Davis A. & Ramirez-Solis R. (1992) Modifying the mouse: design

and desire. Biotechnology 10, 534-539.

Braulke T., Causin C., Waheed 4., Junghans lJ., Hasilik 4., Maly P., Humbel R.E. &

von Figura K. (1988) Mannose 6-phosphate /insulin-like growth factor II receptor: distinct

binding sites for mannose 6-phosphate and insulin-like growth factor II. Biochemical and

Biophysical Research Communications I 50, 1287 - 1293.

Braulke T., Gartung C., Hasilik A. & von Figura K. (1987) Is movement of the mannose

f-phosphate-specific receptor triggered by binding lysosomal enzymes. Journal of Cell

Biology 104, 1735-17 42.



Breier 8.H., Gallaher B.V/. & Gluckman P.D. (1990) Radioimmunoassay for insulinJike

growth factor-I:solutions to some potential problems and pitfalls. Journal of Endocrinology

t28,347-357.

Brewer M.T., Stetler G.L., Squires C.H., Thompson R.C., Busby W.H. & Clemmons

D.R. (l9gg) Cloning, characterisation and expression of a human insulin-like growth factor

binding protein. Biochemical and Biophysicat Research Communications L52,1289-1297.

Brinkman 4., Groffen C., Kortleve D.J., Geurts van Kessel A. & Drop S.L.S. (1988)

Isolation and characterisation of a cDNA encoding the low molecular weight insulin-like

growth factor binding protein (IBP-|). EMBO Journal 7,2417-2423-

Brinster R.L,, Allen J.M., Behringer R.R., Gelinas R.E. & Palmiter R.D. (1988) Introns

increase transcriptional effrciency in transgenic mice. Proc. Natl. Acad. Sci. USA 85, 836-

840.

Brinster R.L., Chen H.Y., Trumbauer M.E., Yagle M.K. & Palmiter R.D. (1985) Factors

affecting the efficiency of inrroducing foreign DNA into mice by microinjecting eggs. Proc.

Natl. Acad. Sci. USA 82,4483-4442.

Brisenden J.E., Ulrich A. & Francke U. (1984) Human chromosomal mapping of genes for

insulin-like growth factors I and II and epidermal growth factor. Nature 310,781-784.

Brown 4.L., Chiariotti L., Orlowski C.C., Mehlman T., Burgess W.H', Ackerman E'J',

Bruni C.B. & Rechler M.M. (1989) Nucleotide sequence and expression of a cDNA clone

cncoding a fetal rat binding protein for insulin-like growth factors. Journal of Biological

Chemistry 264,5148.

Burke D., Carle G. & Olson M. (1937) Cloning of large segments of exogenous DNA into

yeast by means of artificial chromosome vectors. Science 236' 808-811.

Byatt J.C., Staten N.R., Schmuke J.J., Buonomo F.C., Galosy S.S., Curran D'F', K¡ivi

G.G. & Collier R.J. (1991) Stimulation of body weight gain of the mature female rat by

bGH and bPL. Journal of Endocrinology 130, 11-19'

Byrne C.R., Wilson B.W. & Ward K.A. (1987) The isolation and characterisation of the

ovine gowth hormone gene. Ausffalian Journal of Biological Science 40, 459-468-



Camacho-Hubner C., Clemmons D.R. &'D'Ercole J.A. (1991) Regulation of Insulin-Like

Growth Facror (IGF) Binding Proteins in Transgenic Mice with Altered Expressin of

Growth Hormone and IGF-I. EndocrinoLogy 129,1201-1206-

Campbell P.G. & Novak J.F. (1991) Insulin-like growth factor binding protein (IGFBP)

inhibits IGF action on human osteosarcoma cells. Journal of Cellular Physiology 149,293-

300.

Canefield W.M. & Kornfeld S. (1989) The chicken liver cation-independent mannose 6-

phosphate receptor lacks the high afhnity binding site for insulin-like gowth factor II.

Journal of Biological Chemistry 264, 7 I 00-7 1 03.

Carlsson 8., Billig H., Rymo L. & Isaksson O.G.P. (1990) Expression of the $owth
hormone binding protein messenger RNA in the liver and extrahepatic tissues in the rat.

Molecular and Cellular Endocrinology 73, R1-R6.

Carlsson-Skwirut C., Jornvall H., Holmgren 4., Andersson C., Bergman T., Lundquist

G., Sjorgen B. & Sara V.R. (1986) Isolation of va¡iant IGF-I and IGF-2 from adult human

brain. FEBS letters 201,46-50.

Carson M.J., Behringer R.R., Brinster R.L. & McMorris F.A. (1993) Insulin-like growth

factor I increases brain growth and central nervous system myelination in transgenic mice.

Neuron 1O,729-740.

Casella S.J., Han N.K., D'Ercole 4.J., Svoboda M.E. & Van V/yk J.J. (1986) Insulin-like

growth factor II binding to the type 1 somatomedin receptor. Journal of Biological

Chemistry 261, 9268-927 3.

Casella S.J., Smith E.P., Van Wyk J.J., Joseph D.R., Hynes M.4., Hoyt E.C. & Lund

K.P. (1938) Isolation of rat testis cDNAs encoding an insulin-like growth factor I

precursor. DNA 6, 325-330.

Chen W.Y., V/ight D.C., Bhavin V.M., Wagner T.E. & Kopchick J.J. (1991) Glycine 119

of bovine gowth hormone is critical for growth promoting activity. Molecular

Endocrinology 5, 1845-1851.

Chen W.Y., Wight D.C., Chen N.Y., Coleman T.4.,'Wagner T.E. & Kopchick J.J.

(1991) Mutations in the third alpha-helix of bovine gowth hormone dramatically affect its

intracellular distribution in vitro and growth enhancement in transgenic mice. The Journal of

Biological Chemistry 266, 2252-2258.



chen w.Y., Wight D.C., Wagner T.E. & Kopchick J.J. (1990) Expression of a mutated

bovine growth hormone gene suppresses growth of transgenic mice. Proceedings of the

National Acadamy of Science USA 87, 5061-5065'

Cheyette T.E., Ip T., Faber S., Matusi Y. & Chalkley R' (1992) Characterisation of the

factols binding to a PEPCK gene upstream hypersensetive site with LcR activity' Nucleic

Acids Research 20, 3427 -3433 -

Choi T., Huang M., Gorman C. & Jaenisch R. (1991) A Generic Intron Increases Gene

Expression in Transgenic Mice. Molecular and cellular Biology ll'3070-3074'

choi T.K., Hollenbach P.w., Pearson 8.E., Ueda R.M., Weddell G.N', Kurahara c'G"

Woodhouse C.S., Kay R.M. & Loring J.F. (1993) Transgenic mice containing a human

heavy chain immunoglobulin gene fragment cloned in a yeast aftihcial chromosome. Nature

Genetics 4,I17-L23-

chomzynski P. & Sacchi N. (1937) Single-step method of RNA isolation by acid

guanidinium thiocyanate-phenol-chloroform extraction. Analyticat Biochemistry 162' l5G

159.

Chrapkiewicz N.8., Beale E.G. & Granner D.K. (1982) Induction of the messenger

ribonucleic acid coding for Phosphoenolpyruvate Carboxykinase in H4-tr-E cells' The

Journal of Biological Chemistry 257 , L4428-14432'

Christ B., Nath 4., Bastian H. & JungeÍnann K. (1983) Regulation of expression of the

phosphoenolpymvate carboxykinase gene in cultured rat hepatocytes by glucagon and

insulin. European Journal of Biochemistry 178, 313-379'

Christ 8., Nath A. & Jungermann K. (1990) Mechanism of the inhibition by insulin of the

gluagon-dependent activation of the phosphoenolpyruvate carboxykinase gene in rat

hepatocyte cultures. Biological Chemistry. Hoppe-Seyler 37 l, 39 5 - 402'

Chu G., Hayakawa H. & Berg P. (1987) Electroporation for the effîcient transfection of

mammalian cells with DNA.Nucleic Acids Research2, l3lI-I327.

cimbala M.4., Lamers w.H., Nelson K., Monahan J.E., Yoo-Warren H. & Hanson R'W'

(1932) Rapid changes in the concentration of Phosphoenolpyruvate carboxykinase mRNA

in Rat Liver and Kidney. The Journal of Biological Chemisty.257 ,7629-7636'



Clemmons D.R., Thissen J.P., Maes M., Ketelslegers J.M. & Underwood L.E. (1989)

Insulin-like gïowth factor-I (IGF-I) infusion into hypophysectomised or protein-deprived

rats induces specific IGF-binding proteins in serum. Endocrinology L25,2967-2972.

Clemmons D.R., Underwood L.E., Chatelain P.G. & Van Wyk J.J. (1983) Liberation of

immunoreactive somatomedin-C from its binding proteins by proteolytic enzymes and

heparin. Journal of Clinical Endocrinology and Metabolism 56, 384-389.

Conover C. (1992) Potentiation of insulin-like growth factor (IGF) action by IGF-binding

protein-3: studies of underlying mechanism. Endocrinology 130, 3191-3199.

Constantini F. & Lacy E. (1981) Introduction of a rabbit ß-globin gene into the mouse germ

line. Nature 294, 92-94.

Cooke R.M., Harvey T.S. & Campbell I.D. (1991) Solution structure of human insulin-like

growth factor I: A nuclear magnetic resonance and restrained molecular dynamics study.

Biochemisrry 30, 5484-5491.

Copp R.P. & Samuels H.H. (1989) Identification of an adenosine 3', 5'-monophosphate

(cAMP)-responsive region in the rat growth hormone gene: evidence for independent and

synergistic effects of cAMP and thyroid hormone on gene expression. Molecular

Endocrinology 3, 790-7 96.

Crawford B.4., Martin J.L., Howe C.J., Handelsman D.J. & Baxter R.C. (1992)

Comparison of extraction methods for insulin-like growth factor-I in rat serum. Journal of

Endocrinology 134, 169-17 6.

Cubbage M.L., Suwanichkul A. & Powell D.R. (1990) Insulin-like growth factor binding

protein-3. organisation of the human chromosomal gene and demonstration of promoter

activity. Journal of Biological Chemistry 265, 12642-12649.

D'Ercole 4.J., Stiles A.D. & Underwood L.E. (1984) Tissue concentrations of

somatomedin C: Further evidence for multiple sites of synthesis and paracrine or autocrine

mechanisms of action. Proceedings of the National Acadamy of Science USA 81, 935-939.

Dana S. & Karin M. (1989) Induction of human growth hormone promoter activity by the

adenosine 3', 5' -monophosphate pathway involves a novel responsive element. Molecular

Endocrinology 3, 8 15-821.



Dandoy-Dron F., Monthioux E., Jami J. & Bucchini D. (1991) Regulatory regions of rat

insulin I gene necessary for expression in transgenic mice. Nucleic Acids Research 19,

4925-4930.

Daughaday w.H., Hall K. & Raben M.S. (1972) Somatomedin: proposed designation for

sulphaúon factor. Nature 235,IO7.

Daughaday W.H., Kapadia M. & Mariz I. (1937) Serum somatomedin binding

proteins:physiologic significance and interference in radioligand assay' Journal of

Laboratory and Clinical Medicine 109,355-363'

Daughaday W.H. & Rotwein P. (1939) Insulin-like growth factors I and II. Peptide,

messenger ribonucleic acid and gene structures, serum and tissue concentrations. Endocrine

Reviews 10,68-91.

Davenport M.L., Isley W.L., Pucilowska J.8., Clemmons D.R', Lundbald R', Spencer

J.A. & Underwood L.E. (lgg}) Tissue-specifrc expression of insulin-like growth factor

binding protein-3 protease activity during lat pregnancy. Endocrinology 130,2505-2512'

Davidson M.B. (19g7) Effect of growth hormone on carbohydrate a¡rd lipid metabolism.

Endocrine Reviews 8, 115-131.

De Mellow J.s.M. & Baxter R.C. (1989) Growth hormone-dependent insulin-like growth

factor (IGF) binding protein both inhibits and potentiates IGF-I stimulated DNA synthesis in

human skin fibroblasts. Biochemical and Biophysical Research Communications 156, 199-

204.

DeChiara T.M., Efstratiadis A. & Robertson E.J. (1990) A growth-dehciency phenotype in

heterozygous mice carrying an insulin-like growth factor II gene disrupted by targeting'

Nature 345, 78-80

DeChiara T.M., Robertson E.J. & Efstratiadis A. (1991) Parental imprinting of the mouse

insulin-like growth factor II gene. Cell 64, 849-859'

Delhanty p.J.D. & Han V.K.M. (1992) The characterisation and expression of ovine

insulinlike $owth factor-binding protein-2. Journal of Endoc¡inology 9, 31-38.

DeNoto F.M., Moore D.D. & Goodman H.M. (1931) Human gowth hormone DNA

sequence and mRNA structure: possible alternative splicing. Nucleic Acids Research 9,

3719-3730.



DeVos 4., Ultsch M. & Kossiakoff A.A. (1992) Human growth hormone and extracellula¡

domain of its receptor: crystal structure of the complex. Science 256,306-312.

DeVroede M.A., Rechler M.M., Nissley S.P., Joshi S., Burke G.T. & Katsoyannis P.G.

(1985) Hybrid molecules containing the B-domain of insulin-like growth factor-I are

recognised by carrier proteins of the growth factor. Proceedings of the National Acadamy of

Scienceß USA. 82, 3010-3014.

Dobner P.R., Kawasaki E.S., Yu L.-Y. & Bancroft F.C. (1981) Thyroid or glucocorticoid

hormone induces pre-growth-hormone mRNA and its probable nuclea¡ precursor in rat

pituitary cells. Proceedings of the National Acadamy of Sciences USA. 78,2230-2234.

Donovan S.M., Giudice L.C., Murphy L.J., Hintz R.L. & Rosenfeld R.G. (1991)

Maternal insulin-like gowth factor binding protein messenger ribonucleic acid during rat

pregnancy. Endocrinolo gy 129, 33 59 -33 66 "

Dreyfuss G., Swanson M.S. & Pinol-Roma S. (1988) Heterogeneous nuclea¡

ribonucleoprotein particles and the pathway of mRNA formation. Trends in Biochemistry

13, 86-91.

Drop S.L.S., Valiquette G., Guyda H.J., Corvol M.T. & Posner B.I. (1979) Partial

purifrcation and characterisation of a binding protein for insulin-like activity (ILAs) in

human amniotic fluid: a possible inhibitor of insulin-like activity. Acta Endocrinologica 90,

505-518.

Duguay S.J., Park L.K., Samadpour M. & Dickhoff W.W. (1992) Nucleotide sequence

and tissue distribution of three insulin-like gowth factor prohormones in Salmon. Molecular

Endocrinology 6, 1202-1210.

Dulak N. & Temin H.J. (1973) A partially purified polypeptide fraction from rat liver cell

conditioned medium with multiplication stimulating activity for embryo fibroblasts. Journal

of Cellular Physiology 8 1, 153- 160.

Dumam D.M. & Palmiter R.D. (1981) Transcriptional regulation of mouse MT-l gene by

heavy metals. Journal of Biological Chemisnry 256,5712-5716.

Eigenmann J.E., Becker M., Kammerrnann B.,Zapf J., Leeman W. & Froesch E.R.

(1977) The influence of hypophysectomy on NSILA-s concenhations in the dog. Evidence

for partially pituitary independent regulation. Acta Endocrinologica 86, 498-503.



Eisenberger C.L., Nechushtan H., Cohen H., Shani M. & Reshef L. (1992) Differential

Regulation of the Rat Phosphoenolpyruvate Ca¡boxykinase Gene Expression in Several

Tissues of Transgenic Mice. Molecular and Cellular Biology L2, 1396-L403.

Elgin R.G., Busby V/.H. & Clemmons D.R. (1987) An insulin-like growth factor

(IGF)binding protein enhances the biologic response to IGF-I. Proceedings of the National

Ac¡damy of Sciences U.S.A 84,3254-3258.

Emler C.A. & Schalch D.S. (1987) Nutritionally-induced changes in hepatic insulin-like

growth factor I (IGF-I) gene expression in rats. Endocrinology 120,832-834.

Engelhardt J.F., Kellum M.J., Bisat F. & Pitha P.M. (1990) Retrovirus vector-targeted

inducible expression of human B-Interferon gene into B-cells. Virology 178,419-428.

Evans R.M., Birnberg N.C. & Rosenfeld M.G. (1982) Glucocorticoid and thyroid

hormones transcriptionally regulate gowth hormone gene expression. Proceedings of the

National Acadamy of Sciences USA 79, 7659-7663.

Evans R.M., Swanson L. & Rosenfeld M.G. (1985) Creation of transgenic animals to

study development and as models for human disease. Recent Progress in Hormone

Research 41, 317 -337 .

Fagin J.A. & Melmed S. (1987) Relative increase in insulin-like growth factor I messenger

ribonucleic acid levels in compensatory renal hypertrophy. Endocrinology 120,718-724.

Finidori J., Postel-Vinay M.-C. & Kleinknecht C. (1980) Lactogenic and somatotrophic

binding sites in liver membranes of rats with renal insufficiency. Endocrinology 106, 1960-

t967.

Florini J.R., EwtonD.Z., Falen S.B. & Van V/yk J.J. (1986) Biphasic concentration

dependency on stimulation of myoblast differentiation by somatomedins. American Journal

of Physiology 19, C77I-C778.

Forbes 8., Szabo L., Baxter R.C., Balla¡d F.J. & V/allace J.C. (1988) Classif,rcation of the

insulin-like growth factor binding proteins into three distinct categories according to their

binding specif,rcities. Biochemical and Biophysical Research Communications 157,196-

202.



Forbes B.E., Ballard F.J. & wallace J.C. (1990) An insulin-like growth factor binding

protein purified from medium conditioned by a human lung fibroblast cell tine ([IE[39]L)

has a novel N-terminal sequence. Journal of Endocrinology 126,497-506'

Forest C.D., O'Brien R.M., Lucas P.C., Magnuson M.A. & Granner D'K' (1990)

Regulation of phosphoenolpymvate carboxykinase gene expression by insulin. Use of the

stable transfection approach to locate an insulin-responsive sequence. Molecular

Endocrinology 4, 1302-13 10.

Francis G.L., McNeil K.4., Wallace J.C., Ballard F.J. & Owens P'C' (1989) Sheep

insulin-like gowth factors I and II: sequences, activities and assays. Endocrinology 124,

1 173-1 183.

Francis G.L., Read L.C., Ballard F.J., Bagley C.J., Upton F.M., Gravestock P'M' &

Wallace J.C. (19g6) purification and. partial sequence analysis of insulin-like growth factor-I

from bovine colostrum. Biochemical Journal 233,207-213'

Francis G.L., Upron F.M., Ballard F.J., McNeil K.A. & Wallace J.C. (1988) Insulin-like

gowth faciors Iand,2in bovine colostn¡m: Sequences and biological activities compared

with those of a potent truncated form. Biochemical Journal 25L,95-103.

Frankenne F., Rentier-Delrue F., Scippo M.L., Martial J. & Hennen G. (1987) Expression

of the grcwth hormone va¡iant gene in human placenta. Journal of Clinical Endocrinology

and Metabolism 64, 635-637 .

Freemark M., Comer M. & Handwerger S. (1986) Placental lactogen and GH receptors in

sheep liver: striking differences in onrogeny and function. American Journal of Physiology

25r,328-333.

Froesch E.R., Burgi H., Ramseier E.8., Balty P. & Labhart A. (1963) Antibody-

suppressible and nonsuppressible insulin-like activities in human serum and their

physiologic significance. An insulin assay with adipose tissue of increased precision and

specificity. Joumal of Clinical Investigation 42, l8l6-L834'

Froesch E.R., Schmid C., Schwander J. &.Zapf J. (1985) Actions of insulinlike growth

factors. Annual Review of Physiology 47,443-467.

Fukushige S. & Sauer B. (Igg2) Genomic rargeting with a positive selection lox integration

vector allows highly reproducible gene expression in mammalian cells. hoceedings of the

National Acadamy of Science USA. 89,7905-7909-



Ganten D., Wagner J.,Zeh K., Baden M., Michel J.8., Paul M., Zimmerman F., Ruf P.,

Hilgenfeld U. & GantenlJ. (1992) Species specificity of renin kinetics in transgenic ras

harbouring the human renin and angiotensinogen genes. 89, 7806-7810.

Ga¡cia-Aragon J., Lobie P.E., Muscat G.E., Gobius K.S., Norstedt G. & Waters M.J.

(lggz)Prenatal expression of the growth hormone (GH) receptorÆP in the raüa role for

GH in embryonic and fetal development? Development 114,869-876.

Gargosky S.E., Owens P.C., Walton P.E., Owens J.4., Robinson J.S., Wallace J.C. &

Ballard F.J. (1991) Most of the circulating insulin-like growth factors-I and -tr are present

in the 150 kDa complex during human pregnancy. Journal of Endocrinology L3L, 49I-497 -

Gargosky S.E., V/alton P.E., Owens P.C., Wallace J.C. & Ballard F.J. (1990) Insulin-like

growth factor -I (IGF-I ) and IGF-binding proteins both decline in the rat during late

pregnancy. Journal of Endocrinology 127, 383-390.

Gillespie C., Read L.C., Bagley C.J. & Ballard F.J. (1990) Enhanced potency of truncated

insulin-like growth factor-I (des(l-3)IGF-I) retative to IGF-I in liilit mice. Journal of

Endocrinology I27, 40 1 -405.

Gillies S.D., S.L. M., Oi V.T. & Tonegawa S. (1983) A tissue-specific transcription

enhancer is located in the major intron of a rea¡ranged immunoglobulin heavy chain gene.

Cell 33,717-728.

Girard J., Perdereau D., Narkewicz M., Coupe C., Ferre P., Decaux J.F. & Bossard P.

(1991) Hormonal regulation of liver phosphoenolpyruvate carboxykinase and glucokinase

gene expression at weaning in the rat. Biochimie73,Tl-76-

Glass C.K., Holloway J.M., Devary O.V. & Rosenfeld M.G. (1988) The thyroid hormone

receptor binds with opposite transcriptional effects to a conìmon sequence motif in thyroid

hormone and estrogen elements. Cell 54,313-323.

Gluckman P.D., Butler J.H. & Elliot T.B. (1983) The ontogeny of somatotropic binding

sites in ovine hepatic membranes. Endocrinology lI2, 1607 -1612-

Goldstein S., Sertich G.J., l,evan K.R. & Phillips L.S. (1988) Nutrition and Somatomedin

XD(.Molecular Regulation of Insulin-Like Growth Factor I in Streptozotocin Diabetic Rats.

Molecula¡ Endocrinology 2,1093- 1 100.



Goodowski P.J., Leung D.W. & Meacham L.R. (1989) Characterisation of the human

gowth hormone receptor gene and demonsration of a partiat gene deletion in two patients

with Laron-type dwarfism. Proceedings of the National Acadamy of Science USA' 86'

8083-8087.

Gopinath R., warton p.E. & Etherton T.D. (1ggg) An acid-stable insulinlike growth facror

(IGF)-binding protein from pig serum inhibits binding of IGF-I and IGF-tr to vascular

endothelial cells. Journal of Endocrinology I20, 231 -236.

Gordon J.W. & Ruddle F.H. (1933) Gene transfer into mouse embryos:production of

transgenic mice by prenuclear injection. Methods in Enzymology 101, 4ll-433'

Gordon i.w., Scangos G.4., plotkin D.J., Barbosa J.A. & Ruddle F.H. (1980) Genetic

transformation of mouse embryos by microinjection of purified DNA. Proceedings of the

National Acadamy of Sciences USA 77, 7380-7384'

Goring D.R., Rossant J., Clapoff J., Breitman M.L. & Tsui L.-c. (1987) In situ detection

of ß-galactosidase in lenses of transgenic mice with a gamma-grystallinÄac z gene' Science

235,456-458.

Gossler 4., Joyner 4.L., Rossant J. & Skarnes W.C. (1989) Mouse embryonic stem cells

and reporter constructs to detect developmentally regulated genes' Science 2M,463-465'

Granner D., Andreone T., Sasaki K. & Beale E. (1983) Inhibition of transcription of the

phosphoenolpyruvate carboxykinase gene by insulin. Nature 305, 549-551'

Granner D.K. & Beale E.H. (1985) Glucocorticoid Regulation of Phosphoenolpymvate

Carboxkinase. In: Biochemical Actions of Hormones (ed' by G' Litwack)' pp' 114-138

Academic Press, Inc., Philadelphia'

Greaves D.R., Fraser P., Vidal M.4., Hedges M.J., Ropers D., Lluzzatto L' & Grosveld F'

(1990) A transgenic mouse model of sickle cell disorder. Nature 343, 183-185.

Greaves D.R., \ü/ilson F.D., Lang G. & Kioussis D. (1939) Human CD2 3'-flanking

Sequences confer high-level, T cell-specihc, position independent gene expression in

transgenic mice. Cell56, 979-986.

Green H., Morikawa M. & Nixon D. (1985) A dual effector theory of growth hormone

action. Differentiation 29, 195.



Greer P., Mattby V., Rossant J., Bernstein A. & Pawson T. (1990) Myeloid expression of

the human c-fps/fes proto-oncogene in transgenic mice. Molecula¡ and Cellula¡ Biology 10,

252t-2527.

Groesbeck M.D., Parlow A.F. & Daughaday W.H. (1987) Stimulation of supranormal

growth in prepubertal,adult plateaued and hypophysectomised female rats by large doses of

rat growth hormone: physiological effects and adverse consequences. Endocrinololgy 120,

1963-1975.

Grosveld F., Blon van Assendelft G.B., Greaves D.R. & Kollias G. (1987) Position-

independent high level expression of the human ß-globin gene in transgenic mice. Cell 51,

975-985.

Guidice L.C., Farrell E.M., Pham H., Lamson G. & Rosenfeld R.G. (1990) Insulin-like

growth factor binding proteins in maternal serum throughout gestation and in the

puerperium: effecs of a pregnancy-assocoiated serum protease activity. Journal of Clinical

Endocrinology and Metabolism 71, 806-816.

Guler H.-P., Zapf 1., Scheiwiller E. & Froesch E.R. (1988) Recombinant human insulin-

like growth factor I stimulates gowth and has distinct êffects on organ size in

hypophysectomised rats. 85, 4889-4893"

Guler H.P., Eckardt K.-U., Zapf J., Bauer C. & Froesch R.E. (1989) Insulin-like growth

factor I increases glomerular filfadon rate and renal plasma flow in man. Acta

Endocrinologica 121, 101- 106.

Guler H.P., Schmid C., Zapf J. & Froesch R.E. ( 1989 a) Effects of recombinant insulin-

like growth factor I on insulin secretion and renal function in normal human subjects.

Proceedings of the National Acadamy of Science USA 86, 2868-2872.

Guler H.P.,Znnobi P. & Zapf I. (1986) IGF-I and II and recombinant human IGF-I are

hypoglycaemic in the rat, mini-pig, and men. Endocrinology 118,

Gunn J.M., Hanson R.W., Meyuhas O., Reshef L. & Ballard F.J. (1975) Glucocorticoids

and the regulation of phosphoenolpyruvate carboxykinase (GTP) in the rat. Biochemical

Journal 150, 195-203.

Haig D. & Graham C. (1991) Genomic Imprinting and the strange case of the Insulin-like

growth factor II receptor. Cell 64, 1045-1046.



Hall L.J., Kajimoto Y., Bichell D., Sung-Woom K., James P.L-, Counts D" Nixon L'J',

Tobin G. & Rotwein p. (lggì) Functional analysis of the rat insulin-like growth factor I

gene and identifrcation of an IGF-I gene promoter. DNA and cell Biology 11, 301-313'

Halmekyto M., Hyttinen J.-M., Sinervirta R.,l,eppanen P., Janne J' & Alhonen L' (1993)

Regulation of the expression of human ornithine decarboxylase gene and ornithine

decarboxylase promotr-driven reporter gene in transgenic mice' Biochemicalloumal292'

927-932.

Hammer R.E., Brinster R.L. & Palmiter R.D. (1985) Use of gene transfer to increase

animal $owth. cold spring Harbour Symposium of Quantitative Biology 50,379-387 '

Hammer R.E., Brinster R.L. & Palmiter R.D. (1987) Use of gene transfer to increase

animal growrh. cold spring Harbour symposium of Quantitative Biology 50,379-382'

Hammer R.E., Brinster R.L., Rosenfeld M.G., Evans R.M. & Mayo K.E. (1985a)

Expression of human growth hormone-releasing factor in transgenic mice resuls in

increased somatic growth. Nature 3I5, 413-416'

Hammer R.E., Maika S.D., Richardson J.4., Ping Tang J. & Taurog J.D. (1990)

Spontaneous inflammatory disease in transgenic rats expressing [il-A-p]/ and human ß2 m:

An animal model of HlA-B27-assocoated human disorders. cell63, I099-lll2'

Hammer R.E., Palmiter R.D. & Brinster R.L. (1984) Partial colrection of a murine

hereditary disorder by germ-line incorporation of a new gene' Nature 311' 65-67 '

Han V.K., D'Ercole A.J. & Van Wyk J.J. (1987) Cellular localisation of somatomedin

(InsulinJike growth factor) mRNA in the human fetus. Science 286,193-196'

Hanahan D. (1985) Heritable formation of pancreatic ß-cell tumours in transgenic mice

expressing recombinant insutin/SV40 oncogenes. Nature 3 1 5, 1 15-122'

Hanson R.W. & Ga¡ber A.J. (1972) Phosphoenolpyruvate carboxykinase. I. Its role in

gluconeogenesis. American Journal of Clinical Nutrition. 25, 1010-1021'

Hari J., Pierce S.B., Morgan D.O., Sara V., Smith M.C. & Roth R.A. (1987) The receptor

for insulin-like growth factor II mediates an insulin-like response. EMBO Journal 6,3367 -

337r.



Hartmann H., Schmitz F., Christ 8., Jungermann K. & Creutzfeldt W. (1990) Metabolic
actions of Insulin-like growth factor-I in cultured hepatocytes from adult ras. Hepatology
12, tt39-tt43.

Hauser S.D., McGrarh M.F., collier R.J. & Krivi G.G. (1990) cloning and in vivo
expression the bovine growth hormone receptor mRNA. Molecular Cellula¡Endocrinology
72,,L87-200.

Herington A.c., Tiong T.s. & Ymer s.I. (199r) serum binding proteins for growth
hormone: origins, regulation of gene expression and possible roles. Acta pediatr Scand
(Suppleme nt) 37 9, 6I-69.

Herington 4.C., Ymer S., Roupas P. & Stevenson J. (1986) Growth hormone-binding
proteins in high speed cytosols of multiple tissues of the rabbit. Bichemical and Biophysical
Resea¡ch Communications 881, 236-240.

Hernandez E.R., Roberts C.T.J., LeRoith D. & Adashi E.y. (lggg) Rat ovarian insulin-
like growth factor I (IGF-I) gene expression is granulosa cell selective: 5' untranslated
mRNA variant representation and hormonal regulatio4. Endocrinol ogy 125,572-574.

Higgs D.R.,'wood w.G., Jarman 4.p., Sharpe H., Lida J., pretorius I.M. & Ayyub H.
(1990) A major positive regulatory region located far upstream of the human alpha-globin
gene locus. Genes in Developmenr 4, 1588-1601.

Hilding 4., Thoren M. & Hall K. (1992) The effect of glucagon on serum IGFBP-I
concentration in GH-def,rcient patients. Proc. 2nd International Workshop on insulin-like
growth factor binding proteins. 111.

Ho K.Y., veldhuis J.D., Johnson M.L., Furlanetto R., Evans w.s., Alberti K.G.M.M. &
Thorner M.O. (1988) Fasting enhances gïowth hormone secretion and amplifies rhe
complex rhythms of growth hormone secretion in man. Journal of Clinical Investigation g1,

968-97s.

Hod Y. & Hanson R.V/. (1988) Cyclic AMP stabilises the mRNA for phosphoenolpyruvare
carboxykinase (GTP) against degradation. Journal of Biological Chemistry 263,7747-
7752.

Holly J.M.P. & Wass J.A.H. (19s9) Insulin-like growth factors; autocrine, paracrine or
endocrine? New perspectives of the somatomedin hypothesis in light of recent
developments. Journal of Endocrinology l2Z, 6ll -6 I g.



HoneggerA.&HumbelR.E.(1986)Insulin-likegowthfactorslandtrinfetalandadult

bovineserum.JournalofBiologicalChemistry26l'569-575'

Hopgood M.F. & Ballard F.J. (1973) Synthesis and Degradation of Phosphoenolpymvate

carboxylase in Rat Liver and Adipose Tissue. Biochemical Journal 134' 445-453'

HossenloppP.,SegoviaB.,LassarreC.,RoghaniM.,BredonM.&BinouxM.(1990)
Evidenceofenzymaticdegradationofinsulin-likegrowthfactor-bindingproteinsinthe

150K complex during pregnancy. Journal of clinical Endocrinology and Metabolism 71'

797-805.

Howland D.S., Farrington M.4., Taylor w.D. & Hymer w'c' (1937) Alternative splicing

model for synthesis and secretion of the 20 kilodalton form of rat growttr hormone'

Biochemical and Biophysical Research communications' 147 '650-657 '

Hoyt E.C., Van V/yk J.J. & Lund P.K. (1938) Tissue and development specific regulation

of a complgx family of rat insulin-like growth factor I messenger ribonucleic acids'

Molecular Endocrinol ogy 2, 1077- 1086'

Imai E., Stromstedt P.E., Quinn P.G., Carlstedt-Duke J', Gustafsson J'A' & Granner

D.K. (1990) Characterisation of a complex glucocorticoid response unit in the

phosphoenolpynrvate carboxykinase gene. Molecular and Cellula¡ Biology 10' 4712-4719'

Inedjian P.B., Ballard F.J. & Hanson R.W. (1975) The regulation of phosphoenolpymvate

carboxykinas (GTp) synrhesis in the rar kidney correx. Journal of Biological chemistry

250,5596-5603.

Ingraham H.A. (lgss) The pou-specific domain of pit- I is essentiar for sequence-specific

high affrnity DNA binding and DNA dependent pit-l-pit-l interactions. cell 55, 5L9-529'

Ip T., Poon D., Stone D., Granner D.K. & chalkley R. (1990) Interaction of a liver-

specific factor with an enhancer 4.8 kilobases upstream of the phosphoenolpyruvate

carboxykinasegene.MolecularandCellula¡Biology10,3]70-378l..

Isgaard J., Moller c., Isaksson o.G.P., Nilsson A., Mathews L'S' & Norstedt G' (1988)

Regulation of insulin-like growth factor messenger ribonucleic acid in rat growth plate by

growth hormone. Endocrinol ogy I22' 1515-1224'



Iynedjian P.8., Jotterand D., Nouspikel T., Asfari M. & Pilot P.-R. (1989) Transcriptional

induction of grucokinase gene by insulin in curtured liver cells and its repressioin by the

glucagon-cAMPsystem.TheJournalofBiologicalChemistry264,2|84-2|89.

JaenischR.(1938)TransgenicAnimals'Science240'1468-1474'

Jaerrlsch R. & Minø B. (1974) Simian virus 40 DNA sequences in DNA of healthy adult

mice derived from preimplantation blastocysts injected with viral DNA' Proceedings of the

National Acadamy of Sciences USA' 7I' 1250-1254'

JansenF.M.,VanSchaikF.M.A.,RickerA.T.,BullockB.,WoodsD.E.,GabbayK.H.,
NussbaumA.L.,SussenbachJ.S.&VandenBrandeJ.L.(1983)SequenceofcDNA

encodinghumaninsulin-likegowthfactorlprecursor.Nature306,609-610.

Jonas H.A. & cox A.J. (1990) Insulin-like growth factor binding to atypical insulin

feceprors on a human lymphoid derived cell-line (IM-9)' Biochemical Journal 266'737-742'

JoshiS.,OgawaH',BurkeG'T"TsengL'Y'-H''RechlerM'M'&KatsoyannisP'G'
(1985)Structuralfeaturesinvolvedinthebiologicatactivityofinsulinandtheinsulin.like

growth facrors: 427 insulin/B IGF-I. Biochemical and Biophysical Research

Communicadons 133, 423-429'

Kajimoto Y. & Rotwein P. ( 989) Structure and expression of a chicken insulin-like glowth

factor precursor' Molecular Endocrinology 3' 1907-1913'

Kajimoto Y. & Rotwein P. (1990) Evolution of insulin-like growth factor I (IGF-I):

structure and expression of an IGF-I precursor from Xenopus laevis' Molecular

EndocrinologY 4, 217 -226'

KarinM.,CastrilloJ.-L.&TheillL.E.(1990)Growthhormonegeneregulation:a
paradigmforcell-type-specif,rcgeneactivation.TrendsinGenetics6,92-96.

Karin M., Haslinger 4., Holtgleve H., Richards R.I., Krauter P., Wesçhal H.M. & Beato

M. (1984) Characterisation of DNA sequences through which cadmium and glucocorticoid

hormonesinducehumanmetallothionein-Ilagene.Nature308,513-519.

Karin M. & Richards R.I. (1gg2) Human metallothionien genes- prima¡y structufe of the

metallothionein.Ilgeneandarelatedprocessedgene.Nature2gg,TgT-802.



Kato Y., Nasu N. & Takase T. (1980) A serumm free medium supplemented with

multiplication stimulating activity (MSA) supports both proliferation and differentiation of

chondrocytes in primary culture. Experimental Cell Research 125,167-I74.

Kelly P.4., Ali S., Rozakis M., Goujon L., Nagano M., Pellegrini I., Gould D., Djiane J.,

Edery M., Finidori J. & Postel-Vinay M.C. (1993) The growth hormoneþrolactin receptor

fugúly. In: recent progress in hormone research (ed. by C.W. Bardin), pp. L23-165.

Academic Press,

Kelly P.A., Djiane J., Postel-Vinay M.-C. & Edery M. (1991) The prolactir/growth

hormone receptor family. Endocrine Reviews 12,235-251.

Khillan J.S., Schmidt 4., Overbeek P.4., de Crombrugghe B. & Wesçhal H. (1986)

Developmental and tissue-specific expression directed by the alpha2 type I collagen

promoter in transgenic mice. Proceedings of the National Acadamy of Sciences USA 83,

725-729.

Kiess W., Blickenstaff G.D., Sklar M.M., Thomas C.L., Nissley S.P. & Sahagian G.G.

(1988) Bio'chemical evidence that the type II insulin-like growth factor receptor is identical to

the cation-independent mannose 6-phosphate receptor. Journal of Biological Chemistry 263,

9339-9344.

Kiess W., Haskell J.F., LeeL., Greenstein L.4., Miller B.E., Aarons 4.L., Rechler M.M.

& Nissley S.P. (1987) An antibody that blocks insulin-like growth factor (IGF) binding to

the type II IGF receptor is neither an agonist nor an inhibitor of IGF-stimulated biologic

responses in L6 myoblasts. Journal of Biological Chemistry 262,I2745-12751.

Kiess W., Thomas C.L., Sklar M.M. & Nissley S.P. (1990) Beta -galactosidase decreases

the binding affinity of the insulin-like growth factor-IVmannose 6-phosphate receptor for

insulinlike $owth factor-Il. European Journal of Biochemistry 190, 7I-77.

Koistinen R., Kalkinen N., Huhtala M.-L., Seppala M., Bohn H. & Rutanen E.-M. (1986)

Placental protein 12 is a decidual protein that binds somatomedin and has an identical N-

terminal amino acid sequence with somatomedin-binding protein from human amniotic fluid.

Endocrinology 1 18, 1375-1378.

Kojima I., Nishimoto I.,Iiri T., Ogata E. & Rosenfeld R. (1988) Evidence that the type tr

insulin-like growth factor receptor is coupled to a calcium gating system. Biochemical and

Biophysical Research Communications. 154, 9 -19.



Kollias G. & GrosveldF. (Iggz)The study of gene regulation in transgenic mice' In:

Transgenic animals (ed. by F.a.K. Grosveld G.), pp. 79-94" Academic Press Limited,

Kornfeld s. (1gg2) Structure and function of the mannose Gphosphate/ insulin-like gowth

factor II receptors. Annual Rewiew of Biochemistry 61, 307 -330'

Krumlauf R., Hammer R.E., Brinster R.L. & Chapman V.M. (1985) Regulated expression

of atjha-fetoprotein genes in transgenic mice. Cold Spring Harbour Symposium of

Quantitiative Biotogy 50, 37 l-37 8.

Kurtz A.,ZapfJ., Eckardt K.-U., Clemons G., Froesch R.E. & Bauer C' (1988) Insulin-

like growth factor I stimulates erythropoiesis in hypophysectomised rats. Proceedings of the

National Acadamy of Science USA 85, 7825-7829'

La Tour D., Mohan S., Linkhart T.4., Baylink D.J. & Strong D.D. (1990) Inhibitory

insulin-like growth factor binding protein: cloning, complete sequence, and physiological

regulation. Molecular Endocrinol ogy 4, 1 806- 1 8 14'

Lacy E.,Roberts S., Evans E.P., Burtenshaw M.D. & Constantini F' (1983) A foreign ß-

gtobin gene in transgenic mice: Integration at abnormal-chromasomal positions and

expression in inappropriate tissues. Cell 34,343-358'

Lamers w.H., Hanson R.W. & Meisner H.M. (1932) cAMP stimulates nanscription of the

gene for cytosolic phosphoenolpyruvate carboxykinase in rat liver nuclei. Proceedings of the

National Acadamy of Science 79, 5137 -5141'

Lammers R., Gray 4., Schlessinger J. & Ulrich A.K. (1989) Differential signalling

porenrial of insulin- and IGF-I-recepror cytoplasmic domains. EMBO Journal 8,1369-t375.

Lamson G., Giudice L.C. & Rosenfeld R.G. (1991) Insulin-like gowth factor binding

proteins: structural and molecular relationships. Growth Factors 5, L9-28'

Lathe R. & Mullins J.J. (1993) Transgenic animals as models for human disease- report of

an EC study group.Transgenic research 2,286-299'

Lauterio T.J., Trivedi B., Kapadia M. & Daughaday v/.H. (1938) Reducedl25l-hcH

binding by serum of dwarf pigs but not serum of dwarfed poodles' Comparative

Biochemistry and Physiotogy 914, 15-19'



LeBouc Y., Dreyer D., Jaeger F., Binoux M. & Sondermeyer P. (1986) Complete

characterisation of the human IGF-I nucleotide sequence isolated from a newly constructed

adult liver cDNA library. FEBS letters 196, 108-112

Lee P.D.K., Jensen M.D., Divertie G.D., Heiling V.J., Katz H.H. & Conover C.A.

(L992) Insulin-like growth factor binding protein-1 response to insulin during suppression

of endogenous insulin secretion. Metabolis

Lee Y.-L., Hintz R.L., James P.M., Lee P.D.K., Shively J.E. & Powell D.R. (1988)

Insulin-like growth factor (IGF) binding protein complementary deoxyribonucleic acid from

human IIEP G2 hepatoma cells: predicted protein sequence suggests an IGF binding domain

different from those of the IGF-I and IGF-II receptors. Molecular Endocrinology 2,404r

4rt.

Lemmey 4.8., Martin 4.4., Read L.C., Tomas F.M., Owens P.C. & Ballard F.J. (1991)

IGF-I and truncated analogue des(1-3)IGF-I enhance growth in rats with reduced renal

mass. American Journal of Physiology 26I,F626-F633.

Leong S.R.,'Baxter R.C., Camerato T., Dai J. & Wood V/.I. (1992) Structure and

functional expression of the acid-labile subunit of the insulin-like gowth factor binding

protein complex. Molecular Endocrinology 6, 870-876.

LeRoith D. (1991) Insulin-like Growth Factors molecular and cellular aspects. CRC Press,

Boston

Leung D.W., Spencer S.A. & Cachianes G. (1987) Growth hormone receptor and serum

binding protein: purihcation, cloning and expression. Nature 330, 537-543.

Lewis U.J. (L992) Growth Hormone:What is it and what does it do? Trends in

Endocrinology and Metabolism 3, II7 -121.

Lewis U.J., Markoff E., Culler F.L., Hayek A. & Vanderlaan V/.P. (1987) Biologic

properties of the 20 K-dalton variant of human growth hormone: a review. Endocrinology

Japan 34,73-85.

Lewitt M.S. & Baxter R.C. (1989) Regulation of growth hormone-independent insulin-like

growth factor binding protein (BP-28) in cultured fetal liver explans. Journal of Clinical

Endocrinology and Metabolism 69, 246-252.



Lewitt M.s., Denyer G.S., Cooney G.J. & Baxter R.C. (1991) Insulin-like glowth factor

binding protein-l modulates blood glucose levels. Endocrinology L29,2254-2256'

Lewitt M.S., Saunders H., Lennon 4.J., Holman S.R. & Baxter R'C' (1993) Distribution

and actions of human IGFBP-I and IGFBP-3 in the rat. Growth Regulation 3, M-46-

Li C:H. & Evans H.M. (1945) The isolation of pituitary g¡owth hormone. Science 99, 183-

184.

Lima-de-Faria A. (1933) Processes of directing expression, mutation and rea¡rangemeÍnts'

Molecular Evolution and Organisation of the Chromosom e 507 -604'

Lindgren B.F.,Isaksson M., Stern I. & Hall K. (1993) Insulin-like growth factor binding

protein-1 from Hep G2 cells is potently inhibited by the truncated IGF-I analogue des-(1-3)

IGF-I. Acta Endocrinologica 128, 81-87'

Lira S.4., Kalla K.A., Glass C.K., Drolet D.W. & Roesenfetd M'G' (1993) Synergicstice

interactions between piç1 and other elements are required for effective somatotroph rat

growth hormone gene expression in transgenic mice. Molecular Endocrinolo9 7'694-70l'

Liu J. & Hanson R.w. (1991) Regulation of phosphoenolpyruvate carboxykinase (GTP)

gene transcription. Molecular and Cellular Biochemistry 104, 89-100'

Liu J., Park E.4., Gurney 4.L., Roesler w.J. & Hanson R.W. (1991) Cyclic AMP

induction of phosphoenolpyruvate carboxykinase (GTP) gene transcription is mediated by

multþle promoter elements. Journal of Biological Chemistry 266,1'9W5-19102'

Liu S.J., Baker J., Perkins A.S., Robertson E.J. & Efstradiatis A' (1993) Mice carrying

null muutions of the genes encoding insulin-like gowth factor I (Igf-l) and type-l receptor

(Igflr). Cell 75, 59-12-

Lobel p., Dahms M.N. & Kornfeld s. (1988) Cloning and sequence analysis of the cation-

independent mannose 6-phosphate receptor. Journal of Biologicat Chemistry 263,2563-

2570.

Lobie P.E., Breipohl'W., Lincoln D.T., Garcia-Aragon & Waters M'J' (1990) Localisation

of the growth hormone receptor/ binding protein in skin. Journal of Endocrinology



Low M.J., Goodman R.H. & Ebert K.M. (1989) Cryptic human growth hormone gene

sequences direct gonadotroph-specifrc expression in transgenic mice. Molecular

Endocrinology 3, 2028-2032.

Lowe W.L., Lasky S.R., LeRoith D. & Roberts C.T.J. (1988) Distribution and regulation

of rat insulin-like growth factor I mesenger ribonucleic acids encoding alternative

carboxyterminal E-peptides: evidence for differential processing and regulation in liver.

Molecular Endocrinol ogy 2, 528-5 35.

Lowe V/.L., Roberts C.T.J., Lasky S.R. & LeRoith D. (1987) Differential expression of
alternative 5' untranslated regions in mRNAs encoding rat insulin-like growth factor I.

Proceedings of the National Acadamy of Sciences USA 84, 894G8950.

Luciw P.4., Bishop J.M., Varmus H.E. & Capecchi M.R. (1983) Location and function of
retroviral and SV40 sequences that enhance biochemical transformation after microinjection

of DNA. Cell 33,705-7L5.

Lund P.K., Hoyt E.C. & Van Wyk J.J. (1989) The size heterogeneity of rat insulin-like

growth factör-I mRNAs is primarily to differences in the length of 3' untranslated

sequences. Molecular Endocrinology 3, 2054-2061.

Lund P.K., Moats-Staats B.M., Hynes M.A., Simmons J.G., Jansen M., D'Ercole A.J. &
Van Wyk J.J. (1986) Somatomedin CÂnsulin-like $owth factor-I and Insulin-like growth

factor tr mRNAs in fetal rat and adult tissues. Journal of Biological Chemistry 261, 14539-

t4544.

Luo J. & Murphy L.J. (1989) Dexamethasone inhibits growth hormone induction of
Insulin-like Growth Factor I (IGF-I) messenger Ribonucleic Acid (mRNA) in
hypophysectomised rats and reduces IGF-I mRNAabundance in the intact rat.

Endocrinol ogy L25, 165-17 I.

Luo J. & Murphy M.J. (1990) Regulation of insulin-like growth factor binding protein-3

expression by dexamethasone. Molecular and Cellular Endocrinology 74,213-219.

Luo J., Reid R.E. & Murphy L.J. (1990) Dexamethasone increases hepatic insulin-like
growth factor binding protein-1 (IGFBP-1) mRNA and serum IGFBP-1 concenrrations in

the rat. Endocrinology 127, 1456-1462.



Luthman H., Soderling-Barros J., Persson B., Engberg C., Stern I., Lake M., Franzen S.-

4., Israelsson M., Raden 8., Lindgren 8., Hjelmqvist L., Enerback S., Carlsson P.,

Bjursell G., Povoa G., Hall K. & Jornvall H. (1989) Human insulin-like growth-factor-

binding protein,low-molecuar-mass form: protein sequence and cDNA cloning. European

Journal of Biochemistry 180, 259-265.

Lynch S.E., Nixon J.C., Colvin R.B. & Antoniades H.N. (1987) Role of platelet-derived

gïowth factor in wound healing: synergistic effects with other growth factors. Proceedings

of the National Acadamy of Science USA 84, 7696-7700.

Madsen K., Friberg U., Roos P., Eden S. & Isaksson O.G.P. (1983) Growth hormone

stimulates the proliferation of cultured chondrocytes from rabbit ear and rat rib growth

cartilage. Nature 304, 545-547 .

Magnuson M.4., Quinn P.G. & Granner D.K. (1987) Multihormonal Regulation of

Phosphoenolpyruvate Carboxykinase-Chloramphenicol Acetyltransferase Fusion Genes

(Insulins effects opose those of cAMP and Dexamethasone). The Journal of Biological

Chemistry 262, 149 17 -14920.

Maiter D., Maes M., Underwood L.8., Fliesen T., Gerard G. & Ketelslegers J.-M. (1988)

Early changes in serum concenffations of somatomedin-C induced by dietry protein

deprivation in rats: contributions of growth hormone receptor and post-receptor defects.

Journal of Endocrinology 118, 1 13-120.

Maiter D., Walker J.L., Adam E., Moats-baats 8., Mulumba N., Ketelslegers J. &

UnderwoodL. (1992) Differential Regulation by Growth Hormone (GH) of Insulin-Like

Growth Factor I and GH Receptor/Binding Protein Gene Expression in Rat Liver.

Endocrinology 130, 3257 -3264.

Mannor D.A.,'Winer L.M., Shaw M.A. & Baumann G. (1991) Plasma GH-Binding

proteins;Effect on GH binding to receptors and GH action. Clinical Endocrinology and

Metabolism 73,30-34.

Margot J.8., Binkert C., Mary J.-L., Landwehr J., Heinrich G. & Schwander J. (1989) A

low molecular weight insulin-like growth factor binding protein from rat: cDNA cloning and

tissue distribution of its messenger RNA. Molecular Endocrinology 3, 1053-1060.

Marie P. (1889) Brain 13,59



Marquardt H., Todaro G.J., Henderson L.E. & Oroszlan S. (1981) Purification and

primary structure of a polypeptide with multiplication-stimulating activity from rat liver cell

culrures. Journal of Biological Chemistry 256, 6859 -6865.

Martin 4.4., Tomas F.M., Owens P.C., Knowles S.E., Ballard F.J. & Read L.C. (1991)

IGF-I and its variant, des(l-3)IGF-I enhances $owth in rats with reduced renal mass.

American Journal of Phy siolo gy 26 l, F 626-F 633.

Martin D.M., Yee D. & Feldman E.L. (1992) Gene expression of the insulin-like growth

factors and their rcceptors in cultured human retinal pigment epithelial cells. Molecula¡ Brain

Research 12, 181-186.

Martin J.B., Beazeau P., Tannenbaum G.S., Willoughby J.O., Epelbaum J., Terry L.C. &

Durand D. (1978) Neuroendocrine organisation of growth hormone regulation. In: The

Hypothalamus (ed. by S. Reichlin, R. Baldessarini & J.B. Martin), pp.329-355. Raven

press, New York.

Martin I.L.q Baxter R.C. (1990) Production of an insulin-like gowth factor (IGF)-

inducible IGF-binding protein by human skin hbroblas-ts. Endocrinology I27,78L-788.

Martin J.L.8. Baxter R.C. (1992) Insulin-like gowth factor binding protein-3:

biochemistry and physiology. Growth Regulation 2, 88-99.

Massague J., Blinderman L.A. &.Czech M.P. (1982) The high afhnity insulin receptor

mediates gowrh stimulation in rat hepatoma cells. Journal of Biological Chemistry 257,

425-M2.

Mathews L.S., Enberg B. & Norstedt G. (1989) Regulation of rat gowth hormone receptor

gene expression. Journal of Biological Chemistry 264,9905-9910.

Mathews L.S., Hammer R.E., Behringer R.R., D'Ercole J.4., Bell G.I., Brinster R.L. &

Palmiter R.D. (1988) Growth Enhancement of Transgenic Mice Expressing Human Insulin-

Like Growth Factor I. Endocrinology 123,2821-2833.

Mathews L.S., Hammer R.E., Brinster R.L. & Palmiter R.D. (1988) Expression of
Insulin-Like Growth Factor I in Transgenic Mice with Elevated l,evels of Growth Hormone

Is Correlated with Growth. Endocrinology 123,433-437.



Mathews L.S., Norstedt G. & Palmiter R.D. (1986) Regulation of insulinJike growth

factor I gene expression by growth hormone. Proceedings of the National Acadamy of

Science USA. 83,9343.

McCarter J., Shaw M., Winer L.A. & Baumann G. (1990) The 20,000 Da variant of human

growth hormone does not bind to gowth hormone receptors in human liver. Molecular and

Cellular Endocrinol ogy 7 3, Il-I4.

McGrane M., Yun J.S., Patel Y.M. & Hanson R.V/. (1992) Metabolic contol of gene

expression: in vivo studies with transgenic mice. Trends in Biological Sciences 17 ,40-M.

McGrane M.M., deVente J., Yun J., Bloom J., Park E., Wynshaw-Boris 4., Wagner T.,

Rottman F.M. & Hanson R.W. (1988) Tissue-specific Expression and Dietary Regulation

of a Chimeric Phosphoenolpymvate CarboxykinaselBovine Growth Hormone Gene in

Transgenic Mice. Journal of Biological Chemistry 263,1I443-II45I.

McGrane M.M., Yun J.S., Moorman A.F.M., Lamers W.H., Hendrick G.K., Arafah

8.M., Park E.4., Wagner T.E. & Hanson R.W. (1990) Metabolic Effects of

Developmental, Tissue-,and Cell-specific Expression of a Chimeric Phosphoenolpyruvate

Carboxykinase (GTP)/Bovine Growth Hormone Gene-in Transgenic Mice. Journal of

Biological Chemistry 265, 2237 I -2237 9 .

Mckinnon P., Ross M., Wells J.R.E., Ballard F.J. & Francis G.L. (1991)

Expression,purification and characterisation of secreted recombinant human insulin-like

growth factor-I (IGF-D and the potent variant des(1-3) IGF-I in Chinese hamster ovary

cells. Journal of Molecular Endocrinology 6,23L-239.

McMorris F.4., Smith T.M., Desalvo S. & Furlanetto R.W. (1986) Insulin-like growth

factor Vsomatomedin C: a potent inducer of oligodendrocyte development. Proceedings of

the National Acadamy of Science USA 83, 822-826.

Melton D.4., Krieg P.4., Rebagliati M.R., Maniatis T. &Zinn K. (1984) Efficient in vitro

synthesis of biologically active RNA and RNA hybridisation probes from plasmids

containing a bacteriophage SP6 promoter. Nucleic Acids Research 12,7035-7056.

Melton D.4., Krieg P.4., Rebagliati M.R., Maniatis ^1.,Zinn K. & Green M.R. (1984)

Efficient in vitro synthesis of biologically active RNA and RNA hybridisation probes from

plasmids containing a bacteriophage SP6 promoter. Nucleic Acids Research 12,7035-7056.



Michalska A.E. (1988) Production and cha¡acterisation of transgenic mice and pigs

expressing the porcine growth hormone gene. Ph.D. thesis thesis, University of Adelaide.

Miller K.F., Bolt D.J., Pursel V.G., Hammer R.E., Pinkert C.4., Palmiter R.D. &
Brinster R.L. (1989) Expression of human or bovine growth hormone gene with a mouse

metallothionein-l promoter in transgenic swine alters the secretion of porcine gfowth

horrnone and insulin-like growth factor-1. Journal of Endocrinology 120,481-488.

Mitchell P.J. & Tijan R. (1989) Transcriptional regulation in mammalian cells by sequence-

specific DNA binding proteins. Science 244,37L-378.

Mohan S., Bautista C.M., \ù/ergedel J. & Baylink D.J. (1989) Isolation of an inhibitory

insulinlike $owth factor (IGF) binding protein from bone cell conditioned medium.

Proceedings of the National Acadamy of Sciences USA 86, 8338-8342.

Morello D., Moore G., Salmon 4.M., Yaniv M. & Babinet C. (1986) Studies on the

expression of an H-2Klhuman gowth hormone fusion gene in giant transgenic mice.

EMBO Journal 5, 1877-1883.

Morgan D.O., Edman J.C., Standring D.M., Fried V.4., Smith M.C., Roth R.A. & Rutter

W.J. (1987) Insulin-like growth factor II receptor as a multifunctional binding protein"

Nature 329,301-307 .

Morgan D.O., Jamagin K. & Roth R.A. (1986) Purification and characterisation of the

receptor for insulin-like growth factor I. Biochemistry 25, 5560-5564.

Moses 4.C., Freinkel4.J., Knowles B.B. & Aden D.P. (1983) Demonstration that a

human hepatoma cell-line produces a specif,rc insulin-like growth factor carrier protein.

Clinical Endocrinology and Metabolism 56, 1003-1008.

Mottola C., MacDonald R.G., Brackett J.L., Mole J.E., Anderson J.K. & Czech M.P.

(1986) Purification and amino-terminal sequence of an insulin-like growth factor binding

protein secrered by rat liver BRL-3A cells. Journal of Biological Chemistry 261, Ll180-

11188.

Moxham C.P., Duronio V. & Jacobs S. (1989) Insulin-like gowth factor I receptor-subunit

heterogeneity. Evidence for hybrid tetramers composed of insulin-like growth factor and

insulin receptor heterodimers. Journal of Biological Chemistry 264,13238-L32M.



Mozell R.L. & McMorris F.A. (1991) Insulin-like gowth factor I stimulates

oligodendrocyte development and myelination in rat brain aggregate cultures. Joumal of
Neuroscience Research 30, 382-390.

Mueller R.V., Spencer E.M., Sommer 4., Maack 4., Suh D. & Hunt T.K. (1991) The role

of IGF-I and IGFBP-3 in wound healing. In: Modern concepts of the Insulin-like Growth

Factors (ed. by E.M. Spencer), pp. 185-191. Elsevier Science Publishing Co., Inc.,

Mullins J.J., Peters J. & Ganten D. (1990) Fulimant hypertension in transgenic rats

harbouring the mouse Ren-2 gene. Nature344,54l-544.

Murphy L.J., Bell G.I., Duckworth L.M. & Friesen H.G. (1987) Identification,

cha¡acterisation and regulation of a rat complementary deoxyribonucleic acid which encodes

insulin-like growth factor-I. Endocrinology l2l, 684-691.

Murphy L.J., Seneviratne C., Ballejo G., Croze F. & Kennedy T.G. (1990) Identifìcation

and cha¡acterisation of a rat decidual insulin-like growth factor binding protein

complementary DNA. Molecular Endocri nol o gy 4, 329 -33 6.

Murray 4.J., Balla¡d F.J. & Tomas F.M. (1981) A rapid method for the analysis of N-

methylhistidine in human urine. Analytical Biochemistry I | 6, 537 -544.

Myers M.G., Sun X.J., Cheatham B., Jachna 8.R., Glasheen E.M., Backer J.M. & White

M.E. (1993) IRS-1 is a common element in insulin and IGF-I signalling to the

phosphatidylinositol 3' kinase. Endocrinol ogy 132, l42l - I 430.

Naar E.M., Bartke 4., Majumdar S.S., Buonomo F.C., Yun J.S. & V/agner T.E. (1991)

Fertility of transgenic female mice expressing bovine growth hormone or human growth

hormone variant genes. Biology of Reproduction 45, 178-187.

Nagamatsu S., Chan S.J., Falkmer S. & Steiner D.F. (1991) Evolution of the insulin gene

superfamily: sequence of a preproinsulin-like gowth factor from the Atlantic hagfish.

Journal of Biological Chemistry 266,2391-2402

Nechushtan H., Benevisty N., Brandeis R. & Reshef L. (1987) Glucocorticoids control

phosphoenolpymvate carboxykinase gene expression in a tissue specific manner. Nucleic

Acids Research 15, 6405-6417.



Nelson K., Cimbala M.A. & Hanson R.W. (1980) Regulation of phosphoenolpymvate

carboxykinase (GTP) turnover in rat liver. Journal of Biological Chemistry 255, 8509-

8515.

Nesic D., Cheng J. & Maquat L.E. (1993) Sequences within the last intron function in 3'-

end formation in cultured cells. Molecular and cellular biology 13,3359-3369.

Ni.oít C.S., Mayer G.L. & Russell S.M. (1986) Structural features of prolactins and

growth hormones that can be related to theh biological properties. Endocrine Reviews 7,

169-203"

Nishimoto I., Murayama Y., Katada T., Ui M. & Ogata E. (1989) Possible direct linkage of
insulin-like growth factor-Il receptor with guanine nucleotide binding proteins. Journal of
Biological Chemistry 264, 74029- I 403 8.

Nolan C.M., Kyle J.W., Watanabe H. & Sly W.S. (1990) Binding of insulin-like growth

factor II (IGF-II ) by the human cation-independent mannose 6-phosphate receptorÂGF-tr

receptor expressed in receptor deficient mouse L cells. Cell Regulation 1, 197-213.

Norstedt G. & Moller C. (1987) Growth hormone induction of insulin-like growrh factor I
messenger RNA in primary cultures of rat liver cells. Journal of Endocrinology 115, 135-

t39.

O'Brien R.M., Lucas P.C., Forest C.D., Magnuson M.A. & Granner D.K. (1990)

Identification of a sequence in the phosphoenolpyruvate carboxykinase gene that mediates a

negative effect of insulin on transcription. Science 249, 533-537 .

O'Gorman S., Fox D.T. & Wahl G.M. (1991) Recombinase-mediated gene activation and

site-specific integration in mammalian cells. Science 251, 1351-1355.

O'Kane C.J. & Gehring W.J. (1987) Detection in situ of genomic regulatory elements in

Drosophila. Proceedings of the National Acadamy of Science USA 84, 9123-9127.

O'Sullivan U.o., Gluckman P.D., Breir B.H., Woodall S., Siddiqui R.A. & McCutcheon

S.N. (1989) Insulin-like growth factor-I (IGF-D in mice reduces weight loss during

starvation. Endocrinolo gy 125, 27 93 -27 9 4.



Ooi G.T., Orlowski C.C., Brown 4.L., Becker R.E., Unterman T'G' & Rechler M'M'

(1990) Different tissue distriburion and hormonal regulation of mRNAs encoding rat insulin-

like growth facror binding proteins TIGFBP-1 and TIGFBP-2. MolecularEndocrinology 4,

32r-328.

Orban p.C., Chui D. & Marth J.D. (1992) Tissue- and site-specific DNA recombination in

transgenic mice. Proceedings of the National Acadamy of Science USA. 89' 6861-6865.

Orian J.M., Snibson K., Stevenson J.L., Brandon M.R. & Herington A.C. (1991)

Elevation of growth hormone (GH) and prolactin receptors in transgenic mice expressing

ovine growth hormone. Endocrinology 128, 1238-L244'

Orkin S.H. (1990) Globin gene regulation and switching: circa 1990. Cell63, 665-672.

Orlowski C.C., Brown A.L., Ooi G.T., Yang Y.W.-H., Tseng L.Y.-H. & Rechler M'M'

(1990) Tissue, developmenral and metabolic regulation of mRNA encoding a rat insulin-like

growth factor binding protein (TIGFBP-2). Endocrinology 126, 644-652 -

Orlowski C.C., Ooi G.T.; Brown D.R., Yang Y.W., Tseng L.Y. & Rechler M'M' (1991)

Insulin rapidly inhibits Insulin-Like Growth Factor Binding Protein-1 gene expression in

H4IIE rar heparoma cells. Molecula¡ Endocrinology 5, 1 1 80- 1 187.

Orlowski C.C., Ooi G.T. & Rechler M.M. (1990) Dexamethasone stimulates transcription

of the insulin-like growth factor binding protein-1 gene in H4IIE rat hepatoma cells.

Molecular Endocrinol ogy 4, t592-1599 .

Oshima A., Nolan C.M., Kyle J.W., Grubb J.H. & Sly W.S. (1988) The human cation-

independenr mannose f-phosphate receptor. Cloning and sequence of the full-length cDNA

and expression of functional receptor in cos cells. Journal of Biological ChemisÍy 263,

2553-2562.

Overbeek P.A., Lai S.-P., Van Quill K.R. & Westphal H. (1986) Tissue-specihc

expression in transgenic mice of a fused gene containing RSV terminal sequences. Science

23r, t574-1577.

Owens P.C., Michalska 4.E., Owens J.4., Vize P.D., Waters M.J., Ballard F.J., V/ells

J.R.E. & Seamark R.F. (1939) Expression of a porcine $owth hormone gene in mice.

proc. proceedings of the Australian Physiological and Pharmacological Society 20(l),24y''-

25¡^.



Palmiter R.D. & Brinster R.L. (1986) Germline transformation of mice. Annual Review of

Genetics 20,465-499.

Palmiter R.D., Chenn H.Y. & Brinster R.L. (1982) Differential regulation of

metallothioneine Thymidine Kinase Fusion Genes in Transgenic mice and thei¡ offspring.

CelI29,70L-7L0.

Palmiter R.D., Norstedt G., Gelinas R.E., Hammer R.E. & Brinster R.L. (1983)

Metallothionein-Human GH fusion genes stimulate the growth of mice. Science 222,809-

814.

Palmiter R.D., Sandgren E.P., Avarbock M.R., Allen D.D. & Brinster R.L. (1991)

Heterologous introns can enhance expression of transgenes in mice. Proc. Natl. Acad. Sci.

usA 88, 478-482.

Palmiter R.D., Sandgren E.P., Koeller D.M. & Brinster R.L. (1993) Distal rggulatory

elements from the mouse metallothionein locus stimulate gene expression in Eansgenic mice.

Molecula¡ and Cellular Biology 13,5266-5n5.

Pergorier J.-P., Salvado J., Forestier M. & Girard J. (1992) Dominant role of glucagon in

the initial induction of phosphoenolpymvate carboxykinase mRNA in culn¡red hepatocytes

from fetal rats. European Journal of Biochemistry 210, 1053-1059.

Peterson D.D., Koch S.R. & Granner D.K. (1989) 3' noncoding region of

phosphoenolpyruvate carboxykinase mRNA contains a glucocorticoid-responsive mRNA-

stabilising element. Proceedings of the National Acadamy of Science U.S.A. 86, 7800-

7804.

Pfarr D.S., Rieser L.4., Woychik R.P., Rottman F.M., Rosenberg M. & Reff M.E.

(1936) Differential effecs of polyadenylation regions on gene expression in mammalian

cells. DNA 5,II5-122.

Phillips 4.F., Persson B., Hall K., Lake M., Skottner 4., Sanengan T. & Sara V.R.

(1983) The effects of biosynthetic insulin-like growth factor-I supplementation on somatic

growth, maturation and erythropoiesis on the neonatal rat. Pediatric Research 23,298-305.

Phillips L.S., Fusco 4.C., Unterman T.G. & del Greco F. (1984) Somatomedin inhibitor

in uremia. Journal of Clinical Endocrinology and Metabolism 59,7&-772.



phillips L.S., Herington A.C., Karl I.E. & Daughaday w.H. (1976) Comparison of

somatomedin activity in perfusates of normal and hypophysectomised rat livers with and

withoutaddedgrowthhormone'Endocrinology93'606-612'

phillips L.s. & Young H.S. (1976) Nutrition and somatomedin I. Effect of fasting and

refeeding on serum somatomedin activity and cartilage growth activity in raS'

EndocrinologY 99, 304-314.

Postel-Vinay M.-C., Cohen-Tanugi E. & Charrier J' (1982) Growth hormone feceptors m

rat liver membranes: effects of fasting and refeeding and correlation with plasma

somatomedin activity. Molecular cellular Endocrinol ogy 28, 667 -67 5'

povoa G., Isaksson M., Jornvall H. & HallK. (1985) The somatomedin-binding protein

isolated from a human hepatoma cell.line is identical to human amniotic fluid somatomedin

binding protein. Biochemical and Biophysical Research communications 128, 1071-1078'

prewitt E.T., D',Ercole 4.J., Switzer B.R. & van wyk J.J. (1982) Relationship of serum

immunoreactive somatomedin-C to dietary protein and energy in growing rats. Journal of

Nutrition ll2, 144-150.

Quaife c.J., Mathews L.S., Pinkert c.4., Hammer R.E., Brinster R'L' & Palmiter R'D'

(1989) Histopathology Associated with Elevated Levels of Growth Hormone and Insulin-

Like Growth Factor I in Transgenic Mice. Endocrinology 124,40-48.

Raben M.S. (1953) Treatment of a pituitary dwarf with human glowth hormone' Journal of

Clinical Endocrinology and Metabolism' 18, 901-903'

Rechler M.M. (1993) Insulin-tike glowth factor binding proteins. In: Vitamins and

Hormones(ed.byA.M.Spiegel),pp.3-115.AcademicPressInc.,

Rechler M.M. & Brown A.L. (lgg2) Insulin-like growth factor binding proteins: gene

structure and expression. Growth Regulation 2, 55-68'

Rechler M.M. & Nissley s.P. (1935) The nature and regulation of the receptors for insulin-

like growth factors. Annual Review of Physiolo gy 41 
' 
425-442'

Rechler M.M. & Nissley s.P. (1990) Insulin-like growth factors. In: Peptide growth factors

and their receprors I. (ed. by M.B.a.R. Sporn A.B.), pp.263-367. Springer-verlag,

Berlin.



Reik V/. (Igg2) Genome Imprinting. In: Transgenic Animals Eds. (ed. by F.a.K. Grosveld

G.), pp. 99-L2I. Academic Press,

Rinderknecht E. & Humbel R.E. (1978 a) The amino acid sequence of human insulin-like

growth factor I and is structural homology with proinsulin. Journal of Biological Chemistry

253,2769-2776.

Rinderknecht E. & Humbel R.E. (1978 b) Primary structure of human insulin-like $owth

factor II. FEBS letters 89,283-286-

RiWos O., Ranta T., Jalkanen J., Suikkar A.-M., Voutilainen R., Bohn H. & Rutanen E.-

M. (1988) Insulin-like growth factor (IGF) binding proæin from human decidua inhibis the

binding and biological action of IGF-I in cultured choriocarcinoma cells. Endocrinology

t22,2150-2157.

Roberts C.T., Brown 4.L., Graham D.E., Seelig S., Berry S., Gabbay K.H. & Rechler

M.M. (1986) Growth Hormone Regulates the Abundance of Insulinlike Growth Factor I

RNA in Adult Rat Liver. The Journal of Biological Chemistry 261, 10025-10028.

Roberts C.T.J., Lasky S.R., Lowe W.L.J. & LeRoith D. (1987) Rat IGF-I cDNAs contain

multiple 5'-untranslated regions. Biochemical and Biophysical Resea¡ch Communications

146,1754-1159.

Roesler V/.J., Vandenbark G.R. & Hanson R.V/. (1989) Identification of multiple protein

binding domains in the pfomoter-regulatory region of the phosphoenolpymvate

carboxykinase (GTP) gene. The Journal of Biological Chemistry 264,9657-966/'-

Roghani M., Lassarre C.,7,apf J., Povoa G. & Binoux M. (1991) Two insulin-like growth

factor (IGF) binding proteins are responsible for the selective aff,rniry for IGF-tr of

cerebrospinal fluid binding proteins. Journal of Clinical Endocrinology and Metabolism 73,

658-666.

Ross M., Francis G.L., Szabo L., Wallace J.C. & Ballard F.J. (1989) Insulin-like growth

factor (IGF)-binding proteins inhibit the biological activities of IGF-I and IGF-2 but not

des( 1 - 3)-IGF-I. Biochemic al Journal 258, 267 -27 2.

Roth R.4., Stover C., Hari J., Morgan D.O., Smith M.C., Sara V. & Fried V.A. (1987)

Interactions of the receptor for insulin-like growth factor II with mannose 6-phosphate and

antibodies to the mannose 6-phosphate receptor. Biochemical and Biophysical Resea¡ch

Communications 149, 600-606.



Rotwein P. (1986) Two insulin-like growth factor-I messenger RNAs are expressed in
human liver. Proceedings of the National Acadamy of Sciences USA g3, 77-gr.

Rotwein P., Folz R.J. & Gordon J.L. (1987) Biosynthesis of human insulin-like growth
factor I (IGF-I). Joumal of Biological chemistry 262, r1807-r rgrz.

Räwein P. (1991) Structure, evolution, expression and regulation of insulin-like growth
factors I and II. (minireview). Growth Factors 5, 3-18.

Roy R.J., Gosselin P., Anzivino M.J., Moore D.D. & Guerin s.L. (1992) Binding of a
nuclear protein to the rat gowth hormone silencer element. Nucleic Acids Research 20,40I-
408.

Russell S.M. & Spencer E.M. (1985) l,ocal injections of human or rar growth hormone or
of purifred human somatomedin-C stimulate unilateral tibial epiphyseal growth in
hypophysectomised rats. Endocrinology 116, 2563-2567 .

Rutanen E.-M., Pekonen F. & Makinen T. (1988) Soluble 34K binding protein inhibits the
binding of insulin-like growth factor I to its cell receptors in human secretory phase

endometrium: Evidence for autocrineþaracrine regulation of growth factor action. Journal of
Clinical Endocrinology and Metabolism 66, 173-180.

Salmon W.D. & Daughaday V/.H. (1957) A hormonally controlled serum facror which
stimulates sulfate incorporation by cartilage in viro. Journal of Laboratory and Clinical
Medicine 49,825-836.

sara v.R., carlsson-Skwirut c., Andersson E., Hall B., sjorgen B., Holmgren A. &
Jomvall H. (1986) Characterisation of somatomedins from human feral brain: identification
of a variant form of insulin-like growth-factor I. Proceedings of the National Acadamy of
Sciences USA 83, 4904-4907.

Sara V.R. & Hall K. (1990) Insulin-like gïowth factors and their binding proreins.
Physiological Reviews 70, 591-613.

sasaki K., cripe T.P., Koch s.R., Andreone T.L., peterson D.D., Beale E.G. & Granner
D.K. (1984) Multihormonal Regulation of Phosphoenolpyruvate Carboxykinase Gene
Transcription (The dominant role of insulin). The Journal of Biological Chemisrry 259,
15242-1525r.



Schedl A., Beerman F., Thies E., Montoliu L., Kelsey G. & SchutzG. (L992) Transgenic

mice generated by pronuclear injection of a yeast artihcial chromosome. Nucleic Acids

Resea¡ch 20, 307 3-307 7 .

Schedl4., Montoliu L., Kelsey G. & Schutz G. (1993) A yeast artifrcial chromosome

covering the tyrisonase gene confers copy-number dependent expression in transgenic mice"

Nature 362,258-360.

Scheiwiller E., Guler H.P., Merryweather J., Scandella C., Maerki W.,Z,apf J. & Froesch

E.R. (1986) Growth restoration of insulin-def,rcient diabetic rats by recombinant human

insulin-like gowth factor I. Nature 323,169-171.

Schlechter N.L., Russell S.M., Spencer E.M. & Nicoll C.S. (1986) Evidence suggesting

that the di¡ect growth-promoting effect of growth hormone on cartilage in vivo is mediated

by local production of somatomedin. Proceedings of the National Acadamy of Science

usA. 83,7932-7937 .

Schmid C., Steiner T. & Froesch E.R. (1984) Insulin-like gowth factor I supports

differentiation of cultured osteoblast-like cells. FEBS Lætters 173, 48-53.

Schmid C., Steiner T. & Froesch R.E. (1983) Insulinlike growth factors stimulate

synthesis of nucleic acids and glycogen in cultured calvaria cells. Calcified Tissue

International 35, 578-58 1.

Schoenle E.,7apf J. & Froesch R.E. (1983) Regulation of rat adipocyte glucose transport

by growth hormone: no mediation by insulin-like gowth factors. Endocrinology 112,384-

385.

Schoenle E.,Zapf J., Humbel R.E. & Froesch E.R. (1982) Insulin-like growth factor I
stimulates gowth in hypophysectomised rats. Natur e 29 6, 252-253.

Schoenle EJ.,Zapf J., Hauri C., Steiner T. & Froesch E.R. (1985) Comparison of in vivo

effects of insulin-like growth factors I and II and of growth hormone in hypophysectomised

rats. Acta Endocrinologica I08, 167 -I14.

Schofield P.N. (1992) The Insulin-like Growth factors (stmcture and biological function).

Oxford University Press,



Schweiller E., Guler H.P., Merryweather J., Scandella c., Maerik w ',zapr J' & Froesch

R.E. (1986) Growth restoration of insulin-def,rcient diabetic rats by recombinant human

insulin-like growth factor I. Nature 323,169-17l'

sea¡le P.F., Davidson 8.L., Stuart G.W., V/ilkie T'M., Norstedt G' & Palmiter R'D'

(1984) Regulation, linkage and sequence of the mouse metallothionein I and tr genes'

Molecular and Cellular Biology 4,1221-1230'

Seeburg P.H. (1982) The human growth hormone gene family : nucleotide sequences show

recent divergence and predict a new potypeptide hormone. DNA l'239-249"

Seeburg P.H., Shine J., Martial J.4., Baxter J.D. & Goodman H'M' (1977) Nucleotide

sequence and amplification in bacteria of the structural gene for rat growth hormone' Nature

270,486-494"

Seeburg P.H., Sias s., Adelman J., DeBoer H.A., Hayflick J., Jhurani P', Goeddel D'v'

& Heyneker H.L. (1983) Proceedings of the National Acadamy of science usA' 82' 430G

4310.

Sekine s., Mizukami T., Nishi T., Kuwana Y., Saitb 4., Sato M., Itoh s' & Kawauchi H'

(1985) Cloning and expression of cDNA for salmon gowth hormone in Eschericia coli' 82'

4306-4310"

Sekine S., Mizukami T., Nishi T., Kuwana Y., Saito M', Itoh S' & Kawauchi H' (1985)

Cloning and expression of gDNA for salmon growth hormone in Eschericia coli'

Seneviratne c., Luo J. & Murphy L.J. (1990) Transcriptional Regulation of Rat Insulin-

Like Growth Factor-Binding Protein-l Expression by Growth Hormone' Molecular

EndocrinologY 4, ll99 -1204 -

Shamay 4., Puresel V.G., Wall R.J. & Hennighausen L' (1933) Induction of lactogenesis

in transgenic virgin pigs. Evidence for gene integration site-specifrc hormonal regulation'

Molecular Endocrinology 6, l9l-197 '

ShawM.A.&BaumannG.(1988)Growthhormonebindingproteinsinanimalplasma:a

survey. Proc. 70 th Annual Meeting of the Endocrine Society 240 (Abstract)'

Shimasaki S., Gao L., Shimonaka M. & Ling N' (1991) Isolation and molecular cloning of

insulin-like gowth factor-binding protein-6. Molecular Endocrinology 5' 938-948'



Shimasaki S., Koba 4., Mercado M., Shimonaka M. & Ling N. (1989) Complementary

DNA structure of the high molecular weight rat insulin-like growth factor binding protein

(IGF-BP3) and tissue distribution of its mRNA. Biochemical and Biophysical Research

Communications L65, 907 -912.

Shimasaki S., Shimonaka M., Zhang H.-P. & Ling N. (1991a) Identif,rcation of five

different insulin-like growth factor binding proteins (IGFBPs) from adult rat serum and

molecular cloning of a novel IGFBP-5 in rat and human. Journal of Biological Chemistry

266, 10646-10653.

Shimasaki S., Uchiyama F., Shimonaka M. & Ling N. (1990) Molecular cloning of the

cDNAs encoding a novel insulin-like gowth factor-binding protein fromrat and human.

Molecular Endocrinol o1y 4, 145 1- 1458.

Shimatsu A. & Rotwein P. (1987) Mosaic evolution of the insulin-like gowth factors.

Journal of B iological Chemistry 262, 7 89 4-7 940.

Shimatsu A. & Rotwein P. (1987a) Sequence of two rat insulin-like growth factor I mRNAs

differing within the 5' untranslated region. Nucleic Acids Research 15,7196.

Shimonaka M., Schroeder R., Shimasaki S. & Ling N. (1989) Identification of a novel

binding protein for insulin-like growth factors in adult rat serum. Biochemical and

Biophysical Resea¡ch Communications 165, 189-195.

Short M.K., Clouthier D.E., Schaefer I.M., Hammer R.M., Magnuson M.A. & Beale E.G

(L992) Tissue-specific, developmental, hormonal and dietary regulation of rat

Phosphoenolpyruvate Carboxykinase-human Growth Hormone fusion genes in transgenic

mice. Molecular and Cellular Biology 12,1007-1020.

Sinha Y.N., Gilligan T.4., Lee D.W., Baxi S.C. & Vanderlaan W.P. (1986)

Demonstration of 20K growth hormone in human plasma by gel electrophoretic-

immunostaining-autoradiographic assay (GEISSA). Hormone and Metabolism Resea¡ch 18,

402-406.

Skottner 4., Clark R.G., Fryklund L. & Robinson I.C.A.F. (1989) Growth responses in a

mutant dwarf rat to human gowth hormone and recombinant insulin-like growth factor I.

Endocrinol ogy 124, 2519 -2526.



Skottner 4., Clark R.G., Robinson I.C.A.F. & Fryklund L. (1987) Recombinant human

insulin-like $owth factor: testing the somatomedin hypothesis in hypophysectomised rats.

Journal of Endocrinology Llz, 123-132.

Slater E.P., Rabenau O., Karun M., Baxter J.D. & Beato M. (1985) Glucocorticoid

receptor binding and activation of a heterologous promoter by dexamethasone by the first

intron of the human gowth hormone gene. Molecular and Cellular Biology 5,2984-2992.

Smith P.E. (1927) Journal of the American Medical Association 88, 158-161.

Smith P.J., Wise L.S., Berkowítz R.,'Wan C. & Rubin C.S. (1988) Insulin-like growth

factor-I is an essential regulator of the differentiation of 3T3-Ll adipocytes. Journal of
Biological Chemistry 263, 9 402-9408.

Smith V/.C., Kuniyoshi J. & Talamantes F. (1989) Mouse serum growth hormone binding

protein has GH receptor extracellular and substituted tra¡rsmembrane domains. Molecula¡

Endocrinology 3, 984-990.

Smith W.C. & Talamantes L.F. (1987) Identification and characterisation of a

heterogeneous population of gowth hormone receptors in mouse hepatic membranes.

Journal of Biological Chemistry 262,2213.

Sober H.A.e. (I97 0) Handbook of Biochemistry : selected data for molecular biology . 2 nd

edition, }lllz.

Soos M.A. & Siddle K. (1989) Immunological relationships between receptors for insulin

and insulin-like growth factor I. Biochemical Journal 263,553-563.

Spencer E.M., Skover G. & Hunt T.K. (1988a) Somatomedins:do they play a pivotal role

in wound healing? Progress in Clinical and Biological Research266,103-116.

Spencer S.4., Hammonds R.G., Henzel V/.J., RodriguezH., Vy'aters M.J. & V/ood V/.I.
(1988) Rabbit liver growth hormone receptor and serum binding protein. Journal of
Biological Chemistry 263, 7 862-7 867 .

Spratt S.K., Tatsuno G.P. & Sommer A. (1991) Cloning and characterisation of bovine

insulin-like growth factor binding protein-3 (bIGFBP-3). Biochemical and Biophysical

Research Communications I77, 1025- 1032.



Stacey A. (1988) Perinatal lethal osteogenesis imperfecta in transgenic mice bearing an

en gineered mutan t pro-alpha 1 (I) coll agen gene. 332, 13 | - 134.

Steele N.C. & Elsasser T.H. (1989) In: Animal Growth Regulation (ed.pp. 295-316.

Plenum Press, New York.

Stempien M.M., Fong N.M., Rall L.B. & Bell G.I. (1986) Sequence of a placental cDNA

encoding the mouse insulin-like growth factor precursor. DNA 5,357-367.

Stewart T.A. (1993) Models of human endocrine disorders in transgenic rodenß. Trends in

Endocrinology and Metabolism 4, 136-147.

Stewart T.4., Clift S., Pitts-Meek S., Martin L., Terrel T.G., Liggitt D. & Oakley H.

(1992) An evaluation of the functions of the 22- ktlodalton (kDa), the 20-kDa, and the N-

terminal polypeptide forms of human gowth hormone using transgenic mice.

Endocrinology I 30, 405-414.

Stiles C.D., Capone G.T., Scher C.D., Antoniades H.N. & Van Wyk J.J. (1979) Dual

control of cell growth by somatomedins and platelet-derived growth factor. Proceedings of
the National Acadamy of Science USA 76, 1279-1283.

Stracke H., Schulz 4., Moeller D., Rossol S. & Schatz H. (1984) Effect of growth

hormone on osteoblasts and demonstration of somatomedin -CÂGF-I in bone organ culture.

Acta Endocrinologica (Copenhagen) 107, 16-22.

Straus D.S. & Takemoto C.D. (1990) Effect of dietary protein deprivation on insulin-like

growth factor (IGF-I) and -II, IGF binding protein-2, and serum albumin gene expression

in the rat. Endocrinology 127,1849-1860.

Straus D.S. & Takemoto O.D. (1988) Effect of fasting and ¡efeeding on IGF-I mRNA

levels and gene transcription in young male rats. abstract International endocrine society

meeting

Suh D.Y., Hunt T.K. & Spencer E.M. (1992) Insulin-like growth factor-I reverses the

impairment of wound healing induced by corticosteroids in rats. Endocrinology )31,2399-
2403.

Sung-Woom K. & Rotwein P. (1991) structure and function of a human insulinJike growth

factor-I gene promoter. Molecular Endocrinology 5, 19 64-1972.



Sveren J. & Chalkley R. (1990) The structure and assembly of active chromatin. Trends in

Genetics 6,52-56.

Svoboda M.E., Van Wyk J.J., Klapper D.G., Fellows R.E., Grissom F.E. & Schlueter

R.J. (1980) Purifrcation of somatomedin-C from human plasma: chemical and biological

properties, partial sequence analysis and relationship to other somatomedins. Biochemistry

t9,790-797.

Swift G.H., Hammer R.E., MacDonald R.J. & Brinster R.L. (1984) Tissue-specific

expression of the rat pancreatic elastase I gene in transgenic mice. Cell38, $9-96-

Szabo L., Mortershead D.G., Ballard F.J. & Wallace J.C. (1988) The bovine insulinlike

growth factor (IGF) binding protein purified from conditioned medium requires the N-

terminal tripeptide in IGF-I for binding. Biochemical and Biophysical Research

Communications I5I, 201 -214.

Takenaka A., Miura Y., Mori M., Hirosawa M., Kato H. & Noguchi T. (1991) Distribution

of messenger RNAs of insulin-like growth factor (IGF)-binding proteins-1 and -3 between

parenchymal and nonparenchymal cells in rat liver. Agricultural Biological Chemisrty 55,

1191-1193.

Tavakkol4.F., Simmen F.A. & Simmen R.C.M. (1988) Porcine insulin-like growth

factor-I (pIGF-I): complementary deoxyribonucleic acid cloning and uterine expression of

messenger ribonucleic acid encoding evolutionarily conserved IGF-I peptides"

Endocrinology 2, 67 4-681.

Thissen J.-P., Triest S., Moats-Staats 8.M., Underwood L.8., Mauerhoff T., Maiter D. &

Ketelslegers J.-M. (1991) Evidence That Preranslational and Translational Defects Decrease

Serum Insulin-like Growth Factor-I Concentrations During Dietry Protein Restriction'

Endocrinology I29, 429 -435.

Thissen J.P., Triest S., Maes L.E., Underwood L.E. &' Ketelslegers J.M. (1990) The

decreased concentration of insulin-like growth factor-I in protein restricted rats is not due to

decreased numbers of growth hormone receptors on isolated hepatocytes. Journal of

Endocrinology 124, 159- 1 65.

Thomas K.R. & Capecchi M.R. (1987) Site-directed mutagenesis by gene targeting in

mouse embryo-derived stem cells. Cell 51, 503-512.



Thomas M.J., Freeland T.M. & Srobl J. (1990) Z-DNA formation in the rat growth

hormone gene promoter region. Molecular and Cellular Biology 10' 5378-5387.

Tilghman S.M., Hanson R.W. & Ballard F.J. (1976) Hormonal regulation of

phosphoenolpymvate carboxykinase (GTP) in mammalian tissues. In: Gluconeogenesis

(ed. by R.V/.H.a.M.4. Mehlman), pp. 47-91. John Wiley and Sons,Inc., New York.

Tilgírman S.M., Hanson R.w., Reshef L., Hopgood M.F. & Ballard F.J. (1974)

Translatable messenger ribonucleic acid of phosphoenolpynrvate carboxykinase : rapid loss

during glucose repression in liver. Proceedings of the National Acadamy of Science USA

71, 1304-1308.

Tiong T.S. & Herington A.C. (1991) Identification of a novel growth hormone binding

protein mRNA in rat liver. Biochemical and Biophysical Research Communications 180,

489-495.

Tiong T.S" & Herington A.C. (1991) Tissue distribution, characterisation and regulation of

messenger ribonucleic acid for gowth hormone receptor and serum binding protein in the

rat. Endocrinology L29, 1628-1634.

Tiong T.S. & Herington A.C. (1992) Ontogeny of messenger RNA for the rat growth

hormone receptor and serum binding protein. Molecula¡ and Cellular Endocrinology 83,

t33-142r.

Tomas F.M. & Balla¡d F.J. (1987) Applications of the N-methylhistidine technique for

measuring myohbrillar protein breakdown in vivo. In Lysosomes:TheirRole in Protein

Breakdown, 677-7II.

Tomas F.M., Knowles S.8., Owens P.C., Chandler C.S., Francis G.L. & Ballard F.J.

(1993) Insulin-like glowth factor-I and more potent variants restore gowth of diabetic rats

without inducing all characteristic insulin effects. Biochemical Journal 291,78I-786.

Tomas F.M., Knowles S.E., Owens P.C., Chandler C'S., Francis G.L., Read L.C. &

Ballard F.J. (1992) Insulin-like growth factor-I (IGF-I) and especially IGF-I variants a¡e

anabolic in dexamethasone-treated rats. Biochemical Joumal 282, 9 l-97 .

Tomas F.M., Knowles S.E., Owens P.C., Read L.C., Chandler C.S., Gargosky S.E. &

Ballard F.J. (1991) Effect of full-length and truncated insulin-like gowth factor-I on

nitrogen balance and muscle protein metabolism in nirogen restricted rats. Joumal of

Endocrinology 128, 97 -1O5.



Tomas F.M., Knowles S.E., Owens P.C., Read L.C., Chandler C.S., Gargosky S.E. &
Ballard F.J. (1991a) Increased weight gain, nitrogen retention and muscle protein synthesis

following trearnent of diabetic rats with insulin-like growth factor (IGÐ-I and des(l-3)IGF-

I. Biochemical Journal 27 6, 547 -554.

Tong P.Y., Tollefsen S.E. & Kornfeld S. (1988) The cation-independent mannose 6-

phosphate receptor binds insulin-like gowth factor II. Journal of Biological Chemistry 263,

2585-2588.

Torring O., Firek 4.F., Heath H.I. & Conover C.A. (1991) Parathyroid hormone and

parathyroid related peptide stimulate insulin-like growth factor-binding protein secretion by

rat osteoblast-like cells through a adenosine 3' ,5'-monophosphate-dependent mechanism.

Endocrinology 128, 1006-1014.

Townes T.M. & Behringer R.R. (1990) Human globin locus activation region (LAR): role

in temporal control. Trends in Genetics 6,219-223.

Townes T.M., Lingrel J.8., Chen H.Y., Brinster R.L. & Palmiter R.D. (1985) Erythroid

specific expression of human ß-globin genes in transgenic mice. EMBO Joumal 4, L7l5-
1723"

Treadway J.L., Morrison B.D., Goldfine I.D. & Pessin J.E. (1989) Assembly of
insulin/insulin-like growth factor-I hybrid receptors in vitro. Joumal of Biological

Chemistry 264, 21450-21 453.

Tseng L.Y.-H., Ooi G.T., Brown 4.L., Straus D.S. & Rechler M.M. (1992) Transcription

of the insulin-like gowth factor binding protein-2 gene is increased in neonatal and fasted

adult rat liver. Molecular Endocrinology 6, 1195-1201.

Ulrich 4., Gray 4., Tam 4.W., Yang-Feng T., Tsubokawa C., Collins C., Henzel W.,

LeBon T., Kathuria E., Chen E., Jacobs S., Francke U., Ramachandran J. & Fujita-

Yamaguchi Y. (1986) Insulin-like gowth factor I receptor primary structure: comparison

with insulin receptor suggests structural determinants that dehne functional specificity.

EMBO Journal 5, 2503-25 12.

Unterman T.G., Lacson R.G., McGary E., Whalen C., Purple C. & Goswami R.G.

(L992) Cloning of the rat insulin-like growth factor binding protein-1 gene and analysis of
its 5' promoter region. Biochemical and Biophysical Research Communications 185, 993-

999.



Unterman T.G., Oehler D.T., Gotway M.B. & Morris P.W. (1990) Production of the rat

type 1 Insulin-Like Growth Factor-Binding Protein by well differentiated H4IIEC3

hepatoma cells: Identification, purifrcation and N-terminal amino acid analysis.

Endocrinology I27, 7 89-7 97 .

Unterman T.G., Oehler D.T., Murphy L.J. & Lacson R.G. (1991) Multihormonal

regulation of insulinlike growth factor binding protein-l in ratH4I[E hepatoma cells: the

dominant role of insulin. Endocrinology 128, 2693-2701.

Upton F.Z,Szabol., Wallace J.C. & Ballard F.J. (1990) Characterisation and cloning of

a bovine insulin-like glowth factor binding protein . Journal of Molecular Endocrinology 5,

77-84.

Valera 4., Rodriguez-Gil J.E., Yun J.S., McGrane M.M., Hanson R.W. & Bosch F

(L993) Glucose metabolism in transgenic mice containing a chimeric P-enolpyruvate

carboxykinase/bovine gfowth hormone gene. FASEB Journal T, 791-800.

Van Buul-Offers S., Hoogerbrugge M., Branger J., Feijbrief M. & Van Den Brande J"

(19S8) Growth-stimulating effects of somatomedin-/insulin-like peptides in snell dwarf

mice. Hormone Research 29, 229 -236.

Van Buul-Offers S., Ueda I. & Van den Brande J.L. (1936) Biosynthetic somatomedin C

(IGF-D increases the length and weight of Snell dwarf mice. Pediatric Research 29,825-

827.

Vize P.D. (1987) Expression of pGH in bacteria and transgenic animals. Ph. D. thesis,

University of Adelaide.

Vize P.D., Michalska 4.E., Ashman R., Lloyd B., Stone B.4., Quinn P.,'Wells J.R.E. &

Seamark R.F. (1988) Introduction of a porcine glowth hormone fusion gene into transgenic

pigs promotes growth. Journal of Cell Science 90,295-300-

Vize P.D. & Wells J.R.E. (1987) Isolation and characterisation of the porcine growth

hormone gene. Gene 55,339-344.

Wallis M. (19S0) Growth hormone: deletions in the protein and introns in the gene. Nature

284,5\2.



walton P.E., Grant P., Owens P.C., Wallace J.C. & Ballard F'J' (1990) Isolation and

characterisation of ovine plasma IGF binding proteins !,2 anda24þ'Da species' Proc'

72nd Annual Meeting of the Endocrine Society

v/ard A. & Elliss c.J. (1992) The insulin-like growth factor genes' In: The insulin-like

Fowth factors (structure and biological functions) (ed' by P'N' Schoefield)' ' Oxford

Medical Publications

watahiki M., Yamamoto M., Yamakawa M., Tanaka M. & Nakashima K' (1989)

conserved and unique amino acid residues in the domains of growth hormones' Journal of

Biological Chemistry 264, 312-316'

warford M. & Tatro A.V. (1938) Phosphoenolpynrvate carboxykinase of Rat Small

Intestine: Distribution and Regulation of Activity and mRNA levels. Journal of Nurition 22,

268-272.

whitelaw c.B.A., Archibald 4.L., Harris s., Mcclenaghan M., Simons J.P. & clark A.J

(1991) Targeting expression to the manìmary gland: intronic sequences can enhance the

efhciency of gene expression in transgenic mice. Transgenic Resea¡ch 1, 3-13'

Wight P.4., Crew P.D. & Spindler S.R. (1983) Sequences essential for activity of the

thyroid hormone responsive transcription stimulatory element of the rat $owth hormone

gene. Molecular Endocrinology 2, 536-542'

wilkie T.M., Brinster R.L. & Palmiter R.D. (1986) Germline and somatic mosaicism in

transgenic mice. Developmental Biology 118, 9-18'

Willison K. (1991) Opposite imprinting of the mouse IGF2 and IGF2r genes' Trends in

Genetics 7,I07-lO9-

wong E.A., Ohlsen s.M., Godfredson J.A., Dean D.M. & wheaton J'E' (1989) Cloning

of ovine insulin-like growth factor-I cDNA's heterogeneity in the mRNA population' DNA

8, 648-657 "

wood T.L., Brown A.L., Rechler M.M. & Pintar J.E. (1990) The expression pattern of an

insulin-like growth factor (IGF)-binding protein gene is distinct from IGF-tr in the

midgestational rar embryo. Molecular Endocrinol ogy 4' 1257 -1263.



l

l

/

Wood W.I., Cachianes G., Henzel W.J., Winslow (

iffi J;:;i,T::ï:i:_1i,:';":;;,T":'"ï"il;:i:ffi #'#Jï::*,
1 rg5. --^ ^r¡\v 5r'uwtrl ractor-binding protein- Morecurar 

"""0*n", ogy 2, 1176_

Woon Kim S., LajaraR. & Rotwein p. (lggl)Sructu;like'growth factor-r gene promoter. Molecutu. ¡n¿o"¡re 
and function of a human rnsurin-

nology S,Ig&_1g74.

lïîiffJ;ixîïtî,iliJ,*,i;î;i;:ffis, Goodwin E c & Ro,,man FMAcids Resea¡ch r0,71g7-7209. 
1-v¡¡v'r8 or tne bovine growth hormo e gene. Nucreic

Yamamoto T" de crombrugghe B' & P¿sran r. (1gg0) rdentification of a functional
promorer in the rong rerminar repeat of Rous sarcor;;;*r. CeIr 22,7g7_7g7.
Yamasaki H., hagerD., Gebremedhruo"r-*"*ì"lir.i,,in"ältn .t' 

* Metmed s. (reel) rnsurin-rike growth factor r
I a¡ Endocri norogy r: ff #:ed 

bv overexpre 
s s ion or pi tJi tary rGF-r

Yamashita S. & Mehed S. (19S6) Insulinlike gtrowth facr
Situitav 

cells: suppression of gro*u, r,n'#:::îi 
facto¡ I acdons on r anrerior

Ievels' Endocrinoìàsy l rg, 176-rg2. 
onnone sec¡etion and messeng* ¡ur"r"Ieic acid

Yamashita S' & Mehed S. (19g7) Insurin-like growth factchormone sene ranscriprion r;;;;,:Ï:îwth factor I regurarion of growth
79, 449_452. 

-:riprion in primary rar piruitary cells. Journal of Clinical Investigation

Yang y.W._H., Br
J.A. & Rechre¡r.oo*n 

A'L'' orlowski c.c., Graham D.l
insurinJike rro*rn'' 

Q990) rdentifi cat'

2s.38 - fac,orbindinf;;ä::,:äïlïi:t;f#1ï";ffi.

Rechler M.M. (1989)
wrh Facor_Binding koteins in

Ymer S. & Herington A.C. (19g5) Evid
a receptor-rike protein in rabbit,;. il:;:Ï;iÏ.ìil;i binding orgrowth hormone ro

ndocrinology 41, 153_161.



ZhangX. & Armstrong D.T. (1990) Presence of amino acids in a chemically defined

medium improves development of 8 cell rat embryos in vitro and subsequent implantation in

vivo. Biology of Reproduction 42,662-668.

Zumstein P.P., Luthi C. & Humbel R.E. (19S5) Amino acid sequence of a va¡iant pro-form

of insulin-like growth factor II. Proceedings of the Nationa Acadamy of Science USA 82'

3169-3t72.




