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ABSTRACT

To improve our understanding of the POtential function of the human growth

hormone receptor (hGHR) during fetaI development, the ontogeny of hGHR mRNA

expression in human tissues was examined. ln addition, portions of the hGHR gene

regulatory regions were cloned and characterized.

Transcription of the hGHR gene was observed in multiple tissues from as early

as the first trimester of human fetallife. Two isoforms of the rnRNA coding region were

identified, exon 3-retained or -deleted, and it was shown that expression of these two

transcripts is individual-, but not tissue-, specifie. In tissues from 117 individuals (4

weeks of fetai age to 64 years postnatal), predominant expression of the exon 3-deleted

isoform occurred prior to 20 weeks of fetai life, suggesting that exon 3-deleted transcripts

may be developmentally regulated. A six-foid increase in hepatic hGHR mRNA was

observed postnatally, while the leveis in kidney and intestine showed no significant

developmental change and those in lung decreased six-fold postnatally.

This suggested that multiple gene promoters might be directing tissue-specifie

developmental changes in hGHR rnRNA levels. Since heterogeneity in the 5' untranslated

regions (5'UTR) of mRNAs cao result from differential gene promoter usage, the

expression patterns of three of the eight known 5'UTR variants (VI to VS, numbered

according to their relative abundance in liver) were then investigated. Expression of VI,

V3 and V4 was compared in fetal versus postnatal tissues, including hepatoblastomas and

hepatocellular carcinomas. While V3 was detected in ail tissues examined, the V 1 and

V4 variants were only present in normal postnatal liver sPeCimens; they were not
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expressed in hepatic tumours. It was hypothesized that VI and V4 are derived by

alternative splicing of a common gene transcript, while V3 synthesis is regulated by a

distant and more widely transcribed gene promoter.

To identify DNA sequences regulating synthesis of the VI and V4 5'UTR

variants, portions of the 5' flanking region of the hGHR gene were cloned. Four of the

5'UTR variant sequences were precisely placed in series (5' V7-VI-V4-V8 3') on a 3.8

kb XbaI-BsaAI genomic fragment. A transcriptional start site was identified upstream of

the VI sequence and found to generate, in postnatalliver, a long 5'UTR exon containing

VI, V4 and V8 sequences. Evidence for a second liver-specifie transcriptional start site,

located upstream of V7, was also obtained. Alternative splicing of these gene products

can result in several mRNA species, including the previously isolated VI, V4, V7 and

V8 rnRNA isoforms. Preliminary characterization of a 4.3 kb HindIII-XbaI genomic

clone has revealed that the V3 as weIl as V2 sequences are located in series (5' V2-V3

3') in a distant genomic region , and computer analysis has suggested that there are

transcriptional start sites upstream of both the V2 and V3 sequences. To construct a

complete and continuous physical map of the hGHR genet a Bacterial Artificial

Chromosome (BAC) recombinant clone, encompassing more than 100 kb human genomic

DNA and containing both VI- and V3-variant clusters, was isolated. Future

characterization of the BAC clone will produce a complete map of the hGHR gene

regulatory regions.

In summary, developmental changes in hGHR gene expression most likely reflect

the maturation of an endocrine system but may aIso confer fetal-specifie hGHR biological

activity .
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RESUMÉ

Pour approfondir notre connaissance des fonctions potentielles du récepteur de

l'hormone de croissance humaine (hGHR) pendant le développement foetal, nous avons

étudié l'ontogénèse de l'expression de l'ARNm de l'hGHR dans les tissus humains, de

même que nous avons cloné et charactérisé certaines portions des séquances régulatrices

du gène hGHR.

La transcription du gène hGHR a été observée dans différents tissus dès le

premier trimestre de la vie foetale humaine. Deux isoformes de la région de codage de

l'ARNm ont été identifiées, avec conservation ou suppression de l'exon 3, ce qui a

permis de démontrer que l'expression de ces deux transcrits variait entre individues mais

pas entre tissus. Dans les tissus de 117 sujets (à 4 semaines de vie foetale jusqu'à 64 ans

postnatal), l'expression prédominante de l'isoforme privée de l'exon 3 est observé avant

20 semaines de vie foetale, ce qui donne à penser que les transcrits privés de l'exon 3

font peut-être l'objet d'une régulation développementale. Nous avons observé une

augmentation, par un facteur de six, des ARNm de l'hGHR hépatique postnatal, alors

que les concentrations dans le rein et les intestins ne subissent aucun changement

développementale significative et que celles des poumons sont, après la naissance, six

fois inférieures a celles du foetus.

Cela donne à penser que plusieurs promoteurs modulent les changements

développementaux spécifiques de tissus dans les ARNm de l'hGHR. Puisque

l'hétérogenéité des régions non traduites en 5' (5'UTR) des ARNm peuvent être due à

une utilisation différentielle du promoteur du gène, les modes d'expression de trois des
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huit variants 5' UTR connus (V1 à VS, numérotés selon leur abondance relative dans le

foie) ont été étudiés. L'expression de VI, V3 et V4 a été comparée dans les tissus du

foetus par rapport aux tissus postnatals, y compris dans les hépatoblastomes et les

carcinomes hépatocellulaires. Alors que V3 a été décelé dans tous les tissus examinés,

les variants VI et V4 n'étaient présents que dans les échantillons de foie postnatal

normaux; ceux-ci n'étaient pas exprimés dans les tumeurs hépatiques. Nous avons donc

émis l'hypothèse que VI et V4 dérivent de l'épissage alternatif d'un transcrit commun,

alors que la synthèse de V3 est régulée par un promoteur plus distant et de distribution

tissulaire plus universelle.

Pour identifier les séquences d'ADN qui régulent la synthèse des variants 5'UTR

de VI et V4, nous avons cloné des parties de l'extrémité en S' du gène hGHR. Quatre

des séquences du variant S'UTR ont été précisément placées en série (S' V7-VI-V4-VS

3") sur un fragment génomique 3,8 kb XbaI-BsaAI. Un site de départ transcriptionnel a

été identifié en amont de la séquence VI et l'on a découvert qu'elle produisait dans le

foie postnatal un long exon S'UTR contenant les séquences VI, V4 et VS. La preuve de

l'existence d'un deuxième site de départ transcriptionnel spécifique au foie, situé en

amont de V7, a également été obtenue. L'épissage alternatif de ces produits peut produire

à plusieurs espèces d'ARNm, parmi lesquelles les isoformes VI, V4, V7 et V8 déjà

isolées. La caractérisation préliminaire du clone génomique 4,3 kb HindIII-XbaI révèle

que les séquences V3 et V2 sont placées en série (S' V2-V3 3') dans une région

génomique distincte, et l'analyse informatique donne à penser qu'il existe des sites de

départ transcriptionnel en amont des séquences V2 et V3. Pour élaborer une carte

complète et continue du gène hGHR, un clone recombinant d'un chromosome artificiel

iv



•

•

bactérien (BAC), englobant plus de 100 kb d'ADN génomique humain et contenant les

aggrégation des variants V3 et VI, a été isolé. La future caractérisation du clone BAC

donnera une carte complète des zones régulatoires du gène hGHR.

En résumé, les changements développementaux qui interviennent dans l'expression

du gène hGHR reflètent vraisemblablement la maturation du système endocrinien, mais

révèlent peut-être aussi l'existence de l'activité biologique de hGHR spécifique du foetus .

v



•

•

FOREWORD

This dissertation is written in accordance with the Faculty of Graduate Studies and

Research guidelines for thesis preparation in the manuscript-based format. The thesis is

divided into four parts, consisting of seven chapters and two appendices in total. Part 1

provides a general introduction with a literature review and consists of a single chapter.

The preface to Chapter 1 places the scope of this thesis into an historical perspective.

Chapters 2 through 5, as weil as Appendices 1 and 2, form Part II, the experimental

section. These chapters are presented in manuscript format, each containing its own

abstract, introduction, materials and methods, results, discussion and references sections.

The prefaces to the experimental section chapters serve as "bridges" from one manuscript

to another. Studies that have not yet been submitted for publication are presented in

Appendices 1 and 2. Part III consists of the last two chapters. Chapter 6 discusses the

findings reported in the dissertation as they relate to our current understanding of the

growth hormone receptor and provides future directions of study. The second chapter of

Part III, Chapter 7, lists the daims to original research. A reference list for Chapters

and 6 as weIl as the two appendices is provided in Part IV.
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CHAPTER 1 - GENERAL INTRODUCTION AND LITERATURE

REVIEW

1.1. Preface.

The first growth promoting factor was identified in 1933 as an impurity in

prolactin (PRL) preparations of rat pituitary extracts (1). The distinct identities of growth

hormone (GH) and PRL were clearly delineated in the early 1940~s when GH was

purified and ail somatogenic activity of the extracts was attributed to GH (2,3). InitiaI

experiments aimed at demonstrating the efficacy of subprimate GH preparations in

humans and monkeys failed to show significant biochemÏcal or metabolic activity (4).

Because of these findings~ scientists shifted their emphasis to isolating primate GH and,

by 1957, Li and Papkoff had isolated both the human and monkey forms (5). Knobil et

al then used primate GH to demonstrate that the effects of GH are species-specific: an

anabolic response was observed when monkey GH was administered to

hypophyseetomized rhesus monkeys, whereas bovine GH had no effect (6). For the next

three years, intemists, endocrinologists and pediatricians tested the effects of both human

(h) and monkey GH in human subjects (7). By 1960 it was clear that GH-deficient

children would benefit from pituitary hGH (8,9).

Pituitary hGH was used to treat hGH deficiency until 1985 when several patients

who had received the extracted form of the hormone were diagnosed with Creutzfeldt­

Jakob disease (10). This tragedy resulted in the withdrawal of pituitary hGH from

distribution in North America, causing a halt in an exciting era of pediatrie
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endocrinology. However, the development of pure 22 kD hGH using recombinant DNA

technology by Genentech in the early 1980'5, and its approval by the mid-1980's, has

revolutionized the therapeutic treatment of hGH deficiency (reviewed in Il).

The availability of pure hGH has also been crucial for a number of subsequent

basic science discoveries. Large amounts of hGH were necessary for the isolation and

cloning of the human and rabbit growth hormone receptor (GHR) cDNAs (12). The

cloning of the receptor made it possible to determine the crystal structure and formaI

binding biophysics of the hormone (13) and this, in tum, led to a rational design of a

human (h) GHR antagonist (14). Our understanding of GH physiology has also been

furthered with the discovery of GH binding proteins (GHBPs) (15) and with the

application of molecular biology approaches to study GH and GHR gene expression (16),

GHR intraceIIular signalling cascades and biologic responses to GH stimulus (17).

GH binds to its receptor and triggers growth-promoting effects as weil as a wide

range of metabolic activities (18). It is weB accepted that these are crucial and necessary

events for the normal development of a child and for the maintenance of metabolic

homeostasis in the adulte However, the role of GH and its receptor during mammalian

fetai life has been controversial (19,20).

To advance our understanding of the role of hGH in utero, my doctoral research

has examined hGHR gene expression during human development. My initial findings,

demonstrating that hGHR mRNA levels as weil as specific isoforms (Chapters 2, 3 and

4, and Appendix 1) are under tissue and ontogenie regulation, led me to clone specific

promoter regions in the JzGHR gene (Chapter 4 and Appendix 2). These gene regulatory
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DNA sequences may play crucial roles in differentiating hGHR function in fetal versus

postnatal tissues. In addition, the cloning of these regulatory regions is the first step in

evaluating whether genetic mutations within the hGHR gene promoters may play a role

in the clinical condition of individuals with chronic hGH insensitivity. In a final series

of experiments, 1 cloned the baboon GHR cDNA and provided evidence to suggest that

the baboon is an appropriate in vivo model in which to characterize the mechanisms

regulating primate GHR gene expression during development and under

pathophysiological conditions (Chapter 5). Before presenting these chapters and

disCllSsir1g my findings, Chapter 1 gives an overview of GH as weil as its receptor and

binding proteins. The determinants of fetal and postnatal growth as well as human growth

disorders are examined, to critically evaIuate the importance of GH and its receptor

during the different stages of mammalian development. Throughout these reviews the

emphasis is on the human GH/GHR/insulin-like growth factor-l (IGF-I) axis, but other

species are often examined ta point out interesting differences and similarities between

animal models and humans.

1.2. Growth Hormone.

1.2.1. The GH gene cluster.

GH, PRL and placentallactogen (PL) are homologous hormones that are thought

to have arisen from a common ancestral gene by two successive tandem duplications

(21). GH and PRL genes are present in all vertebrates and originated from a common

progenitor that underwent duplication approximately 400 million years ago. In the

3
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human, the hGH gene is localed on chromosome 17 (22) whereas the hPRL gene has

been mapped to chromosome 6 (23). PL is only present in mammals and comparison of

the cDNA sequences of the different PLs has suggested that primate PLs evolved from

the GH lineage, while rodent and ruminant PLs arose from the PRL lineage (reviewed

in 21,24).

The human GH and PL genes exist as a clusler of five closely related genes (91­

99 % identity) that are thought to have arisen through relatively recent duplication events

(Figure 1.1) (reviewed in 21). It is suggested that a single primitive hGH gene duplicated

and evolved to form the precursor hPL gene. Subsequently, the lwo gene array duplicated

to form a four gene array and, approximately five million years ago, one of these genes

duplicated to give rise to the hPL-L gene. This gene cluster spans 48 kb (23) and has

been mapped to chromosome 17q22-24 (25). Sequencing analysis of the locus revealed

that ail five genes are in the same transcriptional orientation and that they are ordered,

From 5' to 3', hGH-N, hPL-L, hPL-A, hGH-Vand hPL-B (26). Two of the five related

genes code for two hGH isoforms: the pituitary-specific hGH-N (for normal) (27) and

the placental-specific hGH-V (for variant) (28). The corresponding proteins are highly

homologous, with only 13 amino acid differences dispersed throughout the peptide chain

(Figure 1.2) (29). The hPL-A and hPL-B genes are co-expressed in syncytiotrophoblast

cells of the placenta (30): while the hPL-A and hPL-B genes code for the same protein

(31), hPL-L is thought to be a pseudogene (32). Interestingly, gene transcripts sharing

strong similarity to the four human placentally expressed hPL-A, hPL-B, hPL-L and

hGH-V mRNAs as weIl as the pituitary-specific hGH-N mRNA isoform have been

4



Fig. 1.1. The rive genes of the hGH/lrPL gene cluster. Each gene is represented by a

box and only those genes that are expressed in the indicated tissue are shaded. The sizes

of the encoded proteins are given (kD) below their respective genes. Protein products that

are still hypothetical are in parentheses. [Adapted from Cooke, N.E. and Liebhaber, S.A.

In: Vitamins and Hormones, Ed. Litwack, G., Academie Press, San Diego, p. 385-457,

1995 (16).]
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Fig. 1.2. Primary structure of the different hGH fonns. The 22 k.D hGH-N

polypeptide chain is shown. Amino acid changes in hGH-V are indicated next to the

substituted residues. The sequence connected by the heavy lines (amino acids 32-46) is

deleted in 20 kD hGH. Tree structure indicates the position of N-glycosylation in hGH­

V. Asterisks denote sites of natural deamination, and the dot at the amino terminus

depicts an acyl group. [Reprinted from Baumann, G. Growth hormone heterogeneity:

genes, isohormones, variants, and binding proteins. Endo. Reviews 12: 424-49, 1988

(29). ]
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identified in the Rhesus monkey (33). Although the genomic organization and linkage of

the Rhesus monkey GH-related genes has not yet been delineated, it is likely to

correspond closely to that in the human.

In contrast to the primate cluster of related GH genes, a PRL gene family exists

in rodents. The rat PRL gene cluster is located on chromosome 17 (34) and has nine

known members: PRL, PL-l, PL-Iv:uuntt PL-II, PRL-like protein A (PLP-A), PLP-B,

PLP-C, PLP-Cv:uuntl and the decidual/trophoblast PRL-related protein (PRP) (34-42).

Studies in the mouse have a1so identified several PRL-related placental-specific rnRNA

and/or p·roteins: PL-l, PL-II, PLP-A, PLP-B, PLP-E, PLP-F, proliferin (PLF) and PLF­

related protein and decidual PRP (43-48). Ali of these genes, with the exception of PLP­

A and the multicopy PLF genes, have been mapped to a 700 kb region on mouse

chromosome 13 (47,49,50). Although present on chromosome 13, the PLP-A (47) and

PLF (51) genes lie outside the 700 kb cluster. PL hormones have also been detected in

several ruminant placentae (reviewed in 52). In addition, a PL-I homologue cDNA has

been isolated from hamster placenta (53).

PLs expressed in ovine and bovine placentae were amongst the earliest purified

to homogeneity (reviewed in 52). Structural genes coding for the bovine PL (54) and

PRP-I (55) as weIl as ovine PL (56) have been cloned and chracterized. Like the rodent

PRL gene families, these gene products share a higher degree of amino acid sequence

identity with PRL than GH. Although the chromosomallocalization of ovine PL gene has

not yet been determined, both placental-expressed members of the bovine PRL gene

family map to chromosome 23 (57). Gene copy nurnber has not yet been characterized

9
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for the bovine PL and PRP-/ genes, although ovine PL is known to be encoded by a

single gene (52). In addition, alternative splicing of the bovine PL rnRNA and allelic

variants of the bovine PL gene have been reported, suggesting that there are multiple

isoforms of bovine PL (55). In fact, five additional bovine PRP cDNAs have been

isolated from placental mRNA: PRL-fI, -III, -IV, -V, and -VI (58-60).

1.2.2. Pituitary hGH-N.

1.2.2.1. JzGH-N gene expression and biosynthesis.

Five different trophic hormone-producing cell types are present within the adult

rnammalian anterior pituitary. Gonadotropes produce luteinizing hormone (LH) and

follicle-stirnulating hormone (FSH), whereas corticotropes, thyrotropes, somatotropes and

lactotropes synthesize adrenocorticotropic hormone (ACTH), thyroid-stimulating hormone

(TSH), GH and PRL, respectively (reviewed in 61). During anterior pituitary

development, there is a highly ordered sequence ofcell-type differentiation, and induction

of a specific cell-type is rnarked by the onset of gene transcription for one of the anterior

pituitary hormones. In the primate and rodent, somatotrope-specific expression of the GH

gene requires the binding of the transcription factor, Pit-l, to cis-acting elements within

the gene promoter (reviewed in 46,62). Pit-l is a rnember of the POU œit, Oct, Unc)-

domain family of transactivators that is characterized by the conservation of a 60 amine

acid homeobox DNA binding domain, as weIl as the POU-specific region that potentiates

the strength and specificity of homeodomain DNA binding. This latter region consists of

approximately 75 residues that are located N-terminally to the homeodomain .
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The hGH-N gene transcript undergoes differential RNA splicing to contribute to

hGH heterogeneity (Figures 1.1 and 1.3). In addition to the preferential splice site at the

transition between intron Band exon 3, that is used to produce mRNA encoding for the

22 kD form, precursor hGH-N RNA cao undergo alternative splicing in which a splice

acceptor site within exon 3 is used to yield transcripts encoding for the 20 kD hGH-N

(27,63). Approximately, 70-75% of hGH produced by the normal human somatotrope

is 22 kD. The 20 kD form differs from the 22 kD protein by an internaI deletion of

residues 32 to 46 that results in a 176 instead of a 191 amine acid protein (Figure 1.2).

Two additional altematively spliced products of the hGH-N gene transcript have been

described in pituitary tumor ceUs (64). The first is an exon 3 deficient form predicting

a 17.5 kD proteine The other mRNA contains a frame shift that arises from alternative

splicing of a distinct site within exon 3 from that used to generate the 20 kD isoform.

However, it is not known whether these mRNAs are, in fact, translated.

The 22 kD form has both somatogenic as weIl as insulin-like and anti-insulin like

properties (reviewed in 18,29,65,66). Comparative bioactivity studies of the two hGH

hormones have shown that 20 kD hGH exhibits primarily growth-promoting actions and

has its insulin-like properties reduced to about 20% of the potency of 22 kD hGH. In

addition, the relative binding affinities of these two hGH forms can vary several-fold

depending on the cell or tissue type being studied.

The 22 and 20 kD hGHs are synthesized as prehormones with a 26 amino acid

hydrophobie signal sequence (reviewed in 29). The peptide is cotranslationally cleaved

and the prehormone is short lived. hGH forms have been shown to undergo a number

Il



Fig. 1.3. hGH-N mRNA alternative splicing patterns. Numbered boxes represent

exons, whereas intervening introns are shaded. The portion of exon 3 that is alternatively

spliced out is crosshatched. [Reprinted from Baumann, G. Growth hormone

heterogeneity: genes, isohormones, variants, and binding proteins. Endo. Reviews 12:

424-49, 1988 (29).]
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of post-translational modifications, including deamination, acylation, glycosylation, and

aggregation (oligomers) (Table 1.1). Phosphorylation of the polypeptide has been

described in rats, sheep and chicken, but not in humans (reviewed in 29). There is also

recent evidence that significant proteolytic cleavage of 22 kD occurs within the

somatotrope to yield two fragments of 17 and 5 kD (reviewed in 66). 80th products are

released into the circulation. Although it remains controversial as to whether the 5 kD

protein has bioactivity, the 17 kD protein (consisting of residues 44 to 191 of the native

22 kD form) has been described to lack the somatogenic and insulin-like properties of

the 22 kb form while its hyperglycemic activity is 10-20 fold greater than that of 22 kD

hGH.

Once secreted, the hormone circulates both free and bound to two recently

characterized binding proteins (hGHBPs, see section 1.3.2) (reviewed in 29). The "big"

hGH form in plasma is derived from pituitary oligomers (Table 1.1). hGH is degraded

primarily in the kidney, where it is taken up and lysosomally degraded by tubular celIs.

Sorne of the fragments re-circulate and contribute to the heterogeneity. The possibility

that bioactive fragments are metabolically generated remains to be assessed.

1.2.2.2. Control of hGH-N synthesis and release.

As much as 10% of the mammalian pituitary's dry weight is comprised of GH

(reviewed in 61,67-69). Deep sleep (stages III and IV) and external stimuli such as

exercise, stress as weIl as a high intake of protein potentiate GH secretion by the

somatotrophs of the anterior pituitary. The synthesis and secretion of pituitary GH is

14
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Table 1.1. Pituitary hGH variants [Reprinted from Baumann, G. Growth hormone

heterogeneity: genes, isohormones, variants and binding proteins. Endocrinol. Rev. 12:

424-449, 1991 (29)].

•

Monomeric
Native Corms

22,000 dalton hGH (22K)
20,000 dalton hGH (20K)
Desamido-hGH (22K-Asp152)

Desamido-hGH (22K-Glu J37
)

N... -acylated hGH-22K
Possibly native Corros

hGH l -43

hGH-4-&_191
Nonnath-e forms

Cleaved forms
GH-C or GH-a1

GH-D or GH-...2
GH-E or GH-"3

'·Slow GH"
"Slow-slow GH"

OIigomeric forills (composed of the abo·..e)
I\ative forms

Noncovalent oligomers
Dimers

22K homodimers
20K homodimers
22K-20K heterodimers

Higher oligomers
Co....alent oligomers

Disulfide-linked oligomers
22K-dimer
22K/20K heterodimers
Higher oligomers

Linkage unknown
Dimers
Higher oligomers

Nonnative forms
Aggregates of varying sizes depending on

extraction

Values represent averages.

15

70-75%
5-10%
5-10%

3%
5%

1%
?%

Variable
Variable
Variable
Variable
Variable

10%

5%

7%

2%

Variable
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tightly regulated by a number of specific hypothalamic and systemic factors. Two known

hypothalamic hormones, growth hormone-releasing hormone (GHRH) and somatostatin,

are key regulators of GH release: GHRH stimulates production and secretion of GH,

whereas somatostatin inhibits GH release without altering its biosynthesis (Figure 1.4).

The somatostatin-containing nerve fibers arise primarily from the anterior hypothalamic

periventricular system, whereas the GHRH-containing nerve fibers are mainly located in

the arcuate nucleus and to a lesser extent in the ventromedial nucleus. Both GHRH and

somatostatin are released into the capillary system within the median erninence and are

carried to ·the anterior pituitary by the hypothalamo-hypophyseal portal system.

ln addition to GHRH, there is also a family of synthetic GH-releasing peptides

(GHRPs) (Figure lA) (reviewed in 70). GHRP-6, a hexapeptide, was the first member

of this family to be developed that had biological activity in vivo. The relatively weak

metabolic stability of GHRP-6 led to the development of two additional hexapeptides,

GHRP-2 and hexarelin, with a longer half-life. More recently, severa! peptidomimetic

GH secretagogues (eg. MK-677 and L-692,429) have been synthesized: these have the

advantage of being able to be administered orally with high biological potency (reviewed

in 71). Specifie receptors for these GH secretagogues have been c10ned (GHSRs) (72).

Since GHRP-6 and its analogues were derived from met-enkephalin, the natural ligands

for the GHSRs are thought to be "opioid-like".

Although there are sorne species-specific differences, thyroid hormone, estrogens,

androgens, glucocorticoids, glucagon and retinoic acid generally stimulate GH

production, whereas high levels of glucose, fatty acids and glucocorticoids decrease GH

16



Fig. 1.4. A model for control of pulsatile GU secretion by the somatotropes of the

anterior pituitary. Upper panel, GHRH and GH secretagogues stimulate (+) GH

synthesis and release, whereas somatostatin is inhibitory (-). Potential sites of action for

these factors are shown. Lower panels, graphie representation of pulsatile hGH secretion

in early puberty (left) , late puberty (middle) and young adult (right) males. [Adapted

from Smith, R.G. et al Peptidomimetic regulation of growth hormone secretion. Endo.

Reviews 18: 621-645, 1997 (71); Martha, P.M.Jr. et al Endogenous growth hormone

secretion and clearance rates in normal boys, as determined by deconvolution analysis:

relationship to age, pubertal status, and body mass. J. Clin. Endo. Metab. 74: 336-344,

1992 (73).]
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release (reviewed in 62,67,68). GH itself and lOF-l, whose synthesis is enhanced by

increasing levels of GH, have a negative feedback effect on pituitary GH secretion both

directly, at the level of the pituitary, and indirectly, by stimulating hypothaJamic

somatostatin release. However, it remains to be determined if GH and IGF-I feed back

directly on somatostatin-containing neurons or whether the effect is indirectly mediated

by the release of an intermediate factor.

GH secretion fo11ow5 an ultradian rhythm in aU species that have been studied to

date. In the rat and human, GH follows a pulsatile pattern with bursts of GH release

approximately every three hours (Figure 1.4) (67,73). The amplitude of the peaks in the

human are of lower magnitude than in the rat (74). In addition, there are night-time

bursts of GH secretion in humans but not in rodents. Another difference between the two

species i5 that the levels of rat GH peaks and troughs are markedly sexually dimorphic:

in female rodents, GH troughs are higher and the peaks are lower than in males. This

sex-specific distinction is not as striking in humans. The physiologicaI significance of

pulsatile GH secretion was elegantly demonstrated in GH-deficient animals in which GH

repiacement was shown to be more efficient in improving growth when administered in

a pulsatile pattern rather than by constant infusion (75).

The discovery of the GHSR led to a re-evaluation of how GH pulsatility is

controlled (Figure 1.4). Most recent data suggest that coupling of the biologicaI

oscillations of GHRH, somatostatin and the natural ligand for the GHSR sustains the

characteristic pattern of GH secretion. Administration of exogenous GHSR ligand has

shown that the secretagogue acts predominantl)' to antagonize hypothalamic somatostatin
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release and to stimulate GHRH (reviewed in 71). This may result in a synergy between

GHRH and the GHSR ligand at the lever of the pituitary somatotrope to upregulate GH

release. GH then feeds back on the hypothalamus to start a new cycle by increasing

somatostatin inhibitory activity on GHRH-containing neurons and thereby decreasing

GHRH and GH secretion. Smith et al have postulated that, although administration of a

GHSR ligand can cause a resetting of the coupled oscillations, the secretagogue cannot

overcome the inhibitory effects of somatostatin until somatostatin levels drop to a critical

concentration, suggesting that somatostatin receptors are present in excess over GHSRs

on the pitùitary somatotropes (71).

Hypothalamic GHRH (44 and 43 amino acids in human and rat, respectively) acts

on the anterior pituitary to induce GH gene transcription and secretion in both human and

rat, as weIl as proliferation of somatotropes in rat (reviewed in 69). The GHRH receptor

is a member of the G-protein coupled receptor family containing seven-transmembrane

spanning domains. Once stimulated by an agonist, the GHRH receptor activates Gces

which in turn adenylate cyclase to produce cyclic adenosine monophosphate (cAMP)

which, in turn, activates protein kinase A (PKA) (Figure 1.5). Patch-clamp experiments

using rat somatotropes have demonstrated that GHRH activates, in a cAMP-dependent

manner, a Na+ cationic cUITent, which depolarizes the plasma membrane to the threshold

potential of L-type calcium channels. Phosphorylation of the calcium channels by PKA

acts synergistically with Na+ depolarization to further activate L-type calcium channels

(reviewed in 76). Studies ofhuman fetal pituitary expiant cultures and adult GH-secreting

adenomas have shown that in human, as in rat, GHRH-activation of adenylate cyclase

20



Fig. 1.5. A model for GHRH receptor signalling in somatotropes. (1) GHRH binding

to its receptor leads to somatotrope GH release (2), possibly through the activation of L­

type calcium channels. Stimulation of adenylate cyclase (AC) by the Gs protein

(composed of three subunits: a, fi and )') causes an increase in intracellular cA~tP levels

(3). cAMP then binds and activates PKA which, in turn, phosphorylates and activates the

transcription factor CREB (7). Subsequently, transcription of the Pit-J gene is enhanced

by CREB (4). Pit-l, in tum, activates transcription of the GH gene (5) which increases

cellular stores of GH. Pit-l also stimulates transcription of the GHRH receptor gene (6),

which most Likely leads to an increased number of GHRH receptors on the cell surface

of the somatotrope. [Adapted From Maya, K. E et al Growth hormone-releasing hormone:

synthesis and signalling. Recent Prog. Hormone Res. 50: 35-73, 1995 (69).]
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and induction of calcium influxes are associated with increases in GH mRNA synthesis

and release (Figure 1.5) (77). Interestingly, the human and rodent GHRH receplor gene5

are under transcriptionaJ control of Pit-l (78). the same transcription factor th~t 15

primarily responsible for cell-specific expression of GH, and Pit-l is itself acti ... a:ed by

the cAMP/PKA signalling cascade (79).

The GHSR is also a G-protein coupled receptor, but it does not share signzficant

amino acid sequence identity with an)' other member of the G-protein coupled r~cc:ptor

famil)' (72). Two GHSR cDNA isoforms were isolated from human and porcine

pituitàry: GHSR-la cDNA sequence predicts a 366 amine acid receptor with seven

transmembrane domains, whereas the GHSR-l b cDNA sequence predicts a truncated 289

residue GHSR that lacks transmembrane domains 6 and 7 (72). Transient expression

studies have demonstrated that the GH5R-la is able 10 bind GHRP-6, GHRP-2 and MK­

0677 with high affinity as weIl as initiate cellular responses following ligand binding,

whereas GHSR-Ib displays no affinity for these ligands and, thus, no biological function

of this isoform has yet been identified (72).

Several signalling cascades of the GHSR have been elucidated by treating

subprimate somatotropes with the GHRP-6, GHRP-2. MK-0677 and MK-0751 synthetic

GH secretagogues (Figure 1.6) (reviewed in 71). Induction of GHSR by GHRP-6, MK­

0677 and MK-0751 stimulates phospholipase C activity which increases inositol

trisphosphate (IPJ ) turnover and causes both an increase of free intracellular calcium

through an IP)-dependent cascade as weIl as the translocation of protein kinase C (PKC).

In addition, like GHRH, GHRP-6, MK-0677 and MK-0751 depolarize GH-secreting cells

23



Fig. 1.6. A model for GHSR signalling in somatotropes. For detaiIs, see section

1.2.2.2, pages 23 and 26. GTP, guanosyI triphosphate; GDP, guanosyI diphosphate; Oiu,

f3 and 'Y, G-protein subunits; PLCIl, phospholipase Cil; PIP2, phosphatidylinositol

diphosphate; [P3' inositol triphosphate; DAG, diacyIglycerol; AC, adenyIate cyclase.

[Adapted from Smith, R.G. et al Peptidomimetic regulation of growth hormone secretion.

Endo. Reviews 18: 621-645, 1997 (71).]
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by potentiating calcium entry through voltage-gated channels. The redistribution of

intracellular calcium by IP3 probably enhances GH release by synchronizing docking of

GH-secretory granules to the plasma membrane and making them "readily releasable".

Interestingly, pharmacological studies have suggested that there may be different pituitary

GHSR subtypes since GHRP-2, in contrast to GHRP-6, MK-0677 and MK-0751, was

found to increase cAMP instead of PKC activity in rat and ovine somatotropes (80).

However, this finding may be the consequence of the same receptor coupling to different

G-proteins when induced by different agonists.

Specifie binding of the synthetic GH secretagogues has also been demonstrated

in hypothalamic rat membranes and in situ hybridization studies have identified GH5R-la

expression in rat and rhesus monkey arcuate nuclei (70). GH secretagogue activation of

los gene transcription in GHRH-containing neurons of the rat arcuate nucleus has been

observed (81). Moreover, intravenous administration of GHRP-6 and MK-0751 to

anesthetized rats revealed electrical activity in secretory neurons projecting to the median

eminence (81). Based on these data, it can be hypothesized that the activated

hypothalamic GHSR may be potentiating GHRH secretion by the arcuate neurons into

the median eminence.

Hypothalamic somatostatin is found as two bioactive peptides of 14 and 28 amino

acids, with the former being a peptide cleavage product having a shortened N-terminus

(reviewed in 82). These peptides were initially identified as inhibitors of GH but, since

then, numerous other physiological activities have been described for the two peptides

in non-hypothalamic tissues, such as pancreas and intestine. Five somatostatin receptor
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i, • genes with separate chromosomal localizations have been characterized (reviewed in

83,84). Ali reeeptor subtypes consist of seven transmembrane spanning domains and are

coupled with G-proteins. Interestingly, multiple receptor subtypes have been detected in

almost all tissues and cell lines studied, including the pituitary somatotroph (Table 1.2).

Receptor subtypes 1 through 4 have similar high affinity for both somatostatin isoforms,

while receptor subtype 5 has a preference for the 28 amino acid form. Each somatostatin

receptor subtype activates an array of different intracellular cascades (Figure 1.7).

Together, these findings explain the multitude of signalling pathways that are triggered

by somatostatin treatment of somatotropes. For example, somatostatin reduces both basal

and stimulated cAMP production, by activating Gj-proteins to reduce adenylate cyclase

activity, while it lowers intracellular calcium levels through a Go-protein-dependent

inhibition of L-type voItage-gated calcium channeIs. Specifie biological effects of the five

different somatostatin reeeptor subtypes as weil as their intracellular signal transducing

meehanisms are summarized in Table 1.3.

Receptor subtype 5 has been shown to mediate somatostatin inhibition of GH-

release in rat pituitaries. Quantitative fluorescence immunocytochemistry and confocal

microscopy studies have revealed that somatostatin reeeptor subtype 5 is the predominant

isoform in rat somatotropes, followed by subtype 2, whereas subtypes 3 and 4 are

moderately expressed and subtype 1 is the least expressed (85). These findings aceount

for the ability of somatostatin-28, which has a higher affinity for reeeptor subtype 5, to

inhibit human and rat somatotrope GH release with greater PQtency than somatostatin-14

•
(reviewed in 83,84). In the human, severai studies have identified receptor subtypes l,
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Table 1.2. Expression of the somatostatin receptor subtypes (SSTRs) in the rat

brain. [Reprinted from Florio, T. and Schettini, G. Multiple intracellular effectors

modulate physiological functions of the cloned somatostatin receptors. J. Mol. Endo. 17:

89-100, 1996 (83).]

SSTRI S5TR2 SSTR3 SSTR4 55TR5

Brain arca
Cerebral cortex ++++ ++++ ... ++ +. ~
Cerebellum ++ + +++++ ND ND
HypotlÙllamus +++ +++ ++ + +
Hippocnmpus +++ +++ ++ +++++
Striatum + ++ ++ ++ +
Amygdnhl +++++ +++ ++ ++ +
Thalamus ++ ++ + + ND
OIfaccory bulb +++ +++ +++ +++ +
NueIeus nccumbcns ++ + + ++ ND

+.<+ +< + + +<+ + + +<+ + + + +, rcl~lti...c rcccptor concentration.
ND. not dctcctcd.
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Fig. 1.7. Intracellular cascades induced by the live different somatostatin receptor

subtypes. For details, see section 1.2.2.2, pages 26-32. SOM, somatostatin; Rl,-2,-3,­

4, and -5, somatostatin receptor subtypes. G, G-proteins; PI-YP, tyrosine phosphorylated

protein; P1-Y, non-phosphorylated protein; PLC, phospholipase C; PIP2,

phosphatidylinositol diphosphate; IP], inositol triphosphate; DG, diacylglycerol; AC,

adenylate cyclase; PKCaM, calmodulin-dependent protein kinase; PLA2 , phospholypase

A2• [Reprinted from Floria, T. and Schettini, G. Multiple intracellular effectors modulate

physiological functions of the cloned somatostatin receptors. J. Mol. Endo. 17: 89-100,

1996 (83).]
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Table 1.3. Specifie biological effects and signalling cascades of the somatostatin

receptor subtypes (SSTRs). Only physiological aetivities of somatostatin reported to

be mediated by specifie SSTR subtypes are given. AC, adenylate eyc1ase; PL,

phospholipase C; PA2, phospholipase A2; MAP kinase, mitogen activated kinases;

PTPases, phosphotases. [Reprinted from Florio, T. and Seheuini, G. Multiple

intracellular effeetors modulate physiological funetions of the c10ned somatostatin

receptors. J. Mol. Endo. 17: 89-100, 1996 (83).]

SSTRI SSTR2 SSTR3 SSTR4 SSTR5

Effect
GH release !
Insulin release !
Cell proliferation ! ! - l l

l. Inhibition; =, no effect.

SSTRI SSTR2 SSTR3 SSTR4 SSTR5

AC l l l l l
Ca2

+ channcls l
K. + channels T î*
~a + /H + exchanger l
PA2/:\IAP kinase î
PLC Tt Tt Tt î t/= Tt/l i

PTPases T î/= î

T. Activation, 1. inhibition; =, no effects.
·Indircctly through AA production.
tOnh- in transfected COS-ï ccUs.
tInhi-bition of CCK-stimulatcd PLC acti\"ity.
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2 and 5 in fetaI and postmortem pituitaries, but no detectable levels of subtypes 3 and 4

(86,87). However, this finding may only reflect lower expression levels of these latter

two receptor subtypes as opposed to their complete absence.

1.2.2.3. Ontogeny of hGH-N.

In the human fetaI anterior pituitary, somatotrophic cells have been identified, by

immunohistochemicai methods, from as early as 6 weeks of fetal age (88-90). The

content of hGH in the fetal pituitary increases steadily with gestational age, rising from

Iess than r JLg/gland at 10 weeks to greater than 60 JLg/gland at term. Between the end

of the first year of life and the beginning of puberty, there is a further 10-foid increase.

Human GH serum levels have been detected at approximately 8 weeks of fetaI age

(Figure 1.8) (91,92). They rise rapidly to a peak of - 130 ng/ml at 20 to 24 weeks and

then decrease until birth (91,93). However, circulating levels remain high even at term

(- 50 ng/ml) relative to the adult (1-10 ng/ml). Serum hGH continues to decline

postnatally, reaching basal concentrations at three months of life.

The early high rate of hGH production is thought to be either an autonomous

function of the fetal gland or is occurring in response to GHRH. The latter has been

suggested by in vitro studies of 9-19 week human fetaI pituitary cells which demonstrated

a predominant response of somatotrophs to GHRH and a relatively Iimited inhibitory

effect of somatostatin (94-96). There appears to be a progressive maturation of the

mechanisms controlling hGH secretion during the second half of gestation and the early

postnatal period. Although direct biological studies have not been done during this

32



Fig. 1.8. Schematic representation of serum hG" levels during human fetal life.

FetaI plasma immunoreactive hGH levels rise to a peak between 20 to 24 weeks and then

decrease until birth. [Data derived from (e) Kaplan, S.L. et al The ontogenesis of

pituitary hormones and hypothalamic factors in the human fetus: growth hormone and

insulin. J. Clin. Invest. 51: 3080-3093, 1972 (91); (0) Matsuzaki, F. et al Growth

hormone in the fetal pituitary glands and cord blood. J. Clin. Endocrinol. Metab. 33:

908-911, 1971 (92); (â) Furuhashi, N. et al Plasma somatostatin and growth hormone

in the human fetus and its mother at delivery. Gynecol. übstet. Invest. 16: 59-62, 1983

(93).]
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deveIopmental period, it is hypothesized that the hypothalamus continues to differentiate

and that either secretion of GHRH decreases or certain inhibitory influences (ie.

somatostatin) mature to overcome the actions of GHRH, resulting in the graduai faIl in

serum hGH. Recent bioassays using synthetic agonists with specific affinities for either

somatostatin type 1 or 2 receptors have shown that human fetaI pituitaries of 23 to 25

weeks of gestation respond to somatostatin inhibition of hGH release (97). However, this

study did not provide developmental quantitative data to compare somatostatin receptor

levels in the fetal pituitaries tested versus those found in adult somatotroPes. Whether the

GHSR ànd ilS nalural ligand contribute to the high circulating IeveIs of fetal hGH is as

yet unknown.

Markedly elevated fetal plasma levels of immunoreactive GH is a characteristic

of ail mammals. However, the identity of either pituitary or circulating GH forms in the

fetus has not been weB investigated in any species. The only studies carried out in the

human were in the early 1970's, using limited separation and detection methods available

at the time (91,98-102). Critical evaluation of these data reveaIed the presence of

unknown hGH isoforms in fetaI sera that were significantly decreased in postnatal

plasma, suggesting developmentally-related changes in the production of hGH. In support

of this, our laboratory (C.G. Goodyer, unpublished data) and others (l02a) have recently

demonstrated that, unlike in the adult, at least 50% of the immunoreactive hGH found

in fetaI sera is not the 22 kD protein .
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1.2.2.4. Biological effects of hGH-N on postnatal target tissues•

Pituitary-derived 22 kD GH exerts its postnatal growth-promoting and metabolic

effects by binding to its widely expressed cell surface receptor (GHR). The insulin-like

effects of GH on protein, glucose and fat metabolism are considered to be the result of

acute events, whereas cholesterol lowering as well as increases in organ growlh and

muscle mass (prolein synthesis), lipolysis and diabetogenic activities are due to chronic

exposure (reviewed in 103,104). In contrast to the subprimate forms. human and rnonkey

22 kD GHs are also lactogenic and possess all the effects of PRL on the mammary gland

(i.e., enhanced DNA synthesis, cell proliferation as weIl as milk protein, fatty acid and

lactose synthesis).

Studies in the human and animal models have revealed that GH has effects on

many organs; the majority of these effects are indirect and rnediated by IGF-I (reviewed

in 103-105). GHR mRNA anaJysis and binding experiments have suggested that, amongst

postnatal tissues, liver is the richest source of GHRs (reviewed in 106). GH acts on

hepatocytes to directly stimulate protein synthesis, amino acid uptake and glucose release

from glycogen (reviewed in 104). GH exerts al least sorne of its pleiotropic effects by

upregulating transcription of several genes in liver. For example, GH is responsible for

regulating a large portion of the circulating IGF-I levels, by stimulating hepatic

production of IGF-I (l07). In addition, genes encoding the acid labile subunit (ALS)

protein of the IGF binding protein-3 (IGFBP-3) complex, IGFBP-3, serine protease

inhibitors 2.1 and 2.3, aJburnin and alcohol dehydrogenase as weIl as the transactivators

c-fos, c-jun, c-myc, hepatocyte nuclear factor-6 (HNF-6) and CCAAT/enhancer binding
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protein Ô (C/EBPo) are all activated following GH treatment of rat hepatocytes (108-115) .

These GH-induced transcription factors can then mediate secondary effects of the

hormone by binding to their cis-acting elements in Ildownstream Il target genes. An

example of this is the mechanism by which GH exerts sexually dimorphic effects on rat

liver gene transcription. Expression of the rat CYP2C12 gene coding for cytochrome 450

2C 12 protein is dependent on continuous exposure to GH (l14). Although both males and

females release GH in episodic pulses, the males have exaggerated peak and trough

release patterns, while females have flatter oscillations (74). Thus, GH preferentiaIly

induces transcription of HNF-6 in the female liver; HNF-6, in tum, binds to cis-elements

in the CYP2C12 gene to enhance CYP2C12 mRNA levels in female rat hepatocytes

(114).

Studies of GH action in human and rodent have shown that acute GH effects are

most likely the result of direct GH action on target tissues (reviewed in 103,104). In

contrast, chronic administration of GH results in elevated plasma levels of IGF-I and

insulin, which may contribute to the effects of GH on target tissues. Most of the indirect

biologie responses to GH are mediated by IGF-I (reviewed in 116). IGF-I, a 70 residue

polypeptide in the human, is produced mainly by the liver but aIso by a variety of other

target tissues following a GH stimulus; although GH is the key promoter of IGF-I

synthesis in postnatal life, insulin and nutrition also have regulatory effects. In addition

to IGF-I there is aIso IGF-II, a 67 amino acid protein in the human that is believed to

be primarily regulated by insulin and nutrition, and only to a minor extent by GH, during

postnatallife (reviewed in 116). Both IGFs (also known as somatomedins) can exert their
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mitogenic and insulin-like responses in an endocrine, autocrine and/or paracrine fashion,

by binding to the lOF Type 1 cell surface receptor (reviewed in 116,117). This receptor

is analogous to the insulin receptor in that both receptors are composed of dimers of two

Ci and two fi subunits held together covalently by inter- and intra-subunit disulfide

bridges. The Ci subunits contain the hormone binding domains, whereas the fi subunits

possess intrinsic tyrosine kinase activity that is induced with agonist binding.

Interestingly, the Type 1 receptor has almost equal affinity for both IGFs, while the

mannose-6-phosphate (lGF Type Il) receptor only binds IGF-II (reviewed in 115). The

Type II receptor is a single chain transmembrane protein and is thought to downregulate

serum IGF-II levels by binding, internalizing and targeting IGF-I1 for cellular lysosomal

degradation. The two IGFs bear a marked structural relationship to insulin and exhibit

sorne degree of affinity for the insulin receptor while the converse is aIso true: insulin

will bind to and activate the IGF Type 1 receptor when present at very high (JLg)

concentrations.

Direct as weIl as IGF-I mediated effects of GH reduce adipose tissue mass by

inhibiting adipocyte differentiation, lowering tnglyceride accumulation and increasing

lipolysis (reviewed in 118). In the heart, GH probably acts through locally synthesized

IGF-I to stimulate myocardial hypertrophy and to increase myocyte contractility

(reviewed in 119). The actions of GH in increasing kidney size, glomerular filtration rate

and renaI plasma flow are also thought to be primarily mediated by IGF-I. In muscle,

GH has anabolic effects (increased protein synthesis) and antagonizes insulin activity

(reviewed in 120) .

38



1

•

•

The lean body mass (LBM) of GH-deficient patients is significantly reduced as

compared to matched control subjects (reviewed in 104). GR replacement therapy was

found to increase and, subsequently, maintain the norrnalized LBM in these patients. In

contrast to insulin, the anabolic effects of recombinant 22 kD GH on GH-deficient adults

potentiate protein synthesis without altering proteolysis. The anabolic effects of GH on

protein metabolisrn a1so provide therapeutic benefits to individuals suffering from

catabolic diseases. A positive nitrogen balance has been observed with GH treatment in

post-operative, bum, trauma and AIDS patients.

GH is probably best known for its ability to promote statural growth by its

intluence on endochondral ossification in the prepubertal and pubertal child. Extension

of long bones is the result of cartilage being replaced by bone in the epiphyseal growth

plate (Figure 1.9) (reviewed in 121). Chondrocytes in the growth plate have a

longitudinal columnar organization. Prechondrocytes from the germinal zone near the

bony epiphysis differentiate into chondrocytes and enter the proliferative zone where they

continue to replicate and secrete cartilage-specifie matrix components. The cytoplasmic

volume of the cells increases as they migrate into the hypertrophie zone, which is

accompaned by a change in gene expression. The hypertrophie cells calcify their

surrounding matrix by mediating deposition of crystalline hydroxyapatite. At the zone of

vascular invasion, blood vessels deliver chondroclasts that resorb sorne of the calcified

cartilage; osteoblasts then deposit bone on the remaining cartilage remnants. The

formation of bone in the diaphyseal region is the mechanism by which the bone is

elongated .
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Fig. 1.9. The proximal tibial epiphyseal growth plate and its cellular organization.

For details, see section 1.2.2.4, page 39. [Reprinted From Ohlsson, C. et al Endocrine

reguIation of longitudinal bone growth. Acta Paediatr. Suppl. 391: 33-40, 1993 (121).]
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The exact mechanism by which GH promotes endochondrial ossification has not

yet been clearly delineated, although two hypotheses are presently being tested. The

somatomedin hypothesis postulates that all growth promoting action of GH on long bones

is mediated by IGF-I, which is produced in response to GH stimulation of the liver and

other tissues, including the growth plate (reviewed in 105,122). This hypothesis was

based on the finding that IGF-I increased tibial epiphyseal cartilage plate width, body

weight and DNA synthesis in hypophysectomized rats following ten days of continuous

IGF-I infusion (123). However, subsequent studies reported an increase in body weight

but only moderate effects on bone length after IGF-I administration in normal growing

and hypophysectomized rats (124) as weil as Snell dwarf mice (125). Similarly, a third

investigation showed an acceleration in longitudinal bone growth of hypophysectomized

rats only after pharmacological concentrations of IGF-I, whereas GH produced more

effective results with a lower pharmacological dose (126). These IGF-I effects are

analogous to the responses observed with GH administration in hGH-deficient patients.

On the other hand, the ability of IGF-I to induce growth in patients with a mutated hGHR

gene supports the somatomedin hypothesis (127,128). However, these latter studies have

been limited to approximately 3 years and IGF-I effects on long bone growth decrease

with time.

The somatomedin hypothesis has been further challenged by the observations of

Isaksson et al suggesting that GH has a direct action in stimulating chondrocyte

proliferation in the growth plate (129). These investigators found that GH infusion into

the cartilage of hypophysectomized rats results in increased bone growth. More recent
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studies in the rat have identified GHR and specifie GR binding in the germinal layer of

prechondrocytes, whereas IGF-I specifie binding and receptors weTe observed in the

proliferative zone of the growth plate (130). Further in vitro studies have shown that GH

induces proliferation of rat stem chondrocytes, while IGF-I stimulates the formation of

colonies from the intermediate zone (131,132). Based on these findings, the dual effector

hypothesis was proposed: GH stimulates a clonai expansion of stem chondrocytes, which

then differentiate to form IGF-I producing chondrocytes. IGF-I then acts in an

autocrine/paracrine fashion to induce proliferation of the committed chondrocytes in the

proliferative zone.

The biological roles of GH and IGFs are markedly affected by the presence of

circulating IGF binding proteins (named IGFBP l, 2, 3, 4, 5, 6 and 7) (reviewed in

105,133). These carrier proteins prolong IGF half-life in serum from 30 minutes to as

much as 12-15 hOUTS, transport IGFs across capillary barriers, and enhance or inhibit the

presentation of IGFs to cell surface receptors. IGFBP-3 is the major somatomedin carrier

protein in postnatal serum, representing 75 % of an IGFBP isoforms. It transports

between 70-90% of the circulating somatomedins. IGFBP-3 forms a 150 kD complex that

consists of IGF-I or IGF-Il, IGFBP-3 (a 40-60 kD glycosylated protein) and an acid

labile subunit (ALS; an 85 kD glycosylated protein): IGFs first bind to IGFBP-3 and then

ALS associates with the complex. Both IGFBP-3 and ALS are synthesized predominantly

in the liver. In humans, IGFBP-3 synthesis is regulated directly by GH. GH-deficient

patients have low IGFBP-3 serum levels that are normalized by GH administration (134),

while acromegalics (individuals with pituitary tumours secreting high levels of hGH) have
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increased amounts of this carrier protein in their plasma (135). In contrast to human

IGFBP-3, rodent IGFBP-3 is positively regulated by IGF-I, not GH: administration of

IGF-I causes an increase of serum IGFBP-3 levels of hypophysectomized rats, while GH

has no effect (136). In both humans and rodents, production of ALS is GH-dependent:

patients with GH insensitivity have reduced levels of plasma ALS (137), while mice

overexpressing IGF-I, but which are GH-deficient, have low levels of the 150 kD ALS­

containing IGFBP-3 complex in their serum (138).

Somatomedin bioavailability is also regulated by IGFBP proteases (139). These

enzymes degrade IGFBPs and reduce the carrier molecules' affinities for IGFs, liberating

the hormones for binding to their cell surface receptors. Together, IGFBPs, ALS and

these proteases help to coordinate GH and IGF-I actions by controlling the delivery of

IGF-I from the circulation to target ceUs. Treatment of patients with GH insensitivity

with IGF-I results in 80% of the growth response obtained when GH-deficient patients

are administered GH (127). This difference is thought to occur because of the direct

effects of GH on prechondrocyte differentiation as weIl as on IGFBP-3 and ALS

production. IGF-I administration to patients with GH insensitivity does not increase

serum IGFBP-3 and ALS concentrations, keeping the half-life of the infused IGF-I low.

In contrast, GH treatment of GH-deficient individuals (with functional GHRs) stimulates

both IGFBP-3 and ALS production and release into plasma, helping to prolong the

plasma half-life of GH-induced IGF-I bioactivity (reviewed in 105).

Based on the key observations summarized above, Spagnoli and Rosenfeld have

proposed an appealing model for postnatal skeletal growth that combines the
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Fig. 1.10. An integrated model for the long-bone growth process, showing the

synergistic raies of GR, IGFBP-3 and IGF-l. For details, see section 1.2.2.4, pages

44 and 47. [Reprinted from Spagnoli, A. and Rosenfeld, R.G. In: Growth and Growth

Disorders, Endocrinology and Metabolism Clinics of North America, Ed. Rosenfield,

R.L., W.B. Saunders Co., p.615-631, 1996 (105).]
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somatomedin and dual effector hypotheses as weIl as IGFBP-3 biological actions (Figure

1.10) (105). They suggest that the majority of bone growth is controlled by endocrine

actions of IGF-I and that GH-induced IGF-production by the liver and other tissues is

critical. IGF-I travels to the growth plate where it exerts its somatogenic actions. GH

also stimulates IGFBP-3 and ALS production by the liver. These two molecules associate

with IGF-I to form a 150 kD complex that increases the half-life of IGF-I. IGFBP-3 is

degraded by a family of proteases to liberate IGF-I and enhance its availability for

binding to Type 1 IGF receptors on the growth plate. In addition to its endocrine effect,

IGF-I acts in an autocrine/paracrine manner within the growth plate. IGF-I production

at the growth plate is regulated by GH action on prechondrocytes that causes them to

differentiate into IGF-I producing and responsive chondrocytes.

1.2.2.5. Biological effects of hGH-N on fetal target tissues.

Fetal hypophysectomy and decapitation experiments in several animaI species have

suggested that GH does not have major effects during fetal life (140). However,

responses to GH lreatment, llsing doses comparable to the immunoreactive GH levels in

the fetal circulation, have been observed in fetal celI culture studies. Ovine as weIl as rat

GH can stimulate glucose incorporation into glycogen in hepatocytes obtained from fetal

rats of20 days of gestation (141). Organ culture studies of 17 day fetal rat tibiae and 18-

19 day fetal rat metatarsaJ bone (composed entirely or mainly of chrondrocytes) have

provided evidence of a direct GH effect on long bone growth through the stimulation of

local IGF-I production within the growth plate (142). OH has recently been shown to
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stimulate glucose transport and protein synthesis in mouse blastocysts (143). Moreover,

Fukaya et al have demonstrated that GH promotes mouse embryo development: when

two-cell stage mouse embryos were cultured with GH, the rate of blastocyst formation

was significantly higher than in controls (144). Finally, the Iocalization of GH, its

receptor and binding protein in rat fetai odontogenic cells has suggested a role for GH

in embryonic tooth development (145).

There are also several in vitro studies demonstrating responsiveness of human

fetal tissues to 22 kD hGH-N. Fetal hepatocytes undergo DNA synthesis and begin to

release IGF-I in response to hGH treatment (25-250 ng/mI) from as early as 8 weeks of

fetal life (146). Interestingly, the presence of antibodies against IGF-I reduces the hGH­

induced effect on DNA synthesis, suggesting that IGF-I partially mediates this hGH

mitogenic action. More recentIy, work in our laboratory has demonstrated that first

trimester hepatocytes take up [l-SC]gIucose in response to hGH in a dose-dependent

manner (147). In the fetai pancreas, hGH treatment of islet ceIls (12-21 weeks of

gestation) stimulates insulin gene transcription (148-150). FinalIy, in vivo data for an in

utero hGH biologicai effect is provided by the presence of the GH-dependent IGFBP-3

complex in fetal serum from as early as midgestation (151).

1.2.3. Placental hGH-V.

1.2.3.1. IlGH-V gene expression and biosynthesis.

The hGH-V gene is transcribed in the syncytiotrophoblast cells of the placenta to

produce a prohormone which is quickly c1eaved to give rise to a soluble 22 kD protein;
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this form of hGH-V can also he N-glycosylated to attain a molecular weight of 25 kD

(Figure 1.2) {28, 152). The hGH-V gene transeript also undergoes alternative RNA

splicing to generate an rnRNA in which intron 0 is retained, causing a frarneshift. The

resultant mRNA transcript predicts a 26 kD protein with a carboxy-terrninus that is

entirely different from the soluble 22 kD isoform and includes a hydrophobie region

(hGH-V2) (153). The rate of alternative splicing of the hGH-V gene transcript inereases

with gestation: expression of hGH-V2 rnRNA rises from 5 to 15% of total hGH-V

mRNA levels from the first trimester to term (154). Injection of this altematively spliced

hGH-V2 mRNA isoform into Xenopus oocytes results in the expression of a membrane-

associated nonsecretory hGH-V protein (155). Although hGH-V2 rnRNA is readily

detectable in the placenta and can be expressed in artifieial test systems, the existence of

a hGH-V2 protein in placenta has not yet been established and its biological significance

remains unknown. In contrast to hGH-N expression, a 20 kD hGH-V isoform does not

exist because of minor nucleotide differences that prevent this particular alternative

splicing of the hGH-V gene transcript. Interestingly, there has not been any definitive

identification of a placental-specific GH-V in subprimates to date.

1.2.3.2. Control of hGH-V synthesis and release.

Unlike pituitary hGH-N secretion, placental hGH-V is apparently not under acute

GHRH or somatostatin control (156), nor does it follow a pulsatile pattern of release

(157). However, recent investigations in our laboratory have revealed that both the

hGHRH recepror and hGHSR gene are expressed in human placenta! villous tissue,
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suggesting that hGHRH and/or the natural ligand of GHSR may be implicated in

regulating hGH-V release through a more chronic type of regulatory mechanism (158).

Significant levels of hGH-V peptide have been round in maternai but not fetaI blood

(159). The maternai plasma concentrations of hGH-V c1imb during the course of

pregnancy and, by the second half of pregnancy, this hGH variant suppresses maternai

somatotrope activity and becomes the dominant hGH peptide in maternai circulation

(Figure 1. Il) (160).

1.2.3.2: Biological effects of hGH-V on target tissues.

The physiological roles of hGH-V are, as yet, unknown. In vitro studies suggest

that the soluble 22 kD form has both growth-promoting and lactogenic properties, with

ils somatogenic activity being equivalent to that of hGH-N whereas its lactogenic

bioactivity is significantly lower (160, 161). Although hGH-N and hGH-V bind with equal

aftïnity to the hGHR, hGH-V has relatively greater somatogenic effects as compared to

hGH-N. Overexpression of hGH-V in transgenic mice confirmed the growth potentiating

effect ofplacentaI hGH-V to be equivalent to that of hGH-N (162). The ability of hGH-V

to activate certain metabolic pathways has also been demonstrated using rat adipocytes:

the placental and pituitary hGH forms were found to be equally potent in increasing

glucose oxidation, inducing lipolysis and stimulating refractoriness of the ceUs to hGH's

insulin-like activity (160). It has been speculated that hGH-V may have important

placental growth-promoting and nutrient transtèr roles in utero. The replacement ofhGH­

N by hGH-V in maternai sera during pregnancy suggests that hGH-V may a1so have a

so



Fig. 1.11. Maternai plasma patterns of hGH-N and hGH-V during pregnancy. hGH­

V becomes the predominant hGH in the second half of pregnancy. Most of aIl hGH

immunoreactivity before week 22 is due to hGH-N. [Reprinted From Frankenne, F. et

al The physiology of growth hormones (GHs) in pregnant women and partial

cllaracterization of the placental GH variant. J. Clin. Endo. Metab. 66: 1069-1072, 1988

(159).]

SI

•

•



•

GH-N

20

'" GH-V
en
::1.

15
~

>

(J 10
""oc
~
E 5
:I:
l?
~

,(0 /f:(;) ,,0 "rv .....t- ,(0 ....."0 ~ ~~ ~ ~ ~ ~O ~tV ",t-. ~«) "Jq, ~
~", ~",~'\'of~ra5ft{<Q~"'~<c(

~..... " " ..... " tV rv n,. tV rv ~ "J t') t') t')

Tlme (weekl)

•



•

•

role in maintaining the metabolic demands of pregnancy (160). In addition, a positive

correlation exists between the maternai plasma levels of hGH-V and hIGF-I, suggesting

that, like hGH-N, hGH-V potentiates the production of IGF-I by human target cells (163­

165).

1.3. The Growth Hormone Receptor and Binding Proteins.

1.3.1. GHR protein structure.

The GHR was first purified to homogeneity from rabbit liver in 1987 by Leung

et al, permitting the subsequent cloning of the human and rabbit GHR cDNAs (12). Since

then, severai other mammalian GHR cDNAs have been cloned (rhesus monkey, rat,

mouse, bovine, sheep and pig), revealing that there is approximately 70% GHR amino

acid sequence identity among these species (reviewed in 17). The primary structure of

the hGHR consists of a single chain of 620 amino acids, containing a 246 amino acid

extracellular domain, a short 24 amino acid transmembrane domain, and a cytoplasmic

domain of 350 residues (Figure 1.12). The GHR is approximately 130 kD and its

extracellular domain contains five potential N-glycosylation sites that are conserved in

aIl species examined to date. The electrophoretic mobility of the GHR suggests the

protein is indeed glycosylated at severaI of these sites.

There are considerable similarities in the amino acid sequence of the GH and PRL

receptors, and a detailed comparison classes the GHR as a Class 1 member of the

cytokine/GH/PRL receptor superfamily (Figure 1.13) (reviewed in 166). Class 1 incIudes

receptors for most of the interleukins (IL-2, IL-3, IL-4, IL-S, IL-6, IL-7, IL-9, IL-Il,

53



Fig. 1.12. Structure of the GHR. Potential N-linked glycosylation sites (N) and the

extracellular cysteines (C) with three pairs linked by disfulfide bridges are shown. The

\VSXWS-like motif is noted by a striped box, whereas solid boxes indicate the

transmembrane domain as weIl as the cytoplasmic Box land 2 regions. Intracellular

regions of the GHR required for various receptor functions are noted. The ten tyrosine

(Y) residues that are present in the cytoplasmic taïl of the rat GHR are shown. [Reprinted

from Argetsinger, L.S. and Carter-Su, C. Mechanism of signalling by growth hormone

receptor. Physiological Rev. 76: 1089-1107, 1996 (17).]
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Fig. 1.13. Class 1 members of the GH/PRL receptor superfamily. Structural features

of Class 1 receptors CR) are shown. Sorne members of the family have multiple receptor

subunits (eg. IL-2 and IL-3). In addition, these receptors often share a common subunit:

IL-3, IL-S and GM-CSF receptors ail share a comman subunit called KH97 (human) or

AIC2 (mouse); the gp130 protein is shared by the IL-6, LIF, OSM, CNTF and IL-Il

receptors; the 'Y subunit of the IL-2R subunit is shared with IL-4R and IL-7R, while the

multimeric IL-15 receptor contains bath the Il and 'Y IL-2R subunits. [Reprinted from

Finidori, 1. and Kelly, P.A. Cytokine receptor signalling through two novel families of

transducer molecules: Janus kinases and signal transducers and activators of transcription.

J. Endocrinol. 147: 11-23, 1995 (166).]
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IL-12, IL-13 and IL-15), granulocyte/ macrophage colony-stimulating factor (GM-CSF),

granulocyte colony-stimulating factor (G-CSF), erythropoietin (EPO), leukemia inhibitory

factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), GH and PRL.

The extracellular domain of these single membrane-spanning receptors contains a

common sequence motif of approximately 200 amino acids that form 14 antiparaIlel B­

sheets. The amino-terminal and carboxyl-terminal seven B-sheets each form a barrel-like

structure that is similar to the type III domain of fibronectin (Figure 1.14) (167). The

amino-terminal barrel has four conserved cysteines, whereas the carboxyl-terminaI barrel

contains the sequence motif WSXWS (tryptophan, serine, any amine acid, tryptophan,

serine) at the membrane proximal region; the ligand binding pocket is believed to lie

between these two barrel-like structures. Imerestingly, the GH receptor has a YGEFS

(tyrosine, glycine, glutamine, phenylalanine, serine) motif rather than a WSXWS

consensus sequence. Mutational analysis of the rat GHR has reveaIed that the YGEFS

motif directs important conformational characteristics of the receptor that contribute to

ligand binding and intracellular signalling (168).

The cytoplasmic domains of Class 1receptors do not have any intrinsic enzymatic

activity and have very little conservation of primary sequence except for a small proline­

rich juxtamembrane region (Box 1) (reviewed in 12,166). Box 1 is generally located

within 10-20 residues from the transmembrane domain and contains the sequence AI-Ar­

P-X-Al-P-X-P (aliphatic, aromatic, proline, any amine acid, aliphatic, proline, any amino

acid, proline). The mammalian GHR Box 1 sequence is I-L-P-P-V-P-V-P (isoleucine,

leucine, proline, proline, valine, proline, valine, proline). Mutational and deletional
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Fig. 1.14. The extracellular domain structure of Class 1 receptors. Two sets of seven­

antiparalIeI strands form two barrel-like structures. The intervening space between the

two barrel-like structures constitutes the ligand-binding pocket (arrow). N = NH2­

terminus, C = COOH-terminus. [Reprinted from Kitamura, T. et al Multimeric

Cytokine Receptors. Trends Endocrinol. Metab. 5: 8-14, 1994 (167).]
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analysis of Box 1 in the GHR has revealed that this proline-rich region is responsible for

the cell proliferation effects of GH (169). However, although it is necessary, Box 1 is

insufficient to stimulate GH-induced gene transcription. There is also a second

cytoplasmic motif, Box 2, that is conserved in approximately half of the Class 1 members

(reviewed in 12,166). Box 2 begins with a cluster of interspersed hydrophobie residues

and ends with one or two positively-charged residues. In the GHR, Box 2 begins

approximately 30 residues from the carboxy terminus of Box 1 and spans approximately

15 amino acids (170). GHR mutations in Box 2 also result in defective signalling

pathwaYs. The biologically active forms of many Class 1 receptors consist of multiple

subunits (IL-2, IL-3, IL-5, IL-6, GMCSF, and probably LIF and CNTFR) or

homodimers (GH, PRL and EPO) (reviewed in 166).

1.3.2. Circulating GHBPs.

A 51 kD glycoprotein that binds 22 kD hGH-N with high affinity and a limited

capacity has been isolated from human serum using aftïnity chromatography (reviewed

in 15,29). This hGHBP binds both 22 kD hGH-N and hGH-V equally weil, while its

preference for 20 kD hGH-N is significantly lower. Studies have yet to assess the binding

characteristics of the other hGH isoforms to the carrier protein.

AlI high affinity GHBPs that have been identified to date represent, regardless of

the species they originate from, soluble forms of their GHR's extracellular domain

(reviewed in 15,29). The human, rabbit, and cow high affinity GHBPs are proteolytic

cleavage products of the plasma membrane bound GHR (Figure 1.15), and are thought
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Fig. 1.15. Generation of GHBPs. Depending on the species, GHBP is generated by (A)

proteolytic cleavage of the GHR receptor near the transmembrane domain and/or (8) by

alternative splicing of the GHR mRNA and de novo protein synthesis. [Reprinted from

Baumann, G. Growth hormone heterogeneity: genes, isohormones, variants, and binding

proteins. Endo. Reviews 12: 424-49, 1988 (29).]
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to reflect the relative levels of GHR tissue expression in these species. In contrast, rodent

GHBP is generated by an entirely different mechanism: rat and mouse GHR rnRNA

undergoes alternative splicing to generate a mature transcript coding specifically for the

GHBP. In the rodent, the relative proportion of GHR and GHBP mRNA has been shown

to differ between tissues, indicating that alternative splicing to yield either GHR or

GHBP transcripts is a regulated cellular process (172). Interestingly, recent studies have

revealed that, in the rhesus monkey, high affinity GHBP is produced by proteolytic

cleavage of the cell surface GHR near the transmembrane domain as weil as by

differenüal splicing of the GHR gene transcript to produce an mRNA isoform encoding

for a soluble GHR protein (173).

The broad range of hGHR distribution in human tissues has suggested that the

high aftïnity hGHBP is probably produced by many tissues, with the liver as the

predominant source as liver is thought to have the highest hGHR expression (reviewed

in 15,29). Rodent mRNA encoding for the GHBP is also ubiquitous, whereas there is

tissue-specifie expression of the rhesus monkey GHBP mRNA: the monkey GHBP

transcript was detected in liver, heart, kidney and stomach but not in intestine or

pancreas, while GHR mRNA is readily observed in ail of these tissues (173). Therefore,

even though rhesus monkey GHBP synthesis may occur to sorne degree in all GHR

expressing tissues by shedding of the plasma membrane bound GHRs, it is probably

enhanced in tissues that are aIso capable of generating the alternative mRNA isoform

encoding for the soluble GHBP.

Under basal conditions, 40-45% of circulating 22 kD hGH-N is complexed by the
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high affinity hGHBP (reviewed in 15,29). The bound hGH fraction decreases with high

circulating hGH levels due to partial saturation of the carrier: each GHBP binds only one

molecule of hGH. The metabolic clearance and degradation rates of bound hGH are 10-

fold lower than the free hormone, suggesting that the complexed hGH serves as a

reservoir. In addition, receptor cleavage to yield hGHBPs may be a form of receptor

downregulation.

Affinity chromatography studies have also shown that human plasma contains a

second hGHBP that has a lower affinity but higher capacity for hGH (reviewed in 15,29).

This carrier protein has equal or slightly higher affinity for the 20 kD hGH-N as

compared to the 22 kD pituitary form, complexing 7-8% of circulating 22 kD and 25%

of 20 kD. Il is regulaled independently of the high affinity hGHBP and ilS mechanism

of generation as weIl as its source remain unknown.

1.3.3. GU binding and dimerization.

Scatchard analysis of 22 kD hGH-N binding to human adult hepatic membranes

revealed high affinity hGHR binding sites (174). More recenl physicochemical,

crystallographic and mutational investigations have further characterized the binding of

hGH 10 ilS binding protein and receptor (175-178). These studies have revealed that there

are two distinct binding sites for the binding domain of the receptor on the 22 kD hGH-

N, and that 22 kD hGH-N forms a 1:2 complex with hGHBP (Figure 1.16). In the

proposed scheme, the first hGHBP binds to a hGH molecule at site 1, then a second

hGHBP binds the same hGH molecule at site 2 (175). Within the complex, both binding

6S



Fig. 1.16. Ribbon diagram of hGH (in red) in complex with two molecules of

hGHBP (in green and blue). hGH is a four-helix bundle with the amino and carboxyl

tennini facing 1eft and right, respectively. The hGHBPs contain two fi-sandwich domains

with amino-termini in the top domain and the carboxyl-termini next to each other in the

bottom damain, where the receptors would enter the membrane. [Reprinted From Wells,

J. A. Binding in the growth hormone receptor complex. Proc. Nat. Acad. Sci. USA 93:

1-6, 1996 (13).]
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proteins donate essentially the same residues to the hormone even though the two binding

si tes on the hormone are unique. The complex binding sites on hGHBP consist of several

amino acids beginning at residue 31 and ending at amino acid 134 (176). Alanine

substitution analysis has suggested that residues 42, 44, 78, 101-107, 125-128 and 132

of the receptor contribute to the hGH/hGHR interface (i77). Subsequent crystallographic

studies have demonstrated that residues 24, 39-42, 167 and 168 also make contact with

hGH, even though substitution of alanine at these positions does not alter hGH binding

(178).

ërosslinking of [125[]hGH to GHRs in intact ceUs has suggested that the

membrane-anchored hGHR also forms hGH/hGHR2 dimer complexes (17). The proposed

hGH binding scheme results in substantial contact at the surface between the extraceUular

carboxy-terminal domains of the two receptors. Hormone-induced GHR dimerization has

been shown to be an important first step for activating cellular signalling cascades. For

example, if cultured ceUs are treated with a mutant hGH possessing a disrupted binding

site 2, which can only bind a single receptor molecule, phosphorylation and activation

of intracellular effector proteins is not observed (14).

Interestingly, Wada et al have recently shown that, like 22 kD hGH-N, 20 kD

hGH-N can also induce hGHBP and hGHR dimerization (l78a). Further studies need to

he undertaken to determine whether 17 kD hGH-N, hGH-Vand hPLcan also form dimer

complexes with GHBP or GHR molecules. In addition, a second isoform of the hGHR,

that is missing the 22 amino acids encoded by exon 3, also exists. The ability of the exon

3 deficient receptor to homo- and heterodimerize (with the exon 3 containing form) has

68



•

•

also not been investigated. However, it is known that when either exon 3 retaining or

deleted hGHR isoforms are overexpressed in test cells, the two receptors bind 22 kD and

20 kD hGH, hGH-V, hPL as weIl as ovine PRL with equal affinities (179,180).

Primate GHs are able to bind GHRs of lower species (reviewed in 181). In

contrast, subprimate GHs have no affinity for the hGHR, accounting for the inability of

non-primate GHs to induce growth-promoting effects when administered to

hypophysectomized rhesus monkeys. This species specificity results from the inability of

the bulky and postively charged His171 of subprimate GHs to interact with Arg43 of the

hGHR: interaction between these two amino acids is crucial for GH binding to the human

receptor (182). Primate GHs are able to bind the hGHR because they have an aspartic

acid instead of a histidine at position 171: histidine has greater bulk than aspartic acid

and al physiological pH aspartic acid is negatively charged whereas histidine is slightly

positive.

ln addition to somatogenic activity, primate GHs also trigger lactogenic responses,

whereas subprimate GHs cannat bind to the PRL receptor of any species (reviewed in

24). Cunningham and Wells have demonstrated that the lactogenic binding of primate 22

kD hGH requires the presence of free Zn+2 ions: the absence of zinc cations reduces the

22 kD hGH affinity for the extracellular domain of the PRL receptor by four orders of

magnitude (183). The fact that, in subprimate GHs, His18, which has been shown to be

important for Zn+2 chelation, has been replaced with glutamine provides at least a partial

explanation for why GH in lower species cannot bind to the lactogenic receptor. In

addition, Peterson et al have shown that Phe44 of primate GHs is required for lactogenic
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receptor binding and activation (183a). Therefore y the absence of Phe44 in GHs of lower

species may be another reason for why subprimate GHs cannot activate the PRL

receptor. Interestingly, PRL has very low, if any, affinity for the GHR in aIL species

(reviewed in 24).

1.3.4. GHR intracellular signalling cascades (Figure 1.17).

1.3.4.1. Activation or Janus kinases.

Although aIL members of the cytokine/GH/PRL receptor superfamily lack

intrinsic' tyrosine kinase activity, numerous studies have reported that hormone binding

to these receptors leads to rapid tyrosine phosphorylation of the receptors as weIl as

many intracellular proteins (reviewed in l7, 166). The Janus family (TYK 2, JAK l, JAK

2 and JAK 3) of nonreceptor nrotein !yrosine kinases (PTKs) was subsequently shown

to play a crucial role in transducing cellular responses of many hormones whose

receptors belong to the cytokine/GH/PRL receptor superfamily. These PTKs are

approximately 130 kD, have a carboxyl-terminus PTK domain as weIl as an adjacent

kinase-related domain, and share substantial amino acid homology in five other regions

extending towards the amino-terminus. Unlike many other PTKs, the Janus family

members are characterized by the absence of Src homology 2 (SH2) and 3 (SH3)

domains. If present, SH2 and SH3 regions play important roles in protein-protein

interactions: SH2 domains recognize phosphotyrosines, whereas SH3 domains associate

with proline-rich regions.
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Fig. 1.17. Simplified schematic of GHR signalling cascades. For details, see section

1.3.4, pages 70-81. GHR, growth hormone receptor; JAK2, Janus kinase 2; Shc, SH2

domain-containing protein; GRB2, growth factor receptor-bound protein 2; SOS, son-of­

sevenless guanine nucleotide exchange factor; RAS, a GTP-binding protein; RAF, a

serine/threonine kinase; MEK, a dual-specifie threonine/tyrosine kinase; MAPK, mitogen

activated protein kinase; STATs, signal transducers and activators of transcription; IRS-l,

insulin-substrate-l; PI3 'K, phosphatidylinositol 3'kinase.
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The current model for GH-dependent JAK 2 activation is that GH binding to its

receptor on target cells triggers GHR dimerization which, in tum, increases the affinity

of each receptor molecule for JAK 2 (reviewed in 17). JAK 2 is then auto- and trans­

phosphorylated. Several cytoplasmic domain tyrosyl residues of the two GHR molecules

are also phosphorylated by two JAK 2 molecules in the complex. The phosphotyrosyl

residues on Jak 2 and GHR can then associate with the SH2 domains of downstream

effector molecules.

It was initially thought that GH-dependent activation of the Janus kinases in mouse

3T3 tïbroblasts and human IM-9 lymphocytes was limited to JAK 2 (l84, 185). However,

more recent investigations, using a higher affinity JAK 1 antibody 1 have detected low

levels of JAK 1 tyrosyl phosphorylation in mouse 3T3 fibroblasts and in COS cells

transfected with murine GHR and JAK 1cDNAs (17, 186). Moreover, GH has also been

observed to stimulate sorne JAK 3 activity in transformed T cells (187). Together, these

data imply that GH can activate JAKs 1 and 3 in addition to JAK 2, with JAK 2 having

the greater role.

Studies using truncated and mutated receptors have revealed that the Box 1 motif

of GHR is required for GH-dependent GHR/JAK 2 interactions and imply direct binding

of JAK 2 with the amino acid sequence of Box 1 (169). It is also possible that the

secondary structure of the proline-rich Box l, or changes induced in this secondary

structure by ligand binding, are crucial for the association between JAK 2 and GHR

(169). Although Box 1 is necessary for GHR/JAK 2 interactions, the membrane proximal

one-thi rd region is also required for maximal tyrosyl phosphorylation of the PTK (188) .

73



•

•

JAK 2 appears to interact with the GHR through the first one-third of its N-terminal

region.

1.3.4.2. STAT pathway.

The signal transducers and activators of transcription (STAT) proteins are a

family of latent transcription factors that were first shown, by complementation

experiments using interferon (IFN)-resistant cell lines, to be involved in the IFNa and

IFNB postreceptor signalling pathways (reviewed in 189). Since then, STATs have been

implicated in the intracellular mechanisms induced by many cytokines as weIl as GH,

PRL and several growth factors (e.g., EGF, PDGF and FGF). STATs interact through

their SH2 domains with phosphotyrosines of activated receptor/PTK complexes, and are

themselves phosphorylated on specifie tyrosyl residues by the PTK, permitting the

STATs to homo- and heterodimerize. Activated STAT complexes bind specifie DNA

sequences to stimulate transcription of target genes. To date, STAT 1 (originally

identified as p91 in IFN signalling), STAT 3 (originally identified as the acute phase

response factor in IL-6 and LIF signalling) and STAT 5 (originally identified as the

mammary gland factor in PRL signalling) have been shown to undergo tyrosyl

phosphorylation and to form activated DNA-binding sequences in response to GH

(reviewed in 17).

These three STATs are thought to be involved in stimulating transcription of

several GH-responsive genes, inc1uding c-fos, the serine protease inhibitor 2.1, insulin-l,

B-casein and cytochrome P4503A/6B-hydroxylase (reviewed in 17). Studies using

truncated and mutant rat GHRs as well as JAK 2-deficient cell lines have revealed that
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JAK 2 activation is necessary for STAT 1, 3 and 5 DNA binding responses (186). For

STAT 5 to be tyrosyl phosphorylated and activated, STAT 5 must be bound to the GHR.

In constrast, STATs 1 and 3 do not require direct binding to the GHR ta he activated,

only for maximal activation. The presence of consensus motifs for the SH2 domains of

STATs 1 and 3 in JAK 2 has suggested that these two proteins interact directly with JAK

2 (reviewed in 17,189).

1.3.4.3. Shc pathway.

In addition to receptors with intrinsic tyrosine kinase activity (i.e., growth factor

and insulin receptors), many members of the cytokine/GH/PRL receptor superfamily also

signal through the mitogen activated protein kinase (MAPK) pathway that is thought to

be important for cellular differentiation and growth (190). In the case of GH signalling,

this is yet another cascade that is stimulated by JAK 2. Following GH treatment of

mouse 3T3 or CHO cells expressing the GHR, the 46, 52 and 66 kD splice variants of

Shc are rapidly tyrosyl phosphorylated by JAK 2 after binding through their SH2

domains to phosphotyrosine residues on either the GHR or JAK 2 (191).

Once phosphorylated, the Shc variants serve as docking sites for downstream

SH2-containing proteins (reviewed in 17,190). One of these proteins is growth factor

receptor-bound protein 2 (GRB-2) which associates through its SH2 domain with Shc and

through its SH3 region with the son-of-sevenless (SOS) nucleotide exchanger protein.

SOS activates c-ras which initiates the MAP kinase cascade, involving c-raf-l kinase,

MAPK kinase (MEK) and the two MAPK isoforms, extracellular regulated kinases
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(ERKs) 1 and 2.

ERKs 1 and 2 have been reported to phosphorylate and activate severa! proteins

(phospholipase Az, cytoskeletaI proteins, p7D and p9D ribosomal 56 kinases and c-raf-l)

and transcription factors (e.g., c-myc, c-jun, e-fos and the ternary complex factor,

p62TCF/Elkl) that are implicated in cellular differentiation and proliferation (reviewed in

190). GH has been shown to stimulate the activity of phospholipase Az in rat hepatocytes

(192) and p90 56 kinase as weil as p62TCF/Elkl in mouse 3T3 fibroblasts (193). Increased

phospholipase Az has been associated with the calcium dependent sexually dimorphic

inhibition of the CYP2C12 gene by GH in rat liver. p9D 56 kinase phosphorylates many

cellular proteins, including the serum responsive factor (SRF); SRF binds to to the serum

responsive element (SRE) on the c-fos gene to stimulate its transcription (194).

p62TCF/Elkl is a second transcription factor that binds the SRE in the c-fos gene promoter

(195). Therefore, stimulation of MAPK activity which, in turo, leads to the induction of

SRF and p62TCF/Elkl activity, may he one mechanism by which GH increases

transcription of the c-fos gene.

1.3.4.4. ms pathway.

Insulin receptor substrates 1 and 2 (IRS-I and -2) are two additional docking

proteins for SH2-containing GHR signalling intermediates. GH action stimulates tyrosyI

phosphorylation of IRS-I in mouse 3T3 fibroblasts (196) and in CHO ceUs (197)

expressing the rat GHR, as weB as IRS-2 tyrosyI phosphorylation in primary rat

adipocytes (17). Transfection studies in CHO eeUs using mutated and truncated rat GHRs
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have suggested that GH-dependent tyrosyI phosphorylation of the IRS-l and 2 docking

proteins is dependent on JAK 2 activation by the GHR (17). However, it remains

unknown whether the GHRIJAK 2 complex interacts directly or through an intermediate

protein with the IR5 proteins. The IRS docking proteins have been shown to control the

GH-dependent activity of a phosphatidylinositol 3' (PI 3 ') kinase in several cell types

(198). PI 3' kinase phosphorylates phosphoinositol lipids (PI) to yield PI-3-PO." PI-3,4­

PO.. and PI-3,4,5-P04 (reviewed in 17). These lipids are not hydrolyzed by any known

phospholipase and the events that occur downstream remain a mystery. However, PI3'

kinase has been implicated in the insulin-dependent regulation of glucose transport, DNA

synthesis and p70 ribosomal 56 kinase (an enzyme involved in cell cycle progession)

(199). Therefore, it is possible that this pathway is important in transducing GH­

dependent increases in glucose transport activity as well as other insulin-like effects of

GH.

1.3.4.5. PKC L-type calcium channels and nitric oxide synthase pathways.

Studies in severai cell types have suggested that the GH-dependent stimulation of

lipogenesis, c-fos gene transcription, DNA binding of the c/EBP transactivator and

increases in intracellular calcium require PKC activity since PKC inhibitors block these

responses to GH (reviewed in 17). Further investigations, using reagents that inhibit JAK

2 function, have shawn that JAK 2 mediates GH-induced PKC activation. Consistent with

this is the ability of other JAK kinase-linked receptors (PRL, IL-2, 3, 6, EPO, IFN-'"Y,

and GM-CSF) to activate PKC (reviewed in 189). Interestingly, there are several PKC
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isoforms and sorne studies have indicated that GH may activate different PKC isoforms

in different cell-types.

GH stimulated increases in intracellular calcium are also dependent on the

presence of extracellular calcium and on functional L-type plasma membrane calcium

channels. Blocking these channels prevents GH from inducing expression of the serine

prorease 2.1 (200) as weil as the P4502Cl2 (192) genes in rat hepatocytes.

GH stimulation of calcium uptake causes rat adipocytes to become refractory to

the transient antidiabetogenic effects of GH on glucose metabolism. Preliminary findings

suggest that these effects of GH are mediated by the calcium-dependent enzyme nitric

oxide synthase, which catalyzes the conversion of L-arginine to L-citrulline and the

release of nitric oxide (201).

1.3.4.6. Termination of the GHR-activated intracellular signalling cascades.

Multiple mechanisms are involved in terminating GR signalling pathways,

inc1uding regulation of the phosphorylation status of cascade members. Activated, and

thus phosphorylated, forms of GHR, JAK 2 and cellular substrates of JAK 2 (eg. Shc and

IRS proteins) can be rapidly downregulated by tyrosine phosphatases (PTPs) (reviewed

in 17). In addition, activation of the MAPK kinase pathway generates a feedback

phosphorylation cascade: phosphorylation of SOS causes dissociation of Shc-GRB 2-505

complexes resulting in rapid termination of this signalling pathway (202). Finally,

phospholipase C and newly synthesized proteins have been implicated in the

desensitization of the GH-activated JAK2/STAT5 pathway (203) .
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1.3.4.7. Receptor internalization•

Shortly after GH binding and the initiation of signalling cascades, GHRs undergo

endocytosis in a cell-specitic fashion. In cultured rat adipocytes there seems to be

constitutive internalization of the receptor which is accelerated by GH binding (204).

However, in human IM-9 lymphocytes and mouse fibroblasts, GHRs redistribute and

aggregate following GH treatment, without any evidence of constitutive internalization

(205).

GHR intemalization is dependent on the presence of a phenylalanine residue in

the proximal one-third of the rat GHR's cytoplasmic domain and an intact cellular

ubiquitin-conjugating system that targets cellular proteins for degradation by the

proteosome (206). These studies suggest that degradation of both the extraceIIular and

cytoplasmic portions of the GHR occurs within endosomaIllysosomal cellular vesicles.

Interestingly, studies of the GHR in human IM-9 lymphocyte cells have demonstrated

that internalization may aiso downregulate the receptor without degrading it: GHRs may

be sequestered in cytoplasmic microsomes during the celI's refractory period to GH

action and then recycled to the plasma membrane (207).

Receptor internalization appears to play an essential role in the intracellular

cascades of severaI plasma membrane-anchored receptors. Therefore, it is possible that

it may also be important for GHR signal transduction pathways. Tyrosyl phosphorylated

GHRIJAK 2 complexes extending from the microsomal vesicles into the cytoplasm may

serve as SH2 binding domains for cellular signalling substrates and/or may permit further

tyrosyl phosphorylation of cytoplasmic proteins by JAK 2. In fact, the ubiquitination
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system has been recently implicated in GHR signalling. Using CHû cells transfected with

the rat GHR, Strous et aI have shown that the GH-induced STAT pathway is completely

inhibited by a defective ubiquitination system (208).

Even more intriguing are the findings of Waters et al suggesting that substantial

amounts of GH as weil as its receptor and binding protein translocate to the nucleus

(209,210,210a,210b,210c). 80th GHR and GHBP have been detected in the rat nucleus,

with microsomal GHRs transJocating to the nucleus in response to GH stimuli.

Crosslinking, immunological, and Scatchard experiments have revealed high affinity

GHBPs in the nuclear membranes, nucleoplasm and chromatin fractions prepared from

GH-treated rabbit livers. These observations have suggested a direct action for GH and

GHBP on gene transcription. However, Waters and his colleagues have becn unable to

identify any GHR or GHBP DNA binding activity.

Nuclear localization subsequent to receptor-mediated internalization has been

reported for other polypeptide ligands [insulin, platelet-derived growth factor (PDGF),

epidermal growth factor (EGF), nerve growth factor (NGF), IL-l, somatostatin and

PRL]. Moreover, as \Vith GH, nuclear localization of IL-I and NGF is associated with

their respective receptors (211). Although these studies are quite intriguing, a nuclear

function for polypeptide hormones and their receptors has yet to he identified.

Interestingly, JAK 1 and 2 have been detected in the nucleus of CHO cells, suggesting

that Janus kinases may play a role in the activation of transcription factors (212).

Therefore, one nuclear function for the GHR may be to activate JAKs located in the

nucleus.
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1.3.4.8. Summary•

Many GHR signalling intermediates have been identified in the past few years

(Figure 1. 17) and the cytoplasmic regions of the rat GHR responsible for several GH

responses have been delineated (Figure 1.12). However, a direct link between

intracellular intermediates and the biological responses to GH is still largely a mystery.

The fact that GH shares intracellular signalling pathways with other hormones, cytokines

and growth factors suggests that similar postreceptor mechanisms may be used to regulate

overlapping sets of biologie responses. The timing and duration of activation of the

shared cascades may provide a degree of specificity for each signalling pathway. Certain

responses may involve a complex mechanism with severaI pathways converging at a

single end point. For example, as discussed in the preceding sections, GH-induced c-fos

gene transcription is regulated by al least three transactivator complexes (SIE, SRF, and

p62TCF/Elkl). In addition, there is always the issue of species- and tissue-specificity in

GH post-receptor mechanisms: a recent report demonstrates that while the MAPK

pathway is known to be involved in the GH signalling cascades of mouse 3T3 fibroblasts,

it is not activated in human IM-9 lymphocytes (213). It is also likely that other GHR

signal transduction pathways will be identified or better defined in the future. In fact, a

recent report has suggested that sorne of the GH effects may require crosstalk of the

GHR with other receptors: Yamauchi et al demonstrated that GH-induced JAK 2 activity

can tyrosine phosphorylate the EGF receptor (214) .
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1.3.5. GHR and GUBP tissue distribution and regulation•

The GHR is widely expressed in mammalian adult tissues, including liver, adipose

tissue, Iymphatic and immune ceUs, intestine, heart, kidney, lung, pancreas, brain,

cartilage, muscle, corpus luteum and testis (106,215,216). The lack of GH binding in

severa! tissues that demonstrate responsiveness to GH as weB as expression of GHR

mRNA has suggested that GHR levels in these tissues are either low or restricted to a

small population of specifie cell-types. A large proportion of rat and human hepatie

reeeptors are present in microsoma! eytoplasmic membranes, most likely a reflection of

continuous GHR biosynthesis. Rat studies have demonstrated that the half-life of GHRs

in several tissues is very short, with receptors being targeted for lysosomal degradation

following internalization. Cleavage of primate, rabbit and sheep GHRs at the plasma

membrane to produce soluble GHBPs also conLributes to the short half-life of the plasma

membrane-anchored reeeptor (see section 1.3.2).

Homologous regulation of GHR expression by GH varies among speeies and,

within a species, amongst tissues. Absence of pituitary GH causes a decrease in the

number of GH binding sites in rabbit and sheep livers as weB as in rat adipocytes

(reviewed in 216). In contrast to these data, GH-deficiency in rats is linked with an

increase in GH binding to hepatic membranes despite decreased levels of GHR mRNA

(217), suggesting that there is a reduction in receptor turnover and degradation in the

GH-deficient state. Hepatic GH binding sites are also reduced in fasting rats, but are

restored following GH replacement therapy while chronic GH treatment results in

increased rat liver GHR expression (218). Studies of hypophysectomized mice, rats and
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rabbits suggest that elevated levels of GH in pregnant animaIs are responsible for

increases in liver GH binding sites during pregnancy (reviewed in 216). In contrast,

exposure of human IM-9 lymphocytes to hGH leads to receptor downregulation (219).

In general, glucocorticoids seem to have stimulatory effects on GHR expression.

In sheep, fetai hepatic GHR mRNA levels increase during the last two weeks of gestation

in parallel with the normal rise in fetaI cortisol levels (220). Glucocorticoids and/or

dexamethasone increase the GH binding capacity of rabbit liver as weil as rat and porcine

hepatocytes, whereas they inhibit GH binding in the mouse 3T3 fibroblast cel1 line

(216,221,222). Cortisol is also able to POtentiate hGHR gene transcription in human

osteoblast-like celIs (223).

Insulin, thyroid hormone, sex hormones and the GHBP have also been implicated

in GHR regulation. Insulin treatment enhances liver GHR mRNA synthesis in diabetic

rats (224), while thyroid hormone increases GHR mRNA expression in porcine

hepatocytes (221). Liver and growth plate GHR mRNA in rabbits is upregulated by

testosterone and reduced with estrogen treatment (225). In a recent study, Mullis et al

observed that GHBP can stimulate GHR gene transcription in a human hepatoma cellline

(226).

The above data demonstrate that the mechanisms regulating GHR vary among

different species as weIl as among GH target tissues and cell-types within each species.

The recent c10ning and characterization of ovine, bovine, mouse and rat GHR gene

promoters (227-231) provide the basis for a future comparative investigation of

subprimate GHR gene expression .
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1.3.6. Ontogeny of the GHR and GHBP.

Numeraus animal studies suggest that there is a significant anset of tissue GHR

and GHBP expression beginning after birth. Rat GHR rnRNA, barely detectable in fetal

and early postnatal livers « 20 days) by Northern blot analysis, gradually increases to

adult levels by 40 days (232,233). Similar developmental increases in mouse hepatic

GHR and GHBP mRNAs have been reported (234). In addition, no measurable levels of

bovine GH binding to rat hepatic membranes \vere observed prior to 20 days after birth

(232). Northern blot studies have also revealed ontogenie increases in rat kidney, lung

and ileum GHR and GHBP mRNA levels (233). The rat GHBP-specific mRNA was

deteetable at low leveIs in fetal liver and also increased postnatally, with serum GHBP

levels being first deteeted at 10 days following birth (232).

Immunohistoehemieal studies of 12 to 18 day rat fetuses identified very low levels

of immunoreaetive GHR/GHBP until day 18 when prominent staining was observed in

ail tissues and organs derived from the embryonic endoderm (e.g., hepatie tubules,

gonadaI tissues and adrenal cortex) (235). DeciduaI ceUs of the placenta were also

strongly immunoreactive, suggesting that maternai GH may have a function in placental

development and nutrient transfer. In support of an in utero role for the rodent GHR

during early embryogenesis, Panteleon et al have recently identified functional GHRs in

preimplantation mouse embryos (143). Moreover, Ohlsson et al have demonstrated

expression of GHR mRNA in mouse embryonic stem ceUs that can be stimulated in vitro

by retinoic acid (236).

The ontogeny of GHR has aIso been investigated in the rabbit, pig, cow and sheep
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(237-240). Low levels of rabbit GHR have been detected in fetaI and early postnatal

liver, muscle and heart, while fetal kidney samples had relatively high concentrations that

remained fairly constant throughout fetal and postnatal life (237). Binding of bovine GH

to pig hepatic membranes dramatically increased in fetal versus postnatal specimens; in

contrast, no clear age-related differences were observed in bovine GH binding ta muscle

preparations From 75 days of gestation ta the adult stage (238). Porcine GHBP is detected

by 75 days of fetal development and increases with age (238). Examination ofbovine GH

binding to postnatal bull liver membranes revealed a significant increase From neonate

(2 day) to adult (365 day) specimens (239). In sheep, there is a dramatic increase in the

number of hepatic GH binding sites after the first week of life (240).

In the human, hGHR expression is readily detectable by immunohistochemical

techniques by the first trimester of fetal life; by midgestation, the pattern of

immunostaining is often identical to that of the adult (215,241). Immunoreactive hGHR

is present as early as 8.5 weeks in human hepatic parenchyma, kidney tubular epithelia

and dermal fibroblasts. In fetai livers, intense immunoreactivity was localized in

hepatocytes surrounding the central veins and portal triad, while the hematopoietic ceUs

within the sinusoids were unstained. Kidney tissues showed predominant staining within

the tubular epithelium, with glomerular epithelial immunoreactivity being restricted to

the earliest developmental stages, implying a fetal-specific role for hGHR in the

developing kidney. In fact, a rnixed population of early gestational fetal kidney ceUs has

been shown by our laboratory to produce both IGF-I and IGF-II in response ta

physiological levels of hGH (241a). hGHR staining in the endocrine pancreatic tissues,
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neuronal cell bodies of the cerebral cortex, the germinal layer of the epidermis,

sebaeeous and sweat glands as weil as hair follicles was detected at 12-14 weeks of fetal

life. Fetal zone cells of the adrenal displayed only weak immunoreactivity after 13-14

weeks of fetal age, while definitive zone cells of the growth plate showed no evidence

of hGHR expression throughout gestation. Fetal growth plates and cllitured chondrocytes

showed positive staining from as early as the second trimester of gestation. Robust

epithelial staining was detected in the crypt region of both small and large intestine but

oolyafter 19 weeks of age. Finally, positive staining for the hGHR was present as early

as 8.5 weeks in the syncytial layer of the placenta and remained detectable until terro.

Since the syncytillm also releases hGH-V into the maternaI circulation, hGH-V may act

in an autocrine and/or paracrine fashion on the syncytial layer of the placenta.

Specifie binding of hGH has been demonstrated in first trimester fetal liver

membranes, chondrocytes and cultured fibroblasts (242-244). Fetal lung membrane

preparations, however, did not show any hGH binding activity, consistent with the

absence of hGHR immunoreactivity in fetal and postnatallung. Binding experiments have

also failed to detect significant levels of hGHR in fetal skeletaI muscle, whereas low

levels have been measured in postnatal preparations. Interestingly, the same fetal muscle

membrane preparations had considerable hPL binding. Therefore, it is possible that an

hPL specifie receptor is expressed in fetal muscle or that a fetaI form of the muscle

hGHR is selective for hPL. In support of the latter hypothesis is the presence of hGHR

immunoreactivity in abdominal skeletaI muscle from as early as 8.5 weeks of fetaI

development. There are aiso Iimited Northern blotting data in support of fetal hGHR
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expression. Werther et al detected significant levels of hGHR mRNA in dermal

fibroblasts and chondrocytes obtained from second trimester fetuses (15-20 weeks)

(243).

Although the Mab 263 antibody used in ail of the previously mentioned

immunohistochemical studies cross-reacts with both the hGHR and hGHBP proteins

(244a), the absence of hGHBP in human fetal serum until approximately midgestation

suggests that a positive cellular stain corresponds primarily to the hGHR. Levels of

hGHBP are low in the felus and newborn and rise throughout childhood to reach

maximum levels during puberty.

These mRNA, binding and immunological studies, coupled with in vitro

functional data (discussed in section 1.1.4) and c1inical observations (described in 1.4)

suggest tissue- and ceU-specific functions for the hGHR during fetal development.

1.3.7. GHR gene expression.

The hGHR and hGHBP are products of a single gene that has been localized to

human chromosome 5pI3.1-12. Exons 2 to 10 and their corresponding intronie sequences

span approximately 87 kb of genomic DNA (245). The signal peptide as weil as the first

six N-terminal residues of the mature protein are encoded by exon 2. The remaining

extracellular domain is encoded by exons 3 to 7, while exon 8 codes for the

transmembrane region and exons 9 and 10 for the eytoplasmic tail (Figure 1.18). In

contrast to rodents, in which there is a 4.5 kb GHR mRNA as weil as a 1.7 kb

alternatively spliced product that is specifie for the GHBP (246), only hGHR rnRNAs of
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Fig. 1.18. Schematic representation of the hGHR mRNA. A nucleotide scale (in kb)

and the locations of exon boundaries are indicated by the two upper diagrams. The third

schematic details the 5' and 3 ~ UTRs (hatched), the Alu-repeat, and the rnRNA regions

that encode for the signal peptide as weil as the extracellular, transmembrane and

cytoplasmie domains of the receptor. [Adapted from Godowski, P. et al Charaeterization

of the human growth hormone receptor and demonstration of a partial gene deletion in

two patients with Laron-type dwarfism. Proc. Natl. Acad. Sei. USA 86: 8083-8087,

1989 (245).]
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4.5-5.1 kb have been detected by Northern blot analysis of human tissues (12) .

Sequencing of the hGHR cDNA has revealed that the coding exons comprise 1.9 kb, and

that there is a large 3' untranslated region (UTR) of approximately 2.4 kb containing an

Alu repeat (245).

Different isoforms of the hGHR rnRNA, with small size differences

indistinguishable by Northem blot, have been identified by RT-PCR. In a 1992 study of

placental hGHR expression, Urbanek et al identified an exon 3 deficient GHR mRNA

isoform (247). Surprisingly, transient transfection studies have revea1ed that both

transcripts encode hGHR receptors with equal binding affinities for 22 and 20 kD hGH­

N, hPL and hPRL (179,180). In addition, a hGH/hGHBP complex was detected in the

culture media of ceUs synthesizing either exon 3 retaining or deficient receptors, as weIl

in the plasma of individuals with exon 3 deficient hGHR mRNA expression (248).

Alternative isoforms of the hGHR that vary in their cytoplasmic tails have also

been characterized (Figure 1.19). If an alternative 3' acceptor site that is 26 bp

downstream in exon 9 is used, a six residue frameshift occurs and a stop codon is

introduced (249-251). The resultant 279 amino acid receptor, hGHR-tl, is truncated. In

addition, exon 9 cao be spliced out, again creating a frameshift and a stop codon

insertion, yielding a second truncated GHR isoform (hGHR-t2) (250). Semi-quantitative

reverse transcription (RT)-PCR has revealed that hGHRt 1 mRNA is a minor splicing

product in liver, fibroblasts and IM-9 lymphocytes, and is ooly detectable following a

second round of amplification in muscle, stomach and lung (249). However, in mammary

gland, adipose tissue and EBV-transformed lymphoblasts, both hGHR and hGHR-tl
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Fig. 1.19. Schematic representation of alternative splicing patterns within exol1S 9

and 10 of the hGHR mRNA. Exons are shown by numbered boxes and spIicing patterns

are depicted by the Iower v-shaped lines. Regions of the mRNA encoding for the

extracellular, transmembrane (TM) and cytoplasmic domains of the receptor are

indicated. [Reprinted from Ross, R.J.M. et al A short isoform of the human growth

hormone receptor functions as a dominant negative inhibitor of the full-Iength receptor

and generates large amounts of binding protein. f\.lol. Endocrinol. Il: 265-273, 1997

(250).]
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mRNA RT-PCR bands are equal in intensity, suggesting that the hGHRtl has tissue­

specifie functions (249). The hGHR-t2 has only been studied in liver and IM-9 cells

where it represents < 1% of the total hGHR rnRNA (250). Transient transfection studies

have demonstrated that, in comparison to the full-Iength hGHR, the truncated isoforms

undergo minimal intemalization and are not down-regulated by hGH (251). However,

both hGHR-t 1and -t2 have a significantly increased capacity to generate soluble hGHBPs

(249-251). Moreover, the finding that these truncated receptors cao heterodimerize with

full-Iength hGHRs has suggested that they may alter intracellular signalling cascades in

tissues and cell-types where they are expressed in sufficiently high levels (i.e., mammary

gland and adipose tissues) (250).

Eight different 5' UTR variants of the hGHR mRNA have been cloned by 5'

rapid ~mplification of çDNA ~nds (5'RACE) from an adult liver cDNA library (252).

AlI eight variants were found to diverge at -12 bp from the translation initiation codon,

and were named VIto V8 on the basis of their relative abundance. Sequencing analysis

of the V3 clones revealed three related cDNA subvariants (V3a, band cl, suggesting that

they are alternatively spliced isoforms.

AIl 5'UTR variants, with the exception of V2, were found to contain ATG codons

upstream of exon 2 (252). These upstream open reading frames are either interrupted by

stop codons prior to exon 2 or shortly after the main open reading frame of the hGHR

mRNA. In addition, none of these upstream ATG sites faU under the C-C-Purïne-C-C-A­

T-G-G consensus sequence that has been reported by Kozak to be characteristic of strong

translation initiation sites in vertebrates (253). However, it has been proposed that the
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presence of multiple open reading frames in the 5' UTR of tightly regulated transcripts,

such as proto-oncogenes and growth factors, can negatively modulate translation initiation

(254). Therefore, the complex 5' UTRs of the hGHR mRNA may regulate expression

of the receptor at the level of translation inititiation.

Multiple 5' UTR variants of the GHR rnRNA have also been reported in other

species (227-231,234,252,255-257). As with the human variants, the different animal 5'

UTR transcripts of the GHR mRNA diverge at -12 nucleotides from the AUG start site

of translation in exon 2. The ovine and bovine exons lA (227,229) share 76% identity

with human VI (252), while the sequence similarity between the ovine and bovine exons

lB (228,256) and human V2 (252) is 74%. Ovine exon lA mRNA isoforms are liver­

specifie and present only after birth (227), whereas exon 1B expression has been detected

in late gestation ovine growth plate and in ail postnatal tissues tested, with tissue-specifie

differences in its levels relative to the total pool of GHR mRNA (228). Human VI also

has 76% sequence homology with the 5'UTR GHR cDNA cloned from postnatal rabbi!

liver (12).

The mouse LI (230) and rat GRRI (231) 5'UTR variants both have 50%

sequence homology with the human V7 transcript. In addition, they are both detectable

in liver only after birth. Although the tissue distribution of the LI transcripts has not

been reported, the GHRI transcript is liver-specific (231). Liver LI (234) and GHRl

(231) rnRNAs are upregulated during pregnancy, suggesting that LI and GHR 1 are, at

least partially, reponsible for the increases in hepatic GHR mRNA synthesis and GH

binding during rodent pregnancy. Further studies have shown that GHR 1 exists in much
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higher levels in female versus male rats, which may be contributing to the higher levels

of GHR in female versus male rat livers (231).

The mouse L2 and rat GHR2 StUTRs share 77% sequence identity with human

V2. L2 mRNAs have been identified in late gestation fetal liver, postnatal liver and

placenta (234). GHR2 mRNA is first detectable during late gestation and il is widely

expressed in tissues of postnatal male and female rats (257). Three additional GHR

mRNA 5'UTR variants have been cloned from rat tissues: the level of expression of each

isoform is variable from one tissue to another, with sorne 5'UTR variants having a

preferential association with the GHR or GHBP mRNA transcripts (2S7).

The diversity of the S'UTR of the GHR mRNA has suggested that multiple

promoters may be regulating GI-JR gene transcription. Genomic mapping of ovine exons

1A and 1B has revealed that exon 1A is located approximately 17 kb upstream of exon

2 and tl1at exon 1B is at least 17 kb 5' to exon 1A (228). Separate transcription start sites

and cis regulatory regions have been identified for each ovine S' UTR variant (227,228).

A promoter region has also been identified for the murine LI transcript, which is at least

8 kb upstream of exon 2 in the mouse GHR gene (230).

1.4. Determinants of Nonnal Mammalian Growth.

1.4.1. Postnatal growth.

Growth is the progressive development by which a fertilized egg attains the size,

form and function of an adulte The control of mammalian growth is a complex process,

involving the interaction of a number of genetic, hormonal and environmental factors
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(reviewed in 258). In postnatal life, the two major hormones are clearly GH and IGF-I.

As already discussed, the somatogenic effects of GH on long bone and other organs are

both direct and IGF-I mediated. Other growth factors, such as EPO, NGF, EGF, PDGF

and fibroblast growth factor (FGF), contribute to the overall development of an organism

by regulating growth, proliferation and differentiation of specifie cell types. The cell

differentiating effects of estrogens, androgens, glucocorticoids, retinoids and thyroid

hormones play permissive roles for the growth-promoting actions of polypeptide

hormones. In addition, PRL is necessary for mammary gland growth and development

during the later stages of pregnancy.

1.4.2. Fetal growth.

1.4.2.1. Insulin-like growth factors.

IGFs have been detected in human fetal tissues as early as 10-12 weeks of

gestation and in serum as early as 15 weeks (259). Throughout human fetaI life, plasma

IGF levels rernain low relative to adult basal values (259). After birth, both IGF-I and -

2 increase steadily during the childhood years (260). During the pubertal growth spurt,

IGF-I rises markedly, while IGF-II remains relatively constant. The changes in IGF-I

serum levels during ageing are c10sely correlated with alterations in plasma hGH

concentrations. As with hGH, IGF-I levels begin to decline after puberty, with a more

pronounced decrease in males versus femaIes; in females, a rapid faIl in both hGH and

IGF-I serum levels occurs following menopause (260). In contrast, serum concentrations

of IGF-II do not change significantly in the normal postpubertal individual (260) .
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The ontogeny of IGFs is somewhat different in radents where serum levels of

IGF-II are elevated during fetal life and decrease postnatally as IGF-I synthesis begins

(reviewed in 116). Regulatory differences in the lGF-2 gene promoter regions are at least

partia1ly responsible for these developmental differences. The lGF-2 gene has three

promoters (#2-4) that regulate high IGF-II expression in both human and rodent fetal

tissues. However, after birth these promoter regions have low activity in human tissues

and they are virtually silent in rodents. Only the hIGF-2 gene has an additional liver-

specifie promoter (H 1) that is activated following birth and stimulates lOF-II synthesis

in postnatal human liver, contributing to the rising serum IGF-II levels during childhood

(reviewed in 261).

The regulation of fetal expression of the two IGFs is not well understood in either

humans or animal models. However, hGH-N can stimulate human fetal ceUs and tissues

to produce both IGF-I and lOF-II [for details see sections 1.2.2.5 and 1.3.6]. In addition

maternai IGF-I levels progressively rise during pregnancy (164); the significant

correlation of IGF-I and hGH-V concentrations in maternaI plasma suggests that hGH-V

may have an important stimulatory effect on maternai IGF-I production and subsequent

placental transfer of nutrients to the fetus. Studies in fetal sheep have suggested that

increased placental glucose transfer stimulates insulin secretion which, in turn, enhances

IGF-I release by target tissues (reviewed in 262); fetal IGF-II serum Jevels are thought

to be almost entirely constitutively regulated and only altered by significant nutritional

and hormonal changes (reviewed in 116). Infusion of IGF-I into sheep fetaI circulation

reduces placenta! lactate production and amino acid uptake by the placenta, enhancing
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substrate delivery to the fetus, while maternal IGF-I stimulates nutrient transfer to the

fetus (263).

Transgenic animal studies have clearly demonstrated that IGFs are crucial to the

overall growth and development of the marnmalian fetus (264 ,265). Ablation of IGF-2

gene expression in mice causes a 40% growth reduction by midgestation. This finding

correlates weIl with the predominance of IGF-II over IGF-I expression in fetal tissues of

ail species. The observation that these IGF-2 mutant mice grow at normal rates following

birth is also consistent with the normal absence of IGF-II postnatally in rodents. Although

these findings provide considerable insight, they may not be an entirely accurate

retlection of IGF-I1 physiology in humans: the presence of IGF-II in postnatal serum

suggests that it may continue to have sorne growth-promoting activity following birth.

The effects of disrupting IGF Type II receptor gene expression in mice was also

studied and found to be lethal by midgestation (266). It was concluded that this lethality

is probably due to the effects of IGF-II overabundance because the mutant mice are

rescued when their IGF-2 gene is knocked out in parallel (267). Thus, the interpretation

of these findings is consistent with the role of the Type II receptor targeting IGF-II to

lysosomes where it is degraded.

Efstrafiadis' laboratory has furthered our understanding of fetal IGF physiology

by creating mice with a lack of IGF-I and IGF Type 1 receptor expression (268-270).

Transgenic mice homozygous for disruption of the IGF-J gene exhibited a 40% weight

reduction (268-270), while homozygous mutants for the Type 1 receptor had a 55%

decrease in fetal size and invariably died soon after birth (269,270). Crosses of mice

98



1.

•

bearing mutations in their IGF and Type 1 receptor genes have provided even more

insight. IGF-I and Type 1 receptor double knockouts (270) had similar phenotypes as

mice lacking only the Type 1 receptor, suggesting that aIl IGF-I effects are mediated by

the Type 1 receptor. However, transgenic mice with a double knockout of the IGF-2 and

Type 1 receptor genes were even more growth retarded at birth (ie. 70% decrease in size)

than mutants for only one of these two genes (269,270). Since the Type II receptor does

not appear to mediate any IGF growth-promoting action, these data suggest that IGF-I1

may have additionaI somatogenic activity through its limited affinity for the insulin

receptor and/or another as yet undefined receptor. Interestingly, this additional IGF-II

activity may be necessary for placental growth since placentae of mice with an absence

of either IGF-I or Type 1 receptor expression (or both) are normaI, while the placentae

are small in mice that do not express IGF-II.

In the human, both fetal and neonatal size correlate with newborn serum levels

of IGF-I, but not IGF-II (271). A recent case report has shown that a homozygous

molecular defect in the hIGF-1 gene results in severe perinatal as weIl as postnatal growth

failuTe (272). The fact that no homozygous mutations in the IllGF-Jl, lGF Type 1 or Type

Il receptor genes have been detected to date suggests that, in humans, absence of their

expression is either Iethal or, although unlikely in the case of the Type 1 receptor, does

not result in any significant pathophysiological phenotype.

Insulin has aIso been implicated to have fetaI growth effects in the human. The

fetal pancreas begins to make insulin from as early as 9-10 weeks of fetal age and insulin

receptors are expressed on fetal target tissues by 15 weeks of gestation (reviewed in 273).
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Children of mothers with uncontrolled or poorly controlled insulin-dependent diabetes

mellitus are born large for gestational age. This is generally attributed to fetal

hyperinsulinism as the result of the response of the fetal pancreas to hyperglycemia of

maternaI origine Fetal macrosomia is thought to occur primarily through the direct

adipogenic actions of insulin, although there is a small increase in lean body mass that

is most likely promoted by the positive regulatory effect of insulin on IGF-I levels

(reviewed in 273).

1.4.2.2. IGF binding proteins.

In addition to their key regulatory roles in postnatal somatomedin physiology,

IGFBPs l, 2, 3 and 5 may also control bioavailability of fetaI IGFs. IGFBP-2, which has

greater binding affinity for IGF-II as compared to IGF-I, is ubiquitously expressed during

the initial stages of ovine and human fetal life, but is restricted to only the liver and

kidney in the second half of gestation (274). These findings suggest that, while the

autocrine and paracrine actions of IGF-II may decrease during the second half of

gestation in the majority of fetal tissues, they continue throughout gestation in the liver

and kidney. Transgenic mice studies have demonstrated that IGF-II and IGFBP-2

promote cellular growth in a fashion that is dependent on a balance between both

molecules (20). High concentrations of IGFBP-I are found in amniotic fluid (275), while

high levels of IGFBP-5 are detected in multiple human fetal tissues (276).

In the human, rhesus monkey and sheep, plasma concentrations of the

IGF/IGFBP-3/ALS 150 kD complex become detectable around midgestation and increase
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to term (reviewed in 133). However, fetaI rodents lack IGFBP-3 complexes in utero

because of their Iiver's inability to produce the GH-regulated ALS subunit of the carrier

protein complexe These observations suggest that GH and its receptor may have speeies­

specifie funetions during gestation. Indeed, GH binding to fetaI hepatocyte GHRs has

been observed in both the human and the sheep, but not in fetal rodent liver preparations.

Therefore, GH regulation of the 150 kD IGFBP-3 carrier complex synthesis in fetal

hepatocytes may have important consequences in the primate and sheep, while the

analogous IGF carrier complex in mice and rats may not be necessary untii after birth.

1.4.2.3. Placenta. innuences.

The placenta plays a crucial role in nutrient transfer from the mother to the fetus

(reviewed in 277,278). In fact, there is a direct relationship between growth of the

placenta and fetus. These processes depend on good maternai nutrition, an adequate

supply of maternai blood to the placenta, and multiple hormones, growth tàetors and

cytokines produced by the fetus, the mother and the placenta itself (e.g., GH-V [see

section 1.2.3], PL, IGF-I, IGF-lI, EGF, etc.).

As mentioned in section 1.2.3, placental production of PL has been documented

in primates, ungulates and rodents. In the human, hPL can be detected in the maternaI

circulation by the third week postconception as a 22 kD protein composed of 191 amino

acids (reviewed in 278). Peripheral levels of maternaI hPL rise throughout gestation and

peak at term (1-15 Ilg/ml). By the third trimester, hPL accounts for - 10% of placenta!

protein production. hPL is also present in fetaI serum but its concentration is

101



•

•

approximately 1% that measured in maternaI blood throughout gestation. In contrast to

hGH-N, but like placental hGH-V, hPL is secreted in a sustained rather than a pulsatile

fashion. The regulation of hPL expression by the syncytiotrophoblasts is not yet well

understood, but in vitro and transfection studies have shown that retinoids, thyroid

hormone and vitamin 0 stimulate hPL expression (279,280). As mentioned earlier, there

are two placental hPL genes, hPL-A and hPL-B that code for the same proteine Further

studies are needed to unravel the mechanisms regulating differential expression of these

two genes.

Gestational increases in maternai hPL plasma levels correlate well with both

placental and fetal size, suggesting that hPL modulates placental growth and nutrient

transfer (reviewed in 278). hPL is thought to preferentially increase glucose availability

for the Fetus by its diabetogenic and lipolytic activities: diabetic mothers have decreased

carbahydrate tolerance following hPL treatment, while hPL stimulation of adipocytes

results in increased glycerol and nonesterified fatty acid release, glucose uptake and

oxidation, as weil as glucose incorporation into glycogen, glycerol and fattyacids. When

maternaI glucose blood levels are high, the hPL-mediated increases in glucose uptake and

storage by adipose tissues ensures that there will be sufficient maternai energy supplies,

in the form of triglyceride, during fasting periods.

hPL also has direct effects on human fetal tissues. Human fetal liver and muscle

membrane preparations bind hPL from as early as 12 weeks of gestation (281).

Treatment of cultured fetal (13-19 weeks) fibroblasts and myoblasts with hPL enhances

amino acid transport, [3H]thymidine incorporation into DNA 1 mitogenesis and IGF-I
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release (282). hPL also stimulates DNA synthesis and IGF-I production in first trimester

fetaI hepatocytes (146,282).

There are only a few ease reports of low or absent levels of hPL or hGH-V in

maternaI blood during gestation (reviewed in 16,283). Examination of these rare cases

suggests that defeets in placenta! synthesis of either hPL or hGH-V does not alter normal

feto-placental development. However, Rygaard et al have recently investigated the

outcome of a pregnancy where both hormones were absent and the fetus was severely

growth retarded (283). The placenta and fetus were found to have deletions of the hGH-V

as weB as hPL-A and hPL-B genes. Therefore, it is possible that bath hPL and hGH-V

contribute to the normal progression of a pregnancy, and that the presence of one

placental hormone can compensate for absence of the other.

A specifie receptor for PL has not yet been identified in primates. However, hPL

is able ta bind the hGHR (reviewed in 24). Interestingly, despite the 87% amino acid

sequence identity between 22 kD hGH-N and hPL, the affinity of hPL for the high­

aftïnity hGHBP is 2300-fold less than hGH: this is because four (Met14, Glu56, Arg64

and Ile179) of the 25 binding determinants of hGH are altered in hPL (VaIl4, Asp56,

Met64 and MetI79). Given that bath 22 kD hGH-N and hPL have only 35% amino acid

homology with hPRL, it is not suprising that both hormones have substantially lower

affinities for the hPRL receptor; like hGH, hPL requires Zn +2 ions for hPRL reeeptor

binding.

ft is fascinating that expression of each plaeental-specific member of the murine

PRL gene family occurs at a precise phase of pregnancy: giant cel1s of early to
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midpregnancy placentae synthesize PL-l, PL-II, proliferin (pRF) and PRL-Iike proteins

A and E, whereas during mid- to late gestation these cells produce PL-II and proliferin­

related hormones (PRPs) (47,48,284-289). These switches may be responsible for first

establishing vascularization at the implantation site and then, later in pregnancy, reducing

neovascularization to prevent maternai and fetal blood vessels from crossing. Further

studies need to be undertaken to determine the synergistic and specifie maternaI as well

as fetai biologie actions of thesc hormones.

1.4.2.4. The ftdogma".

The "dogma" rn the literature is that GH has linle or no effect on mammalian

fetal growth, and that there is a switch to GH-dependent growth sometime following

birth. Transgenic mouse studies have, in fact, revealed that GH overexpression only

potentiates growth beginning approximately 4 weeks after birth (290), while mice

homozygous for a null mutation of the GHR gene do not show a decrease in size until

4-6 weeks postnatally (291). Fetal decapitation experiments in rats and rabbits have also

implied that GH does not have a growth-promoting effeet during fetal life since these

animaIs have a similar body size as their untreated littermates (140). These data are

likely due to the faet that there is a significant onset of GHR gene expression and GH

binding only after birth in all subprimates examined to date.

However, there are findings that challenge this dogma, even in the rodent mode!.

Panteleon et al have recently identified functional GHRs in preimplantation mouse

embryos that are capable of mediating GH effects on glucose transport and protein
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synthesis in the blastocyst (143). In addition, Zhou et al found that inbreeding of

homozygous GHR knockout mice results in significantly smaIler litter size and increased

perinatal mortality (291). GH infused in a pulsatile manner into fetal sheep increases fetal

and placental weight without altering IGF-I or IGFBP-3 plasma levels, suggesting that

GH may have direct or IGF-II mediated effects in utero (reviewed in 262). As discussed

earlier, the primate and sheep GHR may be mediating both GH as well as PL fetai

respanses. Furthermore, our laboratory and others have obtained in vitro data

demonstrating that hGH treatment directly influences human fetal hepatocyte, pancreas

and bone function [for details see section 1.2.2.5].

Critical analysis of these as weIl as clinical (discussed in the next section) data

suggests thal, in addition to the necessary actions of IGFs for mammalian growth in

utera, GH and its receptor may have species-specific functions during fetal life.

1.5. Human Growth Disorders and the hGH/hGHR/IGF-I Axis.

1.5.1. hGH-N deficiency.

Defects in hGH-N production undoubtedly result in severe growth impairment

during childhoad (reviewed in 292). The frequency of hGH deficiency is 1:4000 ta

1: 10000, with most cases being an idiopathie disorder. The critical role of the

transcription factor Pit-l in the generatian, proliferation and phenotypic expression of

somatotropes make this protein a prime candidate for implication in the etiology of hGH

deficiency (see section 1.2.1). In fact, four cases of hGH deficiency being caused by Pit­

1 gene mutations have been reported (293-296). In addition, two GH-deficient dwarf
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rodent models have Pit-l defects: the Snell mouse has homozygous rearrangements in its

Pil-/ alleles, and the Jackson mouse has homozygous Pit-l homeodomain mutations

(297).

Approximately half of the autosomal idiopathie hGH deficiency cases have been

linked to the hGH-N locus. Phillips and Cogan have classified familial hGH deficiency

inta four groups depending on the mode of inheritance and severity of the disorder (298).

Group 1A consists ofhomozygolls hGH-N gene deletions, compound mutations consisting

of a deletion and a frameshift, as weIl as homozygous nonsense mutations: aIl lead to

complete absence of hGH-N production, severe dwarfism by six months of age, as weil

as birth size reduction and hypoglycemia in some infants. The response of children in

Group 1A to recombinant hGH is variable and depends on whether they develop

antibodies against exogenous hGH. Group 1B, also autosomal recessive, is due to

homozygous splice donor mutations at the exon 4 boundary of the hGH-N gene or

compound hGH-N gene alterations consisting of a deletion and a frameshift within exon

3. Group II patients have an autosomal dominant condition that results from heterozygous

splice donor site mutations at the exon 3 boundary of the hGH-N gene. Both group 1B

and II patients have reduced hGH plasma levels with less severe short stature. The last

class of pediatrie patients with reduced levels of hGH have an X-linked disease that does

not have any apparent hGH-N gene a1teration but, nonetheless, causes short stature and,

in some cases, hypogammaglobulinaemia.

Linkage studies have excluded the hGH-N locus in at least half of individuaIs with

alltosomal isolated hGH deficiency (reviewed in 292). In these patients, the physiological
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regulators of GH release are likely candidates for genetic defects. GHRH gene mutations

have not been reported in any species; this may be because GHRH is highly expressed

in the placenta and may have crucial metabolic functions for fetal survival. The dwarf

"Iittle" mouse has an autosomal recessive mutation in its GHRH receptor that is

associated with reduced GH plasma levels (299). In addition, a nonsense mutation in the

hGHRH reeeptor has recently been identified in several patients with low serunl hGH

levels and growth failure (300,301). Mutations in the hGHSR and and ilS natural ligand

as weIl as genetie alterations that enhance the activity of inhibitory factors (ie.

sornatostatin and/or its receptors) on hGH release may also prove to be implicated in the

pathophysiology of idiopathie hGH-deficiency.

Phillip's and Cogan's findings that neonates with a complete absence of hGH

expression can have significant lower birth sizes suggests a role for hGH and its receptor

in utero (298). To further assess the potential role of hGH in fetal and infant growth,

Gluckman et al analyzed pretreatment data on 52 patients diagnosed with congenital hGH

deficiency before 2 years of age (302). In comparison to late-onset organic hGH

deficiency and control infants, these patients were found to have reduced birth length

standard deviation (SO) scores, an excess birth weight relative to length, and rapid

progressive postnatal growth failure. In fact, 12-20% of the neonates were more than 2

SD shorter at birth as compared to control subjects. These clinical data clearly indicate

that hGH is necessary for postnatal linear growth, but also suggest that hGH deficiency

can cause impaired growth in utero and early infaney.

107



•

•

1.5.2. hGH insensitivity•

Patients with "hGH insensitivity" have normal ta elevated circulating levels of

hGH levels, low serum IGF-I values and do not respond weIl ta hGH therapy (reviewed

in 292a). There is a broad range of hGH insensitivity, ranging from partial to complete

(Laran syndrome). In addition to genetic and idiopathie causes, there are also acquired

forms of this disease that are thought to cause poor growth in many chronic diseases of

childhood, such as cystic fibrosis and inflammatory bowel disease. Acquired forms of

hGH insensitivity may be due to a variety of factors, including circulating antibodies to

hGH that inhibit the hormone's biological activity.

In its classical inherited form, Laron syndrome is an autosomal recessive disease

that is the result of hGHR dysfunction (reviewed in 292a); however, dominant negative

mutations in the hGHR gene have now been identified in two families with short stature

and hGH insensitivity (292b, 292c). Like children with complete hGH deficiency (Group

lA), Laron syndrome patients have hypoglycemia, reduced birth size, abnormal

craniofacies and severe childhood growth failure. Large cohorts of patients with Laran

syndrome have been reported in Israel, Ecuador and Turkey. These individuals have

normal to high plasma hGH levels with extremely low or absent IGF-I values. Laran

syndrome is generally accompanied by reduced or absent serum hGHBP, with

approximately 20% of affected individuals having normal values. Extremely high hGHBP

values in sorne patients is the result of genetic mutations that cause the hGHR gene

transcript to be translated into a soluble protein as opposed to a membrane-anchored

receptor. The presence or absence of hGHBP does not seem to affect the severity of hGH
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insensitivity.

To date, studies have identified deletions as weil as missense, nonsense and splice

mutations within coding exons of the hGHR gene in patients with Laron dwarfism

(reviewed in 292a). The absence of hGHR and hGHBP expression in sorne Laron patients

may also be explained by complete silencing of the gene or by the inability of the mature

hGHR gene transcript to be successfully translated.

There is a large population of idiopathic short stature (lSS) patien ts who are

characterized as having partial hGH insensitivity (reviewed in 292a). These patients are

greater ihan 2 50 below the mean height for their age and sex with a persistently slow

growth rate and no evidence of systemic disease, malnutrition, hypothyroidism or hGH

deficiency. The cause of growth failure in these children remains poorly understood.

Recently, Goddard et al suggested that heterozygous hGHR gene mutations may cause

partial GH insensitivity syndrome (milder growth retardation as compared to Laron

dwarfism); however, only a small group, 8 of 100 ISS children examined, were found

to have mutations within hGHR gene exons (303). In addition, it is possible that partial

silencing of hGHR gene transcription contributes to partial hGH insensitivity DY lowering

the levels of hGHR expression. In support of this hypothesis are studies by Attie et al

demonstrating that more than 90% of 500 ISS children had serum hGHBP levels below

the normal mean for age and sex, with 18% of the patients having average values greater

or equal to 2 SO below the normal mean (304). Similar findings have been obtained by

a separate investigation using a more direct radioimmunoassay for hGHBP (305). A

complete structural and functional map of the hGHR gene regulatory regions must first
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be obtained before it will be possible to design experiments aimed at testing whether ISS

or Laron children have silencing alterations in their hGHR gene promoter regions.

Patients with normal hGHBP activity and no known cause for their hGH

insensitivity are good candidates for defects in the activation of post-receptor cascades.

In fact, Thanakitcharu et al have recently identified three homozygous missense mutations

(422F, L5261 and P561T) in the intracellular domain of the hGHR of a hGHBP-positive

patient (292d). It is also possible that these patients have an abnormality in either one of

the effector proteins involved in intracellular cascades or in the IGF-I gene itself.

Although defects in signal transducing proteins are unlikely, as these molecules appear

to be shared by a large number of receptor signalling pathways, in vitro studies of

fibroblasts from a hGHBP-positive patient with no apparent hGHR gene mutation have

revealed a postreceptor defect in the activation of STAT 5. In addition, another patient

with intrauterine as weil as postnatal growth failure has been found recently to have an

IGF-I gene deletion [see section 1.3.2.1].

The finding that both hGH deficiency and insensitivity can affect birth size has

suggested a role for hGH and its receptor during development.

1.6. Objectives of the Dissertation Research.

To help clarify the role of hGHR during early human development, several

questions were addressed during the thesis project.

First, what is the ontogenie pattern of hGHR gene expression in human tissues?

(Chapter 2)
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Second, are there fetal isoforms of the hGHR mRNA that may give rise to "fetal­

specific" receptor biological activity? (Chapters 2, 3, 4 and Appendix 1)

Third, what are the mechanisms regulating transcription of the hGHR gene in fetal

versus postnatal tissues? (Chapter 4 and Appendix II).

Fourth, what is an appropriate animal model in which to study developmental

changes in GHR expression? (Chapter 5)

The long-term goals of the laboratory are to determine whether differential

regulation of hGHR mRNA synthesis gives rise la developmental- or tissue-specific

hGHR functions and whether abnormal regulatory mechanisms cao lead to c1inical

disorders of growth (i.e., complete or partial hGH insensitivity) .
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CHAPTER 2 - EXPRESSION OF EXON THREE RETAINING AND

DELETED HUMAN GROWFH HORMONE RECEPTOR MESSENGER

RIBONUCLEIC ACID ISOFORMS DURING DEVELOPMENT

George Zogopoulos, Rilene Figueiredo, Arvin Jenab, Ziad Ali, Yves Letèbvre and

Cynthia G. Goodyer.

Departments of Medicine and Pediatries (G.Z., R.F., A.J., Z.A., C.G.G.), McGill

University, Montréal, Québec, Canada; Department of Obstetrics and Gynecology

(Y.L.), Université de Montréal-Hôpital Maisonneuve-Rosemont, Montréal, Québec,

Canada.

(1. Clin. Endo. Metab. 81: 775-782, 1996)
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2.1. Preface•

To characterize the onset of hGHR gene transcription, several human tissues from

as early as the first trimester of fetal life were assayed by reverse transcription­

polymerase chain reaction (RT-PCR) for hGHR mRNA expression. The identity of the

amplified fragments was confirmed by Southem blot analysis. These studies also

investigated the tissue distribution and ontogeny of the exon 3 retaining and deleted

hGHR mRNA isoforms. In a final set of experiments, the entire coding region of the

hGHR mRNA was "scanned", using a series of overlapping PCR primers, to determine

whether" there are any additional fetal or postnatal isoforms of the mRNA coding region:

one advantage of RT-PCR methodology is that it permits the identification of mRNA

isoforms with small size variations, such as the 66 nucleotide difference between the

exon 3 retaining and deleted isoforms.

Figure 2.3 has been modified to incIude further data obtained after publication.

In the original study, the ontogeny of the exon 3 retaining and deleted hGHR mRNA

isoforms was investigated in 78 subjects. Since then, the sample size has increased to

117. This additional data did not alter the conclusions of the study, but enhanced the

statistical significance of the findings From a p value of 0.002 to 0.0002.
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2.2. Abstract•

Recent investigations have suggested that human growth hormone (hGH) and its

receptor (hGHR) may have specifie functions during human fetaI life. To improve our

understanding of the mechanisms of hGH action during gestation, we have characterised

the ontogenie appearance of hGHR mRNA in multiple human fetal and postnatal tissues.

Using reverse transcriptase-polymerase chain reaction assays, followed by Southern

hybridization to confirm the specificity of the amplified fragments, we scanned the entire

coding region of the hGH receptor mRNA.

Transcription of the hGHR gene was observed in aH fetal tissues studied (liver,

kidney, skin, muscle, lung, adrenal, spleen, intestine, CNS, pancreas and placental villi),

from the earliest stage that could be examined (4-14.8 weeks fetal age [FA]).

Furthermore, we identified only two isoforms of the hGHR mRNA coding region: exon

3 can be retained or deleted. Surprisingly, we found individual-, and not tissue-, specifie

expression patterns of these two transcripts when we examined multiple tissues (n =2-6)

from fifteen individuals (11.5-33 weeks [FA]); this individual-specific pattern of

expression is maintained in cultured dermal fibroblasts for at least twelve generations

(n =2; 16 and 20 weeks FA). In addition, a cross-sectional study of 117 individuals (4

weeks FA to 64 years postnatal) showed that the exon 3 deleted transcript is

predominantly expressed in tissues from fetuses of 4 to 20 wks of FA (p<0.OOO2).

Finally, we showed that the absence of exon 3 from the mRNA is not due to genomic

deletion of exon 3, by amplifying exon 3 from genornic DNA of three fetuses (13.3-19

weeks FA) expressing only the exon 3 deleted rnRNA transcript.
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We conclude that: 1) transcription of the hGHR gene is occurring in multiple

tissues as early as the first trimester of human fetal life; 2) the exon 3 retaining and

deleted transcripts are the only two isoforms of the hGHR mRNA coding region during

gestation; and 3) the pattern of expression of these transcripts is individual-specific and

may be developmentally regulated .
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2.3. Introduction.

Despite markedly elevated plasma levels of immunoreactive growth hormone

(GH) in the fetus (1), fetaI hypophY5ectomy and decapitation studies in several animal

species suggest that GH i5 not a major determinant of mammalian fetal growth until after

birth (2,3). In addition, an excess of GH, as noted in transgenic mice carrying GH fusion

genes, accelerates postnatal but not fetal growth (4,5). One possible explanation for GH

insensitivity during early development is that fetaI target tissues may lack the GH

receptor (GH). Indeed, animal studies have shown that there is a significant onset of

tissue GHR gene expression and binding following birth (6-8).

In contrast, there are both experimental and clinical data to suggest a role for

human (h) GH and its receptor in the human fetus. Specifie binding of hGH has been

demonstrated in early gestation human fibroblasts, chondrocytes and liver membranes (9-

Il). Immunohistochemical studies have revealed that immunoreactive hGHR peptide

appears as early as 8.5 weeks of fetal age (wk FA) in human hepatic parenchyma, kidney

tubular epithelia and dermal fibroblasts (12,13). Treatment of human fetal hepatocytes

and pancreatic islets with hGH results in stimulation of DNA synthesis and insulin-like

growth factor-I (lGF-I) secretion (14-16). Finally, the GH-dependent IGF binding

protein, IGF-BP3, is detectable in fetal serum at midgestation with Ievels rising slowly

to term (17).

Clinical data indicate that either hGH deficiency or hGHR dysfunction (Laron

dwarfs) may result in impaired growth in utero. The mean birth length and weight of

•
idiopathie hGH deficient children are both significantly below those of control age-
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matched neonates; between 12-20% are, in fact, more than 2 50 shoner than normal

newboms at binh (18,19). There is aIso a subpopulation of Laron syndrome infants who

are more than 2 SD shorter than normal controls at term (20,21).

Because of the potential role of the hGHR in regulating human fetal growth, we

have examined a number of hGH target tissues to determine: 1) the tissue-distribution of

the hGHR mRNA during fetal life; and 2) whether there are fetal- (vs. postnatal-)

specifie isoforms of the hGHR mRNA coding region. To date, two isoforms of the

hGHR mRNA coding region have been identified in human tissues and cell lines: exon

3 can be retained or deleted (22-27). The absence of exon 3 from the hGHR mRNA

predicts a 22 amine acid delction in the amino-terminal portion of the receptor' s

extracellular domain.

Our findings show that: 1) the hGHR gene is expressed in multiple tissues as early

as the first trimester of human fetal life; 2) the exon 3 retaining and deleted transcripts

are the only two isoforms of the hGHR rnRNA coding region produced during gestation;

and 3) expression of exon 3 is individual-specific and may be developmentally regulated .
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2.4. Materials and Methods•

2.4.1. Tissues.

Tissues from human fetuses (4-20 wk FA) were obtained at the lime of therapeutic

abortion; specimens from premature and term newborns (24-40 wk FA) and postnatal

donors (1 wk - 64 yr) were obtained within 12 h following death. Ali tissues were flash

frozen in dry-ice/acetone and immediately stored at -70°C for RNA and DNA extraction.

Fetai age was determined by foot length (28). Protocols for obtaining human tissues were

approved by local ethics committees.

The premature and term newborns (n =12) had died within 1-7 days following

birth due to a variety of pathologies (oligohydramnios, RDS, pneumothorax, polycystic

kidney disease, diaphragmatic hernia and sepsis). Postnatal hepatic tissues (n =7) were

collected from transplant donors who had died of acute head injuries. Postnatal skin

samples were obtained from pediatrie patients at the time of surgery (inguinal or

abdominal hernia; n =4) or from our local Genetics Cell Bank collection (normal

controIs; n=2). The postnatal GI tissues (n =4) were biopsy samples subsequently

diagnosed as normal.

2.4.2. Cultured cells.

Dermai fibroblasts of various developmental stages (10-38 wk FA; 4 months - 35

yr postnatal) were grown as monolayer cultures in HAM'S F-IO/DMEM medium (1:1;

Gibco BRL, Gaithersburg, MD) supplemented with 10% fetallnewborn calf serum (l: 1)

(Gibco BRL), 100 UIIml of penicillin G (Marsam Canada Pharmaceutical, Montréal,
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QC), 16 ug/ml of gentamycin sulfate (Schering Canada, Pointe Claire, QC) and 2.5

ug/ml of amphotericin B (Squibb Canada, Montréal, QC). IM-9 human Iymphoblast cells

were grown in suspension in RPMI-I640 medium (Gibco BRL) with 10% fetal/newborn

calf serum (1: L), LOO VI/ml penicillin G, 16 ug/ml gentamycin sulfate and 2.5 ug/ml

amphotericin B. Cultured fibroblasts from the 6.5 to 12 generations and IM-9 cell

preparations were rinsed in PBS (0.15 M NaCI in 20 mM phosphate buffer pH 7.4),

flash frozen in dry-ice/acetone and stored at -70°C for RNA extraction.

2.4.3. Hepatocyte preparations.

Human fetal liver cells were isolated using a modified protocol of Rodd et al.

(29). For each experiment, approximately 2 grams of human fetal liver tissue were

minced in 10 ml of warm (37'C) solution 1 (l0 mM Hepes pH 7.4,0.42 M NaCI, 6.7

mM KCI and 1 mM EDTA). 10 ml of warm (37'C) solution II (100 mM Hepes pH 7.4,

67 mM NaCI, 6.7 mM KCI, 4.8 mM CaCI, 20 mg collagenase type IV (Cooper

Biomedical, Mississauga, ON) and 2 mg DNAse 1 (Sigma Chemicals, St. Louis, MO»

were added and the minced tissue was dispersed with a pasteur pipette for 10-15 min at

37°C. The resultant dispersate was fiitered through a 50-100 um sterile mesh and the

cells collected by centrifuging for 10 min at 500xg. The supernatant \Vas discarded, the

pellet resuspended in 20 ml of Minimum Essential Medium (Gibco BRL) containing 4.8

mM EDTA and 3.2 mg DNAse 1 and the resultant suspension was allowed to settle at

unit gravity for 20 min al 37°C. The supernatant was discarded and this step was

repeated once more. The final layer of sedimented ceIIs, containing primarily
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hepatocytes, was centrifuged at 500xg for 10 min and the resultant pellet was

resuspended in HAM'S/DMEM medium supplemented with 10% fetal/newbom calf

serum (l: 1), 2 uM cortisol, 100 VI/ml penicillin G, 16 ug/ml gentamycin sulfate and 2.5

ug/ml amphotericin B. The isolated hepatocytes were plated on collagen-coated petri

dishes. 14-18 h after plating, the hepatocytes were rinsed thoroughly (3-5 times) with

HAM'S/DMEM medium to remove all remaining traces of blood cells and then

trypsinized. The trysinized cells were collected by centrifuging at SOOxg for 10 min. The

resultant pellet was rinsed in PBS, flash frozen in dry-ice/acetone and immediately stored

at -?O°C for RNA extraction. Purity of each preparation (> 99 %) was monitored using

phase microscopy, while viability (> 99%) was ascertained using trypan blue uptake.

2.4.4. RNA and DNA isolations.

Total RNA was isolated from approximately 1 gram of frozen tissue or 108

cultured cells using the guanidine thiocyanate/CsCI gradient method (30). The acid­

guanidium-phenol-chloroform protocol (31) was used to extract total RNA from tissues

of O.S grams or less and the Nonidet P-40/urea approach (32) was employed to extract

total RNA from samples of approximately HY-I06 cultured cells. Genomic DNA was

isolated from approximately 1 gram of frozen tissue using the proteinase K/sodium

dodecyl sulfate protocol (33).

2.4.5. Reverse transcriptase (RT)-peR.

For each reaction, approximately 6 ug of total RNA were reverse transcribed for
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1 h at 48°C in 2.5 units of Avian Myeloblastosis Virus Reverse Transcriptase (AMV-RT)

(GIBCO BRL), 80 units ofRNAsin (promega, Madison, WI), 71.4 ng/ul random primers

(GIBCO BRL), 0.48 mM deoxyribonucleotides (dNTPs) (Pharmacia Biotech, Baie

D'Urfe, QC), ID mM MgClz, 10 mM OlT, 100 mM Tris-HCI pH 8.3 and 50 mM KCI.

Prior to the reverse transcription reaction, the RNA was heated at 7frC for 5 min to

disrupt any secondary structure. Six #-,1 of RT product were then amplified for 25 cycles

in 2.5 units of Thermus aquaticlls (Taq) DNA Polymerase (GIBCO BRL), 0.5 mM

dNTPs, 0.25 uM hGHR sense and antisense primers (Figure 2.1, Table 2.1), 3 mM

MgCI2• 20 mM Tris-HCI pH 8.4 and 50 mM KCl. Prior to the PCR reaction, the RT

product was heated for 5 min at 95-98"C to denature the AMV-RT. The first cycle

consisted of 3 min denaturation at 92°C, 1 min annealing at 61°C and 3 min elongation

at 72°C. Subsequent cycles consisted of 30 s denaturation at 92°C, 1 min annealing at

61°C and 1.5 min elongation at 72°C. The reaction was terminated with a final elongation

of 5 min at 72°C. In each RT-peR assay , an aliquot of H20 was amplified in parallel as

a negative PCR control.

2.4.6. Southern blotting.

hGH receptor amplified cDNA fragments were electrophoresed through 1% or

2 % agarose gels and then transferred to 0.45 um positively charged nylon membranes

(Schleicher & Schuell, Keene, NH) by capillary action with 10xSSPE. Prior to blotting,

the DNA was denatured by soaking the gels twice for 15 min in 0.5 N NaOH/l.5 M

NaCI and then neutralized by soaking twice more for 15 min in 1 M Tris-HCI, pH
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Table 2.1. Oligonucleotide sequences of PCR primers and internai probes (*)_

•

Primer

15

LA and lA­

A-

25

2A and 2A­

35

3A

Sequence

S'-CTG CTG TTG ACC TTG GCA CTG GC-3'

S'-AGG TAT CCA GAT GGA GGT AAA CG-3'

S'-GAA CCT CAT CTG TCC AGT GGC AT-3'

S'-TCA AGA ATG GAA AGA ATG CCC TG-3'

5'-GCT AAG AIT GTG TTC ACC TCC TC-Y

S'-TGA TTC TGC CCC CAG TIC CAG TT-3'

S'-GGC ATG AIT TIG TTC AGT TGG TC-3'
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Fig. 2.1. RT-PCRISouthern blot strategy. Shaded boxes represent hGHR mRNA

coding exons. Approximate locations of the sense (5) and antisense (A) PCR primers,

nested hybridization probes (A-, lA-and 2A-), and the lengths of the PCR products (non­

shaded boxes) are indicated. Oligonuc1eotides A-, lA- and 2A- served as internaI

hybridization probes for cDNA fragments amplified with PCR primer sets lS/lA, 2S/2A

and 3S/3A, respectively. The precise sequence ofeach ofthese oligonuc1eotides has been

detailed in Table 2.1.
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7.4/1.S M NaCI. The nucleic acids were immobilized onto the membranes by exposing

the blots ta ultraviolet light (254-312 nm) for 5 min.

Blats were prehybridized for 3-5 h at 42°C in 6xSSPE, 1% SOS, 10xDenhardt's

and 0.15 mg/ml denatured salmon sperm ONA (Sigma Chemicals). The volumes of the

prehybridization and hybridization solutions were 100 #LI per cm2 of nylon membrane.

Hybridization oceurred overnight at a temperature (T.J of SoC less than the melting

temperature of the hybrid formed between the probe and ilS complementary nucleic acid

sequence. The hybridization solution contained 6xSSPE, 1% SOS, 0.1 mg/ml denatured

salmon sperm DNA and 13.2-26.3 nCi per cm2 of nylon membrane of probe. Following

hybridization, blots were washed twice for 10 min at TH with 6xSSPEIl %SDS and then

once more for 10 min at TH minus SoC with 2xSSPEIl %SDS. Bands were visualized by

autoradiography. B-actin cDNA served as a control for specifie hybridization on each

blot.

Approximately 150 nmol of the nested oligo to be used as the probe (Figure 2.1

and Table 2.1) were end-Iabelled and then purified through a Sephadex G-50 Medium

(Pharmacia Biotech) column. The end-labeIIing reaction occurred at 37°C for 1 hour in

the presence of 2 uCi/ul of -y-32p-ATP (NEN Research Products), 20 units of T4

polynucleotide kinase (GIBCO BRL), 70 mM Tris-Hel pH 7.6, and 10 mM MgC12 100

mM KCI and 1 mM 2-mercaptoethanol.

2.4.7. Sequencing analysis.

Exon 3 retaining and deficient cDNA fragments were sequenced by the dideoxy

125



•

chain-termination procedure of Sanger (34) using hGH receptor sense (15) and antisense

(A·) primers (Figure 2.1, Table 2.1). The reaction products were resolved on a 6%

polyacrylamide gel and visualized by autoradiography.

2.4.8. Amplification of genomic DNA.

Approximately 100 ng of genomic DNA were amplified for 35 cycles in 2.5 units

of Taq DNA Polymerase, 0.2 mM dNTPs, 0.25 uM sense (5' -GAT GGT 1Tf Gee

TTC CTC TT-3') and antisense (5'-AAA TAT eAT TCG AAG GAA GAA A-3')

primers; 2.5 mM ~lgCI2' 20 mM Tris-HCI pH 8.4 and 50 011\'1 KCI. The tïrst cycle

consisted of 3 min denaturation at 95°e, 30 s annealing at 500 e and 25 s elongation at

72°C. Subsequent cycles consisted of 45 s denaturation al 95°C, 30 s annealing al sooe

and 25 s elongalion at 72°C. PCR fragments were visualized on a 0.5 ug/ml ethidium

bromide, 2 % agarose gel.

2.4.9. Statistical analysis.

Statistical evaluation of the exon 3 developmental data (Table 2.3) was carried out

using a 2x2 contingency table with Fisher's Exact Test.

126



•

•

2.5. Results.

A combined RT-PCR and Southern blot approaeh (Figure 2.1) was used to scan

the entire coding region of the hGHR mRNA in human fetal and postnatal tissues. As

previous studies have shown that human IM-9 lymphoblast celIs express both full-length

and exon 3 deleted hGHR mRNA isoforms (23), total RNA from IM-9 cells served as

a positive control in all of our RT-PCR assays (Figures 2.2-2.6). H20 and fi-actin cDNA

served as negative controls for the PCR reactions and Southern blot hybridizations,

respectively (data not shown).

2.5.1. Tissue distribution of hGHR mRNA isofonns.

Using PCR primers IS and lA, with oligo A- as the hybridization probe (Figure

2.1 and Table 2.1), the tissue distribution of the exon 3 retaining and deleted hGHR

mRNA isoforms was delineated. When we examined multiple tissues (n=2-6) from

fifteen different subjects (11.5-19 wk FA, n=14; premature infant. 33 wk FA, n=l)

including twins with a common placenta (15 wk FA), we found that, in ail fifteen cases,

the expression pattern did not vary between different tissues of the same individual, but

varied between different subjects (Figure 2.2 and Table 2.2). These data strongly suggest

that production of the exon 3 retaining and deficient mRNA transcripts is individual-, and

not tissue-, specifie during early stages of development.

To determine whether the exon 3 deficient rnRNA isoform is due to genomic

deletion, PCR prirners specifie for intronic sequences surrounding exon 3 of the hGHR

gene were used to amplify exon 3 from genomic DNA of three fetuses (13.3-19 wk FA)
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Fig. 2.2. Representative Southern blots illustrating the three types of expression

patterns observed in human tissues during gestation. Results from fetuses A (18 wk

FA), B (11.5 wk FA) and C (13.3 wk FA) are shown. [l\t[-9 RNA served as a positive

RT-PCR control. The sizes (bp) of the PCR fragments are indicated. Abbreviations: exon

3 retaining= 3+; exon 3 deleted= 3·; mu= muscle, li= liver, ki= kidney, sk= skin,

sp= spleen, pv= placental villi, lu= lung, ad= adrenal and si= small intestine.
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Table 2.2. Individual-specific expression of exon 3 retaining (3+) and deficient (3-)

hGHR mRNA isoforms.

wk FA

11.5
13.3
13.5
14.8
IS­
IS-
15.3
16
16.7
16.7
16.5
18
19
19
33

Tissues Studied

n =4; IU,mu,sk,pv
n =4; ad,lu,li,si
n=6; mU,li,ki,sk,sp,pa
n=5; CNS,mu,li,ki,sk
n =4; mu,li,ki,pv
n =4; mU,li,ki,pv
n =5; mU,li,ki,sk,sp
n =6; mU,li,ki,sk,sp,pv
n=4; mU,li,ki,sk
n =2; mU,1i
n =4; mU,Ii,ki,sk
n =6; mu,li,ki,sk,sp,pv
n =4; mU,li,ki,sk
n =2; Ii,ki
n =2; fi,li

Exon 3
Expression
Pattern

3+
3-
3+
3+/3­
3+
3+
3+
3+/3­
3+/3­
3+/3­
3+/3­
3+/3­
3+
3­
3+/3-

•

(Abbreviations: lu= lung, mu= muscle, sk= skin, pv= placenta! vil1i, ad= adrenal,
si= smal1 intestine, li= liver, ki= kidney, sp= spleen, pa= pancreas, CNS= central
nervaus system and fi = fibroblasts)
* (These two fetuses were twins with a comman placenta.)
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expressing only the exon 3 deficient transcript. In all three cases, the expected 136 base

pair fragment was obtained (data not shown), suggesting that the exon 3 deleted isoform

is not due to genomic deletion of exon 3. Sequencing analysis of randomly chosen exon

3 retaining (liver, 40 yr postnatal) and exon 3 deficient (liver, 13.3 wk FA) RT-PCR

products showed that deletion of exon 3 from the mRNA is precise (data not shown).

2.5.2. Ontogenie appearanee of hGHR mRNA isofonns.

We then analysed whether there is developmental regulation of the exon 3

retaining and deleted mRNA isoforms. Based on our finding, that synthesis of these two

rnRNA isoforms is individual-specifïe in the fetus, and on a recent report (27) that it is

also individual-specifie in adult subjects, we pooled expression data of one or more

tissues from 117 subjeets (4 wk FA - 64 yr postnatal) and analyzed them as an ontogenie

eross-seetional study. Where there was overlap of tissues from the same individual, only

one data point was used. As shown in Figure 2.3, there is a decrease in expression of

the exon 3 deleted transeript (either alone or together with the exon 3 retaining) with

developmentaI age. Statistical analyses of these cross-seetional data (Table 2.3) show that

predominant expression of the exon 3 deficient transcript occurs during fetallife (groups

A and B: 4-20 wk FA). Because of our inability to ohtain tissues from fetuses (as

opposed to premature newborns) between 21-40 wk FA, we are unable to resolve the

question of whether the developmental change suggested by these data occurs because of

fetal maturation or the process of birth. In addition, beeause our RT-PCR methodology

is not quantitative, the present data do not resolve the question of whether there is a
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Fig. 2.3. Ontogeny of the exon 3 retaining (3+) and deleted (3-) hGH receptor

mRNA isoforms. The distribution of 3+ and 3- expression patterns of 117 subjects as

a function of age is shown. Dotted vertical lines separate the data into four age groups:

A) early fetai (4-8 wk FA, n=20); B) fetal (9-20 wks FA, n=67); C) premature and

tenn infants (24-40 wks FA, n = 12); and D) postnatal (l week - 64 yr, n= 18). Symbols:

triangle= 3- alone; open circle= coexpression of 3+ and 3-; closed circle= 3+ alone.
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Table 2.3. Statistieal analysis of exon 3 retnining (3+) and deficient (3") hGHR mRNA isofoml ontogenie data·,

p

1. Groups A + B + C (4-40 wk FA, n=99) 0.02
versus

Group D (4 months to 64 yr postnatal, n= 18)

Il, Groups A + B (4-20 wk FA, n=87) 0,0002
versus

Groups C + D (24 wk FA to 64 yr postnatal, n=30)

Ill. Group A (4-8 wk FA, n=20) 0.003
versus

Groups B + C + D (24 wk FA to 64 yr postnatal, n= 97)

Odds ratio

0.26

0.17

0.13

95% confidence
interval

0.09-0.76

0.07-0.43

0.03-0.61

• 2x2 contingency table analyses, with Fisher's exaet test, of 3+ vs l (either alone or coexpressed with 3+) ontogenie data.
Groups are the same as in Figure 2.3.
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developmental change in cellular hGH receptor rnRNA Ievels.

As the cross-sectional developmental study included analysis of fibroblasts

harvested after a variable number of generations in culture (8.5-12 generations), the

pattern of exon 3 hGHR mRNA transcripts changes in these cells with successive

passaging was determined. We found that, in fact, the expression pattern in cultured

fibroblasts from 6.5 up to 12 generations was identical to that of the original skin tissue

(n=2) (Figure 2.4). In addition, fetal hepatocytes did not change their isoform pattern

after 14-18 hours in primary culture (n =3) (Figure 2.5).

Furthermore, liver is a major prenatal hematopoietic organ (35) and, therefore,

includes precursor blood cells in addition to severa! hepatic cell-types. To confirm that

our analysis of fetal livers reflected hepatocyte hGHR rnRNA expression, hepatocytes

from fetal livers were isolated and their exon 3 retaining and deficient hGHR pattern was

compared to that of their initial tissue samples. In the three fetal organs tested, the

hepatocytes showed the same RT-PCR profile as their parallel tissue and total cell

preparations (Figure 2.5).

Transcription of the hGHR gene was observed in ail fetal tissues studied, from

the earliest developmental stage that could be examined: liver (9 wk FA), skin (l0 wk

FA), kidney (l0 wk FA), lung (lI wks FA), intestine (Il wk FA), muscle (11.5 wk

FA), adrenal (13.3 wks FA), spleen (13.5 wks FA), pancreas (13.5 wks FA), CNS (14.3

wks FA), and placenta! villi (4 wk FA). There was no correlation between the expression

pattern and the sex of the subject. Under our specifie RT-PCR conditions, when both

rnRNA isoforms were expressed together, amplification of the two transcripts was
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Fig. 2.4. Analysis of the efrect of culture on hG" receptor mRNA expression

patterns. Abdominal skin (sk) tissues from fetuses D (16 wks FA) and E (20 wks FA)

were plated as explants and fibroblasts (fi) cultured from the first passage [6.5

generations (6.5g)] up to 12 generations (l2g). The expression pattern of the exon 3

retaining and deleted hGHR mRNA transcripts was determined for each passage by RT­

PCRISouthern blot analysis. IM-9 RNA served as a positive RT-PCR control. The sizes

(bp) of the expected PCR products are indicated.
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Fig. 2.5. Study of cell-specific expression of hGHR mRNA in felalliver. Hepatocytes

were isolated from whole fetalliver tissue (fetus A, 18 wk FA). The expression patterns

of whole fetalliver (li), totalliver ceUs (tc) and hepatocytes (he) were determined by RT­

PCR/Southern blot analysis. IM-9 RNA served as a positive RT-PCR control. The sizes

(bp) of the PCR products are indicated. Similar results were obtained with hepatic

specimens from 16 (exon 3-/3+) and 19 wk FA (exon 3+) fetuses.
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similar; only one sample (liver, 18 wk FA) consistently showed a predominance of the

exon 3 retaining rnRNA transcript.

Finally, using the overlapping PCR primer sets 25/2A and 3S/3A (Figure 2.1),

forty different human tissues of varying developmental stages (9 wks FA - 43 years

postnatal) were analyzed for the presence of any additional hGH receptor mRNA

transcripts. Only the expected RT-PCR fragments were observed (Figure 2.6 and data

not shown), strongly suggesting that the exon 3 retaining and deleted mRNA transcripts

are the ooly two fetai and postnatal isoforrns of the hGH receptor rnRNA coding region .
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Fig. 2.6. Characterization of hGHR mRNA splicing patterns in Cetal and postnatal

tissues. Southern blots demonstrating hGHR mRNA expression in tissues obtained from

fetuses A (18 wk FA), B (ILS wk FA) and F (13.5 wk FA) are shown. Nested oligos

A-, lA- and 2A- were hybridized to cDNA fragments amplified with primer sets lS/lA,

2S/2A and 3S/3A, respectively. IM-9 RNA served as a positive RT-PCR control. The

sizes of the expected PCR products are indicated. Similar studies were carried out with

additional fetai liver (9-40 wk FA, n=12), kidney (12.7-20 wk FA, n=7) and dermal

tïbroblast (l0- 33 wk FA, n=4) specimens, as weIl as postnatal liver (8 months - 43 yr

postnatal, n =6), kidney (1.5 yr postnatal) and dermal fibroblast (1.5 and 35 yr postnatal)

samples. Abbreviations: mu= muscle, li= liver, 10= kidney, sk= skin, sp= spleen,

pv = placental villi, lu = lung and pa= pancreas.
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2.6. Discussion•

The hGHR gene is ubiquitously transcribed in postnatal (23-25) and, as

demonstrated in this study, in fetal tissues. One question that remains is whether

postnatal and fetal target cells express comparable hGHR mRNA levels, since our RT­

PCRISouthern blot approach gave a qualitative and not a quantitative analysis. We and

others have shown, however, that immunoreactive hGHR peptide appears in a tissue- and

cell-specifie manner during development and that, by midgestation, the pattern of

immunostaining is often identical to that found in the adult (12, (3). Interestingly, we

have observed hGHR gene transcription in certain fetal tissues (eg. lung, thigh muscle)

that do not exhibit detectable levels of hGHR immunostaining (12) or hGH binding

(9,36). These findings suggest that there may be posttranseriptional control of hGHR

synthesis in the fetus.

Work in several laboratories has demonstrated that there are two isoforms of the

hGHR mRNA coding region: exon 3 can be retained or deleted (22-27). We have

confirmed this finding and extended it by showing that these two transcripts are also the

only detectable isoforms in a wide variety of fetal tissues. The presence of exon 3 in

genomie DNA of three fetuses expressing only the exon 3 deficient mRNA isoform

indicates that the mechanism involved here is not genomic deletion of exon 3.

Furthermore, our data suggest that expression of these two transcripts is individual­

specifie and may be developmentally regulated.

Previous studies of postnatal tissues and cell lines have provided contradietory

data as to whether differential expression of exon 3 of the IzGHR gene transeript is a
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tissue-specifie phenomenon. For example, although both groups agreed that expression

of the two rnRNA transcripts is related to the tissue-type, Urbanek et al. (23) reported

that only the exon 3 retaining transeript is present in liver, whereas Sobrier et al. (24)

argued that bath mRNA isoforms are coexpressed in this organ. On the other hand,

Mereado et al. (25) concluded that synthesis of the two mRNA isoforms is constitutive

but that the relative proportions of eaeh transcript depends on the tissue-type. ln a more

recent study of multiple postnatal Iiver specimens, Esposito et al. (26) suggested that

expression of these two transeripts is a random and not a tissue-specifie event.

However, these studies did not address whether the expression pattern of the exon

3 retaining and deleted mRNA transeripts is specifie to an individual. Indeed, when we

examined multiple tissues (n =2-6) From fifteen fetuses, we found that the pattern did not

vary between different tissues of the same Fetus, but varied between different fetuses.

\Viekelgren et al. (27) have reported similar data for adult subjects.

Furthermore, statistieal analyses of our cross-sectional ontogenie study suggest

that predominant expression of the exon 3 deficient mRNA transcript, either

independently or simultaneously with the exon 3 retaining isoform, oceurs prior to 20

weeks of fetal age. However, since ail tissues studied between 21-40 wks FA were

obtained from premature newborns (as opposed to fetuses), our sludy can not answer the

question of whether the developmental change suggested by our cross-sectionaI data

oecurs because of fetaI maturation or the process of birth. ln addition, our present

investigation does not resolve whether ail fetuses express the exon 3 deleted mRNA

isoform at sorne point during early development (ie. had the fetuses we found to express
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only the exon 3 retaining mRNA transcript prior to midgestation already lost their ability

to produce the exon 3 deleted rnRNA isoform?). Esposito et al. (26) had previously

excluded the possibility that the exon 3 deleted isoform has a role in fetaI development;

however, these investigators examined only four fetal sarnples, ail of whieh were 21

weeks of fetal age, whereas our study consisted of a greater sample size and covered a

wide range of developrnental stages (4-40 wks FA, n =99; 1 wk - 64 yr postnatal,

n = 18).

Based on our results, we hypothesize that there is an ontogenie switch and that

the abilÙY to express the exon 3 deleted rnRNA isoform is, in general, lost during the

second half of gestation; however, the timing of the switch varies frorn one individual

to another and, in faet, sorne individuals apparently never lose their ability to synthesize

the exon 3 deficient rnRNA transcript (present data, 23-27). Polymorphisrns within the

components of the precursor mRNA processing maehinery, the spliceosome, and/or the

hGHR gene could explain both the diversity in the timing of the switch, as weIl as the

three different expression patterns we have found. It is aIso possible that the 5'

untranslated region (5'UTR) of the hGHR mRNA may influence the differential splicing

of exon 3. However, in a study of four of the eight known hGHR rnRNA 5'UTRs,

Esposito et al. (26) observed that bath the exon 3 retaining and deleted hGHR rnRNA

isoforms are present with each one of these four variants. These data suggest that the

5'UTR of the mRNA is not directing whether exon 3 is retained or deleted.

22K hGH, the major pituitary-secreted hGH peptide, forms a 1:2 complex with

its receptor (37,38): one receptor binds to site 1 of the 22K hGH after which a second
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receptor binds the same hGH molecule at site 2. Even though the two binding sites of

the 22K hGH molecule are quite different, both receptors donate essentially the same

residues to the receptor-hormone complex. Interestingly, the 22 amine acids [#7-28]

encoded by exon 3 of the hGHR rnRNA do not directly participate in ligand binding, nor

does the alanine #6 at the exon 2-3 junction that is changed to aspartic acid in the exon

3 deficient isoform (39). Recent in vitro studies, using COS cell and Xenopus laevis

oocyte transfection systems, have demonstrated that both the exon 3 retaining and deleted

mRNA transcripts encode receptors that integrate into the plasma membrane and bind

22K hGH with simHar affinity (24,40). Studies in the oocyte system aIso revealed that

the exon 3 deleted receptor is internalized as efficiently as the full-Iength peptide (40).

In addition, Esposito et al. (26) have reported that, in a tumour cell line expressing only

the exon 3 deficient hGHR transcript, the extracellular domain of the hGH receptor can

be c1eaved at the plasma membrane to generate a high-affinity hGH binding protein.

However, the intracellular signalling events activated by the two hGHR have not yet been

completely investigated. Since hGH-induced receptor dimerization has been demonstrated

to he important for activation of signal transduction mechanisms (41), a change in the

conformation of the receptor complex (3+/3- heterodimer vs 3+ or 3- homodimers) may

activate alternative intracellular signalling pathways.

In addition, although most hGHR studies are carried out using 22K hGH, there

are multiple potential ligands, derived from both the pituitary (22K, 20K) and placenta

(hGH-V, placentallactogen [hPLD (42,43). In fact, Sobrier et al. (24) have reported that

the exon 3 retaining and deleted hGHRs, when overexpressed in COS cells, bind hPL
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with similar affinity, but neither isoform binds hPRL. In addition, using the Xenopus

laevis oocyte expression system, Urbanek et al. (40) have shown that the exon 3 retaining

and deficient isoforms have parallel affinities for 20K hGH, hGH-V, hPL and ovine

PRL. However, it is not yet known whether the two hGHRs will form monomer or dîmer

complexes with the various hGH peptides and hPL. This will be important to ascertain

sinee sueh different receptor complexes may lead to altemate transduction mechanisms

and heterogeneolls biological functions.

In summary, our data show that: 1) transcription of the hGHR gene occurs in a

wide va·riety of tissues from as early as the first trimester of development; 2) exon 3

retaining and deficient transcripts are the only two isoforms of the hGHR mRNA coding

region expressed during development; and 3) differential splicing of exon 3 is individual­

specifie and may be under ontogenie control.
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APPENDIX 1 QUANTITATIVE ANALYSIS OF GROWTH

HORMONE RECEPTOR mRNA TISSUE LEVELS DURING HUMAN

DEVELOPMENT.

APPt.1. Summary.

RT-PCR and immunostaining analyses have identified hGHR mRNA and protein

in multiple tissues From as early as the third month of fetal life. In the present study, we

used a guantitative RT-PCR approach (Figures A 1.1 and A1.2) to determine whether

there are tissue-specifie deveIopmentaI changes in total (ie. aIl isoforms) hGHR mRNA

levels. Comparison of fetal versus postnatal tissues showed no significant developmental

change in kidney and small intestine. a six-foId decrease in postnatal lung (p < 0.05), and

a six-foid ontogenie increase in liver (p < 0.01) (Figure A 1.3) which parallels a four-foid

rise in [125I]hGH binding to fetaI versus adult hepatie microsomal membranes (Figure

A1.4). Therefore, although the hGHR is present in several tissues from early fetal life,

there are significant developmental increases in the liver. a major hGH target tissue. We

have hypothesized that the turning on of hepatic-specific hGHR gene promoter(s), whieh

are silenced in fetal liver, aceounts for these ontogenie increases in liver hGHR rnRNA

concentrations.
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Fig. ALI. Quantitative RT-PCRlSouthern blot strategy for total hGHR mRNA.

Upper panel, the hGHR cDNA is shawn. Coding exons are represented by numbered

boxes. Lower panel, the PCR internaI standard was designed using the method of Jin et

al (306). The approximate locations of the sense (lS; 5' CCA GTG TAC TCA TIG

AAA GTG GAT 3') and antisense (lA; 5' GTC TGA TTC CTC AGT cn TIC ATC

3') PCR primers and nested hybridization probe (p.; 5' GCT AAG AIT GTG TIC ACC

TCC TC 3') are indicated. The lengths of the expected PCR fragments are given below

each template. Six J.Lg of total RNA were reverse transcribed with random hexamer

primers and then amplified for 23 cycles with varying amounts of internaI standard,

according to RT-PCR conditions previously used for hGHR rnRNA analysis (Chapter 2).

The identity of the amplified fragments was confirmed by Southem blotting (Chapter 2).
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Fig. AI.2. Quantitation of hGHR mRNA by RT-PCR and Southern blotting. Upper

panel, representative results from a human adult liver specimen (HAL, 43 yr) are shown.

Arrows point to the standard (547 bp) and test (438 bp) PCR products. The amount of

standard added is indicated above each lane. Lower panel, quantitation of hGHR mRNAs

in liver during development. The loglO initial amount of internai standard template is

plotted against the loglO ratio of the radioactivity intensity of the test PCR band over that

of the internai standard PCR fragment. The solid line intercepting the y-axis at loglQ =

ocorresponds to the ratio at which the concentration of test RNA (as a reverse transcript)

is equivalent to that of the internaI standard. In total, twelve liver samples were analyzed:

7 fetal (broken lines) (~10.8 wk, e14 wk, -15 wk, A 15 wk, .15 wk, v 15.8 wk, 016

wk) and 5 postnatal (solid Unes) (el1 yr, 040 yr, .40 yr, v43 yr, 062 yr).

160

•

•



•
0.93 3.01 9.32 47:68 RT peR

CON CON
x1()-4fmol

Standard

Test (HAL)

Adull Liver

.......
,-'

Felal Liver

~,
.......... ........' ,

~ ~

" :::::Q....

" ....... ,
~ ...... ....... ............

".......

" .......
" ....... \7,

....... .....

", ,
.....

~

-3.0 -2.5 -2.0
-4

Internai Standard in 10 fmol (LOG 10)

1 .0
.....---..

a
0.8"'"""'

C)

0 0.6
....J
'-..../

0.4
'""0

L.-

'"'"0 0.2 -

'"'"-0 .......
.......

C '"'"0 0.0
-+-'
U1

-0.2
0
c
L.- -0.4
ID

-+-'
c -0.6
~
-+-'
CIl -0.8
ID
r-

-1.0
-4.5 -4.0 -3.5

•



Fig. Al.3. Ontogeny of total hGHR mRNA levels in liver, lung, kidney and small

intestine. Fetai (11-17 weeks) and postnatal (11-84 yr) tissues were analyzed by

quantitative RT-PCR assays. Statistical analysis (t-test) of the mean fetal versus postnatal

values reveaied a six-faid developmentai increase in Iiver (**p<O.Ol), a six-fold

decrease in Iung (*p < 0.05) and a statistically insignificant decrease from fetaI to

postnatal kidney or smali intestine (GI). (M = mean, SE = standard error)
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Fig. A1.4. Comparison of the ontogeny of total hGHR mRNA levels in liver and I%SI_

hGU binding to hepatic microsomal membranes. Fetal (14-20 weeks) and postnatal

(20-43 yr) liver samples were analyzed for specifie hGH binding. Data were obtained

from 1-3 binding assays per liver microsomal preparation and represent the percentage

of total radioactivity in the binding buffer/200 J.'g protein. Statistical analysis (t-test)

demonstrated a four-fold developmental increase (*p < 0.02) in hepatic hGH binding.

(M = mean, SD = standard deviation)
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CHAPTER 3 - FETAL- AND TUMOR-SPECIFIC REGULATION OF

GROWTH HORMONE RECEPTOR MESSENGER RlBONUCLEIC

ACID EXPRESSION IN HUMAN LIVER
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3.1. Preface.

The work presented in Chapter 2 demonstrated that IzGHR gene transcription

begins as early as the third month of fetaI life in severa! tissue-types. However, a

quantitative analysis (Appendix 1) of hGHR mRNA expression suggested that there are

tissue-specifie developmental differences in hGHR mRNA levels. Although amounts

rernain the same or decrease postnatally in intestine, lung and kidney, there is a six-fold

increase from fetal to postnatalliver. These findings were especially interesting given that

the liver is a major hGH postnatal target tissue and the predominant source of hGHBP.

We hypothesized that the activation of hepatic-specific hGHR gene regulatory regions

accounts for the developmental increases in hepatic hGHR mRNA concentrations.

Because diversity in the 5'UTR of an mRNA may result from the use of multiple

promoters, we began testing our hypothesis by characterizing the tissue distribution and

ontogeny of two of the eight known 5'UTR variants of the hGHR mRNA, V 1 and V3.

\Ve used a combined RT-PCR and Southern blot approach to detect with accuracy the

relatively short V 1 and V3 cDNA sequences that were known at the time. VI was found

to he expressed only in postnatal liver. In contrast, V3 was widely expressed in human

tissues throughout development. Since tumours often represent poorly differentiated

"fetal-like" ceUs, the expression profiles of V 1 and V3 were also examined in two

hepatic tumour-types. Hepatoblastomas (HB) were of special interest because they are

c1assified as "embryonal tumours of childhood", along with Wilms' tumours and

medulloblastomas. Indeed, we observed a similar expression profile in HBs as in fetaI

livers. Hepatocellular carcinomas and Wilms' tumours were then tested to determine if
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the fetal-specifie hGHR rnRNA pattern of expression is restricted to hepatic tumours or

whether it is a characteristic of the Ifembryonal tumours of childhood". These data

suggest that the "fetalliver-like" V 1 pattern of expression is confined to hepatie tumours.
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3.2. Abstract•

Eight different 5'untranslated region (5' UTR) variants of the human growth

hormone receptor (GHR) mRNA have been identified in adult liver (VI to V8). We have

compared expression of two of these, VI and V3, in severai human fetaI and postnatal

tissues, inc1uding liver, as well as in hepatoblastomas (HB) and hepatocellular carcinomas

(HCC). Using reverse transcriptase-polymerase chain reaction assays, followed by

Southern blotting to confirm the specificity of the amplified fragments, we found that V3

was expressed in aIl fetaI (F) and postnatal (P) liver (n= 13F, 5P), kidney (n= 4F, 4P),

Jung (n' 4F, 2P), intestine (n= 8F, 4P), skeletal muscle (n= IF, IP) and adrenal (n=

1F, 1P) samples. In contrast, VI was expressed only in postnatalliver. We then screened

for V1 and V3 in HB (n = 17, 6-36 months, including 5 with paired normal liver) and

HCC (n =4, 50-75 years, with paired normal liver). VI was undetectable in 15 of 17

HB, including aH HB paired with (V 1 expressing) normal liver; the absence of VI did

not correlate with patient age, sex, HB subtype, + chemotherapy, exon 3 retaining and

deficient hGHR rnRNA isoform pattern or loss of heterozygosity at IIp, lp and lq. The

four HCC showed marked (> 20-fold, n=2) or complete (n =2) suppression of V 1 as

compared to paired normal liver. V3 was expressed in aIl HB, HCC and paired normal

Iivers. Interestingly, V3, but not VI, was detected in two Wilms' tumor and paired

normal kidney specimens. Our findings suggest that, in the human, there is tissue-, fetal­

and tumor-specific regulation of VI hGHR rnRNA.

169



•

•

3.3. Introduction•

Hepatoblastomas (HB) are the most frequent hepatic tumor in children, accounting

for more than 50% of ail pediatrie liver malignancies (reviewed in 1,2). Based on

histopathological studies, HB is classified as an "embryonal tumor of childhood", along

with Wilms' and medullobiastoma. Although O1ost cases are sporadic, HB has been

associated with the Beckwith-Wiedemann syndrome and familial adenomatous polyposis

(l,2). Molecular genetic analyses have shown an 10ss of heterozygosity (LOH) at IIp,

Ip or lq in approximately one-third of informative cases (1-4). Hepatocellular

carcinomas (HCC) are strongly correlated with liver cirrhosis and the presence of

hepatitis B viral antigens, and frequently associated with LOH at the type II insulin-like

growth factor (lGF) receptor locus on chromosome 6q (1). However, the etiologies of

both HB and HCC remain poorly understood.

The hGHR is encoded by exons 2 to 10 of of the human growth hormone receptor

(hGHR) gene on chromosome 5 (5). hGHR mRNA has been detected in ail fetal and

postnatal tissues examined to date (6,7). Two isoforms of the mRNA coding region have

been identified: exon 3 can be retained or deleted (6,7). In severaI species, the GHR

mRNA has been characterized by heterogeneity in its 5' utranslated region (5'UTR) (8­

10), suggesting complex transcriptional regulation and/or extensive alternative splicing

upstream of the translation initiation codon of the precursor mRNA transcripts. In the

human, eight different 5'UTR variants (VI to V8, numbered according to their relative

abundance), diverging 12 bp upstream from the translation initiation codon, have been

isolated from an adult liver cDNA library (8). Interestingly, the ovine V 1 homologue
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(exon lA) appears to be liver-specifie and developmentally regulated: exon lA is

expressed in postnatal, but not fetaI, sheep Iiver (9). Given the data from the ovine

studies, we hypothesized that the human VI transeript would be liver-specific and under

developmental control. We also speculated that VI rnRNA expression rnight be absent

in the embryonal/fetal HB and altered in adult HCC. Therefore, in the present study, we

determined the tissue specifieity of the VI transcript, characterised its ontogeny in human

liver and investigated its expression pattern in HB and HCC. V3 was examined in

parallel as a positive control since preliminary data had shown that it is widely expressed

in huma·n tissues. Our data suggest that, in the human, there is tissue-, fetal- and tumor­

specitïc regulation of VI mRNA.
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3.4. Materials and Methods•

3.4.1. Tissues.

Tissues from human fetuses (n=21; 10-20 weeks of fetal age [wk FA]) were

obtained at the time of therapeutic abortion; specimens from premature newboms (n=2;

25,30 wk FA) and postnatal patients (n=3S; 1 week - SO yr) were obtained at the time

of surgery or within 4-10 hours following death. Ali tissues were flash frozen in dry­

ice/acetone and immediately stored at -70°C for RNA extraction. Fetal age was

determined by foot length (6). Protocols for obtaining human tissues were approved by

local ethics committees and informed consent was obtained in ail cases.

3.4.2. Reverse transcription (RT)-PCR and Southern Blotting.

Total RNA was isolated using either the acid-guanidium-phenol-chloroform (11)

or guanidine thiocyanate/CsCI gradient (12) methods. For each reaction, 5 /-Lg of total

RNA were reverse transcribed for 1 hour at 4SoC in the presence of 2.5 units of Avian

Myeloblastosis Virus Reverse Transcriptase (AMV-RT) (GIBCO BRL, Gaithersburg,

MD), 80 units of RNAsin (Promega, Madison, WI), 0.6 /-LM of a specitic antisense

primer (lA; Figure 3.1) (5'-AGG TAT CCA GAT GGA GGT AAA CG-3'), 0.48 mM

deoxyribonucleotides (dNTPs) (Pharmacia Biotech, Baie D'Urfe, QC), 10 mM MgCI2 ,

10 mM OTT, 100 mM Tris-HCI pH S.3 and 50 mM KCl. Prior to the RT reaction, the

RNA was heated at 7QoC for 5 minutes to disrupt any secondary structure. 6 III of RT

product were then amplified for 25 cycles in the presence of 2.5 units of Thermus

aquaticus (Taq) DNA Polymerase (GIBCO BRL), 0.5 mM dNTPs, 0.25 /LM hGH
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receptor sense (lS: 5'-AGA TTG AGA ATG ACT GAT TIG GGA G-3' or 3S: 5'-GGA

GAC crr GGA AGG GAC AGA G-3') and antisense (lA) primers (Figure 3.1), 3 mM

MgCI2, 20 mM Tris-HCI pH 8.4 and 50 mM KCI. Prior to the PCR reaction, the RT

product was heated for 5 minutes at 95-98°C to denature the AMV-RT. The first cycle

consisted of 3 minutes denaturation at 92°C, 1 minute annealing al 61°C and 3 minutes

elongation at 72°C. Subsequent cycles consisted of 30 seconds denaturation at 92°C, 1

minute annealing at 61°C and 1.5 minutes elongation at 72°C. The reaction was

terminated with a final elongation of 5 minutes at 72°C. PCR assays testing for

expression of VI transcripts were carried out in the presence 224 fmol of internai

standard. The internai standard was constructed using the method of Jin et al (13).

Amplified hGH receptor cDNA fragments were electrophoresed through 2 %

agarose gels and then transferred to 0.45 l'fi positively charged nylon membranes

(Schleicher & Schuell, Keene, NH) by capillary action with 10xSSPE. Prior to blotting,

gels were denatured by soaking twice for 15 minutes in 0.5 N NaOH/I.5 M NaCI and

then neutralized by soaking twice more for 15 minutes in 1 M Tris-HCI, pH 7.4/1.5 M

NaCl. The nucleic acids were immobilized onto the membranes by exposing the blots to

ultraviolet light (254-312 nm) for 5 minutes.

Blots were prehybridized for 3-5 hours at 42°C in the presence of 6xSSPE, 1%

SDS, IOxDenhardt's and 0.15 mg/ml denatured salmon sperm ONA (Sigma Chemicals,

St. Louis, MO). The volumes of the prehybridization and hybridization solutions were

100 I.LI per cm2 of nylon membrane. Hybridization occurred overnight at 65°C. The

hybridization solution contained 6xSSPE, 1% SOS, 0.1 mg/ml denatured salmon sperm
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DNA and 26.3 nCi of probe per cm2 of nylon membrane. Following hybridization, blats

were washed twice for 10 minutes at 65°C with 6xSSPE/l %SDS and then once more for

la minutes at 6Q°C with 2xSSPElI %SOS. Bands were visualized by autoradiography (1-5

days exposure) and quantified using the Fuji Bioimager. For quantitative VI hGHR

analysis, a ratio of the radiaactivity intensity of each sample PCR band over that of its

internaI standard PCR fragment was calculated; initial studies had shown that under the

specified RT-PCR conditions amplification of the sample and internai standard cDNA

fragments was still in an exponential phase. Subsequent comparisons were made for each

paired set of normal and tumor liver specimens to determine differences in relative levels

of expression.

Approximately 150 nmol of the nested oligo (p.; Figure 3.1) (5'-CTG eTG TfG

ACC TTG GCA CTG GC-3') were end-Iabelled and then purified through a Sephadex

G-SO Medium (Pharmacia Biotech) column. The end-Iabelling reaction occurred at 37°C

for 1 hour in the presence of 2.5 p.Ci/}ll of 'Y-32p-ATP (ICN Pharmaceuticals Canada

Ltd., Montreal, QC), 20 units of T.s polynucleotide kinase (GIBCO BRL), 70 mM Tris­

Hel pH 7.6, and la mM MgCI2 100 mM KCl and 1 mM 2-mercaptoethanol.
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3.5. Results•

An RT-PCRISouthem blot approach (Figure 3.1) was used to screen fetal and

postnatal human tissues for the presence of V1 and V3. As previous studies have shown

that hurnan adult liver expresses both V 1 and V3 rnRNA transcripts (8), total RNA from

an adult liveï sample served as a positive control in ail RT-PCR assays. A water blank

served as a negative RT-PCR control. Whenever possible, samples were run in parallel

without reverse transcriptase, to rule out sample contamination with cDNA; limited

amounts of sample RNA precluded a non-reverse transcriptase test for aIl specimens.

Following each set of RT reactions, two aliquots from each RT product were taken: one

was tested for VI, the other for V3. Because we anticipated that VI transcripts would

be undetectable or Iow in ail specimens other than postnatal human normal liver, we

synthesized a VI cDNA construct with an internai deletion and added it to each PCR

reaction tube as a positive internaI control for amplification. It should also be noted that

the antisense primer was designed to permit the detection of both exon 3 retaining and

deleted hGHR mRNA isoforms (Figure 3.1).

Previous studies have identified three V3 subvariants (V3a, V3b and V3c), that

are thought to arise from alternative splicing of a single precursor rnRNA transcript (8).

However, our V3 specifie sense PCR primer (35; Figure 3.1) can not differentiate

between V3a and V3b cDNA isoforms. Ali three V3 subvariants are hereafter

collectively referred to as V3 .
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Fig. 3.1. RT-PCRlSouthern blot strategy. VI, V3a, V3b and V3c hGHR cDNA

transcripts are shown. Exons are represented by numbered boxes, whereas 5'UTRs are

depicted by solid lines. The approximate locations of the sense (S) and antisense (A)

primers as well as the nested hybridization probe Cp·) are indicated. Primer lA was used

in the RT reactions. Single stranded V 1 and V3 cDNA transcripts were amplified using

primer sets IS/IA and 3S/IA, respectively. The lengths of the expected VI and V3 (with

or without the exon 3 deletion) PCR fragments are listed. The precise nucleotide

sequences of the oligonucleotides are given in the materials and methods section.
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3.5.1. Tissue distribution of VI and V3 mRNA isofonns.

V3, but not VI, was detected in fetal (F) and postnatal (P) kidney [n = 4F (14-16

wk FA), 4P (2-62 yr)], lung [n= 4F (13.8-19 wk FA), 2P (69, 80 yr)], intestine [n=

8F (11.7-20 wk FA), 4P (40-64 yr)], skeletal muscle [n= IF (18 wk FA), IP (1 week)]

and adrenal [n= IF (13.3 wk FA), IP (29 yr)) (data oot shawn). Only the control

postnatal liver was V 1 positive, suggesting that VI mRNA expression is liver-specific.

The absence of VI in specimens other than the control adult liver can not be attributed

ta failed RT or PCR reactions because, in each case, V3 transcripts and V 1 internai

cDNA controls were readily observed (data not shawn).

3.5.2. Expression of the VI and V3 transcripts during liver developnlent.

We then delineated the ontogeny of V 1 and V3 in human Iiver. Ali thirteen fetal

specimens (10.7-30 wk FA) had undetectable levels of VI, whereas VI was readily

abserved in transplant donor livers (n=5, 11-62 yr) (Figure 3.2 and data not shawn).

Both fetai and postnatal samples expressed V3 (Figure 3.2 and data not shown). The VI

internai PCR control was detected in aIl cases (Figure 3.2 and data not shown).

Furthermare, no specifie association of V1 or V3 was observed with either exon 3

retaining or deleted mRNA transcripts (Figures 3.2, 3.3 and data not shawn).

3.5.3. Characterization of VI and V3 mRNA expression patterns in hepatic tumours.

Next, we screened for V1 and V3 in a large series of HB (n = 17, 6-36 months,

including 5 with paired normal liver). Although V3 was present in ail samples, VI was
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Figure 3.2. Representative Southern blots illustrating the ontogeny of VI (upper

panel) and V3 (Iower panel) hGHR mRNA transcripts in liver. The donor age of fetai

(F, in wk FA) and postnatal (P, in yr) sampLes is given above each lane. H20 served as

a negative RT-PCR control. The sizes (bp) of the expected PCR fragments are indicated.

For details on the expected bands, refer to Figure 3. 1. Three different V 1 and V3 hGHR

mRNA expression profiles are illustrated in the upper and lower panels, respectively,

based on whether the specïnlens express the exon 3 retaining isoform (15 wk, 40 yr, 43

yr), the exon 3 deleted isoform (14 wk, 15.7 wk) or a combination of the two isoforms

(l0.7 wk, 15 wk, 16 wk). Although not ail of the expected bands are clearly visible on

this autoradiograph (24 hr exposure), they were ail apparent following a 72 hr exposure.

The 382 base pair band in the upper panel corresponds to the V 1 internai PCR control.

The band below the expected 671 bp VI PCR fragment in sample Il P-43 yr." is an

amplification artifact and was not reproducible.
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undetectable in 15 of 17 HB, including the five HB paired with VI expressing normal

liver (Figure 3.3 and Table 3.1). The VI internaI PCR control fragment was detected in

aIl VI assays (Figure 3.3 and data not shown). The absence of VI did not correlate with

patient age, sex, HB subtype, + chemotherapy, exon 3 retaining and deficient hGHR

mRNA isoform pattern or loss of heterozygosity at IIp, Ip and Iq (Table 3.1). The two

HB that expressed VI were predominantly of an embryonic phenotype; neither showed

unique or variant histopathologicai features.

Four adult HCC (n =4, 50-75 yr, with paired normal liver) were also tested for

V1 and' V3 expression. Semiquantitative VI RT-PCR analysis was performed in

duplicate. In each case, the ratio of the intensity of the test PCR band over that of the

internaI standard PCR fragment was calculated and V1 expression compared between

tumar and its paired normal specimen. The four HCC showed marked (> 20-fold, n =2)

or complete (n=2) suppression of VI as compared ta paired normalliver (Figure 3.3 and

Table 3.1). The VI internai standard PCR fragment was detected in aIl VI RT-PCR

assays (Figure 3.3 and data not shown). V3 was expressed in ail HCC and paired normal

livers (Figure 3.3 and Table 3.1).

Finally, in order to determine whether altered V1 expression occurred in a second

embryonal type of tumor, we tested for V1 and V3 expression in two Wilms' tumor

specimens (2 and 4 years) and their paired normal kidney. V3, but not VI, was present

in both normal and tumor kidney tissues (data not shawn). Amplification of the VI

internaI standard was observed in ail VI RT-PCR assays (data not shawn) .
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Fig. 3.3. Representative Southern blots demonstrating the expression profiles of VI

(upper panel) and V3 (lower panel) hGHR mRNA transcripts in RB and HCC. The

results from two sets of HB and HCC with their paired normal liver (NL) are shown.

H20 served as a negative RT-PCR control. The sizes (bp) of the expected PCR fragments

are indicated. For details on the expected bands, refer to Figure 3.1. Three different VI

and V3 hGHR rnRNA expression profiles are illustrated in the upper and lower panels,

respectively, based on whether the specimens express the exon 3 retaining isoform (94­

268/9), the exon 3 deleted isoform (95-96/7) or a cornbination of the two isoforms

(Ml 1112, M13/14). Although not all of the expected bands are clearly visible on this

autoradiograph (24 hr exposure), they were all apparent following a 72 hr exposure. The

382 base pair band in the upper panel corresponds to the V1 internaI PCR control.
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Table 3.1: Summary of clinicat and experirnental data.

'.aëc SClit :"umor .± 'LOH "LOH "LOH hGHR hGHR hGHR
typ..: chc:mo IIp Il' lq cxon 3 VI V3

mRNA mRNA mR.'lA

R378 :!I 1\1 H8; OlL't.:d + · + + J+ · +

R6S6 Il F HB: cl"ithcli.:J1 · - - - 3 +/J- - +

R681 8 F HB: mixa! - · · - 3+ - +

R6SJ IJ M H8; cpilhdial - · - - 3 +/J- - +

R6g~ 11 Pol H8; cpithclial - - - - 3+ - +

R68S '17 F HB; cpilhdial - + + - 3+'3- · +

R70'; '17 F HB; Cl'ilhdi.'\! - f';D f';D - 3+ · +

R366 Il F HB; cpilhdial - - - . 3 +/J. - +

R371 8 F H8; mi_~.."\i · + · 3+/3- - +

U6'1 6 M HB; cpith..:lial - + · - 3+/3- - +

R365 6 F HB; cpilhclial + ND 1'0 ND 3+ + +

R707 3..: r- HEl; Cl'ilhcli:ll - + - - 3+ + +

R331 9 F UB; mixcd + - + - 3+ - +

RJ31 9 F NL IL) R331 + NA NA NA 3+ + +

R37..: 1'1 M HB; mixcd - · - - 3+ - +

R375 1'1 M NL lu R374 - NA NA NA 3+ + +

~II:! 1J M HB; cpilh.:lial · ND ND 1'0 3+fJ- - +

MIl 13 M NL10 MI:! NA NA NA 3+13- + +

MI~ 10 M HB; Cpilhdial + ND ND ND 3+13- - +

MI3 10 M NL h) MI~ + NA NA NA 3+fJ- + +

:-.116 36 M HB; epilhclial · ND ND ND 3+ - +

MIS 36 M NL to MI6 - NA NA NA 3+ + +

9":-'169 7S M HCC - ND ND ND 3+ (+) +

9":-168 7S M NL to 94-'169 - NA NA NA 3+ + +

95-97 53 M HCC - ND ND ND 3- (+) +

95·96 53 M NL l\l 95-97 · NA NA NA 3- + +

COSIP 50 F HCC · 1'0 ND ND 3+13- - +

COS:!P 50 F NL IL' COSI? · NA NA NA 3+13- + +

1-l16C S1 F Hec · ND ND ND 3+13· - +

1416A8 S:! F f';L 1.) 1416C - NA NA NA 3+13- + +

IDunnr :10:': of HB sp<-"Cimens is a;iven in monlhs and HCC 5;lnJplcl> in y.:ar.s; :AIl major HB SublYpo arc rcprc,"enr.:d (Epithdi:J1 (fcul, cmbr:--onal.
fcul/emhryon31. macrotrabccu1:lr. OIn:lpwtic:) :lnd mixC\f (cpitheli:allmcs..-nchym31:.± h:ratoiJll; 'rcf" 4; "rdIt3; F- fCm.llc; M = mOlle; l'L= nomul
liver; NA = nol :Jrr1i.::Jhlc; ND == nol dunc; 3 + ;; cJtnn 3 mainina; hGHR mRNA; 3- == c;'(on 3 dclo:l~ mRNA; + == dCl..-ctc:d; - :: not dctcctcd;
(+) == VI Icvd... wcrc > 20-fi.IJ I.J.:cr"-:lscd comr:ltl.'\I to nonll:ll (':Iircd livcr. Ali fi)ur HCC sp..-cirn.:ns s13incd nCl;:I1i'''c for hCP:llilis 8 viraI3nti~cn_
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3.6. Discussion•

In the present study, we found that V3 transcripts are widely expressed in hurnan

fetal and postnatal tissues. In contrast, VI rnRNA regulation is tissue- and

developmental-specific: as we hypothesized, based on studies in the ovine (9), VI

expression appears to be limited to the postnatal liver. Human VI and ovine exon lA

GHR transcripts are first detectable around the time of birth. The ovine exon 1A rnRNA

is 76% identical to the human VI and shown by ribonuc1ease protection analysis to be

absent in 80 day fetalliver but present in 14 day postnatal hepatocytes (9). Our RT-PCR

investigation shows that VI is absent in two premature (25 and 30 wks FA) newborn

hepatic tissues but present in five postnatal infant livers (9-36 months).

We conclude that VI mRNA is either downregulated in fetal liver or upregulated

in postnatal liver. Studies suggest that transcription of the ovine exon 1A transcript is

regulated by a liver-specific and developmentally regulated promoter on the GHR gene

(9). Although we can not exclude the possibility of alternative splicing as the regulatory

mechanism for VI synthesis in the human, we can speculate, based on the sheep modeI,

that V 1 expression is controlled by a hepatic-specific promoter on the hGHR gene that

is under developmental control. If this is the case, then around the time of birth there

must be suppression of V I-promoter repressing factor(s) and/or the turning on of

transcription activating factor(s). Before exploring these possibilities, the VI promoter

for the hGHR gene will have to be mapped and sequenced.

The biological signitïcance of the V1 and V3 leader sequences remains unknown.

Complex 5 'UTR structures have been shawn to modify rnRNA translation initiation rates
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(14). Interestingly, there is a six-fold increase in total hGHR rnRNA concentration and

a four-fold increase in hGH binding from the fetal to postnatal liver (Appendix l, Figure

A 1.4). One question to pursue, therefore, is whether the turning on of VI mRNA in

postnatal liver accounts for these ontogenie changes.

Interestingly, Vl, but not V3, transcripts were absent in 15 of 17 HB, including

ail five HB specimens with paired normal (V 1 expressing) liver. In addition, we tested

four adult HCC and observed either marked (n=2, >20-fold) or complete (n=2)

suppression of VI, but not V3, as compared to paired normal liver. Thus, we have

strong e·vidence in support of our hypothesis that the laek of VI mRNA is a marker of

human liver differentiation and that absence or suppression of V1expression reflects the

continued "fetaI" state of hepatic tumors.

Most striking is the "universality" of VI regulation in HB. AlI except two of the

seventeen HB tested show lack of V 1 expression regardless of patient age, sex, HB

subtype (ail major subtypes were examined), + prior chemotherapy, exon 3 retaining and

deficient hGHR mRNA isoform pattern or LüH at IIp, lp and lq. These data suggest

that the absence of VI mRNA is a molecular phenotypic marker of HB.

No other HB marker has been described with such a high level of correlation. For

example, a-fetoprotein is detected in only 60% of HB patients and fi-human chorionic

gonadotropin in 3% (l ,2). There is tittle evidence of a role for any single chromosomal

abnormality or p53 mutation (1,2). Thirty-two HBs (sorne of which were tested for VI

and V3 expression in the present study) were examined for LüH on chromosome 1, since

deletions on bath Ip and lq are common in human malignancies: 7 tumors had LüH on
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Ip, 7 showed LOH on lq and 3 had LOH on both arms (4). LOH at 11p has been

reported for only one-third of all informative HB eases (l ,2,3) and loss of imprinting at

the IGF II gene locus with one-eighth (15,16). Thus, the laek of V 1 expression, that we

observed in 88 % of HB in the present study, seems to be the most important association

reported to date.

We have previously suggested that expression of the exon 3 deleted hGHR

mRNA, either alone or together with the exon 3 retaining transcript, is predominant prior

to 20 wks FA (6). Therefore, it was interesting to examine whether, like early- to mid­

gestatiorial human fetai liver, the fetal/embryonal HB preferentially expresses the exon

3 deficient rnRNA. Ali five HB with paired normal tissue expressed the same exon 3

isoform pattern as their respective adjacent normalliver and 8 of 17 HB specimens tested

showed expression of the exon 3 deleted mRNA. Sinee these results are midway between

the early- to mid-gestational (61 %) and postnatal (20%) frequeney data previously

obtained (6), no conclusion can he drawn.

The mechanism for synthesis of the exon 3 retaining and deleted hGHR rnRNA

isoforms is not understood. Since 5'UTR sequences may potentially influence alternative

splicing of the precursor RNA (17), it was of interest to assess whether VI or V3

preferentially assoeiate with either the exon 3 retaining or deficient transcripts. In

agreement with the findings of Esposito et al. (18), our data demonstrate that this is not

the case: V1 and V3 did not specifieally associate with either the exon 3 retaining or

deleted mRNA isoforms.

We conclude that, in the human, there is tissue-, fetal- and tumor-specifie
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regulation of the VI hGHR mRNA transcript. We speculate that an inability to activate

V 1 expression occurs concomitantly with HB tumorigenesis. Furthermore, VI

suppression in HeC may be a rneasure of the degree of dedifferentiation ta the

embryonaI/fetaI stage that the HCC tumor cells have undergone. Whether VI

dysregulation is a cause or effect of the tumor state remains unknown. We hypothesize

that, in the human, like in the ovine, transcription of hGHR rnRNAs containing the VI

leader sequence is driven by a specifie VI promoter and that, in the hepatic tumor state.

there is "fetaI" control of the transcription factor(s) regulating this promoter.
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4.1. Preface•

The distinct tissue and developmental expression patterns of the V1 and V3

5'UTR variants suggest that multiple gene promoter regions may be regulating hGHR

gene transcription. [n this study, we used RT-PCR and Southern blot protocols to

characterize the expression profile of V4, another 5'UTR variant of the hGHR mRNA.

Like VI, V4 was detected only in normal postnatal livers and was repressed in hepatic

tumours. Therefore, transcription of V1 and V4 mRNAs may be regulated by common

gene regulatory regions, whereas a separate promoter drives the more ubiquitous V3

mRNA synthesis. To test our hYPOthesis, we isolated portions of the 5' flanking region

of the hGHR gene, encompassing nucleotide sequences specifie for the previously c10ned

VI and V4 as weB as V7 and VS cDNAs. Characterization of the genomic fragment

provided support for our hypothesis: transcription of V1 and V4 mRNAs is regulated by

at least one common gene promoter. We believe that the onset of these developmentally­

regulated hGHR gene promoter regions is responsible for the six-fold increase from fetaI

to postnatal liver that was described in Appendix 1.
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4.2. Abstract•

The S' untranslated region (S'UTR) of growth hormone receptor (GHR) rnRNA

is heterogeneous in severa! species. In the human, which is the most complex, eight

different S'UTR variants (VI to V8, numbered according to their relative abundance)

have been cloned from adult liver. We have previously shown that, whereas VI is not

expressed in fetal tissues or hepatic tumours and is only readily detectable in normal

postnatal liver, V3 is widely expressed in bath the fetus and adult. In this study, we

demonstrate that the expression pattern of the V4 S'UTR variant is similar to that of VI

during development and liver tumorigenesis. To identify DNA sequences regulating

transcription of V 1 and V4, we isolated portions of the 5' tlanking region of the human

(h) GHR gene. Restriction mapping and nuc1eotide sequencing precisely placed four

variant sequences in series (S' V7-VI-V4-V8 3') on a 3.8 kb XbaI-BsaAI genomic

fragment. A transcription start site with a proximal TATA motif was identified upstream

of the V 1 sequence by ribonuc1ease protection and primer extension analyses of postnatal

liver total RNA. Transcription at this position generates a 5'UTR variant containing VI,

V4 and V8. Ribonuclease protection analysis and RT-PCR assays provided evidence for

additional rnRNA isoforms in postnatal liver extending upstream of Vito include V7 and

the 5' tlanking region of V7. Differentiai splicing of these two large gene products can

result in several mRNA species, inc1uding the VI, V4, V7 and V8 isoforms previously

identified. Together, the data imply that 1) certain transcriptional regulatory regions of

the hGHR gene are homologous to those of the more simple ovine and rodent GHR

genes; 2) the S'UTR variants of the hGHR mRNA are due ta differential promoter usage
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and complex alternative splicing; and 3) the postnatal liver-specific expression pattern of

V 1 and V4 versus the ubiquitous profile of V3 is, at least in part, the result of

transcriptional regulation .
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4.3. Introduction.

The growth hormone receptor (GHR) mediates multiple metabolic processes as

weIl as growth in mammals (1). Although these pivotaI roles of the GHR have been weil

established in postnatal tissues, the function of the receptor during fetal development

remains unclear (2,3). Several animal studies suggest that the onset of significant GHR

mRNA expression and GH binding occurs only after birth (4-6). Howevert in support of

a developmental role for the GHR, Pantaleon et al (7) have identified a functional GHR

in preimplantation mouse embryos, while Zhou et al (8) have determined that inbreeding

of homozygous GHR knockout mice results in significantly smaller litters and increased

perinatal mortality.

In addition, we have shown that transcription of the human (h) GHR gene begins

as early as 4 weeks of gestation in placental villi and that there is ubiquitous tissue

expression by the first trimester of human fetal life (9). Immunohistochemical studies

have identified the hGHR in human tissues by 8.5 weeks of tetaI age and shown that, by

midgestation, the pattern of immunostaining is often identieal to that found in the adult

(l0, Il). Binding experiments (12-14) and treatment of fetal hepatocytes (15,16) and

pancreatic islets (17-19) with hGH have demonstrated that the fetaI hGHR is capable of

binding hGH and mediating biological effeets. Comparative studies of fetal versus

postnatal tissues have revealed tissue-specifie changes in hGHR expression during

development: a signifieant deerease in lung hGHR mRNA levels postnatally, no age-

related differences in kidney and small intestine, and a 6-fold increase in postnatal liver

(20). The inerease in liver hGHR gene expression parallels a 4-fold increase in hGH
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binding to hepatocyte membranes (14,20). Thus, expression of the hGHR gene apPears

to be regulated by developmental- and tissue-specifie mechanisms.

The hGHR is encoded by exons 2 to 10 of the hGHR gene on chromosome

5p 13.1-p.12 (21,22). Transcriptional regulation of the hGHR gene is complex, involving

alternative splicing as weIl as multiple 5' untranslated region (5'UTR) exons. Exon 3 of

the gene transcript can be spliced out, resulting in an exon 3 defieient mRNA isoform

(23). Expression of exon 3 retaining and deleted transcripts is identieal in ail tissues of

the same individual but varies between different subjects (9,24). The consequences of the

lack of exon 3 coding information to hGHR function are not known.

Heterogeneity in the 5'UTR of the GHR mRNA has been demonstrated in several

species (25-28). In the human, eight different 5'UTR variants (V 1 to VS, numbered

according to their relative abundance), diverging at -12 bp from the Slart site of

translation, have been cloned from adult liver by 5' rapid amplification of eDNA ends

(S'RACE) (25). Regulation of these different 5'UTR variants may determine feta1- and

tissue-specifie differences in receptor aetivity, as has been shown for a number of growth

factors and protooncogenes (29). We have recently demonstrated that VI is, indeed,

under tissue-, fetal- and tumour-specifie regulation: VI hGHR mRNA transcripts are only

present in postnatal liver, while absent or of markedly lower abundance in

hepatoblastomas (HB) and hepatoeellular careinomas (HCC) (30). In eontrast, V3

transcripts were deteeted in all fetal and postnatal tissues examined (30).

The present study further shows that the pattern of V4 expression is identical to

that of VI. These observations suggest that V1 and V4 originate from alternative splicing
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of a single transcript whose synthesis is driven by a tissue-specifie and developmentally­

regulated promoter, whereas a second promoter controls ubiquitous expression of the V3

mRNA. To test this hypothesis, we cloned part of the 5' tlanking region of the hGHR

gene and precisely mapped four variant sequences in series (5' V7-VI-V4-V8 3') on a

3.8 kb XbaI-BsaAI genomic fragment. A transcription initiation site upstream of VI that

was utilised in postnatal liver was identified, and evidence was provided for additional

mRNA species in postnatalliver extending upstream of V7. Thus, multiple promoters in

the hGHR gene drive the tissue- and developmental-speeific expression of the different

S'UTR ÏnRNA isoforms.
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4.4. Results•

4.4.1. Characterization of V4 mRNA expression during development and liver

tumourigenesis.

The RT-PCR/Southem blot strategy used to amplify V4 mRNA is summarized

in Figure 4.1 A. In each analysis, aliquots from the same RT reaction were taken and

tested for V4 and V1. In addition, V3 mRNA was measured since it is ubiquitously

expressed (30) and, therefore, served as a positive control for reverse transcription. The

V 1 and V3 results have been published previously (30). As shown in Figures 4.1B and

4.1C, the V4 5'UTR variant has a similar pattern of expression to VI transcripts.

Although V4 was detected in control adult liver (Figure 4.1B), it was not

observed in kidney (n =3 fetal, 14-16 weeks of fetaI age [wk FA]; n =2 postnatal, 2 &

4 yr), intestine (n=3 fetal, 11.6-16.5 wk FA; n=2 adult, 40 & 84 yr) and lung (n=3

fetal, 14-16 wk FA; 2 adult, 69 & 80 yr) (data not shown). Therefore, V4 expression,

like VI, is tissue-specifie. Like VI, V4 was suppressed in ail fetallivers examined (n =6,

10-16 wk FA), but readily detectable in transplantdonor hepatic samples (n=4, 11-43

yr) (Figure 4.1 B and data not shown). Since V 1 expression is altered in hepatic tUffiours

(30), 12 HB (6-36 months) and two HeC (53 & 75 yr) were analyzed for the presence

of V4 (Figure 4.1C and data not shown). V4 was undetectable in the same Il of 12 HB

that had previously tested negative for VI (30), inc1uding the four HB paired with normal

(VI and V4 positive) liver. The single Vl- and V4-expressing HB specimen was obtained

from a 6 month old pediatrie patient; the tumor was predominantly of an embryonic

phenotype but did not show unique or variant histopathological features. V4 expression,
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Fig. 4.1. Analysis of hGHR V4 mRNA expression. Panel A, Schematic representation

of the hGHR V4 cDNA isoform (not drawn to scale). Exons are boxed and the V4

5' UTR and 3' UTR sequences are represented by a solid line. The positions of the sense

(lS) and antisense (2A) primers as weIl as the internai hybridization probe (lA) are

indicated (oligonucleotide sequences are provided in Table 1). Panels B and C,

representative Southern blots describing the ontogeny of V4 in liver as weil as its

expression pattern in HB and HCC. Panel B, expression profile of fetaI (F; in wk FA)

and postnatal (P; in yr) hepatic samples. Panel C, results from two sets of HB and HCC

with their paired normal Iiver (NL) samples are shown. The sizes of exon 3 retaining and

deleted V4 RT-PCR products are 518 and 432 bp, respectively. An internai V4 standard

(STD), which generates a PCR product of 382 bp, served as a positive control and H20

was a negative RT-PCR control. Each amplification reaction was still at an exp9nential

phase at 25 cycles.
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like that of VI, was also absent or of very low abundance in both HeC specimens

relative to paired normal hepatic tissues (Figure 4.IC).

In contrast, V3 was observed in ail fetal, postnatal and tumour tissues examined

to date (30). It should be notOO that both exon 3 retaining and deleted mRNA transcripts

were found to contain V4 leader sequences (Figure 4.1 and data not shown). These

findings, together with our previous observations (30), indicate that retention or deletion

of exon 3 is not associated with expression of any one of the VI, V3 or V4 5'UTRs.

4.4.2. Cloning of genomic DNA containing the VI hGHR sequence.

Figure 4.2A shows the precise mapping of V7, VI, V4 and VS sequences in

series on a 3.8 kb XbaI-BsaAI genomic DNA fragment. This structure is a composite of

data obtained by screening a human genomic À phage library and by PCR amplification

of genomic DNA. The PCR strategy depicted in Figure 4.28 was designed with

reference to the sequence of the 2 kb XbaI-BarnHI fragment of the recombinant À phage

clone (À/Vl.Ol) we isolated, a previous report of the VI-VS 5'UTR sequences (25), and

a recent preliminary characterisation of a recombinant À clone of the hGHR gene (31).

4.4.3. Mapping of promoter regions in the hGHR gene.

AlI transcriptional start site mapping experiments were performed using liver total

RNA isolated from transplant donor tissues (11 & 62 yr). Identical results were obtained

when the RT-PCR, RNase protection and primer extension experiments were repeated

(Figures 4.2-4.5 and data not shown).
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Fig. 4.2. Cloning and expression of the Vl-containing portion of the IrGHR gene.

Panel A, restriction map of part of the 5' flanking region of the hGHR gene. Restriction

sites shawn are: B, BamHI; BA, BsaAl; E, EcoRI; X, XbaI. The VI, V4, V7 and V8

sequences previously obtained by 5'RACE (25) are boxed. The EcoRIIBamHI DNA

fragment (Probe l, thick line) was used for Southem blot analysis of restriction enzyme

digests of bacteriophage recombinant DNA and genomic DNA. Panel B, overlapping

PCR fragments corresponding to the 5' end of the hGHR gene were obtained by PCR

amplification of genomic or À. phage DNA and by RT-PCR analysis of postnatal liver

total RNA. The approximate positions of the sense (S) and antisense (A) primers and the

internaI hybridization probes (*) are indicated. The sequences of these oligonucleotides

are detailed in Table 1. Panels C and D, RT-PCRlSouthem blot analysis of human

postnatal liver (HPL) total RNA. Genomic DNA served as a positive control for

amplification, HPL total RNA was tested without AMV-RT to exclude genomic DNA

contamination of the RNA, and water was a negative control for amplification. The sizes

of the products are indicated in bp. Panel C, HPL total RNA (donor age, Il yr) was

reverse transcribed with primer 3A (left) or with primer 6A (right), the RT p'roducts

were amplified using primers 2S/3A (Ieft) or 3S/6A (right), and the specificity of the

peR products was confirmed by Southem analysis with internai probes 3S· (Ieft) and 5A·

(right). Panel D, HPL total RNA (donor age, Il yr) was reverse transcribed with primer

SA, the RT product was amplified using primers 4S/8A, and the specificity of the peR

products was confirmed by Southern analysis with internai probes 4A· (Ieft) and 5A·

(middle) and 7A· (right).
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a) RT-PCR analysis: Using the same PCR strategy depicted in Figure 4.2B

(primer combinations 2S/3A and 3S/6A), RT-PCR assays of total RNA from human

postnatal liver revealed that there are hGHR mRNA transcripts extending upstream of

the Xbal restriction site (Figure 4.2C and data not shawn). Interestingly, using the 4S/SA

primer set, a 2041 bp RT-PCR band hybridized with the 4A, SA and 7A probes specific

for V7, VI and V4, respectively (Figure 4.2D). Moreover, this RT-PCR band co­

migrated with the PCR product representing the genomic DNA region between primers

45 and SA. The 600 bp RT-PCR bands seen in Figure 4.2D most likely represent an

alternatively spliced mRNA transcript. Together, the RT-PCR data suggest that there is

a hGHR rnRNA transcript with a 5'UTR of more than 3.7 kb containing the V7, VI, V4

and V8 sequences.

b) RNase protection analysis: RNase protection assays were then employed to

determine whether there are start sites of RNA transcription immediately upstream of the

V 1 sequence. Analysis of total RNA isolated from the two human postnatal liver samples

showed that transcription of VI mRNA species is driven by at least two distinct

promoters (Figure 4.3 and data not shown). A protected fragment of 173 nucleotides (nt)

identified a staft site of transcription at position 1831 bp of the c10ned genomic sequence

(Figure 4.3); the relative density of this band, given its small size and migration distance,

suggests a significant product. A 535 nt protected band indicated that there is at least one

additional start site of transcription upstream of the EcoRI site (Figure 4.3). A third

fragment of 326 nt was also observed (Figure 4.3). This product is the result of

alternative splicing at the 3' end of V7 and its presence was anticipated based on the
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Fig. 4.3. RNase protection analysis ofhuman postnatalliver (HPL) total RNA. Panel

A, map of genomic DNA flanking the 5' ends of the V7 (closed box) and V 1 (open box)

sequences previously obtained by 5'RACE (25). Positions of restriction sites (B, BamHI;

E, EcoRI; X, XbaI) and the derived transcription start site (*) are given in bp. The 582

nt riboprobe was antisense RNA corresponding to the region between EcoRI and BarnHI

on the genomic DNA (531 nt, solid line) plus the polylinker vector sequence (51 nt,

broken line). ~1ajor protected RNA fragments are also depicted (535, 326 and 173 nt;

solid lînes). Panel B, autoradiograph of a representative RNase protection experiment.

The riboprabe was hybridized with HPL total RNA (donor age, Il yr; lane 3) or yeast

tRNA (negative control; lane 5) and digested with TI RNase. An aliquot of the

hybridization solution taken before TI RNase treatment was run in parallel to show the

integrity of the riboprobe (lanes 2, 4). A 100 bp DNA ladder (Jane 1) and seq!Jencing

reaction (nat shown) served as molecular weight markers. Sizes of RNA bands identified

by arrows are given in nt. The 173 nt protected fragment (*) corresponds to the

transcription start site indicated in panel A. Note that RNA fragments migrate

approximately 5% slower than the double-stranded DNA marker fragments on a 5%

acrylamide/7 M urea gel.
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sequence of the V7 cDNA c10ned by Pekhletsky el al (25). The nature of the minor

additional protected bands seen in Figure 4.3 remains to be elucidated.

A further RNase protection assay was designed to characterize mRNA species

extending upstream of the EcoRI site (Figure 4.4). Analysis of total RNA from the two

human postnatal liver specimens reveaIed a single protected fragment of 558 nt (Figure

4.4 and data not shown). This demonstrated that there is at least one start site of

transcription upstream of the Aval restriction site (Figure 4.4A).

c) Primer extension analysis: Primer extension methodology was used to validate

the stari site of transcription determined by the initial RNase protection assays (Figure

4.3). Primer 5A (Table 4.1 and Figure 4.5) was extended using total RNA isolated from

human postnatal livers as template. A 155 nt primer extended product was obtained

which corresponded to the transcription start site at position 1831 bp (Figures 4.5A and

4.5C). There is a TfTATIATA motif in the genomic sequence between -27 and -19 bp

from the deduced start site (Figure 4.5A). Interestingly, this TATA motif shares high

homology with TATA boxes found in the ovine and mouse GHR gene promoter regions

(Figure 4.58) (26,27). Additional primer extension bands of greater Length (182, 203 and

219 nt) were also obtained (Figure 4.5C), which predicted transcription start sites that

were not observed by the RNase protection assay results. These products are most likely

due to the reverse transcriptase failing to extend completely on the longer mRNA species

identified by the RNase protection analyses (Figures 4.3 and 4.4) .
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Fig. 4.4. RNase protection analysis of human postnatalliver {IIPL} total RNA. Panel

A, map of genomic DNA flanking the 5' end of the V7 (open box) sequences previously

c10ned by 5'RACE (25). Positions of restriction sites (A, Aval; E, EcoRI; P, PvuII; X,

XbaI) are given in bp. The 645 nt riboprobe was antisense RNA corresponding to the

region between Aval and PvuII on the genomic DNA (558 nt, solid line) and polylinker

vector sequence (87 nt, broken Iines). The protected RNA fragment is also depicted

(solid lioe). Panel B, autoradiograph of a representalive RNase protection experiment.

The riboprobe was hybridized with HPL total RNA (donor age, Il yr; lane 3) or yeast

tRNA (oegative control; lane 5) and digested with TI RNase. An a1iquot of the

hybridization solution taken before TI RNase treatment was run in parallel to show the

integrity of the riboprobe (Ianes 2, 4). A 100 bp DNA ladder (lane 1) and sequencing

reaction (oot shown) served as molecular weight markers. 5izes of RNA bands id~ntified

by arrows are given in nt.
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• Table 4.1. Sequences of oligonucleotide primers and internai probes•

•

Oligonucleotide

15

25

35

45

lA

2A

3A

4A

5A

6A

7A

8A

Seguence

5' GAG TAG CAA AGA TGG AIT AAG TGA G 3'

5' TCC ATG TGT TCA GTG GTC CAG C 3'

5' GGA GAT CTA TIT cec TCT ACT AGA 3'

5' GTA ATA GGC CTe ATG AGA eTC CA 3'

5' GAA CCT CAT CTG TCC AGT GGC AT 3'

5' AGG TAT CCA GAT GGA GGT AAA CG 3'

5' CCT TCA AAG Tee TAA TCA ACT AAG T 3'

5' ACA TCT CTG GGC TeT GCC TGC 3'

5' ITG GTT Ace ACT TGG CAT GTA TIA ATC TCT 3'

5' GTT Tce Tee AGG en TAT ATC AAG AAC nT 3'

5' eTe ACT TAA Tee ATe TTT CCT ACT C 3'

5' GCT CAT ACG TGC TGT CAT AGC TA 3'
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Fig. 4.5. Primer extension analysis of human postnatal liver (HPL) total RNA. Panel

A, nucleotide sequence of the hGHR gene promoter with the position of primer 5A (<E-),

the predicted transcriptional start site (*), the upstream TATA motif (boxed), V7 and VI

(underlined). Panel B, alignment of corresponding TATA box consensus sequences of

the human, ovine (26) and murine (27) GHR genes. Panel C, autoradiograph of a

representative primer extension experiment. Primer 5A was annealed to HPL total RNA

(donor age, 62 yr; lane 5) or yeast tRNA (control; lane 6) and extended. The 155 nt (*)

extended product predicted the transcription initiation site indicated in panel A. The

extension products were sized using a sequencing reaction (1anes 1-4) run in parallel.
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A. c. ,,~:::Z

CATG :c =

•TAGAGATTAATACATGCCAAGTGGTAACCAA

4-Primer

.:-'
-.'1

Human

Ovine

Murine

Murine

2'2'TA2' ATA

TTTAT2'A2'A

T2'7'AT ATA

AT7'A2'TAAT

CAGGCAGAGGAGATGTACTGGGCAAAGGTCA

V7

GGGGAITn'A1'rATAf TGAGACAATGGTCTGAT

*
~

GTGATTTAATTTACTCCTCTGGTACCAGATA

VI

TGGTGTGTGTGCATGAGAGAGAGAGATTGAG

AATGACTGATTTGGGAGGGATTTTGTGAAGG

TTTATATATCAAAGCAGAAAGACCAAGAATT

B.
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4.4.4. Nucleotide sequence analysis.

The nucleotide sequence of the 3.8 kb Xbal-BsaAI hGHR genomic fragment is

shown in Figure 4.6. In addition to a conserved TATA motif proximal to the determined

transcription initiation site, computer analysis using the Signal Scan program (32) and

Transfac database (33) revealed severaI putative mammalian transactivator recognition

sites (DBP [D-element binding protein], CCAAT, GATA, GRE [glucocorticoid response

element], HNF-4 [hepatocyte nuclear factor 4] and NF-I [nuclear factor 1]) in the region

immediately upstream of the TATA box. Dinucleotide GT splice donor sites were

identified at the 3' ends of the V7, V1 and V4 genomic sequences, consistent with the

splicing out of intronic sequences at these positions.
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Fig. 4.6. Nucleotide sequence of the 3757 bp genomic DNA fragment encompassing

the V7, VI, V4 and VS sequences (in bold). Splice donor dinucleotide GT sites at the

3' end of the V7, V1 and V4 genomic sequences are underlined. The transcription start

site (*) we determined and the proximal upstream TATA motif (boxed) are indicated.

Putative transactivator response elements (DBP, CCAAT, GATA, GRE, HNF-4 and NF­

1) in the region immediately upstream of the transcription initiation site are underlined.
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"iCTAGATAGC CTCATCCATG TGTTCAGTGG TCCAGCCCAT CAGCATCCAA GCCAGCAGGG TG;'.GGAGGGG AAGTGT;"GGG
GATGCTCATT GCCCTG~.AGG ATGCATATGC CACTTCCATT CAGGTCCTGC TTGCCAGAAC AT.:"GTCATGT GACCACAGTT
;'.GCTGC.:'.AGG TTGGCTGAGA AATGCCTTTC ACTGGGTTCT ATTACTAACT G~.AATGGGA AG.:'.GTGAAAG TTGGGGATAA
CTr.GTMATA TT;"GTTAGTC CAAGTCATGG ATTGTGGTAT TAATTCCATG TGCTAGG.;AG GTC":"'!TT;'_;A TGTTTTATGC
;"GA.;'GG;"TGC C.;'TGATG;"TA ATTATGTTTC ;v..AGCATATT TGTGTGTGAG AG.r..GAG.:'.G.;'C TG;'_:'.A.GAGA;; AGTGAGAT r_:"
ATGGATTGGA G.;'GAATTTGT CTG.~GTGTTA AGAGGCCATT CTCAAACCCA AGTGGG;";'_;'T GGTGGCTAGT AAC;'.GTAGTG
AGGAT';';"';GG GGGG;'.TGGAA TGGACTCAA.A A.GATACAGAA GAGATA..;CAT CAAAAG;'.7:GA A..:;C.~.GGGGCA GAGGAGGAAG
r_;";";G.;CATC C.;GATAACTC CTA.GGTTTCT GATTTATACT GC;'.AATTCTG GGGATCAGGT G7:?TATGGAC CACTGAGTTT
.:..GTTLt'r.G;"':; ACGTG.;TTTA GAGGTATTTG TCAGATAGGT GGTTTCTACA CATTC;";'_;";'7: ;...:..,·:;;..TTTC;._; ;'_;'CAT;'.TTAG
CCA.C.;";7TCA C;'_;'TC;'.GC;''';'. ;...;TTCTCA.:;';' TCTAGTCATT GTCAACT;";'_; CTATT;._:._;.:..T G.:'_:"TTTTCCC CTCTGAGTGT
TTCTCr.TCTT ;"':'_:'.GGGTTTG TATGTATTAC ATGTCACAGT ATGGTTTATT GCATAT;"';AC ATG::;(;A.~.GC A..;GCC;"CCCA
GA.:'.GGAGTCT TGT;'_;CC.:'.GC T A.:a.A.GGCCC.:'. GCTA.::I.TTC'I'T GAAGCAGTCA TAA.:;TCATGA ;"'~-:G-:iTCLrCT TGTGTIAATA
GTGTGG;'.C;'.G GACTGTTGGT C.;CAC.:'.C~.GG .;..;;...,;TGAGTC ACA.CAGTCTT GTG7GTACAG C.:'_:'.·:7Cr.CTC CACACTCAAT
G.:;TGGGG;'_;T GGTCA.TGATT GTTCTA.~CTG TGTGAGCAGC TACr.AGGAAT TATGGCA.;";'G CTCCr.GAGCT AG.;";;'GCTGG
TTTTTTTTTT r.TGTCACCCG AGTATGT;'_;T TC.;CTAAATG TTTAGTATTT TATACC7TTT ;'.G77GACTTG TGAGCCCTTT
CT;";'-=·.GGAG.; TCTA.:. LLCCC TCTACTAGAA GGTAATCAG.;' AAA.:;CCCTAA ACTACGTTIT CT;'_=-_:'.TGCTG TGTTCTTCTG
C~TG.:;C C;'_;";;;TA.TAC TTAGTTG.;'TT AGG.;'CTTTGA AGGGATGAGA TGAGGGGACT A.~_;1T;'.A.GAT GCAGGAATTT

C;'.GTTTTCTA GGCGTTTTCT GT;'_:;';'CT;'.CT TTATACTGCT GACAAATGGT TA.::I_;TGTTTC C.A..~.TG;";";"CT ;'_:;GT.:;TGCTA

GG.;TTTCTAA TG.:'.GCA.;TGA AA.TTTTAG.:";; TTCATTTACT CATTAATTTC TTC;'.TT.~.C;'_:; G;'.TGTACAAT GTGCTATCTT
GRE GATA

CTGGGCATTT GGGGTACTTT ;...:;TG;'.GGTAG CAG1'GAGTl·.C CACAG.;TGGT C.;CTTCTGCC 'l'TTGTICTTA T.::I.CTCCTT;'.G
~ GRE

~.G;'_:".GG4~.=-.AA GG.;CCAGATT C.:;GATACCCT ATCACTGCTT TCTACCCATC CAG;"T~ CC7TCGCTGA GTTCT;'.ACGC
GATA NF-I GRE DBI·

V7 1TT.;GCCCTCT TCTCAGCTGA T~TGCC TCCAT'l'GTAA TAGGCCTCAT GAGAC~G CCTAGGCCTG GCCTTCAGT'l'
l~a"-I l'F-I ,.

CAGCAGGCAG AGCC~A TGTACTGGGC AAAG~CAGG GG.:'@.';TTA TAlrGJ\GAC;;";; TGS7CTG.;TG TGATTTAATT
GRE GRE HI'OF-4 +1

T.:;'CTCCTCTG GT;'.CCAGATA TGTGTGTGTG TGCATGAGAG AGAGAGAT'l'G AGAATGACTG AT'l'TGGGAGG GATTTTGTGA
AGGTTTATAT ATCAAAGCAG AAAGACCAAG AATT'l'AGAGA TTMTACATG CCAAGTGGTA ACCAAGAAAC TTCTGTGGGA

V1 TCCCACCTCC AACCCCTCCC TCTCTGTCAG AT'l''l'TAACCA MTCAGTGTG ATGTGATCTG CTTGCATATA TGAGTGAhAG
AAAAAGGAAA TTTAAAAAGT TCT'l'GATATA AAGCCTGGAG GAAACAATAC GAAAATCCAG CCTCTAT'l'TC AGCAATATCT
GCCGGACTAT T~TTAGTAT TCCCT'!'ACTG TT;'.CTTATTG TTTGATT;";"':; AGGCTG;;T.:".G TC.:'.=.ccTTTT TTTTTTCTTA
CTTTTGC;'.TT T'Z'TTAGATAT ;..;.u;,TCTTT;'.A T;;TATGGCTG TGGCCAGATG TTTTCc:TTC TCC7CCC;'.CT TCGTTCTTCC
CTC'I'7CTGGG TT.:'_:;TTTCTC A.TTGTTCTCT CTTCCCCTTA CTTCTCTGCC CTTTTCCTTT CT.:".::TCT;'_;G CG;'_O\.ACTTCT
TTT'7LTCTGT GC7GG;'.GTTT ;..T ;'_:'';''G1'ATT CTTTTAGGCA. AAGA.A.AGCCT TTGGCTGCCT TCCTCCTTGT CTGGTC;'.CCr.
7C.:''';'.G.:'''T;'.TA AITCTGGTTT TC.:'._:'._:;GGTTG TTCTCTGhAG GAAGGACTAG TCTTCTG.::'.GC .:;T7'Z';'.G;'.G;'.G C;;G.:'.T".CATT
TTG;'.G.=-_::'_:;'GT Cr_:"C;'.GAGr.T AGTAATTTGC .:;CTCAGG;''';;';; CTACTTAAGG GTT'M'A..:"TC1' G"iCCCl-.TGTG TTACC;;TTTC
;'_;C;'.CGTTT;'. C.:;TT;'.A.Gl-';"'; ;'.G1'r.TTGT;'.A AGAGA.;..GTGA TACCACAATT GCr.TGTeTr.C CTC7TGC;'.TC TTCT~.CGTCT
CG.:'..G.:,.ç;;..CTG GTCl-.CGTCCT TTGA.:;GG.;";';" GAGAA.ATAGG CTTTGTCTCC TTCTGCCTC7 TGCT;'.TCCCC CTTTTCAGA'Z'
':' ..~_:"'CTCTG;".T CCTTTGGGTT CCTACTGCAT CCCTG;'.TAA.A ACCCATCCC;" TA.ATGCCTG.:; TGTG.:"TGGAA CC;'.CCACTT.:;
TeT;'"TeTer_=; 7GG;";'_:;GT.a.T CACATGAGC1' TTCMCAGA;... GGACATTCTC CCACCTCTTC C;'_:'_::"'CACCTC T'M'G.;";';":;'CC
GTGTCC;'.TGG GCC7TTATTC ATGTCTTCAA CA.ATTTGTTT AA.AACTGGTT GTGCTAGGT.; GTGGGCl-_:;Tl-. Tl-.,A.:;GATG;'.G
CCAC';GG.;G.:; G;'.G.:'..TGACl-_; Tl-.TCACTGAT TCCTTATAGT GCTGTAATAA GGGTTT;;TI'A AGGCTGTGA.T AGr.AGTAG.:'.G
.:'..GG.:"G.:"GGCA CCTGACTTCA CTTGGGA.GTG GGGTTGTTGC TAAGGTGTTT CTA.;GTTG.:'.A ATG7CCTTG.:'. GCTG;'.GGTTT

V4 1;'.GGGAATGAG TAGCAAAGAT GGATTMGTG AGAAGAGTAT AGGAGGCAGC AGGGCCAGAG GTGTGAATGG CCCAGAACCT
TCTGAGAAGA TTCCTTTGTG GACGGAAGAA AGGGGAGGTT TGTGGAAATG GTGGAAGATA ~?~AGGAA~ AGGCCACATC
.:'.GATCACACA TGGCTGGATG TACCTCTCTA AAAGTACTGG GGGGTTTGAA A.CAGAGGCTA L ......._~TTGGC~ GTTTl-.AGA.;A
ATC;"CTGTGG TGTCAGTGTG l-.AGAATACAT TTTTGCAAGA TTCTAACGAG GATTATTTTC l-.G.=-_:'_="TTT.;g GCCCAATTTA
GTCC;'.G;'.TGT CAGGGCTA.G1' TTGGAGTA.A..~ TTTCTTTCTT TAATTACTCC AGGGCTC7TG T;'.77GCTTC.ll.. ;'_-:"G;'.AAGTAG
r_:'_;GTGGAAC TC;'.CCCCTCA TTC.r..GGGAGG G1'GGGCAAGC GACCAGCCAG CTGGGG.;":;GG CC.:'_=-_:;GAGCC AGGTCACCTT
GTGCCCGCAC TTGTTATG;".T TTGTTTG1'AT TGTCTGCCTG ATGATCAATG ATAT'l'AGCTA TGACAGCACG TATGAGC

VS
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4.5. Discussion•

In the present study, we demonstrate that V4 is not expressed in fetai tissues and

hepatic tumours, and is only detectable in normal postnatal liver, similar to the pattern

of expression of VI (30). To delineate the mechanism responsible for this parallei

expression of VI and V4 hGHR mRNAs, wecharacterized a 3.8 kb Xbal-BsaAI genomic

fragment which represents part of the 5' tlanking region of the hGHR gene and confirms

the integrity of the recombinant hGHR genomic clone recently isolated by Zou et al (31).

The hGHR gene regulatory regions were further characterized by precisely mapping the

V7, VI: V4 and V8 sequences in series on the gene and identifying a transcriptional start

site upstream of V 1. Transcription initiation at this site leads to a gene product that

includes the VI, V4 and V8 sequences. The present data also demonstrate that there are

additional mRNA species extending upstream of VI to include V7 and the 5' tlanking

region to V7. DifferentiaI splicing of these two transcripts Ieads to the VI, V4, V7 and

V8 isoforms previollsly identified by 5'RACE (25) and RT-PCR (30), as weIl as to the

novel mRNA transcript observed in this study using RT-PCR.

The expression profile of VI, together with the presence of a transcription

initiation site in the region immediately 5' to V1 (Figure 4.7), suggests that RNA

synthesis at this position is driven by a promoter that is downregulated in fetal tissues and

hepatic tumours and activated in normal postnatal liver (20,34). The contributions of

differential promoter usage (35), relative to alternative RNA splicing (36), in modulating

the ontogeny and tissue distribution of V1 and V4 versus V3 will be more evident once

the upstream transcription slart site(s) and the V3 sequence have been mapped on the
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Fig. 4.7. Comparison of human, ovine and murine GHR gene promoter regions.

Exons are boxed and characterized splicing patterns are indicated (v-shaped lower lines)

(25-27). A splice acceptor dinucleotide AG site is Iocated in the genes of the three

species at -12 bp from the start site of translation (ATG). The V7, VI, V4 and V8

sequences that have been previously c10ned by 5'RACE (25) are mapped (broken lines)

within the human 5'UTR. Defined (arrows) and potential (arrows with ?) transcriptional

start sites as weB as conserved TATA motifs are shown.
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hGHR gene. Tissue- and developmental-specific alterations in mRNA stability (37) may

also play a role in modulating the cellular levels of specific hGHR mRNA isoforms. In

addition, the 5'UTRs of many eukaryotic mRNAs are involved in modulating translation

efficiency (29); it will be important to determine how the VI and V4 isoforms, that are

tightly regulated, influence translation in comparison to the widely expressed V3 mRNA.

Similar promoter regions in the human, ovine, and rodent GHR genes May be

directing tissue and developmental regulation of mRNA expression (Figure 4.7). Studies

in the ovine suggest that a hepatic-specifie promoter drives synthesis of a 5'UTR variant
.

(exon 1A) that is 76% identical to the human VI (26): the sheep exon 1A rnRNA

isoform, like VI (30) and V4 (present data), is detected only in postnatal liver (26). In

the mouse and rat, expression of a GHR mRNA isoform (LI and GHRI, respeetively;

bath sharing 50% nucleotide sequence similarity with V7) is also modulated by a liver-

specifie promoter and detectable only in postnatal liver (27,28). Our present findings,

together with these previous observations, reveal that the organizational architecture of

the hGHR gene is a composite of the ovine and rodent eounterparts. Therefore, multiple

hGHR gene promoters appear to he sharing the responsibility of assuring postnatal liver-

specifie expression of hGHR rnRNA, as opposed ta the single promoter in sheep and

rodents.

A TITATTATA motif is appropriately located between -27 and -19 bp of the

defined start site for VI hGHR rnRNA (Figures 4.6 and 4.7). Interestingly, this sequence

is homologous ta proximal TATA boxes in the ovine (26) and murine (27) liver-specifie

GHR gene promoters (Figures 4.5 and 4.7), suggesting that the conserved TATA box
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motif may be an important cis element in regulating liver-enhanced GHR gene

transcription. Likewise, putative binding sites for DBP (38) and HNF-4 (38) lie

immediately upstream of the V1 transcription start site; this is analogous to the presence

of responsive elements for liver-enriched transcription factors in the minimal promoters

modulating synthesis of the sheep exon 1A (26) and mouse LI (27) transcripts. Il is

noteworthy that the DBP transcription factor is absent in rat fetal liver and is expressed

only postnatally (38). If expression of DBP is similar in the human, it may play a crucial

role in hepatic-specific postnatal activation of V1 and V4 mRNA synthesis.

Comparison of the human TITATIATA sequence with the ovine and mouse

TIlATATA motifs reveals one potentially important difference. The human sequence

contains an extra thymidine nucleotide which distinguishes it from the most frequently

found eukaryotic consensus binding site (TATATA) for transcription factor HD (39).

This discrepancy may render transcription initiation at this position weaker than the

corresponding sites in the ovine and murine GHR genes, thereby creating a need for

additional sites to drive expression of liver-specific hGHR gene transcripts. This

hypothesis is supported by the presence of additional mRNA isoforms extending upstream

of the transcriptional start site we identified, as well as the presence of a potential

lTTATATA motif within the VI sequence in the hGHR gene that may be regulating

gene expression. Studies are currently underway to identify upstream promoter regions

and to determine whether the TATA box within VI is active. Interestingly, a similar

genetic architecture is present in the mouse and may he responsible for the two mouse

LI isoforms that result from transcription initiation at different sites. The upstream
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ATTATTAAT consensus (27), which is believed to mediate synthesis of the longer LI

transcript, does not appear to be a weIl conserved TATA box compared to the

downstream l'TTATATA moti f.

The presence of VI, V4, V7 and VS sequences in the same gene transcript

suggests that V7 and VS, like V 1 and V4, are under tissue-, developmental- and tumor­

specifie regulation. Additional transcription initiation sites downstream of VI may be

mediating synthesis of transcripts that include the V4 and/or V8 sequences. However,

if regulated expression of V1 and V4 is the result of transcriptional modulation, aIl

promoter regions mediating synthesis of the V 1 and V4 mRNA isoforms should be under

parallel control. Thus, activation ofgene promoter regions driving synthesis of V1-, V4-,

V7- and V8-containing transcripts in postnatal hepatocytes may account for the 6-fold

increase in total hGHR mRNA isoforms we have observed in postnatal relative to fetal

liver (20).

In summary, portions of the hGHR gene promoter regions have been c10ned and

characterized, and the V7, VI, V4 and V8 sequences have been precisely mapped in

series on a 3.8 kb XbaI-BsaAI genomic fragment. A transcriptional start site upstream

of VI has been idenlified and evidence is provided for additional rnRNA isoforms

extending upstream of VI to include V7 and the 5' flanking region to V7. These data

suggest that the heterogeneity of the 5'UTR of hGHR mRNAs is regulated by differential

promoter usage and splicing, and that the tissue-, developmental- and tumour-specific VI

and V4 mRNA expression profiles are due, at least in part, to transcriptional regulation .
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4.6. Materials and Methods.

4.6.1. Tissues.

Human fetal tissues were obtained following therapeutic abortion (n=9; 10-16.5

wk FA). Fetal age was determined by foot length (40). Postnatal specimens were

collected at the lime of surgery (n =20; 6 months - 84 yr) or within 4-10 h following

removal of the liver organs for transplant into pediatrie patients (n =5; 11-62 years).

Specimens were flash-frozen in dry-ice acetone and stored at -70°C until subsequent total

RNA isolation using the guanidine thiocyanate/CsCI gradient method (41) and treatment

with deoxyribonuclease 1 (DNAse 1; Pharmacia Biotech, Baie D'Urfé, Québec, Canada).

Normal human genomic leukocyte DNA samples (n =6) were prepared using the

proteinase K-SOS method (42). Protocols for obtaining human tissues and blood samples

were approved by local ethics committees and informed consent obtained.

4.6.2. Screening of a human genomic À DASH Iibrary.

One million independent clones of a human lymphocyte genomic À DASH library

(Stratagene, La Jolla, CA) were screened with the 5A e2P]-endlabelled VI-specifie

oiigonucleotide probe (Table 4.1), using methods previously reported (43). Membranes

received a final wash at 55°C with 1% (w/v) SOS, 40 mM sodium phosphate (pH 6.8)

and 1 mM EDTA. After autoradiography, positive clones were subjected to two more

rounds of plaque purification and phage DNA was isolated using the plate lysate method

(44) .
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4.6.3. Restriction Enzyme Mapping Analysis•

Recombinant phage DNA was digested with combinations of SalI, XbaI, HindIII,

EcoRI and BamHI. Southern blots were probed with the e2P]-endlabelled 5A

oligonucleotide (Table 4.1) under the same conditions used for genomic library

screening. A 2.0 kb XbaI/BamHI VI-containing À phage DNA fragment was subcloned

into the SK- Bluescript vector (Stratagene) and sequenced using an ALF automated

system (pharmacia Biotech) located at the Sheldon Biotechnology Centre of McGill

University. Genomic DNA was digested with the same restriction enzyme combinations

used for the recombinant phage clones. The EcoRI/BamHI recombinant phage DNA

fragment (Probe l, Figure 2A) was random primer labelled with e2p]-dCTP and used

to probe the genomic blots.

4.6.4. PCR cloning of the hGHR gene from genomic DNA.

Five hundred ng of human genomic DNA were amplified using 0.3 #-LM of

overlapping IzGHR primer combinations (Table 4.1 and Figure 4.2B), 0.5 mM

deoxyribonucleotides (dNTPs; Pharmacia Biotech), 22.5 mM MgCI 2 , 2.5 U Taq/PWO

polymerase mix (Boehringer Mannheim, Laval, Québec, Canada) and 1 x Expand Long

Template PCR System Buffer #3 (Boehringer Mannheim). The reactions were heated at

92°C for 2 min, cyc1ed 30 times for 10 sec at 92°C, 30 sec at 61°C and 2 min at 68°C,

and terminated with a final elongation of 5 min at 68°C. The 4S-8A (2041 bp) amplified

fragments were inserted into the PGEM-T TA cIoning vector (Promega, Madison, WI)

and sequenced .
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4.6.5. RT-PCR and PCR analyses.

Five /-Lg of total RNA were heated at 7crC for 5 min and then reverse transcribed

for 1 h at 48°C with 2.5 U Avian Myeloblastosis Virus Reverse Transcriptase (AMV-RT;

Life Technologies), 80 U RNAsin (Promega), 0.6 J-tM of the appropriate antisense hGHR

primer (Table 4.1 and Figure 4.28), 0.48 mM dNTPs, 10 mM lVlgCl2 , 10 mM

dithiothreitol (DIT), 100 mM Tris-HCI (pH 8.3) and 50 mM KCl. The AMV-RT was

denatured by heating the RT product for 5 min at 98°C. A paraUe1 RT reaction was run

in the absence of AMV-RT to control for genomic DNA contamination. 6 J-tl of RT

product or 500 ng of DNA (human genomic or À phage) were amplified for 25 cycles

in 2.5 U Taq DNA polymerase (Life Technologies), 0.5 mM dNTPs, 0.25 /-LM hGHR

sense and antisense primers (Table 4.1 and Figure 4.2B), 3 mM MgCh, 20 mM Tris­

HCI (pH 8.4), 50 mM KCI and 7% DMSO. The tirst cycle consisted of 3 min at 92°C,

1 min at 61°C and 3 min at 72°C. Subsequent cycles were 30 sec al 92°C, 1 min al 61°C

and 1.5 min at 72°C. The reaction was terminated with a final elongation of 5 min at

72"C. The internal V4 standard was generated using the PCR method of Jin el al (45).

4.6.7. Southern blotting analysis of PCR products.

PCR products were resolved on 1-2 % agarose gels and transferred to 0.45 JLm

positively charged nylon membranes (Schleicher & Schuell, Keene, NH). Blots were

prehybridized for 3 h at 42°C in 6xSSPE, 1% (w/v) SDS, 10 x Denhardt's and 0.15

mg/ml denatured salmon sperm DNA (Sigma Chemicals, St. Louis, MO). Relative

volumes of the prehybridization and hybridization solutions were 100 JLI per cm2 of
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membrane. Hybridization was carried out overnight at a temperature (T.J SoC lower than

the melting temperature of the hybrid formed between the probe and its complementary

nucleic acid sequence. The hybridisation solution contained 6xSSPE, 1% SOS, 0.1

mg/ml denatured salmon sperm ONA and 0.4 nCi/ml of endlabelled probe (Table 4.1)

per cm2 of nylon membrane. Blots were washed twice for 10 min at TH with

6xSSPE/1 %SOS and once for 10 min at TH minus SoC with 2xSSPEIl %(w/v) SDS.

Bands were visualized by autoradiography following 3-24 h exposure to Kodak XAR-S

film using two intensifying screens.

4.6.8. Ribonuclease (R1~ase) protection analysis.

Riboprobes (Figures 4.3 and 4.4) were synthesized by ill vitro transcription of 1

f1.g of the appropriate Iinearized plasmid for 1 h at 37°C with 30 U TI polymerase (Life

Technologies), SO ,uCi a-32P-UTP (IeN Pharmaceuticals Canada Ltd., Montreal, QC),

50 nM GTP (Promega), 1.5 mM ATP/CTP/GTP mix (Promega), 5 nM OTT, 20 U

RNAsin, 40 mM Tris (pH S), 10 mM MgCI2, 1 mM spermidine-HCI and 25 mM NaCI.

The DNA template was digested for lS min at 37°C with 10 U of DNase 1 and the

riboprobes purified by ethanol precipitation. For each RNase protection reaction, 0.7 ,uCi

of purified riboprobe were ethanol precipitated with 200 ,ug of human postnatal liver total

RNA or yeast tRNA (Life Technologies), and then resuspended in SO ,ul of hybridization

buffer (SO% formamide, 8 mM PIPES (pH 6.4), SO mM NaCl and 200 mM EDTA (pH

8». The hybridization solution was heated for 10 min at 85°C and then incubated for 18

h at 45°C. Following hybridization, one-eighth of the reaction was ethanol precipitated .
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The remaining solution was digested for 1 h at 3JOC with 60 U/ml of TI RNase (Life

Technologies), 60 mM sodium acetate (pH 4.4), 120 mM NaCI and 12 mM EDTA (pH

8). Double-stranded RNA was precipitated at room temperature with isopropanol. 80th

TI RNase-treated and -untreated samples were resuspended in water, heated for 5 min

al 95°C and separated on a 5 % acrylamide/7 M urea gel. The TI RNase-untreated sample

was run in parallel to check the integrity of the riboprobe. The dried gel was

autoradiographed for 2 weeks at -7frC with two intensifying screens.

.
4.6.9. Primer extension analysis.

Ten picomoles of primer (Table 4.1 and Figure 4.5A) were endlabelled for 1 h

at 37°C with [,_32]-ATP (ICN Pharmaceuticals Canada) using T.~ polynucleotide kinase

(Life Technologies). Fifty p,g of human postnatal liver total RNA or yeast tRNA were

heated for 10 min at 7fY>C before allowing 1 pmol (1.5 p,Ci) of endlabelled primer to

anneal al 55°C for 90 min in 150 mrvl KCI, 10 mM Tris (pH 8.3) and 1 mM EDTA.

Subsequently, 30 JLl of reaction buffer (30 mM Tris pH 8.3, 15 mM MgCI2, 8 mM DTT,

225 /Lg/ml actinomycin D (Sigma Chemical Co.), 220 /LM dNTPs and 2.5 U AMV-RT)

were added to the 15 p,l hybridization solution and the RNA was reverse transcribed for

1 h al 48°C. The AMV-RT was inactivated by incubating the reaction for 5 min at 98°C

and the RNA was digested with 20 p,g/ml RNase A (Life Technologies) for 15 min at

37°C. The primer extension products were purified by phenol:chloroform (24: 1)

extraction and ethanol precipitation, resuspended in water, heated for 5 min at 95°C and

resolved on a 5% acrylamide/7 M urea gel. The dried gel was autoradiographed for 24
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h al -70°C using two intensifying screens.
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APPENDIX 2 - ADDITIONAL RESULTS FROM 'l'HE CLONING OF

5' REGULATOR YREGIONS OF THE HUMAN GROWTH HORMONE

RECEPTOR GENE

APP2.1. Summary.

Previous results have demonstrated that the VI and V4 hGHR mRNA isoforms

follow a similar expression profile that is distinct from that of V3 transcripts. Based on

these o~servations, we hypothesized that transcription of V1 and V4 mRNAs is regulated

3by a common promoter, while V3 mRNA synthesis is driven by a different gene

regulatory region. In fact, Chapter 4 provides evidence to suggest that V1 and V4

transcripts are derived by alternative splicing of a cammon gene transcript. To further

investigate our hypothesis, we mapped the V3 sequence to recombinant clones containing

portions of human genomic DNA. One million independent clones of a human

lymphocyte genomic À DASH library (Stratagene, La Jolla, CA) were screened,

according to the procedures listed in Chapter 4, using a V3-specific antisense

oligonucleotide (5' ACC TIT eTC TOT CCC TTC CAA GGT CTC CT 3'). Three

overlapping recombinant clones, with insert sizes ranging From 16 to 20 kb, were

identified (data not shawn). Southern blot analysis revealed that these recombinant clones

did not contain overlapping sequences with the Vl-encompassing 3.8 kb genomic

fragment that we recently characterized (Chapter 4 and data not shown). Thus, using this

approach we were not able to construct a continuous physical map of the 5' regions of

the hGHR gene. However, a 4.3 kb HindlII-Xbal restriction fragment of the À/V3.03
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• clone that hybridized with the V3-specific oligonucleotide (data not shown) was

subcloned and analysed.

Nucleotide sequencing permitted the precise mapping of the V2 and V3 sequences

to the 4.3 kb HindIII-XbaI genomic fragment (Figures A2.1 and A2.2). In addition to

the V2 cDNA that was cloned by 5'RACE (252), a transcript that includes the V2

sequence but that extends further upstream has also been isolated from a placental cDNA

library (247). The overlapping regions of the V2 and placenta] 5'UTR variants are

indicated in figures A2.i and A2.2.

Previously, Pekhletsky et al identified three V3 subvariants (V3a, V3b and V3c)

in adult liver by 5'RACE (252), which are thought to arise from alternative splicing of

a single gene transcript. Subvariants V3a and V3b differ in their 5'ends, whereas V3c

contains an internaI deletion. In the present study, although the common 5' end of the

V3 subvariants was successfully mapped to the 4.3 kb HindIII-XbaI genomic fragment,

the corresponding DNA regions for V3b-specific sequence were not present within the

clone (data not shown). Southern blot analysis, using a V3b-specific sense oligonucleotide

probe (5' CAG ACG CAG GAG AAT TGC TAA CTA GT 3'), revealed that none of

the three overlapping recombinant clones - isolated using the common probe for ail V3

variants - contained the unique V3b sequence (data not shown). In addition, we were

unable to amplify V3b transcripts from liver RNA by RT-PCR using the V3b-specific

sense primer and an antisense primer within exon 2 (5' GAA CCT CAT CTG Tce AGT

GGC AT 3'). Together, these data suggest that the V3b subvariant reported by

•
Pekhletsky et al may have been a cloning artifact. Il should be noted that, since the initial
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Fig. A2.1. Physical map of hunlan DNA encoding the V3-containing portion of the

lzGHR gene. Restriction sites for HindIII (H) and XbaI (X) are shown. The broken

horizontal line refers to the downstream JzGHR genomic structure that has not yet been

cloned and, therefore, the precise mapping of the downstream V3 exon is not yet

possible. The sequence at 2271-2318 bp is common to both the V3a and V3c variants,

while the V3a-specific sequence lies downstream. Boxes indicate the positions of the

placentaI 5'UTR, V2 and V3 cDNA sequences within the genomic DNA. The portion

of the placentaI 5'UTR extending upstream of V2 is shaded. Characterized splicing

patterns (v-shaped Iower lines) are indicated. The different 5'UTRs converge al -Il bp

from the start site of translation in exon 2.
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Fig. A2.2. Nucleotide sequence of the 4255 bp genomic DNA fragment encompassing

the placental 5'UTR, V2 and partial V3 sequences (in bold). Crosses mark the

beginning of the three 5'UTR sequences previously identified by cDNA cloning. Splice

donor dinucleotide GT sites at the 3' ends of the V2 and at the alternative splice site of

V3 are indicated. The TSSG-predicted transcription start sites (arrows) and a TATA

motif (boxed) proximal to the V3 sequence are indicated. Putative transactivator response

elements (AP-2, CCAAT, C/EBP. c-MYC, GATA, GRE, HNF-4, NF-l and SPI) in the

region immediately upstream of the predicted transcription start sites are underlined.
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AA~ATAA GTAAGTGACA TTACAA'rI'GA CCG't'CAGTAA ATAGTGGAAA CATTGCATGA CTAGCT;crc CT'l"CAGATCT
GAGACAACCT GGAGCTAGAT 'l''T'TTGTACTC TCTACTCAGA AAAGCATATA G'I'GAC't"'I'GCG ~~TGCT G:-ACAAAMT• G.;CATGCT"l";.. TGCACAAcrT TAACTTrCTG CAACACTTI"l' ACAAC'I"TC1"r GTOAATCAAG TAGGCAG-:>GC ':CG=nTTI"GA
CAGATGAGCT ATG'I"CCAGCG TCAGGCAGAG T"I"AAAACCCT T'I'TCCTGGCT CAGGAAcrt'C AGGCrGac;.-- ':"G"rGrCTGCT
CTCCCTGCAT CCcrGrCCTC TAGCAGATAC crcTCTG...--rA ACATGC'rGAG TGTCC'M'GGT AAAT":ACTCA :- ...:rc reIG!'
CTCCGTCTIC TAACcrCCAC AATAAAGTCC TTCGTAGTTT TAACTA'I'CTT T"I"CACTG'rGC CCCAG7GAC;C ;"'~;"'G'I"T'I'CG

A;"'CTIGATTG T'rG;''!'GGAAA GGCAATA'!"IT GGATGGGCTA A.'::ACGCTTT CCAAGGTATC TCGCTG;..TCT 7::crC'I'C;"TT
CCTCG.~G;"TA GCTA.;CCTTT T'rGTAAGTG7 TICTT'l"GAGT CTGTGGACTG CACTTAACGC TCTI'G"I'AGC7 CC"rG'_ l • I_A

GATA
TTTGG;";CCG GCAGGCGGAG AGGA.~GGAAG TGTATTGCAA CTACCAATAT TT'rCCTCTAG GAGGAGCCGC GJ..G-..--rc~- -HNF·4 PL,c:enl:1I c·MYC

S'UTR?
TGAG;"'~G.;'C ;"CGCACCA.:;'C TCCAG...--rcCT CGJ:CGGGAAG ACTTCATCCC AGCAACTCGG AA7G__ h.GC

CC~A-NF-1 SP1

CTCGCCCTCT CCGCAGCAGT TCTCGAACTG CCCTCCT'1'GA ACcr:cCGCTT CGCCTTCGCT TCTGCAACCT GGATCTGGCG
GACTGCGGCC CAGGCGCGGC GTGACCCTGG 'l'GAACGGTOO CCGCCT'rT'l'C CCACCCCTGC CCTCCCATCC TCCCTTCCCG
TT-rCACCCCG CCCCCTCTcr CCTCCCCAAG CCTGACAGCC CGCGAGC'rGC CAAGCAGCGC GCAGCATGGC AAGAGGAGGA

SP1
~

V2
ç.

GCGCTAGGGA GCCGCGCCGG CGGCGGCAGC CGCACCAGCA GCTGCTACAG TGGCGCTGCC GGCGGCGGCT GC':'GCTGAGC
CCCCCCCCCG GCGGGCACCC CCGGCTGGCG CCACGCGCCC CGGACGCCCG GCACCAT'l'GC CCCCAGCCCA GACGCCAACC
CGCCCTC~ CATCAGAGGC GAAGCTCGCC AGG!'ACTGGA G'l'GGGGGCrc CSGGCAGTCT GGÇTITAT7!" -:::CTCcrc;r-;
G:'jCCAGGGG GCcrGA~'"T GAACCCTGGG Al.TC.. ,;GTrC 'l'TTATGN\.~ CGGGAGGATC TG'CTI'ATA:' AT:":';'CACGG
A7A.~~ ATICCGG;'TG ACLTGc...~ G::TCCCCTCC TCCTTGCGAA GAAG.TG! Il TC:"C·==GG~ G~G7A

;;'=CCA.~':C":;'" GTG:'GTG7GT GTGTGTG"I'G7 GTGTGTGTGT GTGTGTGTGT ~:"GT... l'Cr GG.;';~G1' C.;~:;CCGVCA

SP1
C':;GAGTTGCC GXGACACAC GAACCATCAC AcrcrCCCG"! C':'GCTCTGGC CCGCGAGTAC TGTACG"rGG.;' G:;'~:;TTTACT

CCGG.;GACAG TITTG'rTn.~; GTCATAAAAG T'!T"I"GCTAGi' CTGTTTCTGT TTGCCATCAT C':'GCC"rGG':7 G:::;::;CAGGAA

NF-1
CTGCGA.:"CCC CT~-rGCTGT TGCGCGGGGA AGA.:"TCCCCG GCACCCCGAC TGC';GAGACT cv.-JG.~GG7CG .;:;.:7GTCCGC

AP·2

GTGGA.·~';'C';G CGCGC';~Ac.= CCGGcrCCTT TTGCGCGL'T'l' GTGCGGOCCC CAGCCCC;'CG T7GGC;"CCGA. ":' 3GA.;CTGGG- -GRE GRE NF·1

G7CA~nG.;G TG;"CA~C CAGTCCGCA:- G.;';-:TGGGGT AA:nGGAAAT TGTG"''''<:GACC CG.:":CTCCCC C_~~_.L l l r~

NF-1 GRE
C;"CAt:::7AG7G G7:"G":';..;..;v.T CA.;..=CAGGCT TAAAG':'T'I"rG ACAGAACTGC ~GCF...c w~CA';''!'GG G·:;:'C-GCCCCG

GRE GRE
7V:--=TAGGGA G.:"GGGCGCTG CCcr",cGCAGA c;.:;C7CCGGGG CAGGG(:ACT'r GCCAGTGCGT GG·j.:t;...;..~C7 ;::7":GGGGCG- -GRE r- HNF-4

AP-2

;"G7c\::l::-7TAT ;"'T;"7;I::;~cC:G AGGGGATGCC TG::-TGAGACC GA~cr..cGW GGCTCTCGGT cr~-:G:;G(;.; C7:;7G7GTCC

7~;;';TG.;GTG T,;CC-r(ï:'GCG CTGTGTGTGC GCGCGCGAGT cr:-CCGCCTGC GGAGGCGTG7 C::;~~C7G.:'" C::C;'IjT;'GGG

V3
<jo

':"G7GC.;GCfj'T GG.:'.AG':'.GGCC ACA'JAGGTGC CGCCTGTCTG TTTGTGCCGC CAGGAGACCT TCGAAGGGAC AGAGAMG~

;"';CGGAAGGC CAAAG7G7'!G CCAr.GTCAC'; GTAGTTTCTG CATAGGATIA AGTATTAAw CC1r1".~;AT ;_:..:c:TAAACG
CA7TGCCC7G AG:'GCCTCAG GACTGGA.:"':'.G TGAIj~G GCNAGTTCTC AGGACAACTG CA-:G'~A:;G(; CG:'TIGGGAG
CTCT';';CGGA TGTGTA-;'!';"-:- GTGTGAGTAC ';G.:..AC"l'TCGG ';GACAGACAC AGGTTGG.;GC T;,.w;'_;7'!7G r_:'_;!'T'l7CAG

GG7CC'i"G::TG TCCACAGTCC AGGGACTGGC 7~:;'"ITTC';CA GGTATTCAGG C7CCCTGGTC TC7GTGCCTG G:;.;';CACACT
C';TCTT'!"TCT T(;CAGA':ATG CC;';:.;TIGTC C::::A(;GTCAGG CTCTG7'I'TCC TGAGCnACTG G7G77CCAGG c-:.;':iT'I"I'CCA
CCTC;_;TCAC CCTAG.:..AGTG Tcrl.I.ICT CATGATAA..:...:: GTTGAAACCT ITCCAGAMT T;"'..:"';;"TG:~ C.;7;"~.;;";'CA

hr_;TTCATGC AGCAGAC;'.c;..3 ATICTIGATT CTA.'1"TT'ATTC AGTGhTTCGG AGCTCT!'TTT CC7':"1'TGA':iA A.:";~AAAGJ:

T':AGTGTI7C CAGATTAGAJ: TTCAAGGAGT CT":CAGCTAT CT';CAGCTTC CCTTCTGGGC C7'nGGA'i"CC AJ:TG-~AACG

;'TGTG7T1'TG GCCCTAAAGA CCTTTCGAAG A:::';TCATGTG TAG-..""T'I"AAAC AGGTTG"!'CCC GTC"rCTCATC ATCTICT7CC
;"CCCT7ATAA AC .. .l.1J. .. GTT TIGeATInAT CTAAGGAAAG T'l"GGTG7G"I'C AACA'IlTAGC ~.;. • .:. ... lJ.J.AT 7::;'::.;GTAA.;'~

;"T;"T~ACAGT GAAATT';TAG TIATGGTCTC CTGAACCCCA TGGAAACCCA 1.CACTTAATG GGCnA.;Gv-rG 7G::-",,:'_;TG';";;"
GT1..""7AT AAA":' GC';';TG;'CAA AGTG';CGAGA TGAGTGCATT Cl IlllICAA AATGAACATA ';C7G7GCTCA C.:'_~;';AT7LG

77"!'7AGCCAG GCTT7(;GGCC C';.GIIIrIr ATTATIAGTT TTT';';ACACC ACAC7CCACA TC;·:r;:";ACCA C7T7AAAATG
G';T;'CTAGAG GCCTCCTGTA TGCT;'TCTCT CGCGCCTGCT TAAACACATG TTTACAGTGC ITW7MCcr :"7GXAT1"GT
C;'TGTTG;'GT ATCTTGTT';G crCAGGA.CAT AA7GL'T'l'ATA GCATAATATA ATAA:-.TGGAG CCACA':iTIGC r:::':G:'GCTrC
TICCAAGTGC ATGAA':iCAAA TCTIGCAGCA G~G;";";"CnAA TCTTGCAGTT GG'l"CCAACTT GGcrAGCCTI' C77TGGCT';T
C;:CCTGGTGA GCAATGTTnA TGTAAAGATA ,;.;TGTGAGTG ACCTAGTGAG AAAGTGGGAC AGT';';';'TTGT TIA:iCTTAGT
C;'.AAA.v...CCA TGG;'TIATGT 'l'TTTTAAATC TCCTAACCTG AAGATTACAC "t"l'CTCAGGTC GTACCACTG:; C~_:';"TTGCA::::

AJ..,CTATGG,JA ATTTGGTT"!'G CT7T'TAAAGA CCAAT:"I'TTA A.\AAGTATGT CAGTAATGAA A.:"TA.~C'!Tn.T A.....-rcTTAAT
G7GTTT;"':"GT GTGTCCATA::: ;"';GJ:CAATAC TITTTCT'I'CT 'l'TAAAAAGAA CCCTATAATT TC7G'!'GGTAA 'TA'!"I'TAAAT
hTTA":'CA':iCA 'M'C~.AATCTC CT';';TCACCT TI'TCAATeTI' CAATTGATAA GAATCGAAGT T'I"wTAAGAC ':'GG;'::;T::ATC
CCTCAGCCAA 'M'CTGTIlu\AC AAGA':AGTAC AGAATCTCTT TCTGGCAAGT MI Ir ri r tC AACCTCAAAC A:;';-":AATATA
A';TAATATGT CCCA'!'AAnAG AATTACTTAA GATCATAATI ACTTTAGAGG TAATTATCTC G':"~ATGAAC C7CTAl'CTGT
Ga;Ar';'"TGG7C TAGTCTATCT CTTATIGGAA ATAATCAGTT GGAAATCTCC CtI ... tCATT GGTCAGTCCA .TC:'ACGAAA

• GATICATTTC TAC;'
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cloning of the V3 subvariants, ail V3 RT-PCR expression studies carried out in our

laboratory as weil as by others were designed in a manner that could not distinguish

between V3a and V3b transcripts.

As shown in figure A2.2, a GT dinuc1eotide splice donor site is located at the 3'

end of the mapped V3 sequence. This, together with the nucleotide sequences of the

cIoned V3a and V3c subvariants, suggests that splicing at this position cao have two

possible outcomes: 1) V3c transcripts can form by linking the sequence upstream of the

GT donor site to -11 nucleotides from the AUG translational start site in exon 2 (Figure

A2.1); '2) however, through alternative splicing, the region 5' to the GT splice donor

site can also aquire additional intervening V3 sequences before connecting to the common

site in exon 2 upstream from the AUG codon, resulting in the V3a subvariant (Figure

A2.I).

Computer analysis of the 4.3 kb HindIII-XbaI DNA fragment, using the TSSG

(307) and Signal Scan (308) software programs with the Transfac version 2.5 database,

revealed several mammalian transactivator recognition sites (AP-2, CCAAT, C/EBP, c­

MYe, GATA, GRE, HNF-4, NF-I and SPI), and predicted two transcriptional start sites

within the DNA sequence (Figure A2.2). The first start site is immediately upstream of

the V2 sequence and is predicted to be driven by a GC-rich promoter (Figure A2.2).

However, if this site is, in fact, biologically active, there must be multiple promoters

regulating V2 expression since the placental 5'UTR extends further upstream of this

transcriptional start site. The other TSSG-predicted star! site is located just upstream of

the V3 sequence (Figure A2.2) and has a proximal TATA box.
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This preliminary characterization of genomic DNA encompassing V3 sequences

supports the hypothesis that V3 and VlIV4 expression patterns are regulated by different

gene promoters. It also suggests that there are at least two promoters driving synthesis

of V2 transcripts. Future studies will have to verify the integrity of the 4.3 kb HindIII­

Xbal genomic fragment by Southern blot analysis of human genomic DNA and test the

TSSG-predicted start sites experimentally, as was done for the characterization of the V 1­

containing portion of the hGHR gene. In addition, a continous map of the hGHR gene

regulatory regions will have to be constructed. To this end, we have screened by PCR,

using V 1- and V3-specific primers and protocols developed by Dr. Tom Hudson's

laboratory (McGill University), BAC (309) and PAC (310) human genomic libraries. The

PCR primers specifie for VI- (sense, 5' AGA TIG AGA ATG ACT GAT TIG GGA

G 3'; antisense, 5' GTT TCC TCC AGG CTT TAT ATC AAG AAC TTI 3') and V3­

(sense, 5' GGA GAC CTT GGA AGG GAC AGA G 3'; antisense, 5' CAG AGC CTG

ACe TGC CAC AAT A 3') encompassing genomic DNA regions were designed based

on the V 1- and V3-containing genomic sequences that were obtained by analysis of À

DASH recombinants. A BAC clone, BAC/hGHR. VI. V3, positive for both the V1 and

V3 sequences as well as a PAC recombinant, PAC/hGHR. V3, encompassing V3 DNA,

were isolated (data not shown). Southern blot analysis has confirmed that the

BAC/hGHR. VI. V3 clone contains VI as weIl as V3 sequences and has predicted an

insert size of > 100 kb (data not shawn). The advantage of working with BAC

(pBeloBACII) and PAC (pCYPAC2) vectors is not only that they can hold inserts of 50­

150 kb, but also that they are designed to minimize insert recombination. Therefore, it

248



•

•

is highly likely that characterization of the BAC/hGHR.VI.V3 and PAC/GHR. V3 clones

will provide a complete and accurate physical map of the hGHR gene regulatory regions.
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5.1. Preface.

Studies presented in the preceding chapters revealed that the regulatory regions

of the GHR gene as weIl as the onset of GHR rnRNA during development are

substantially different in the human versus subprimates. These data suggest that a primate

animal model might be a more appropriate test system in which to study regulation of

human GHR gene expression during development. To investigate this, an RT-PCR

approach, using human-specific primers, was employed to clone VI, V3 and V4 GHR

cDNA homologues from postnatal baboon liver. A cocktail of DNA polymerases,

containihg a DNA "proof-reading" enzyme, was used to minimize the chance of PCR

amplification errors. In addition, the integrity of the reported cDNA nucleotide sequences

was confirmed by analyzing three independent recombinant clones. RT-PCR

methodology, which permitted the precise sizing of the amplified fragments, was then

used to characterize ontogenic- and tissue-specifie expression of the three baboon 5'UTR

isoforms. Southern blot analysis confirmed the identity of the PCR products.
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5.2. Abstract•

Baboon growth hormone receptor (GHR) cDNAs were c10ned from postnatalliver

by RT-PCR, using hGHR-specific primers. The encoded baboon GHR precursor protein

has an identical signa! peptide sequence to that of human and rhesus monkey GHRs, and

the mature baboon GHR is also 620 amino acids long with 95 % and 9S.5 % amino acid

identity to the human and rhesus monkey receptors, respectively. Previous studies in the

human have identified eight 5' untranslated region (S'UTR) variants of the GHR mRNA

(V 1 to VS, numbered according to their relative abundance). We cloned the baboon VI,

V3 and· V4 homologues by RT-PCR; these variants have a high degree (> 92 %) of

sequence identity with their human counterparts and also diverge at an identical point,

12 nucleotides upstream of the start of translation. The expression pattern of these three

GHR mRNA isoforms in baboon liver during development was characterized. Strong

expression ofbaboon VI and V4 was evident by 49 days ofpostnatallife (n=5, 49 days

& aduIt (18.6-19.6 kg»; very low leveIs of VI, but not V4, were observed in younger

animaIs (n=2, 6 & 30 days). In contrast, V3 5'UTR variant mRNA was present in aIl

fetaI (n=4, 141-155 days gestation) and postnatal (n=7, 6-19.6 days & adult [18.6 kg])

hepatie specimens examined. Analysis of postnatal kidney and lung (n =2, 19 & 19.6 kg)

revealed that V3 transcripts are present in these tissues, but not V1 and V4. Together,

these data demonstrate that, as in the human, baboon V1 and V4 expression is

developmentally regulated and tissue-specifie, while the V3 isoform is more widely

expressed. Therefore, it is likely that the regulatory regions of the baboon and human

GHR genes are weIl conserved. Our findings suggest that the baboon is an appropriate
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animal model in which ta define the mechanisms regulating GHR gene transcription

during primate development.
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5.3. Introduction•

The growth hormone receptor (GHR) mediates multiple metabolic as weIl as

growth-promoting effects in skeletal and soft tissues: expression of functional GHRs is

crucial for normal postnatal marnmalian growth and metabolic homeostasis (1). However,

the physiologieal significance of the GHR during fetal development is poorly understood

(2,3). Ontogenie studies in subprimates (rodent, sheep, cow, rabbit and pig) show that

significant onset of GHR rnRNA and protein synthesis occurs only after birth (4-7). In

contrast, we have demonstrated that, in the human, GHR rnRNA is widely expressed

from the first trimester of fetal life (8). In addition, GHR immunostaining has been

identified in human tissues as early as 8.5 weeks of fetal age and, by midgestation, the

tissue distribution of the GHR is often identieal to that found in the adult (9,10).

Therefore, significant GHR mRNA and protein synthesis appears to begin earlier in

human development than in lower species.

The diversity of the 5' untranslated region (S' UTR) of GHR mRNA in the human

(11,12), ovine (13,14), bovine (15) and rodent (16,17) has suggested that, in aIl species,

multiple promoter regions may regulate transcription of the GHR gene. In the human,

eight different S' UTR variants, numbered Vito VS according to their relative

abundance, have been cloned from adult liver by 5' rapid amplification of cDNA ends

(5' RACE) (lI). Ali eight variants have distinct nucleotide sequences and only converge

at -Il nucleotides prior to the start site of translation in exon 2. We have recently

demonstrated that expression of two of these variants, V1 and V4, is tissue- and tumour­

specifie as weIl as developmentally regulated: VI and V4 were only detected in postnatal
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liver, and were of very low abundance in hepatoblastomas and hepatocellular carcinomas

(12,18). In contrast, V3 GHR mRNA transcripts were expressed in all tissues examined,

from as early as 10 weeks of fetal age (18). Our subsequent studies have mapped the VI

and V4 sequences to the same region in the human GHR gene and revealed that their

transcription is regulated by a common promoter (12). The V3 sequence has been

localized to a distinct genomic region and preliminary studies have suggested that it is

transcribed From a unique start site (Zogopoulos, G., Goodyer, C.G. and Hendy, G.N.,

unpublished data).

Comparison of the 5' ends of the human (12) and subprimate (13-17) GHR genes

has shown that the architecture of the human gene is a composite of the regulatory

regions of lower species. These data suggest that subprimates may not be the best models

for studying regulation of human GHR gene expression. We have hypothesized that

another primate may be a more appropriate test system. In the present study, human

GHR-specific primers were used to clone baboon GHR cDNAs by RT-PCR from

postnatal baboon liver total RNA. Nucleotide sequencing of multiple baboon cDNA

clones revealed that the baboon GHR has a high level of sequence identity with the

human (95%) and rhesus monkey (98.5%) GHRs (present data, 19,20). VI, V3 and V4

homologues were also c10ned by RT-PCR from postnatal baboon liver. Subsequent semi­

quantitative RT-PCR and Southern blotting analysis showed that, as in the human,

baboon V 1 and V4 GHR mRNA expression is developmentally regulated and tissue­

specifie, whereas V3 is widely expressed in fetal and postnatal tissues. Therefore, it is

likely that the regulatory regions in the baboon and human GHR genes are well

255



•

•

conserved, resulting in similar GUR mRNA regulation in the two species. These data

suggest that the baboon is an appropriate animal model in which to study GHR rnRNA

expression during primate development.
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5.4. Materials and Methods•

5.4. t. Tissues.

Fetal and postnatal baboon tissues were obtained immediately after the animais

were euthanized (n =8, 141 days gestation to adult). Those animaIs that were wild caught

have been identified by weight at the time of study since their ages were unknown. The

human postnatal liver specimen (transplant donor age = 43 years (yr» was collected 5

h following death. Specimens were flash-frozen in dry-ice acetone and stored at -70 oC

for RNA extraction. Total RNA was isolated using the guanidine thiocyanate/CsCI

gradient method, and treated with deoxyribonuc1ease 1 (DNAse 1; Pharmacia Biotech) to

eliminate genomic DNA contamination. Animal protocols were approved by the Cornell

University Institutional Animal Care and Use Committee; animal facilities were approved

by the American Association for the Accreditation of Laboratory Animal Care.

5.4.2. RT-PCR cloning of baboon GHR cDNAs.

Five p.g of postnatal (49 days) baboon liver total RNA were heated at 7CJ'C for

5 min and then reverse transcribed for 1 h at 48°C with 2.5 U Avian Myeloblastosis

Virus Reverse Transcriptase (AMY-RT; Life Technologies), 80 U RNAsin (Promega),

0.6 /lM of the appropriate antisense human GHR primer (Table 5.1 and Figure 5.1),0.48

mM dNTPs, 10 mM MgCI2, 10 mM dithiothreitol, 100 mM Tris-HCI (pH 8.3), and 50

mM KCI. The AMY-RT was denatured by heating the RT product for 5 min at 98°C.

ParaI leI RT reactions were run in the absence of AMV-RT to ascertain that gene

transcripts and not genomic DNA were being amplified. Six JLI of RT product were

257



•
Table 5.1. Sequences of the oligonucleotide RT-PCR primers and the internai

hybridization probe (*).

•

OligonucIeotide

15

25

35

45

lA·

2A

3A

Seguence

5' AGA TIG AGA ATG ACT GAT TIG GGA G 3'

5' GGA GAC crr GOA AGG GAC AGA G 3'

5' GAG TAG CAA AGA TGG AIT AAG TGA G 3'

5' TCA AGA ATG GAA AGA ATG CCC TG 3'

5' GAA CCT CAT CTG Tec AGT GGC AT 3'

5' AGG TAT CCA GAT GGA GGT AAA CG 3'

5' TAG AAT eCA TAC cee ATC CTG TC 3'
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Fig. S.l. Schematic representation of homologous baboon and human cDNA

isoforms. Coding exons are indicated by numbered boxes and 5'UTRs are represented

by empty boxes. The relative positions of the sense (S) and antisense (A) primers as weIl

as the internai hybridization probe (1 A-) are indicated (oligonucleotide sequences are

provided in Table 5.1). Total RNA was reverse transcribed with primer 2A, and primer

sets lS/2A, 2S/2A and 3S/2A were used to specifically amplify the VI, V3 and V4

cONAs, respectively. The remaining baboon cDNA coding region was c10ned using

primer 3A in the RT step, and the 2S/3A PCR primer combination. Broken lower fines

indicate the resulting PCR products after amplification with these sets of primers. The

V 1 and V4 internai standards, used as positive controIs in the semi-quantitative RT-PCR

assays, both generate PCR products of 382 bp.
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amplified for 30 cycles in 0.3 JLM of appropriate sense and antisense human GHR

primers (Table 1 and Figure 1), 0.5 mM deoxyribonucleotides (dNTPs; Pharmacia

Biotech), 22.5 mM MgCI2, 2.5 U Taq/PWO polymerase mix (Boehringer Mannheim),

and 1 x Expand Long Template PCR System Buffer #3 (Boehringer Mannheim). The

reaction was heated at 92°C for 2 min, cycled 30 limes for 10 s at 92°C, 30 s at 61°C

and 2 min at 68°e, and terminated with a final elongation of 5 min at 68°C. The

amplified cDNAs were inserted into the PGEM-T TA cloning vector (Promega) and three

independant clones were sequenced using a Li-Cor automated system (Li-Cor Biotech).

5.4.3. Semi-quantitative RT-PCR.

RT reactions were carried out as described above and 6 /-LI of RT product were

amplified for 25 cycles in 2.5 U Taq DNA polymerase (Life Technologies), 0.5 mM

dNTPs, 0.25 J-LM hGHR sense and antisense primers (Table 5.1 and Figure 5.1), 3 mM

MgCI2, 20 mM Tris-Hel (pH 8.4), 50 mM KCl, and 7% DMSO. The first cycle

consisted of 3 min at 92°e, 1 min at 6l oe and 3 min at 72°C. Subsequent cycles

consisted of 30 s at 92°C, 1 min at 61°C and 1.5 min at 72°C. The reaction was

terminated with a final elongation of 5 min at 72°C. The internai V1 and V4 standards

were generated using the PCR method of Jin et al (21). Under the specified conditions,

each amplification reaction was still in the exponential phase.

5.4.4. Southern blotting analysis of PCR products.

peR products were resolved on 2 % agarose gels and transferred to 0.45 #Lm
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positively charged nylon membranes (Schleicher & Schuell). Blats were prehybridized

for 3 h at 42°C in 6xSSPE, 1% (w/v) SOS, 10 x Denhardt's and 0.15 mg/ml denatured

salmon sperm DNA (Sigma Chemicals). Relative volumes of prehybridization and

hybridization solutions were 100 #-,1 per cm2 of membrane. Hybridization was carried out

ovemight at 63°C. The hybridization solution contained 6xSSPE, 1% SDS, 0.1 mg/ml

denatured salmon sperm DNA, and 0.4 nCi/ml of end-labelled probe (Table S.1 and

Figure 5.1) per cm2 of nylon membrane. Blots were washed twice for 10 min at 63°C

with 6xSSPE/l %SOS and once for 10 min at 58°C with 2xSSPE/i % (w/v) SDS. Bands

were visualized by autoradiography following 3-14 h exposure to Kodak XAR-S film

(Eastman Kodak) using two intensifying screens.

5.4.5. End-Iabelling reactions.

Approximately ISO nmol of the lA" oligonucleotide (Table 5.1 and Figure 5.1)

were end-Iabelled and purified through a Sephadex G-SO spin column (Pharmacia

Biotech). The end-Iabelling reaction was at 37°C for 1 h in 2.5 #LCifJLI of i'-32p-ATP

(reN Pharmaceuticals Canada Ltd.), 20 U of T.s polynucleotide kinase (Life

Technologies), 70 mM Tris-HCI (pH 7.6), 10 mM MgCI2 , 100 mM KCl, and 1 mM 2­

mercaptoethanol .
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s.s. Results•

S.S.1. Cloning of GHR cDNAs from baboon liver.

Using human-specific primers and the RT-peR strategy described in Figure 5. l,

the VI, V3 and V4 baboon cDNA homologues were c10ned from postnatal liver total

RNA. Nucleotide sequencing revealed that, like their human counterparts, the three

baboon 5'UTR variants diverge at -12 nuc1eotides from the start site of translation in

exon 2 (Figure 5.2). The human (11) and baboon 5'UTR homologues are highly

conserved: 96% for V 1 and 92 % for V4, while the shorter nucleotide stretch of the

baboon V3 5'UTR matches its human counterpart precisely. ft should be noted that an

additional alternatively spliced V3 isoform of longer length and lower abundance has

been identified in the human (11, 18). Evidence for the presence of this V3 subvariant

in the baboon was obtained following longer exposure of the Southern blots to X-ray film

(data not shown).

To obtain the complete baboon GHR mRNA coding sequence, a second RT-PCR,

using human-specific primers within exon 5 and the 3'UTR, was carried out. The

complete nucleotide sequence of the baboon GHR cDNA predicts a 620 amino acid

mature protein, with 95% and 98.5% amino acid sequence similarity with the human (19)

and rhesus monkey receptors (20), respectively (Figure 5.3). The characteristic features

of the GHR are aH weIl conserved in the three primates: the 18 amino acid signal

peptide, the seven cysteine residues, five potential N-glycosylation sites and YGEFS

motif of the extracellular domain, and the proline-rich Box 1 region of the cytoplasmic

tail (Figure 5.3) (22) .
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Fig. 5.2. Alignment of the baboon VI, V3 and V4 cDNA variants with their human

(11) counterparts. Stars indicate baboon nucleotides corresponding to the human-specific

GHR primers used to clone the VI, V3 and V4 cDNAs from postnatal baboon liver.

Italicized bold letters identify the Il nucleotide stretch prior to the ATG start site of

translation that is common to the three baboon and human 5'UTR variants.
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Baboon *........ * * * ............. * ................ * .... *****gaatt ttgtgaaggt ctatatatca aagcagaaag
Human agattgagaa tgactgattt gggag-g--- ---------- t--------- ----------
Baboon tccaagaagt tagagattaa tacatgccaa gttgtgacca acaaacttct gtgggatccc
Human a-------t- ---------- ---------- --g--a---- -g-------- ----------
Baboon acctccaacc cctccctgtc tgccagattt taaccaaatc agtgtgatgt gatctgcttg
Human ---------- -------c-- --t------- ---------- ---------- ----------
Baboon aatatatgag tgaaagaaaa aggaaattta aaaagttctt gatataaagc ctggaggaaa
Human c--------- ---------- ---------- ---------- ---------- ----------
Baboon caatacgaaa atccagcctc tatttcagca atatctgccg gactattgge cceacaggeA
Human ---------- ---------- ---------- ---------- ---------- ----------
Baboon TG
Human

va
Baboon
Human

V4

********** ********** ··aaagggtc ctacaggtAT G
ggagacctt9 gaagggacag ag-------- ---------- -

•

Baboon *,*,*1Ir1lr***** *******"*** *****gaagt gagaagagga taggcggcag cggggccaga
Human gagtagcaaa gatggattaa gtgag----- --------t- ----a----- -a--------

Baboon ggtgtgaata gcctggaacc ttctgagaag atccctttgt agacagaaga aaggggagat
Human ---------- --ca------ ---------- --t------- g---g----- --------g-

Baboon ttgtggaaat gctggaagat aaggtcctaca ggtATG
Human ---------- -g-------- ----------- ------



Fig. 5.3. Amino acid sequence comparison of the baboon, rhesus monkey (20) and

human (19) GHRs. Solid vertical lines mark the boundaries of the signal peptide (18

amine acids) as weIl as the extracellular (246 amino acids), transmembrane (24 amino

acids) and intracellular (350 amino acids) domains. Closed circles and stars identify

conserved cysteine residues and N-glycosylation sites, respectively. Shaded boxes show

the YGEFS and Box 1 motifs. Transparent boxes indicate differences in amino acids

amang the three species. The absence of an alignment dot between the sequences refers

ta a residue difference.
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5.5.2. Characterization of VI, V3 and V4 mRNA expression during development•

The RT-PCRlSouthern blot strategy used to characterize VI, V3 and V4 rnRNA

expression is summarized in Figure 5.1. In each analysis, aliquots from the same RT

reaction were tested for expression of each variant. V1 and V4 transcripts were of very

lo\v abundance in aIl fetai livers examined (n=4, 141-155 days gestation), and only

readily detectable in hepatic samples at and following 49 days of life (n =4, 49 days &

adult (18.6-19.6 kg» (Figure 5.4). Low levels of VI were also present in younger

postnatal animais (n=2, 6 & 30 days); V4 5'UTR variant mRNAs were not detectable

at this eàrly postnatal stage in development. There was no evidence for expression of V 1

and V4 transcripts in adult baboon kidney and lung specimens (n=2, 19 & 19.6 kg)

(Figure 5.4). In cantrast ta V1 and V4, V3 was observed in aIl fetal and postnatal

baboon livers examined, as weil as the postnatal kidney and lung tissues (Figure 5.4).

Therefore, similar to the human (12,18), baboon expression of VI and V4 GHR mRNA

transcripts is developmentally regulated and tissue-specifie, while the V3 isoform is more

widely expressed.
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Fig. 5.4. Ontogenie and tissue-specifie expression of the baboon VI, V4 and V3

5'UTR GHR ntRNA variants. Southern blots showing the expression patterns of the

GHR mRNA variants in baboon fetal liver (F-li; in days gestation) as weil as postnatal

Iiver CP-Ii; in days or kg), lung (P-Iu; in kg) and kidney (P-ki; in kg) tissues. A human

adult liver (HAL, 43 yr) specimen was run in parallei. Internal VI and V4 standards

(382 bp) served as a positive amplification control. H20 served as a negative RT-PCR

control. The sizes of the VI, V4 and V3 PCR products that were c10ned and sequenced

are indicated (in bp).
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5.6. Discussion•

Using human-specific primers, we cIoned by RT-PCR the coding exons as weIl

as portions of three 5'UTRs (VI, V2 and V4) of the baboon GHR mRNA. Nucleotide

sequencing analysis of the cDNA clones showed that the GHR is weil conserved between

the baboon, rhesus monkey (20) and human (19), with the few amino acid differences

dispersed throughout the receptor sequence. The mature GHR protein sequences of the

baboon and rhesus monkey are extremely weil conserved (98.5 %), and have a similar

degree of variation from the human (baboon 95 %, rhesus monkey 94 %) (present data,

19,20). This is consistent with the idea that these primates are equi-distant evolutionary

ancestors of the human (23).

The characteristic features of the GHR that are aIl weil conserved in the baboon

(present data), rhesus monkey (20) and human (19) include five potential N-glycosylation

sites, seven cysteine residues and the YGEFS motif of the extracellular region, as weil

as Box 1 of the cytoplasmic domaine Given that both the human and rhesus receptors are

glycosylated at several sites (19,20), it is likely that carbohydrate groups are added to the

baboon GHR at the conserved asparagine residues. The formation of two extracellular

domain disulfide bridges occurs in the GHRs of ail species studied to date, and is also

a feature of the class 1 division of the cytokine/GH/prolactin receptor superfamily (22).

Another characteristic of class 1 receptors is the presence of a WSXWS (where X is any

amino acid) motif in the transmembrane proximal region of the extracellular domain (22).

In GHRs, this motif is replaced by the related YGEFS consensus (22). Mutation or

deletion of the YGEFS domain impairs the receptor's intracellular signalling cascades
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(24). It is thought that this motif directs conformational features in the GHR that are

required for maximal biological activity of the receptor. The proline-rich Box l

cytoplasmie GHR domain consists of the ILPPVPVP amine acid consensus sequences in

the baboon as weil as in aIl mammalian receptors cloned to date (22). Box 1 is crucial

for GHR cellular responses since it is responsible for binding and activation of JAK 2

(25). Induction of JAK 2 tyrosine kinase activity is an early event in GHR intracellular

signalling cascades and is thought to mediate the majority of GHR biologie responses

(22).

Although the structural characteristics of the GHR are generally conserved among

species, the amine acid sequence identities can be as low as 70% (22). The present

cloning of the baboon GHR as weil as the recent characterization of the rhesus monkey

receptor (20) will permit comparative functional studies of primate versus subprimate

GHRs. Martini et al have already demonstrated an intriguing difference between the

monkey and rat GHRs (20). The rat GHR binds and activates the JAK 2 tyrosine kinase

only after GH-induced receptor dimerization, while the rhesus monkey receptor is

constitutively associated with the JAK 2 even though it only stimulates JAK 2 tyrosine

kinase activity after ligand binding (20, 22).

The presence of 5'UTRs highly conserved between the baboon (present data) and

human (11) GHR mRNAs suggests that the GHR gene regulatory regions will be similar

in the two primates. The 5' end of the human GHR gene has been recently characterised:

the V1 and V4 S'UTR variants are localized to the same region in the human gene and

can be generated (along with V7 and V8) by transcription from a common promoter (12),
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whereas V3 maps to a distant genomic region (with V2) and is thought to be regulated

by a different promoter (Zogopoulos, G., Goodyer, C.G. and Hendy, G.N., unpublished

data).

Investigations in subprimates have identified an ovine homologue (exon 1A) to

VI, as weil as mouse (LI) and rat (GHRI) transcripts with nucIeotide sequences similar

to the human V7 variant (lI, L3, 16, L7). Ontogenie studies have demonstrated that, like

the human or baboon VI and V4 isoforms, these subprimate transcripts are present only

in postnatal liver (present data, 12,13, L6-18). Thus, the 5' end of the GHR gene

regulating postnatal-liver specifie GHR mRNA expression in the human appears to be a

composite of the homologous ovine and rodent DNA structures (12,13,16,17). It will be

of interest to determine whether the comparable baboon GHR regulatory region is also

a composite of the subprimate genomic DNA.

The 5'UTRs of many eukaryotic mRNAs are involved in modulating translation

initiation (26). Tightly regulated genes, such as those of growth factors and proto­

oncogenes, often have S'UTRs with complex stem Ioop structures that hinder translation

initiation. Given that V1 and V4 rnRNA expression seems to be restricted to postnatal

Iiver in primates (present data, 12,18), it will be important to determine how these two

5'UTR variants influence translation relative to the widely expressed V3 variant. It is

also possible that di fferential control of fetal versus postnatal tissue expression of the

receptor results in distinct GH biological responses in utero. Not tao

surprisingly, preliminary studies have indicated that regulation of the GRR gene in

another primate, the rhesus monkey, may be similar to that in the human and baboon .
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The RT-PCR and Southem blot approach employed in the present study of the baboon

was used ta test for expression of VI, V3 and V4 transeripts in rhesus monkey liver. As

anticipated, Vi and V4 cDNAs were present in adult, but not fetaI, liver, whereas V3

was present in hepatic tissue of adult as weIl as the fetal rhesus monkey (27).

Significant levels of GHR rnRNA have been observed in a variety of human

tissues from as early as the first trimester of gestation (8), whereas ontogenie studies in

subprimates have demonstrated that GHR gene transcription begins during late fetaI life

with a rnarked onset after birth (4-7). An earlier developmental onset of GHR rnRNA

synthesis implies that regulation of the human GHR gene is different from that of the

subprimates (rodent, ovine, bovine, rabbit and pig). Although the current study focused

on characterizing the appearance of VI and V4 rnRNAs in the baboon liver, it a1so

identified significant GHR rnRNA expression in baboon hepatic tissues from the second

half of gestation. Ta further validate the baboon as a primate model for GHR gene

expression studies during development, the onset and distribution of GHR rnRNA

synthesis in fetai baboon tissues will have to be delineated in more detail.

In summary, baboon GHR cDNA isoforms have been cloned by RT-PCR from

postnatal liver. The 620 amino acid mature baboon GHR protein is very similar to the

human and rhesus monkey receptors. As in the human, expression of the baboon VI and

V4 5'UTR GHR mRNA homologues was found to be developmentally reguIated and

tissue-specifie, whereas the V3 isoform was detected in ail fetaI and postnatal tissues

examined. Together, these data suggest that the baboon is an appropriate animal model

in which to study GHR gene expression during primate development.
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CHAPI'ER 6 - GENERAL DISCUSSION

The presence of elevated fetal plasma levels of immunoreactive hGH and

functional hGHRs in multiple fetal tissues suggested a role for hGH and its receptor

during human fetal life (Chapter 1). To investigate this issue, the ontogenie pattern of

hGHR rnRNA expression was determined and the 5' regulatory regions of the hGHR

gene were cloned and characterized. These data support the hypothesis that hGH and its

receptor have a significant physiological role in early stages of human development.

hGHR mRNA was detected in aIl human tissues examined from as early as 4

weeks of gestation (Chapter 2). The ubiquitous distribution of hGHR rnRNA suggests

that the receptor is important for fetaI as weil as postnatal human development. Our

analysis also demonstrated that expression of the exon 3 retaining and deficient hGHR

rnRNA transcripts is individual-, rather than tissue-, specifie (Chapter 2). Similar studies

by Wickelgren et al have shown that this individual-specifie pattern is maintained in the

adult (311).

There are a number of possible mechanisms regulating individuaI-specifie

expression of the two hGHR mRNA isoforms, the most obvious being deletion of exon

3 within the hGHR gene. However, we demonstrated the integrity of exon 3 in genomic

DNA of fetuses expressing only the exon 3 deficient transcript. Thus, this transcript must

be the result of a splicing event rather than genomic deletion. Genetic polymorphisms

within the hGHR gene itself or within the different components of the RNA splicing

machinery (reviewed in 312), the spliceosome, could aIso explain the individuaI-specific

expression pattern. Indeed, a recent pedigree analysis of four Hutterite families has
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suggested that the ability of an individual to express one or both of these two transcripts

follows a simple type of Mendelian inheritance (313).

The eukaryotic splicing machinery precisely removes introns from precursor

RNAs with high fidelity (reviewed in 3(2). This is due to the conservation of recognition

sequences at intronic boundaries: the nucleotide sequences of aIl characterized eukaryotic

introns begin with GT (splice donor site) and end with AG (splice acceptor site). Introns

also have an internai consensus sequence, the lariat branch point, that is required for the

splicing process and is located 20-50 nucleotides upstream of the 3' splice acceptor site.

Since afterations in these conserved cis splicing elements have been shown to cause

aberrant splicing of severaI gene transcripts {e.g., mutations in the human globin genes

underlying thalassemia (314», it is possible that polymorphisms in the intronic sequences

between exons 2 and 3 of the hGHR gene regulate the individual-specific expression

pattern of the exon 3 retaining and deleted mRNA isoforms. In a recent study of ten

adults, Stallings-Mann et al found no correlation between hGHR mRNA expression

pattern and alterations in the splice donor and acceptor sites in the intron immediately

upstream of exon 3 (313). Thus, we will have to search for genetic variations in other

regions of the hGHR gene, to see if there are specific "ds-acting" DNA elements

regulating exclusion of exon 3 from the hGHR rnRNA.

The spliceosome consists of five small nuclear RNAs (snRNAs) and more than

50 proteins (reviewed in 312). It is possible that certain polymorphisms within these

components of the splicing apparatus cause the spliceosome to recognize exon 3 of the

hGHR mRNA as part of the intronic sequence and splice it out to produce the exon 3
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deficienl isoform. If such "spliceosome" polymorphisms exisl, then there are probably

other, as yel unidentified, gene transcripts that undergo alternative splicing in an

"individual-specific" manner. Expression of the exon 3 deficient GHR rnRNA isoform

has been detected only in primates (173), suggesting that the genetic factor(s) goveming

its synthesis must have arisen in the later stages of evolution.

Our ontogenie analysis revealed predominant expression of the exon 3 deficient

transcript during the early stages of human development: > 90% of the fetuses tested

expressed this mRNA prior to 9 weeks of gestation, but only - 30% of individuals

postnatally. However, due to the cross-sectional nature of the tissue samples tested, there

is the possibility of ascertainment bias in the data. To clarify this issue, we are currently

carrying out a longitudinal study in which expression of hGHR transcripts in early

gestation fetal cells (12-14 week amniotic fluid eells from amniocenteses) and in term

placental villi from the same pregnancy are being compared. We have already established

that the full-Iength and exon 3 lacking rnRNA isoforms are synthesized in an individual­

specifie pattern in amniotie fetal cells and in placental tissues, both of which are of fetaI

origin, permitting a valid comparison in these paired samples.

The developmental regulation of exon 3 deleted hGHR mRNA synthesis does not

OCCllr in aIl individuals: we and others have observed exon 3 deficient transcripts in

- 30% of postnatal subjeets. One explanation for this ontogenie variation in hGHR

mRNA expression may be, again, polymorphisms within the hGHR gene. Developmental

regulation of alternative splicing is thought to be the result of ontogenie changes in the

composition of the spliceosome (e.g., FGF receptor-l rnRNA isoforms in the mouse
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heart (315». Thus, it is possible that only sorne aIleIic variations of the hGHR gene are

compatible with particular spliceosome changes and permit developmental regulation of

exon 3 splicing, while others are insensitive to developmental changes in the splicing

apparatus. Il is equally possible that certain exon 3 deficient-producing hGHR alleles are

transcriptionally active only in early developrnent and then silenced; potential

mechanisms include methylation (316) as weil as hGHR gene polymorphisms in DNA

binding sites for developmentally regulated transcription factors. The mechanisrns

regulating individual-specific and developmental expression of the exon 3 deficient hGHR

mRNA are likely to be completely separate processes.

As discussed in Chapter 2, transfection studies have demonstrated that both the

full-Iength and exon 3 deficient hGHRs have equal ligand binding aftinities and that they

are both capable of being cleaved near the outer leaflet of the plasma membrane to yield

the hGHBP (179,180,248). However, it is not yet known whether there are any

functional differences in these two receptor isoforms. To address this question, co­

transfection studies will have to be carried out to examine the signalling cascades and

biological end-points activated by homo- and hetero-dîmer complexes of the two receptor

isoforms. In addition, the recent development of an antibody specifie for the exon 3­

containing hGHBP (317) in eombination with the ligand-mediated lmmunofunetional

~ssay (LIFA, which identifies both exon 3 retaining and deficient hGHBPs) (317a) will

now permit the determination of the relative levels of the two hGHBP isoforrns in

individuals expressing both the exon 3 retaining and defieient hGHRs; if specifie ratios

can be related to a partieular phenotype, these analyses may help us understand the
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biological significanee of the exon 3 defieient hGHR mRNAs. Finally, the availability

of fetaI (i.e., tissues obtained From theraputic abortions) and postnatal (i.e., liver donors

for pediatrie transplant) hepatic specimens and the development of a hepatocyte

purification methodology (Chapter 2) will permit functional in vitro studies of the two

hGHR mRNA isoforms in "physiologie" hGH target cells.

Two additional hGHR isoforms (hGHR-t 1 and hGHR-t2) have recently been

identified (see Chapter 1, section 1.3.7). Although these two receptors are truncated, they

both insert in the plasma membrane and have an increased capacity to be cleaved to

generatè hGHBPs (249-251). The truncated hGHRs are of interest because transfection

studies have shown that, when present in sufficient amounts, they can act as dominant

negative inhibitors of full-Iength receptor signalling cascades, presumably through the

formation of hGHR-t:hGHR heterodimer complexes (250). Our RT-PCR and Southern

blot analysis of several fetaI and postnatal tissues did not detect either of these two

transcripts. One explanation is that our technique was not sensitive enough: in most

postnatal tissues tested to date, hGHR-t 1 and hGHR-t2 rnRNAs constitute - 1% and

< 1% of total hGHR mRNA levels, respectively (249,250). In addition, expression of

the hGHR-tl transcript has been found to account for a substantial fraction

(approximately haIt) of the total hGHR mRNA levels only in mammary gland and

adipose tissues (249), tissues that we did not investigate. Given this information, it will

be important to determine whether the hGHR-tl transcript is present in fetal adipose

tissue and whether there are developmental changes in expression that may be of

functional significance. Furthermore, it is presently unknown whether the hGHR-tl and
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hGHR-t2 rnRNA isoforms exist as exon 3 deficient transcripts.

In addition to characterizing the tissue distrihlltion and ontogeny of the exon 3

retaining and deleted hGHR mRNA isoforms, the studies presented in Chapter 2 also

demonstrated significant expression of hGHR rnRNA in multiple human tissues from as

early as the third month of fetal life. A subsequent quantitative RT-PCR analysis

identified tissue-specifie developmental changes in total hGHR mRNA levels: there was

a six-fold decrease in postnatal lung, no change in intestine or kidney, and a six-fold

increase in liver that parallels a four-fold increase in [125I]hGH binding to hepatic

membra"nes (Appendix 1). Since these tissue data reflect hGHR mRNA concentrations

of aH cell-types in each tissue, in situ hybridization studies will have to be undertaken

to identify the specifie hGHR mRNA-producing ceUs that contribute to these

developmental changes. It is possible that hGHR rnRNA levels vary among the different

cell-types of the organs examined. For example, using a cell purification approach, we

have already dernonstrated that fetal hepatoeytes are actively synthesizing hGHR rnRNA,

while the progenitor blood cells of the fetal liver are not (Chapter 2). However, it is not

known whether the other fetai hepatic cells express hGHR rnRNA.

Control of gene transcription to ensure that different cell-types express the correct

level of mRNA al the appropriate developmenlal stage can be accomplished by

developmentaJ- and tissue-specifie gene promoter usage (e.g., the human IGF-2 and IGF­

1 genes) (reviewed in 261,318,319). Our data suggest that this is the ease for the hGHR

gene as weil: VI and V4 5'UTR mRNAs were found to be developmentally regulated

and tissue-specifie, while the V3 variant was readily observed in ail fetal and postnatal
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tissues tested (Chapters 3 and 4). We have demonstrated that this heterogeneity in the

5'UTR of the hGHR mRNA arises from a combination of differential promoter usage and

alternative splicing processes. The VI, V4 and V8 sequences map in series (5' VI-V4-

V8 3') to nearby regions in the hGHR gene and their transcription is regulated by a

common promoter to yield a transcript of at least 2 kb (Chapter 4) (Figure 6.1). In

addition, the V7 sequence was determined to lie immediately upstream of VI:

transcription from the, as yet unidentified, promoter(s) upstream of V7 results in a

second set of long 5'UTRs (> 3.7 kb) that encompass the V7, VI, V4 and V8

sequencès. Alternative splicing of these long traoscripts cao produce several mRNA

isoforms, including the VI, V4, V7 and V8 cDNAs that were previously isolated by

5'RACE (Figure 6.1) (252). FinaIly, the V3 as weB as the V2 sequences were localized

in series (5' V2-V3 3') to a distinct genomic region and preliminary studies suggest that

there are separate promoler regions upstream of both of the V2 and V3 genomic

sequences (Appendix 2; Figure 6.2).

Further evidence that multiple promoters are regulating hGHR gene transcription

cornes from the ovine, bovine, rabbit, mouse and rat GHR gene structures (Figures 6.1

and 6.2) (12,227-231,234,252,255). Although only transcriptional start sites for the ovine

(lA and lB) and mouse (LI) 5'UTRs have been weIl characterized to date

(227,228,230), there are substantial sequence identities in the different 5'UTR variants

amongst species (Table 6.1). It is noteworthy that expression of at least one 5'UTR

variant in each species is significantly expressed ooly in postnatal liver: human V1 and

V4, ovine and bovine exon lA, mouse LI and rat GHRI (Figure 6.1). In contrast,
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Fig. 6.1. 5' regulatory regions or the GHR gene related to liver-specifie expression

of GHR. Comparison of analogous human, ovine, bovine, rabbit, murine and rat

promoter regions and/or 5'UTRs. Exons are boxed and characterized splicing patterns

are indicated (v-shaped lower lines). A splice acceptor dinucleotide AG site is located in

the genes of the six species at -12 bp from the start site of translation (ATG). The V7,

V l, V4 and V8 sequences that have been previously cloned by 5'RACE are mapped

(broken vertical lines) within the human 5'UTR. Defined (arrows) and not yet

characterized (arrows with ?) transcriptional start sites as weIl as conserved TATA motifs

are shown. Regions with putative binding sites for transcription factors are indicated 5'

to the transcriptional start sites.
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Fig. 6.2. 5' regulatory regions of the GHR gene related to ubiquitous expression of

GHR I11Rl"lA. Comparison of analogous human and ovine promoter regions, as weil as

bovine, murine and rat 5'UTRs. Exons are boxed and characterized splicing patterns are

indicated (v-shaped Iower lines). A splice acceptor dinucleotide AG site is located in the

genes of the six species at -12 bp from the start site of translation (ATG). The V2,

placentaI 5'UTR (Le., isolated from a human placental cDNA library) and V3 sequences

that have been previously cloned are mapped (broken vertical Iines) within the human

5' UTRs. Defined (arrows) and not yet characterized (arrows with ?) transcriptional start

sites as weil as conserved TATA motifs are shown. Regions with putative binding sites

for transcription factors are indicated 5' ta the transcriptional start sites.
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Table 6.1. Sequence homologies of subprimate 5'UTRs relative to the corresponding

hunlan variants.

REF. #

Human VI V2 V3 V4 VS V6 V7 VS 252

Ovine 76% 74% 227
(lA) (lB) 228

Bovine 76% 74% 229
(lA) (lB) 255

Rabbit 76% 12

Mouse 77% 50% 230
(L2) (LI) 234

Rat 77% 50% 231
(GHR2) (GHRl)
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, • expression of human V3, ovine and bovine exon lB, mouse L2 and rat GHR2 transcripts

is not restricted to postnatal Iiver: severa! of these S'UTR variants have been detected

in other fetai and postnatal tissues (Figure 6.2). Given the expression pattern of its

subprimate homologues (exon 1B, L2 and GHR2), it is likely that human V2 is also

present in multiple fetal and postnatal tissues. The V2 variant has proven to be difficult

to analyze with our present reverse-transcription (RT) and polymerase chain reaction

(PCR) protocols due to its high Ge content and secondary structure (G. Zogopoulos and

C.G. Goodyer; personal communications with P. Rubtsov and T.E. Adams); therefore,

ilS expression pattern has not yet been investigated.

The order of the human 5' V7-VI-V4-V8 3' and 5' V2-V3 3' genomic fragments

relative to each other, as well as the genomic localization of the human V5 and V6

5'UTR sequences, remain unknown. Thus, future studies will have to focus on building

a complete and continuous map of the 5' regulatory regions of the hGHR gene. The

recently isolated bacterial artificial chromosome (BAC/hGHR. VI. V3, Appendix 2),

containing a human DNA insert that encompasses both the V 1 and V3 sequences, will

likely provide this information. Analysis of the structural organization of these

complicated 5' regulatory regions will permit investigators to determine whether there

are additional transcriptionai start sites (and/or 5'UTRs) as weIl as to characterize the

various alternative splicing patterns that each primary hGHR gene transcript undergoes.

Together these studies will provide a complete picture of the different 5'UTR isoforms

of the hGHR mRNA.

•
The existence of a human counterpart for each subprimate 5' UTR variant suggests
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that the architecture of the human gene is a composite of the regulatory regions of these

lower species, and that there is more complex transcriptional control in the human

(Figures 6.1 and 6.2). To determine whether there is a primate animal model in which

to study this, we c10ned the GHR as weil as VI, V3 and V4 S'UTR homologues from

postnatal baboon liver. Subsequent studies showed that, as in the human, baboon V 1 and

V4 expression are tissue-specifie and developmentally regulated (i.e., detected only in

postnatal liver), while V3 is ubiquitous in fetal and postnatal tissues (Chapter 5). To

further validate the baboon as a primate mode! for GHR gene expression studies during

developnlent, the S'end of the baboon gene will have to be characterized. In addition,

since these investigations ooly examined hepatic specimens from the second half of

gestation and no other fetal tissues, the onset and tissue-specificity of GHR mRNA

expression in baboon tetal tissues will need to be analyzed in more detail. Recent

investigations by Martini et al (173) have demonstrated that alternative splicing of the

rhesus monkey GHR mRNA results in a GHBP-specific transcript similar to that reported

for the mouse and rat. Using a parallei RT-PCR approach, we will now be able to

determine whether GHBP-specific mRNA isaforms also exist in the baboon and human.

During the past decade, a large number of genes have been shown to contain

muitiple promoters (319). One of the mast interesting cases, especiaIly in relationship to

hGHR, is the hIGF-2 gene (reviewed in 261 and 318). Promoters P2, P3 and P4 of the

hIGF-2 gene regulate expression in all fetaI tissues and, although their activity is

substantially reduced after birth, they continue to ubiquitously transcribe hIGF-2 mRNA

postnatally. In contrast, Pl of the hlGF-2 gene regulatory region is active ooly in

294



1

1.

•

postnatal liver. Therefore, hIGF-2 gene transcripts synthesized from the PI promoter

have similar expression profiles as the V1 and V4 hGHR mRNA isoforms, while the P2,

P3 and P4 derived IGF-2 mRNAs have comparable fetaI and postnatal tissue distribution

patterns with the V3 hGHR 5'UTRs. The simi!arities in their expression patterns suggest

that the hGRR and hIGF-2 genes may be under parallel transcriptionaI control.

Further evidence that the hGHR and hIGF-2 genes are under similar regulation

cornes from the Il fetal-like" expression patterns of these two genes in hepatic tumours.

In a comparative study of three hepatoblastomas with paired normal liver specimens, Li

et al foùnd Pl promoter activity of the hIGF-2 gene to be repressed, while the activity

of the P2, P3 and P4 promoters was unaltered or upregulated (320). These data are

similar to our findings demonstrating that expression of V 1 and V4 rnRNAs is suppressed

in hepatoblastomas and hepatocellular carcinomas, while V3 transcripts were detected in

aIl hepatic specimens (Chapters 3 and 4). It will be important to characterize whether the

decrease in V 1 and V4 mRNAs in the hepatic tumour state results in significantly lower

total hGHR mRNA levels as compared to their paired normal livers, and whether there

is a concomitant change in V3 mRNA expression.

Future studies will aIso have to delineate whether there are quantitative tissue-

specifie developmental changes in V3 as weIl as in any other hGHR 5'UTR variants that

are expressed in fetaI tissues (ie. V2?). It is aIso intriguing that the P2, P3 and P4 JzIGF-

2 gene promoters are imprinted while Pl has biallelic expression (reviewed in 261,318).

Because of similarities in the expression patterns of hIGF-2 and hGHR rnRNAs, it will

be important to test whether the ubiquitous hGHR promoters (eg. V3) are imprinted while
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postnatalliver-specific expression ofhGHR mRNA isoforms (eg. VI and V4) is biaIlelic.

Specifie liver-enriched transcription factors are involved in repressing PI hIGF-2

gene promoter activity in fetai liver (e.g., HNF-4), while other transactivators (e.g.,

C/EBPa 1 LAP) override this inhibition and stimulate Pl expression soon after birth

(reviewed in 261,318). Liver-enriched transactivators are most likely also regulating

activity of those GHR gene promoter regions transcribing postnatal liver-specific

mRNAs: several DNA binding elements for these transcription factors have been

identified upstream of the human VI, ovine exon lA and mouse LI transcriptional start

sites, including HNF-I, HNF-3, HNF-4, C/EBPa, LAP and DBP (Figure 6.1) (Chapter

4) (227,230). It is noteworthy that these transactivators are themselves under

developmental control: HNFs l, 3, 4 and 6 are present only in rodent foregut derivatives

and/or fetal liver, while C/EBPa, LAP and DBP are only detectable in postnatal rodent

liver (318). Whether this is the case in the human has yet to be demonstrated.

Further support that differential promoter usage is responsible for the tissue- and

developmentai-specific expression patterns of GHR mRNAs cornes From the presence of

responsive elements for transactivators that are widely expressed (e.g. , AP2, CCAAT,

GAT A, c-myc and NF-l) immediately upstream of the human V2 and V3 as weB as the

ovine exon lB genomic sequences (Figure 6.2) (Appendix 2) (228). The presence of an

HNF-4 binding site upstream of the human V2 and V3 gene sequences suggests that these

potential gene promoters may be under tissue-specifie regulation in fetal and/or postnatal

liver.

Although it is likely, based on current data From human and lower species, that
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tissue-specifie and developmental regulation of the Vi and V4 versus V3 hGHR mRNAs

is due to differential promoter usage, we have not excluded the possibility that alternative

splicing is the major regulatory mechanism. To do this, we will have to demonstrate that

the promoter region controlling V3 expression (Appendix 2) does not aIso give rise to

either V 1- or V4-containing transcripts.

Multiple gene promoters often have greater functional significance than merely

regulating tissue- and developmental-specific levels of rnRNA production. Studies have

demonstrated that the llse of differential gene prornoter and/or alternative splicing can

produce rnRNA isoforms with variable translation efficiencies (e.g., the rabbit ft-globill

gene as well the c-myc and mdm2 proto-oncogenes) (reviewed in 321,322,323). This is

because the 5'UTR of eukaryotic rnRNAs can influence the rate of translation initiation.

The purpose of the translation initiation step is to position the ribosome at the start of the

cading region. Classically, this process begins with the binding of the ribosome to the

5 'end (at the 7-methylguanylate cap site) of the mRNA. The ribosome then travels across

the 5'UTR until it reaches a translational start site codon (AUG). Therefore, if open

reading frames are present, as in aIl known 5'UTR variants of the hGHR rnRNA except

V2, upstream of the genuine AUa codon, translation of the mRNA cao be inhibited,

especially if these false initiation codons are in the favorable CC(Purine)CCAUGG

consensus (253). In addition, long and/or GC-rich 5'UTRs with complicated secondary

structures cannot be translated efficiently. Thus, it will be important to deterrnine the

relative efficacy with which the V l-containing transcripts of > 2 kb (Figure 6.1) as weIl

as the highly GC-rich V2 hGHR rnRNA isoform are translated. Moreover, a comparison
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of the translation efficiencies of the tissue-specifie and developmentally regulated 5'UTRs

Ce.g., V 1 and V4) versus those of the ubiquitously expressed isoforms (e.g., V3) will

help delineate the biological signifieance for the tight regulation of the 5'UTR of the

hGHR mRNA.

Translational efficiency can also be regulated by RNA binding proteins. The

prototype for translational control by RNA binding proteins is the regulation of ferritin

expression by iron (reviewed in 322). In the presence of low cellular iron levels, the

S'UTR of ferritin mRNA binds an inhibitory protein that causes a haIt in i15 translation.

However, as soon as the cellular iron levels increase, this inhibitory RNA binding protein

is displaced by iron itself or by hemin sa that translation of the ferritin mRNA can take

place. More recently, translation of the P3-related hIGF-2 rnRNA isoform has been

shawn to be stimulated in vitro by the direct binding of cytoplasmic proteins to the

transcript (reviewed in 321). It is possible that RNA binding proteins are also involved

in the regulation of hGHR mRNA translation, especially in fetal and postnatal tissues

Ce.g., Iung) where hGHRs are undetectable although significant rnRNA amounts are

present (Chapter 2, plus references). One could hypothesize that a tissue-specifie RNA

binding protein, absent in Iung at aIl developmental stages, is required for translation of

the hGHR mRNA isoforms (e.g., V3) found in fetaI and postnatal lung (Chapter 3).

Translation initiation of the vast majority of mRNA transcripts involves seanning

of the entire 5'UTR (reviewed in 321,322). However, a number of eukaryotic rnRNA

transcripts, including the Pl-driven hIGF-2 mRNA isoform, have been found to contain

internaI ribosomal entry sites (IRES). In these transcripts, the initiation complex enters
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the S'UTR at an IRES instead of at the 5 g end of the mRNA. Thus, internai translation

initiation provides an attractive mechanism for improving the translation efficiency of

"difficult" 5'UTRs, especially those with multiple upstream open reading frames or

complex secondary structures. The IRES motifs that have been characterized to date

share little homology except for a polypyrimidine tract located approximately 20

nucleotides from the AUG translationaI start site so that identification of this motif within

the 5' regions of the hGHR gene will require functional analyses. However, given the

similarity in the expression pattern of the 5'UTRs of the hGHR and hIGF-2 mRNAs, it

would be very interesting to characterize whether the postnatal liver-specific hGHR

mRNA isoforms (e.g., VI and V4), like the Pl-driven hIGF-2 gene transcripts, contain

functional IRES motifs.

The expression patterns of the 5'UTR hGHR variants can aIso be influenced by

their relative stability in different fetal and postnatal cell-types (reviewed in 324). An

example of such regulation eomes from the human HOX-S.I gene whieh has two gene

promoters that produee mRNA isoforms with altered half-lives in different cell-types

(325). Thus, an important future study will he to test \vhether variations in the 5'UTR,

the absence of exon 3 or alternative 3'ends (i.e., hGHR-tl and-t2 mRNAs) alter the

stability of the hGHR mRNA in different fetal and postnatal cell-types.

Finally, the role of the different 5'UTRs in regulating translation of the hGHR-tl

and -t2 transeripts as weil as the exon 3 retaining versus deficient mRNA forms should

be examined. In the case of the exon 3 retaining and deficient mRNAs, no specifie

correlation with VI, V2, V3 or V4 5 9 UTRs has been found; a similar analysis of hGHR-
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t1 and -t2 transcripts has not been reported.

In summary, my doctoral research has demonstrated that there is significant

hGHR rnRNA expression throughout human development and that there are severa!

tissue-specifie ontogenie changes in the hGHR mRNA expression pattern. The

signifieanee of these changes in relation to hGHR biologie activity remains unknown. It

is intriguing that the exon 3 retaining and defieient mRNA isoforms are expressed in an

individuaJ-specific manner and that, in sorne individuals, the exon 3 deficient transcript

appears to be developmentally regulated. Are these variations in hGHR gene expression

responsible for population differences in height and/or metabolic rates? Is one pattern of

expression predisposing to growth-reIated pathophysiologies? These are at least two

physiologically relevant questions that need to be addressed.

In addition, we have hypothesized that the use of multiple gene promoters is

primarily responsible for the tissue-specifie developmental changes in total hGHR mRNA

and S'UTR variants. The funetionaI significance of these different S'UTRs may be to

regulate hGHR mRNA translation and, therefore, GHR synthesis in a tissue-specifie

fashion during development. It is fascinating that the hGHR and h/GF-2 genes have

similar ontogenie expression characteristies. In both cases, the changes in gene

transcription most likely reflect the maturation of an endocrine system but may aise

confer fetai-specific control of hGHR and hIGF-II expression and biological activities.

The potentiai ability to use the baboon as a primate model to study GHR gene expression

is exciting since it would permit the characterization of GHR gene activity in tissues and

al developmental stages that are not possible to examine in humans due to specimen
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limitations and ethical considerations. Finally, once we have an understanding of the

complete hGHR gene structure and the mechanisms regulating its expression, we can

assess whether genetic a1terations within the promoter or 5'UTR regions of the hGHR

gene are involved in the pathophysiology of individuals who exhibit hGH insensitivity

and abnormal fetal and/or postnatal growth.

Thus, the work in this thesis has significantly advanced our understanding of the

hGHR during human development and has provided important "molecular tools" for

future studies.
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CHAPTER 7 - CLA/MS TO ORIGINAL RESEARCH

1. Demonstration that transcription of the hGHR gene begins as early as the tïrst

trimester of fetal life in several human tissues.

2. Determination that fetal expression of the exon 3 retaining and defieient hGHR rnRNA

isoforms is individual-, and not tissue-, specifie.

3. Demonstration that deletion of exon 3 from the hGHR gene is not the mechanism by

whieh exon 3 deficient hGHR rnRNA transeripts are generated.

4. Generation of eross-seetional data that show a statistieally signifieant (p < 0.0002)

association of predominant expression of exon 3 deficient hGHR rnRNA prior to 20

weeks of human fetal life.

5. Determination, using a quantitative RT-PCR assay, that there are tissue-specifie

developmental changes in hGHR mRNA expression: a six-fold increase in hGHR mRNA

Ievels from fetal to postnatal hepatic tissues (p < 0.01), no change in intestine or kidney,

and a six-fold postnatal decrease in Jung (p<O.OS).

6. Demonstration that expression of the VI and V4 5'UTR hGHR mRNA variants is

deveJopmentally regulated, tissue-specifie and repressed in hepatie tumours, whereas V3

mRNA isoforms are more ubiquitously expressed throughout development.
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7. Cloning of a 3.8 kb XbaI-BsaAI DNA fragment of the 5' end of the hGHR gene and

precise placement of four of the eight known 5'UTR hGHR rnRNA variants in series (5'­

V7-VI-V4-V8-3') within this portion of the gene.

8. Identification of a transcriptional start site upstream of the VI sequence in the 3.8 kb

XbaI-BsaAI hGHR gene fragment, and evidence provided for a second transcriptional

start site that is located further upstream.

9. Isolation of a bacteriophage recombinant clone with a 4.3 XbaI-HindIII human

genomic DNA insert that contains sequences corresponding to the V2 and V3 5'UTR

hGHR mRNA variants, with V2 being upstream of V3.

10. Isolation of a bacterial artificial chromosome recombinant clone that contains human

genomic DNA corresponding to both the V1 and V3 cDNA sequences.

Il. Cloning of the GHR cDNA from baboon liver and demonstration that the 5'UTR of

the baboon GHR mRNA is heterogeneous, with at least three variants: transcripts sharing

high sequence homology to the human VI, V3 and V4 5'UTR variants.

12. Demonstration that in the baboon, like in the human, expression of VI and V4

5'UTR variants is developmentally regulated and tissue-specifie, whereas V3 mRNA is

more widely expressed.
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