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ABSTRACT

Although tissue human growth hormone receptors (GHRs) have been identified
from as early as the first trimester of fetal life, little is known about their functional role.
We recently reported that fetal hGHRs appear to be relatively immature or have adapted
to the in ufero environment [194]. To further characterize these age-related differences,
we have examined certain aspects of the hGHR structure as well as its signalling
pathways. Initial cDNA sequencing and immunoblotting analyses showed no difference
in hGHR molecular size. We then used RT-PCR to investigate levels of an alternatively
spliced mRNA for a truncated (1-279) hGHR (T) which acts as a dominant negative to
the full-length (FL) receptor; however, fetal hepatocytes showed T/FL ratios similar to
postnatal liver (0.07+0.02 vs. 0.09£0.01, M+SEM). Western blotting was used to assess
developmental differences in the relative abundance of downstream signalling factors.
Stimulatory Jak and Stat proteins were detected in all fetal hepatocytes and postnatal
livers tested (13 weeks fetal age to 62 years). However, the fetal hepatocytes showed
much lower levels compared to postnatal liver (5-22%; Jak2 [p<0.002] and Stat5B
[p<0.02]). Four Socs proteins, which negatively regulate hGHR action, were also
detected in all samples: Socsl (119% of postnatal liver), Socs2 (51%), Socs3 (239%,
p<0.03) and Cis (200%, p<0.03).

Our results suggest that changes in the primary structure of the hGHR as well as
the relative abundance of T/FL are not influencing hepatocyte responsiveness during fetal
life. The relatively low levels of stimulatory Jak/Stat molecules, coincident with the high
levels of at least two inhibitory Socs proteins, are more likely to be responsibie for the

fetal-specific hepatocyte responses to GH.
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RESUME

Bien que les récepteurs de "hormone de croissance humaine (hGHR) aient été
identifiés dans plusieurs tissus, leurs fonctions respectives durant le développement n’ont
pas encore ¢té clairement déterminées. Récemment, nous avons rapporté que les GHRs
feetaux présentent des caractéristiques d’une immaturité ou une adaptation in urero [194].
Pour mieux caractériser les différences d’expression de I’ARNm liées aux différents
stades du développement, nous avons utilisé la RT-PCR. Celle-ci nous permettrait
d’étudier I’expression d’une variante de I’ ADNc dont I’exon 9 est alternativement épissé,
il en résulte une forme tronquée (T) du hGHR (1-279). Cette forme tronquée pourrait
agir comme un dominant négatif par rapport a la forme compléte (FL) du récepteur. Nous
avons effectivement montré que le ratio T/FL est deux fois plus élevé dans les tissus
foetaux que dans les tissus postnataux (0.07+0.02 vs. 0.09+0.01, M£tSEM). Nous avons
aussi utilisé la technique « Western blotting » pour caractériser les différences quant a la
nature des facteurs de transduction impliqués durant le développement. Les facteurs Jak
et Stat ont été trouvés aussi bien dans les hépatocytes foetaux que dans les tissus de foie
postnatal, Toutefois d’autres échantillons testés présentent des taux plus bas dans les
hépatocytes foetaux comparés au foie postnatal (5-22%; Jak2 [p<0.002] and Stat5B
[p<0.02]). En plus, quatre Socs ont été aussi détectés: Socs 1 (119% de foie postnatal),
Socs2 (51%), Socs3 (239%, p<0.03) et Cis (200%, p< 0.03).

En résumé, nos résultats suggérent que ’abondance relative du hGHR (T/FL)
dans le hepatocytes fcetaux ne contribue pas au niveau de la réponse des cellules
hépatiques observé durant la vie foetale. Les taux relativement bas des molécules

activatrices Jak/Stat, coincidant avec un niveau élevé des protéines de régulation négative



Socs, sont probablement responsables des réponses spécifiques du GH observées dans les

hépatocytes fetaux.
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1.GENERAL INTRODUCTION AND LITERATURE REVIEW
1.1 Growth Hormone (GH)

1.1.1 GH Structure

The major form of human GH (hGH) is a 191 amino acid (~22 kD) product of the
hGH-N gene on chromosome 17 [1]. Alternative splicing of the hGH-N gene also
occurs, resulting in an internal deletion of 15 amino acids and the formation of a 176
amino acid isoform of hGH [2]; this 20 kDa hGH represents ~15% of circulating hGH.
Other variants of hGH (acetylated, phosphorylated, glycosylated, dimerized and
oligomerized hGH) can be generated post-translationally but their functional significance
is unknown. GH has a half-life of approximately 20 minutes and 50% circulates in the
serum bound to the GH binding protein (GHBP) [3]. The three-dimensional structure of
the hGH molecule is arranged as four antiparallel alpha-helical bundles, which run in an

unusual pattern of “up-up-down-down” [4] (Figure 1).

1.1.2 Hypothalamic Regulation of GH secretion; GH-IGF axis

GH is an important regulator of somatic growth and metabolism in humans [5].
Release of GH from the pituitary gland is not constant over time, but rather is
intermittent, or pulsatile. Maximal GH secretion occurs within 1 hour after the onset of
deep sleep, reflecting a nocturnal surge of GH [6]. In humans, GH secretion begins at
approximately the 10" week of fetal life, increasing up to 120-150 ng/mL at
midgestation: serum levels then gradually decrease to term but remain elevated for

several weeks postnatally [7]. In the normal human adult, GH is secreted at an average



Figure 1. Ribbon representation of the structure of hGH, viewed as perpendicular
to the four helix bundle [4]. The NH;-terminus is marked N. the COOH-terminus, C.
Residues in the interfaces between the hormone and the two GH receptors are coloured

green (interface I) and blue (interface II), respectively.






rate of ~200 pg/day with an average of 7-10 episodic pulses per day. Serum levels of GH
range from 0-10 ng/mL, where peak postnatal secretion occurs during puberty [8].
Notable sex differences have also been observed in humans [9]. Compared to men,
premenopausal women have a two- to threefold higher daily GH secretion rate due to
higher GH pulse amplitude. Despite this difference, both males and females exhibit the
same GH pulse frequency. Both the pulsatility and nocturnal surge pattern of GH release
is critical for normal human growth.

GH is primarily synthesized by somatotrophs in the anterior pituitary gland, under
the regulation of two hypothalamic regulatory peptides, GH-releasing hormone (GHRH)
and somatostatin (SS) [10] [11] (Figure 2). GHRH binds to its specific seven
transmembrane G-protein coupled receptor at the level of the somatotrope to enhance GH
synthesis and to stimulate GH release. It is also needed for normal pulsatile GH secretion
[12]. SS, on the other hand, inhibits the release of GH [11]. SS affects the timing and
amplitude of GH secretion and, unlike GHRH, is not believed to modulate GH synthesis
[13].

Ghrelin, a 28 amino acid GH secretagogue (GHS), also plays an important role in
the regulation of GH. Primarily produced in cells lining the stomach [14] [15], Ghrelin
may act as a signal for the nutritional status of individuals. An increase in GH secretion
has been shown to be stimulated by Ghrelin in two ways: 1) directly from the
somatotrope and 2) indirectly by increasing GHRH release. Plasma GH levels are also
affected by circulating insulin-like growth factor I (IGF-I), which regulates GH through
feedback effects at the hypothalamus as well as pituitary [16]. IGF-I is produced and

secreted by all tissues (but primarily the liver) in response to GH stimulation, and acts by



Figure 2. Hypothalamic-GH-IGF axis (modified from [17]). Pituitary hGH production
and secretion is regulated by the hypothalamic hormones GHRH and SS. GH and IGF-1
both feedback at the level of SS and GHRH secretion by the hypothalamus, while IGF-I

also has feedback effects at the pituitary somatotrope.
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binding to type I IGF receptors [18]. Other factors that influence the secretion of GH

include sex hormones, stress and nutritional status.

1.1.3 Metabolic actions of GH

GH acts both directly on target tissues (eg. liver, bone, muscle and fat) and
indirectly, by stimulating production of its “second messenger”, IGF-I [19]. Major
endocrine effects of GH include a reduction of glycolysis in the liver, increasing lipolysis
in adipocytes, increasing amino acid transport in muscle, liver and adipocytes, and the
stimulation of chondrocyte differentiation. It also stimulates IGF-I production in almost
every tissue that has been examined to date, leading to proliferative and metabolic effects.

GH has both insulin-like and anti-insulin-like effects on cells and tissues. Acute
exposure of GH to GH-starved cells of tissues stimulates insulin-like effects, while
chronic exposure results in anti-insulin-like actions. Although a common signalling
pathway for GH and insulin has not yet been discovered, it has been shown that GH is
capable of stimulating the phosphorylation of insulin receptor substrates (IRS) [20] [21].
Phosphatidylinositol-3-kinase (PI3K) is an important downstream molecule of
phosphorylated IRS-1 and IRS-2, which act as binding sites for the p85 subunit of PI3K
in a variety of cell types in vitro and in vivo [22] [23]. PI3K activity is important for the
insulin-like action of GH, as it has been shown that the inhibition of PI3K blocks GH-
stimulated lipid synthesis and the anti-lipolytic action of GH. The anti-insulin-like
effects that result from chronically elevated levels of GH promote insulin resistance and

diabetes. Excess GH can lead to chronic activation of the IRS-PI3K pathway in liver,



reducing the degree of insulin-induced activation. GH has also been implicated in the
inhibition of the expression of the gene encoding glucose transporter 1 [24].

Cell growth and differentiation, which require changes in cell shape and/or
location, are positively regulated by GH. GH was recently shown to stimulate cell
motility and spreading [25] [26], actin rearrangement [27], microtubule polymerization
[28] and assembly of multiprotein complexes with several proteins involved in cell
adhesion and/or movement [29]. SH2-BJ, a src-homology 2 (SH2) domain-containing
protein that binds Jak2, has also been implicated in GH regulation of the actin

cytoskeleton [30].

1.1.4 Clinical Aspects of GH Action

The most interesting clinical disorders related to the GH-GHR-IGF axis are those
that display significantly increased or decreased net GH action (Table 1). Acromegalic
patients have chronically high levels of GH due to GH-secreting pituitary adenomas [31].
Certain acromegalics may also manifest type Il diabetes mellitus, with detectable insulin
resistance. Postpubertal acromegalics exhibit overgrowth of soft tissues while gigantism
(excessive height) occurs in individuals whose tumours are active prior to pubertal
closure of the epiphyseal growth plate in the long bones [19].

On the other hand, individuals with chronically low levels of GH are often
characterized by short stature and abnormal skeletal and cartilage maturation. The
apparent decreased net GH action can usually be explained by hereditary or early
acquired GH deficiency, due to GH gene deletion, somatotroph abnormal development or

destruction or dysregulation of GH secretion [32]. A mutation in the GH molecule has



Table 1. Clinical syndromes related to GH pathology [17]. The most striking clinical
disorders related to the GH axis are those that manifest significantly increased or

decreased net GH action.
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also been described [33], which resulted in short stature due to the presence of abnormal
GH.

Laron Syndrome (GH resistance) is a rare disease, similar in phenotype to GH
deficiency [34]. Although circulating IGF-I levels are low in Laron patients, GH is
present and often elevated. Thus, the observed hormone resistance in Laron syndrome is
usually associated with a variety of defects in GH receptor (GHR) structure, function or
cell surface expression. A mouse model of this clinical disorder (Laron Mouse) has been
obtained by targeted disruption of the GHR gene [35]. The GHR-deficient mouse
displays marked postnatal growth retardation, greatly decreased levels of serum IGF-I
and elevated serum GH, mimicking the human Laron syndrome. While defects are
typically caused by a gene deletion or mutation preventing proper GHR cell surface
routing or GH binding, defects in GH-GHR downstream signal transduction pathways
have also been observed [36] [37]. Certain Laron syndrome patients exhibit a specific
GHR mutation D152H, which affects the net charge of the extracellular domain of
receptor. This mutation, which occurs at the dimerization interface of receptor, prevents
GH-induced GHR dimerization. The absence of formation of the GH/GHR complex at
the cell surface prevents receptor stimulation and subsequent activation of downstream
intracellular signalling molecules. Finally, the abnormal physiological mechanism
responsible for “normal short kids” (ISS: GH insensitivity syndrome) is presently
unknown. These children have normal GH and only rare heterozygous mutations of the

GHR (<2%) [38].



1.2 Growth Hormone Receptor

1.2.1 GHR gene expression

The GHR gene has been mapped to 5p12-13 on chromosome 5 [39]. The gene is
approximately 150 kb long and codes for a mature protein of 620 amino acids [40]. The
coding region is defined by nine exons (#2-10), with exon 2 containing 11 bp of the 5’
UTRs, the translational start site and 23 bp of the signal sequence, exons 3-7 encoding the
extracellular domain, exon 8 the transmembrane domain and exons 9-10 the intracellular
domain (Figure 3A). The GHR gene is expressed in all tissues that have been examined,
with mRNA levels being the highest in liver.

Transcriptional regulation of the human GHR gene is complex: eleven coding
exons have been identified in the 5° UTR region of the hGHR gene that give rise to
eleven mRNA transcripts [41] (Figure 3B). The sequences of the transcripts all splice
into exon 2, 11 bp upstream of the ATG codon and thus, code for the same protein.
However, the sequences upstream of the 11 bp are unique. These variants have been
named V1-V9 (V3 has three mRNAs due to alternative splicing) according to the number
of clones isolated in a human adult liver cDNA library, V1 being the most abundant [41].
Expression of these transcripts is tissue specific and developmentally regulated and
differential promoter activity is hypothesized for each of the 5 UTR exons [42]. Ten of
the known 5° UTR exons of the hGHR were mapped within approximately 40 kb of the
5’ UTR flanking region [43]. There are two major clusters of non-coding exons within
the 5 UTR region: V7-V1-V4-V8 and V2-V3-V9. V7-VI-V4-V8 occupies
approximately 2 kb and is 13 kb [44] or 18 kb [43] upstream of the translational start site.

mRNAs derived from the V7-V1-V4-V8 exons are found only in the postnatal liver. The



Figure 3. Human GHR gene. A) Coding exons [45] and B) the eleven known 5° UTR
exons of the hGHR were mapped within approximately 40 kb of the 5° UTR flanking
region [43]. There are two major clusters of non-coding exons within the 5* UTR region:
the tissue and developmental-specific V7-V1-V4-V8 and the ubiquitously expressed V2-

V3-V9.
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second cluster, V2-V3-V9, occupies approximately 1.6 kb and is an estimated 33 kb
away from the translational start site. This cluster exhibits ubiquitous expression in all
human tissues examined to date.

Multiple transcripts have also been identified in other species [46] [47] (Figure 4).
Although the hGHR gene is the most complex, there are similar S"UTR sequences as well
as parallel expression patterns amongst all species. One GHR mRNA is always specific
for postnatal liver: ovine and bovine 1A, mouse L1 and rat GHR1. Each sub-primate
GHR gene also has at least one ubiquitously expressed mRNA: ovine 1B, bovine 1B and
1C, mouse L2-5, rat GHR2 and GHR4. Despite these structural similarities, the
regulatory mechanisms are likely to be different. For example, expression of mouse liver
L1 mRNA increases with pregnancy, rather than around the time of birth [48]. In
addition, the developmental increase in ovine liver 1A occurs due to a surge in fetal
cortisol levels during the last two weeks before birth [49], while human and baboon liver
V1 levels are detectable only several weeks after birth [50] [51] (unpublished

observations).

1.2.2 Cytokine Receptor Superfamily

GHR is a member of the class I cytokine receptor superfamily (Figure 5), which is
characterized by the absence of intrinsic catalytic activity within the carboxy terminus of
the receptor [52]. Instead, the GHR is engaged in a noncovalent association with
cytoplasmic tyrosine kinases to form multi-subunit receptor complexes. Other family
members include the closely related prolactin receptor as well as receptors of various

interleukins, colony-stimulating factors, erythropoietin, thrombopoietin and leptin. These
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Figure 4. Comparison of the GHR §° flanking regions across five species [43].
Homologues to the ubiquitiously expressing human V2 exon have been characterized in
the ovine (1B), bovine (1B) and rodent (L2 or GHR2). Human V9 homologues include
1C in the bovine and three exons in the mouse of GHR4 in the rat. Homologues of the
liver-specific expressing human V1 exon include 1A in the ovine and bovine and L1 or

GHRI1 in the rodent. A V5 homologues has also been identified in mice (LS).
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Figure 5. Schematic representation of the general structure of some receptors in the
GH/PRL hematopoietic cytokine receptor family [S3]. The growth hormone receptor
is a single transmembrane protein belonging to the cytokine receptor superfamily, which
is characterized by the absence of catalytic activity within the carboxy terminus.
Common features include the WSXWS motif in the extracellular domain (YGEFS in the

GHR) and the Box 1 region in the cytoplasmic tail.
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class I cytokine receptors display a common WSXWS-motif (YGEFS in the GHR) in the
extracellular domain, which is involved in ligand binding [54]. Class II receptors, which
include receptors for interferons, IL-10 and IL-12, do not contain this structural motif.
The GHR and other cytokine receptor family members also contain regions of homology
in their cytoplasmic domains, such as the Box 1 and Box 2 elements, that confer

similarities in their signalling mechanisms.

1.2.3 GHR protein structure

The major form of the mature GH-specific receptor is a 620 amino acid single
polypeptide chain, containing an extracellular hormone binding domain of 246 residues, a
24 residue transmembrane domain and a large cytoplasmic domain of 350 residues
(Figure 6). Human and rabbit GHR cDNAs were first isolated in 1987 from the liver, the
most abundant source of the GHR [45]. The GHR contains several structural features
that are of interest.

In mammalian GHRs, the WSXWS-like motif, represented by Y*>GEFS*®, plays
an important role in GH binding and signal transduction. Alanine mutations (Y222A,
S226A and G223A) resulted in diminished ligand binding and abolished signal
transduction [54]. Because this motif does not make direct contact with GH [54], it is
likely that the YGEFS motif plays a critical role in maintaining receptor conformation.

Three pairs of conserved cysteine residues, which form intrachain disulfide
linkages, are also present in the extracellular domain of the GHR. These residues
function with the WSXWS-like motif to help form and/or support the receptor’s

extracellular ligand binding pockets [54] [55]. The presence of five potential asparagine
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Figure 6. Growth Hormone receptor: key structural and functional features [17].
Shown are the locations of five Asn-linked glycosylation sites (N) and seven cysteine
residues (C) within the extracellular ligand binding domain of GHR. Ten tyrosine
residues (Y) are present in the cytoplasmic region of rat GHR; the six tyrosines that are
conserved across species are numbered. Also shown are the extracellular WSXWS-like
motif and the intracellular Box 1 and Box 2 regions. Regions of GHR that are required
for various functions, including Stat5B binding, are indicated using the rat GHR

numbering system.
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(Asn)-linked glycosylation sites, bearing the highly conserved consensus sequence Asn-
X-Ser/Thr, are also necessary for the maintenance of a high affinity GH binding site. The
role of the Asn-linked glycosylation in the GHR was defined by site-directed mutagenesis
[56], where three out of five pGHR Asn residues were demonstrated to be essential for
GH binding. It has also been shown that residues serine 145, histidine 150, aspartate 152,
tyrosine 200, and serine 201 in the extracellular dimerization domain of the GHR are
required for effective signal transduction [57] [36].

C-terminal to the 24 amino acid transmembrane domain is the 320 aa intracellular
domain of the GHR (Figure 6). Similar to other members of the class I cytokine receptor
superfamily, the cytoplasmic tail of the GHR contains no known intrinsic enzymatic
activity that can initiate signalling. Instead, the required tyrosine kinase activity is
provided by a receptor-associated cytoplasmic protein from the Janus kinase (Jak) family,
Jak2 [58]. The presence of a proline-rich Box 1 element (ILPPVPVP) in the receptor’s
proximal cytoplasmic domain is crucial for the association of the GHR with Jak2 [59].

In addition, the 80 aa membrane-proximal region of the GHR, containing both
Box 1 and the downstream Box 2 element, was shown to be important in Jak2 and Signal
transducers and activators of transcription (Stat) activation [60]. Box 2 is located about
40 residues C-terminal to Box 1, It is a more loosely conserved region containing seven
acidic residues, a ubiquitin endocytosis motif (UbE) motif (DSWVFIELD) and a terminal
lysine (Figure 7). The cytoplasmic tail of the GHR has been examined in detail for its
role in endocytosis, as binding of GH stimulates ubiquitination, internalization and
degradation of the receptor [45] [61] [62] [63] [64]. Ir vifro studies have demonstrated

that truncation of the cytoplasmic tail of the GHR at amino acid residue 349 results in
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Figure 7. Ubiquitin endocytosis motif (UbE) in GHR cytoplasmic tail. [61].
Overlined, Box 1 and UbE motif; underlined, possible di-leucine internalization motifs

involved in clathrin-mediated endocytosis.

17



N-terminal
Extracellular

Domain
1-246

BOX-1[———L280

C-terminal
Intracellular
Domain
351-620

280 200 N .

SKQQRIKM LIL;—-'—.PXPVPKEKGEDPDLLKEG@EEYNTH.A%
OX-1
320 330 340 350
QDSYKPEFYNDDSWVEFIELDIDDPDEKTEGSDTDRLLSN
UbE Motif



loss of ligand-induced uptake, despite the presence of three potential di-leucine
internalization sequences upstream [65]. The UbE motif was determined to be required
for proper ubiquitin conjugating activity and endocytosis of the GHR. Interestingly, this
UDE motif does not resemble any other known ubiquitination domain [66]. Studies have
also shown that a phenylalanine residue in the proximal one-fifth of the GHR cytoplasmic
domain (Phe-346 in rat; Phe-327 in rabbit) is necessary for internalization [59] [67].
Additional truncations of the GHR intracellular domain have suggested functional
specificity for different regions of the cytoplasmic tail. For example, six tyrosine
residues present in the GHR are conserved across species: Y™den/humanrabbit (4333314
YT 3316 566548 39T and YO20%%). Rodent Y333 and/or Y338 were shown to
be phosphorylated upon GHR activation in response to GH, but not required for
GHR:Jak?2 association [68]. In addition, Lobie et al. have demonstrated a requirement

for specific GHR tyrosine residues Y333 and Y338 for two GH-regulated cellular

responses, lipogenesis and protein synthesis [69].

1.2.4 GH binding and receptor dimerization

The GHR binding protein (GHBP) corresponds to a soluble form of the GHR’s
extracellular domain. Examination of the three-dimensional crystal structure of human
GHBP bound to human GH has demonstrated the existence of a complex consisting of
two GH receptors and a single GH molecule [4] (Figure 8). The three dimensional
structure of the GHR extracellular domain consists of two domains, each domain
containing seven beta-strands that together form a sandwich of antiparallel beta-sheets.

This N-terminal domain also contains three disulfide bridges, two of which link

18



Figure 8. Backbone structure of the 1 hGH:2 hGHBP complex [4]. The hormone is
shown as yellow cylinders representing the helices connected by red tubes. The beta-
strands of the binding proteins are shown in brown, the loops are green (hGHBP I) and
blue (hnGHBP II). The figure is a sideways view of the GH-GHR complex. In this
orientation, the C-termini of the extracellular domains, and therefore the cell membrane,

are at the bottom of the figure.
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neighbouring strands and the third disulfide bridge cross-linking the two sheets of the
sandwich. The conserved cysteines present in the extracellular domain of the GHR are
therefore linked to form disulfide bonds that are buried in the interior of the beta-barrel.
The major structural feature of the hGH molecule is a four-helical bundle with an unusual
topology; the helices run up-up-down-down, in contrast to the more usual up-down-up-
down scenario. The receptor binding sites of hGH are located on the faces of opposite
sides of the four-helical bundle. Mutational analyses within each of the two sites of the
GH molecule that are involved in the interaction with the GHRs suggest a multi-
sequential event. The initial step is high-affinity binding of site 1 of GH to the first
receptor. The first binding site on hGH has a concave character, formed by residues on
exposed faces of mainly helix 4 but also of helix 1 (Figure 8). The second, relatively flat
binding site of GH, made up of the exposed sides of helices 1 and 3, then contacts a
second GHR, and the 1GH:2GHR complex is stabilized by interaction along the
membrane-proximal halves of the C-terminal domains of the receptors [70]. Although
the overall shapes of the two binding sites on the hormone are quite different, it is
interesting to note that the residues on both receptors that interact with these sites are
largely the same. Human GH mutants with site-specific alterations at site 2, namely
G120R or G120K [19], are potent GH antagonists; they bind one GHR with high affinity,
but are unable to bind the second receptor molecule or to stimulate cell proliferation.
These experimental findings support the two-site model of GH-GHR interactions, and
indicate that GH-induced receptor‘ dimerization is required for a biological response to

GH.
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1.2.5 GHR Intracellular Signalling

Four major signalling cascades are initiated following the GH-GHR complex
formation (Figure 9): 1) activation of signal transducers and activators of transcription
(STAT) pathways that lead to a direct modulation of target gene transcription; 2)
activation of the Ras-Raf-MEK-ERK pathway that results in the activation of mitogen-
activated protein kinase (MAP kinase); 3) activation of phosphatidylinositol-3-kinase
(PI3K), at least in part by tyrosine phosphorylation of insulin receptor substrates, IRS-1
and IRS-2; and 4) activation of PKC. In many cases, there is significant crosstalk
between these four GH-activated pathways. One common feature of all four cascades is

the initial activation of Jak2 and tyrosine phosphorylation of the GHR [71].

1.2.5.1 Janus Kinase family and Activation of Jak2

Jak proteins are intracellular protein tyrosine kinases that range from 120-140 kDa
in size. There are four members of the Jak family in mammals, namely Jakl, Jak2, Jak3
and Tyk2 [72]. While Jak1, Jak2 and Tyk2 are ubiquitously expressed, Jak3 is expressed
predominantly in hematopoietic cells. The Jak family is characterized by seven Jak
Homology (JH) regions of variable lengths, JHI1-JH7 [72] (Figure 10A). JHI is
representative of the C-terminal tyrosine kinase domain. A highly conserved motif (Phe-
Trp-Tyr) within this catalytic domain renders the JH1 domain identical in all Jak family
members. JHI also contains the crucial tyrosine residues that are phosphorylated upon
Jak activation. JH2 represents the non-catalytic kinase-like (KL) domain, which is
adjacent to the functional kinase domain. This unique “pseudokinase” domain appears to

be required for the catalytic activity of JH1 [73]. Studies have also suggested that the KL
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Figure 9. Intracellular signalling pathways preposed to be activated by GH [74].
Growth hormone causes its receptor to dimerize, activating the .‘Iak2 protein kinase. The
activity of Jak2 mediates many of the downstream responses to growth hormone through
phosphorylation of Stat transcription factors, MAP kinases, other kinase cascades and
molecules involved in metabolism like IRS-1. Factors like Socs and SHP-1 appear to play

a role in the down regulation of signaling by growth hormone and cytokines.
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Figure 10. A) Structural organization of the Janus Kinases [72]. The structural
domains featured in the JAK kinase family are referred to as the JAK homology regions
(JH1-JH7). JAK kinases, apart from featuring the functional kinase domain (JH1) at the
carboxy terminus, also possess a pseudo-kinase domain (JH2). Sequences amino terminal
to the kinase and kinase-like domains bear no resemblance to any characterized protein
motif. Also shown are the structures of CIS/SOCS family of proteins that negatively
regulate JAK kinase activity. B) Stat protein structure [72]. Cytokines signal via
members of the STAT family of proteins. The various STAT proteins, many of which are
derived as a result of alternative splicing events (e.g.: Stat 1, Stat 3, Stat 4 and Stat 5), are
comprised of approximately 800 amino acid residues. TA, ftransactivation domain;

DNAB, DNA binding region.
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domain may play a role in Jak-Stat interactions [75]. While the N-terminal JH3-JH7
domains are highly divergent among Jak family members, JH6 and JH7 may serve as
minimal receptor interaction elements for Jak2 and Jak3 [76] [77].

Jak kinases act as mediators of multiple signalling pathways and are essential for
the normal function of mammals. Studies have shown the importance of Jakl in
signaling by members of the IL-2, IL-4, gp130 and class II cytokine receptor families.
Jakl deficient cells are defective in signaling, and knockout mice exhibit perinatal
lethality [78], suggesting a critical role for Jak! in the mediation of early developmental
biological responses to several major cytokine receptor families. As Jak3 expression is
largely restricted to hematopoietic cells, Jak3 -/- mice demonstrate severe defects in
lymphopoiesis, and Jak3 deficient humans manifest severe combined immunodeficiency
(SCID) [79]. Tyk2 appears to be most important in mediating the biological response to
IL-12 and LPS, as shown by the relatively subtle defects found in IFN-o/p signaling in
Tyk2 -/- mice [80]. Jak2 has been implicated in signaling by members of a number of
receptors, including growth hormone (GHR), prolactin (PRLR), erythropoietin (EPOR)
and thrombopoietin (TPOR). Targeted disruption of Jak2 results in an embryonic lethal
phenotype caused by a severe disruption in hematopoiesis, which is similar to what has
been observed in the EPO -/- knockout mouse [81] [82].

Although GHR has been shown to associate with [83], and result in, tyrosine
phosphorylation of Jak1 [84] [85], Jak3 [86] and Tyk2 [87] in response to GH, Jak2 is the
preferred kinase that is activated by the GHR. The GHR and Jak2 interact through the
membrane-proximal proline-rich Box 1 region of the GHR cytoplasmic domain and the

N-terminal region of Jak2. Studies have shown that JH6-JH7 serve as minimal receptor
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interaction elements for Jak2, as deletion of these two JH domains abrogates the
association of Jak2 with the GHR [88]. Deletion of the Jak2 JHI1 kinase domain
eliminated functional coupling but not physical association of Jak2 with the GHR [88]
[89], suggesting that JHI also plays an important role. Upon ligand binding, GHR
dimerization at the cell surface results in rapid and transient activation of the tyrosine
kinase activity of Jak2 [71] by transphosphorylation of GHR-associated Jak2 monomers
brought into closer proximity. Jak2 activation results in subsequent phosphorylation of
the GHR intracellular domain at multiple tyrosine residues, which activates the receptor

and leads to a cascade of phosphorylation of other intracellular proteins.

1.2.5.2 Signal Transducers and Activators of Transcription (Stat) pathway

To date, seven signal transducers and activators of transcription (Stat) have been
identified in mammals. These latent cytoplasmic transcription factors, which range in
size from 750 to 850 amino acids, share several common domains (Figure 10B). The N-
terminal domain is conserved among all family members and it is responsible for N-
terminal dimerization of Stat proteins, promoting cooperative binding to tandem response
elements on target genes [90] [91]. Other suggested functions of the N-terminal domain
include interaction with transcriptional coactivators [92] , the PIAS (Protein Inhibitors of
Activated Stats) family of proteins [93], contact with receptor domains [94], and
regulation of nuclear translocation [95]. Adjacent to the N-terminal domain is the coiled-
coil domain, which has been implicated in binding to other helical proteins, receptor
binding, tyrosine phosphorylation and nuclear export [96]. Further towards the carboxy

terminus lies the DNA-binding domain. The linker domain connects the DNA-binding
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domain with the src-homology 2 (SH2)/dimerization domain. This SH2 region, the most
highly conserved Stat domain, plays a crucial role in signal transduction through its
capacity to bind to specific phosphotyrosine motifs. These SH2-phosphotyrosine
interactions are a critical step in determining the specificity of receptor-mediated Stat
activation. For each receptor, there are particular cytokine receptor tyrosine motifs that
are implicated in mediating the recruitment of specific Stats (Table 2). Residues most
involved in defining the specificity of the interaction between the SH2 domain and the
tyrosine motif are located at positions -1, -3 and +5, +6, +7 to the phosphotyrosine [97].
The recognition of precise phosphotyrosine motifs by the SH2 domain is essential in
binding of Stat monomers to the activating Jak [98], as well as in Stat homo- or
heterodimerization [99]. The C-terminal domain, which encodes a transcriptional
activation domain (TAD), is the least conserved among Stat family members. A detailed
understanding of how the Stat carboxy-terminus regulates transcription is not yet defined.
Recent studies have suggested modulation through serine phosphorylation [100], which
appears to enhance the transcription of some, but not all, target genes.

Four members of the Stat family have been implicated in GHR signalling: Statl,
Stat3, StatSa and StatSb [84]. The generation of Statl knockout mice, which were
defective in IFN-dependent immune responses to both viral and microbial agents,
confirmed the involvement of Statl in IFN signalling [101] [102]. Disruption of the
Stat3 gene results in an early embryonic lethal phenotype [103], highlighting its
importance in cell growth. Mice deficient in Stat5A and/or Stat5B have provided the
greatest insight into the role of Stat proteins in GH action. Stat5A and Stat5B are

encoded by two separate genes, which share 96% identity and differ at their carboxy
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Table 2. Cytokine receptor tyrosine motifs implicated in mediating the recruitment

of specific Stats [104].
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STAT Receptor STAT-binding Reference”
tyrosine motif®

Sl IF :
Stat2 IFN-a 2
Stat3 IL-6, LIF, IL-10 Y3 34,56
Statl, Staty IL-6 YXPQ 3.5
Statd IL-12 YLPSNID 7
Stats IL-2 YLSLQ 89,10
YCTFP 89,10
YFFFH 89,10
IL-7 YVTMS g
IL-9 YLPQE 11,12
EPO YLVLD 9,13,14,15
YTILD 13
PRL YLDPT 16
YVEIH 9
GH YVSTD 17,18
YFCEA 17,18
YITTE ' 17,10,18
YTSIH 10
GM-CSF YLSLP 9
YLCLP 19
YVSSA 19
YVELP 19
YCFLP 19
Stat 6 IL-4 YKAFS 20,21
YKPFQ 20,21

® The tyrosine is not conserved in the murine system.

® 1, Greenlund et al. (1994); 2, Yan et al. (1996); 3, Stahl et al. (1995); 4,
Hemmann et al. (1996); 5, Gerhartz et al. (1996); 6, Weber-Nordt et al.
(1996); 7, Naeger et al. (1999) #2699; 8, Lin et al. (1995); 9, May et al.
(1996); 10, Gaffen et al. (1996); 11, Demoulin et al. (1996); 12, Bauer et al.
(1998); 13, Gobert et al. (1996); 14, Quelle et al. (1996); 15, Damen et al.
(1995); 16, Lebrun et al. (1995); 17, Hansen et al. (1996); 18, Hansen et al.
(1997); 19, ltoh et al. (1998); 20, Hou et al. (1994); 21, Ryan et al. (1998).,




termini [105]. Despite their structural and functional similarities, single Stat5 knockout
mice have distinct phenotypes. StatSa knockout mice are predominantly defective in
PRL-dependent mammary gland development [106], whereas mice deficient in Stat5B
have pronounced impairment of body growth, especially in males [107]. Stat5a/Stat5b
double knockout mice, on the other hand, support the view for redundancy in function of
these proteins in GH action. The most severe defects in liver gene expression and body
growth, affecting both sexes, are found when mice lack both Stat5A and StatSB [108].
Although Statl, Stat3 and both isoforms of Stat5 have been shown to become tyrosine
phosphorylated in response to GH, it has been demonstrated that, at least in the rodent
male, the Stat5b isoform plays a critical role in mediating the activation of hepatic GH-
specific genes and allowing normal linear growth as well as adipose tissue formation
[109][110].

Upon GH binding, specific tyrosines on associated Jak2 molecules as well as the
cytoplasmic tail of the GHR are phosphorylated. Stats are then recruited to the GH-
GHR-Jak2 complex and associate with the phosphotyrosine residues via their SH2
domains. GH activation of Stats 1 and 3 involves binding interactions with Jak2 but does
not require interactions with any GHR cytoplasmic domain tyrosine residues [111]. Full
activation of StatSA and Stat5B by GH requires both activation by Jak2 and direct
interaction with the GHR [112]. Once phosphorylated by Jak2, Stat proteins form homo-
or heterodimers and translocate to the nucleus. Here, they interact with particular
consensus sequences in the promoter regions of responsive genes, thereby regulating their

transcription (Figure 11).
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Figure 11. GHR signalling via Stat proteins [113]. GH has been demonstrated to
stimulate the formation of Statl/Stat3 heterodimers, which bind to the Sis inducible
element (SIE) of the c-fos gene. Stat5A and Stat5B have been implicated in GH-
dependent activation of spi.2.1, ALS and p450 CYP3A 6 beta-hydroxylase genes, by

binding to IFN-y activated sequence (GAS)-like elements (GLE) on gene promoters.
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There exist specific Stat DNA binding elements found within promoter regions of
several GH-inducible target genes. GH has been demonstrated to stimulate the formation
of Statl homodimers, Stat3 homodimers and Statl/Stat3 heterodimers all binding to the
Sis inducible element (SIE) of the c-fos gene [114] [115]. GH induces the binding of
Stat5 proteins to IFN-y activated sequence (GAS)-like elements (GLE) in several
different genes, including spi.2.1, Insulin 1 and p450 CYP3A4 6 beta-hydroxylase genes.
In addition, Stat5A and Stat5B were recently shown to bind to a GH-responsive DNA
sequence (ALS-GASI) in the Acid Labile Subunit (ALS) gene promoter and mediate
transcriptional activation [116]; ALS is a serum protein that recruits IGF-I into a
complex with IGF binding protein-3 [117]. Stat5 has also been implicated in GH-
dependent activation of the B-casein gene via a GLE [118] [119], as well as stimulation

of the salmon IGF-I promoter in Hep3B cells expressing the GHR [120].

1.2.5.3 Mitogen Activated Protein Kinase (MAPK) pathway

MAP kinases belong to a family of serine/threonine tyrosine kinases that play an
important role as mediators of cellular responses to a variety of extracellular stimuli and
growth factors, including GH [121] [122]. GH-induced MAPK activation involves
activation of the GHR-bound tyrosine kinase Jak2 [123] (Figure 12). Although pathways
leading to MAPK activation in response to GH may vary, GH has been reported to
activate p44/p42 MAPK (also named extracellular signal-regulated kinases or ERKs)
[124] [125], c-jun N-terminal kinases (also names SAPKs) [29] and p38 MAPK [123].
Activation of ERKs by GH seems to be cell type specific: western blotting and ir vitro

kinase assays have demonstrated that although GH (200 ng/ml) activates MAPK in 3T3-
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Figure 12. GHR signalling via the MAP kinases ERKs 1 and 2 [126]. A signalling
cascade leading from GHR to the MAPK and activation of subsequent targets is shown.
Solid arrows and signalling molecules and bolded targets indicate pathways and proteins
regulated by GH. The dotted arrows and targets in plain text indicate pathways, feedback
mechanisms and target utilized in cells treated with other cytokine and growth factors that
activate MAPK or detected in vitro. These have not yet been shown to be involved in

GH signal transduction.
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F442A cells, it does not activate MAPK in IM-9 lymphocytes [127]. In general, the
MAPK pathway involves the adapter molecule SHC (src homology 2/a. collagen-related),
the docking protein Grb2 (growth factor receptor-bound 2), a guanine nucleotide
exchange factor Sos (son of Sevenless), the small guanosine triphosphate-binding protein
Ras, its downstream effector Raf and a serine/threonine kinase that activates MAP-ERK
(MEK) [128] [129]. MEKI! then activates, by phosphorylation, MAP serine-threonine
kinases ERK1 and ERK2 (extracellular signal-regulated kinases 1 and 2). ERKI and
ERK2 activate several enzymes, such as the S6 serine/threonine kinases p70rsk and
p90rsk, as well as transcription factors. In 3T3-F442A cells, MAPK activation appears to
be critical in allowing GH-induced ¢-fos and egr-1 gene transcription as well as activation
of the Elk-1 transcription factor [130]. MAPK has also been demonstrated to regulate
Stat-mediated transcription by association with and phosphorylation of Stat molecules on
serine residues [131]. Other signal transduction pathways regulate the ability of GH to
activate MAPK: protein kinase C [132] and PI3K [133] activities are both required for

full GH activation of the MAPK in 3T3-F442A preadipocytes.

1.2.5.4 Phosphatidylinositol-3-Kinase (PI3K) pathway

GH and insulin share many cellular effects in common including the stimulation
of amino acid transport, protein synthesis, glucose transport, lipogenesis, gene
expression, mitogenesis and reorganization of cytoskeletal structure [134]. Thus, GH and
insulin can be expected to utilize common components of intracellular signal transduction
pathways. Insulin receptor substrates-1 and -2 (IRS-1 and -2) are nontransmembrane

proteins that are tyrosine-phosphorylated at multiple sites by insulin, interleukin-4,
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several other cytokines and IGF-I. Phosphorylated tyrosine residues on IRS-1 and IRS-2
act as docking sites for associations with SH2-containing signalling molecules such as
Grb-2, SHP-2 and the p85 regulatory subunit of PI3K. In fact, in 3T3-F442A fibroblasts
GH promotes the tyrosine phosphorylation of both IRS-1 and IRS-2 [20] [21] and their
subsequent association with p85, activating PI3K. The IRS-mediated, insulin-induced
activation of PI3K is of potential importance for insulin-induced glucose transport. This
suggests a possible mechanism to account for some of the insulin-like and anti-insulin-
like metabolic effects of GH. Interestingly, primary rat adipocyte GHR does not contain
the NPXY consensus sequence required for association of IRS proteins with receptors for
insulin, IGF-I and IL-4, and no specific tyrosine residues are required for phosphorylation
of IRS-1 or IRS-2 [135]. Since Jak2 is also devoid of the NPXY consensus sequence, it
is more likely that the IRS proteins associate with Jak2 via an adaptor molecule such as
Grb2 [136]. PI3K activity also seems to be required for GH-stimulated actin cytoskeletal
reorganization [27], GH-mediated GLUT4 translocation in Chinese hamster ovary (CHO)

cells [137] and primary rat adipocyte GH-stimulated lipogenesis [138].

1.2.5.5 Phospholipase C (PLC)/ Protein Kinase C (PKC)/ Ca®* pathway

A ubiquitous signalling mechanism for members of the cytokine receptor
superfamily is the PLC-catalyzed hydrolysis of phosphatidylinositol 4,5 bisphosphate to
produce the second messenger molecules 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG). While IP3 stimulates an increase in intracellular free calcium (Ca®"), DAG
serves as a major activator of PKC. Although the role of PKC in GH signalling has not

yet been clearly defined, GH has been shown to increase levels of DAG in rat
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hepatocytes, thus activating PKC [139]. In CHO cells stably expressing rabbit GH
receptor, GH has also been reported to increase intracellular calcium levels [140]; this
effect requires the C-terminal domain of the GHR, but not the Box 1 region [141]. This
GH-activated increase in cellular calcium seems to be PKC-dependent, as inhibitors of
PKC block calcium uptake seen in fat cells [142]. Therefore, it is possible that GH
promotes direct PKC-catalyzed phosphorylation of the calcium channels. PKC has also
been implicated in several other GH responses, including GH-induced MAP kinase
activation [132], stimulation of lipogenesis [143], and downregulation of cell surface

GHR levels [144].

1.2.6 Regulation of GHR-Jak2 Signalling

1.2.6.1 SH2B-p

Yeast two hybrid screens initially identified the SH2B-p protein as capable of
interacting with tyrosine phosphorylated Jak2 via its SH2 domain [145]. While the
structure of SH2B-P suggests a role as an adaptor protein, studies have demonstrated it to
be a potent enhancer of GH signal transduction pathways by increasing the GH-
stimulated kinase activity of Jak2 as well as the activation of a number of downstream
signalling proteins, including tyrosine phosphorylation of Stat3 and Stat5B [146]. In
addition, mutation of a critical lysine in the FLVR domain of SH2B-f inhibits the
migration of Stat5B to the nucleus in overexpressed 3T3-F442A cells [30]. Thus, SH2B-
B may play an important role in the activation of GHR intracellular Jak/Stat signalling

pathways.
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1.2.6.2 Suppressors of Cytokine Signalling (Socs)

Suppressors of cytokine signalling (Socs), which belong to a family of cytokine-
inducible genes, are also important in the regulation of GHR-Jak2 signalling [147].
Structurally, the N-terminal regions of Socs proteins are variable in length, while the C-
terminal domain contains a conserved motif referred to as the Socs box [148] (Figure 13).
Socs expression is tightly regulated at the transcriptional level. It is now apparent that the
Stat family of transcription factors contributes significantly to the transcriptional
upregulation of the cis, socs! and socs3 genes. The promoter of the cis gene contains
four Stat5-binding sites [149], the socs! promoter contains putative binding sites for
Statl, Stat3 and Stat6 [147], and the socs3 gene promoter contains a Stat1/Stat3 binding
element, which is also capable of binding StatSb [150]. It is likely that socs2 expression
is also regulated by the Stats; however, this remains to be confirmed.

Of the eight known family members, Socs1, Socs2, Socs3 and Cis expression are
induced by GH in the rat liver with different kinetics [151] [152] [153]. Biochemical
studies demonstrate that the SH2 domains of Socsl compared to Socs3 and Cis recognize
different targets (Figure 14): Socsl inhibits Jak2 directly by binding to the kinase
activation loop of Jak2 and inhibiting its kinase activity [154] [155]. Socs3 interacts with
tyrosine residues on the cytoplasmic domain of the receptor, indirectly inhibiting Jak2
kinase activity. Cis also binds to GHR phosphorylated tyrosines, preventing STAT
binding [156]. A motif within the N-terminal domain of Socsl, Socs3 and Cis resembles
the activation loop of Jaks, potentially acting as a Jak pseudosubstrate, and inhibiting

kinase activity.
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Figure 13. Structural organization of Socs/Cis proteins [147]. The domain structure
and alternative names for each Socs family member are shown. In addition, the cytokines

that each Socs protein negatively regulates in vitro are listed.
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Figure 14. The molecular mechanism by which Soes proteins negatively regulate

cytokine signalling (modified from [147]).
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The physiological importance of Socs1, Socs2 and Socs3 has been investigated in
knockout mice. Socs/ -/- mice, though normal at birth, exhibit stunted growth and die at
3 weeks of age [157] [158]. The neonatal defects exhibited by socs! -/- mice appear to
occur primarily as a result of uncontrolled IFN-y signalling, suggesting that Socsl plays a
key role in the negative regulation of signalling by IFN-y. Mice deficient in Socs2
display gigantism [159], suggesting that Socs2 plays an important role in the termination
of GHR signalling. Interestingly, Socs3 transgenic mice have no fetal erythropoiesis,
whereas socs3 -/- embryos exhibit marked erythrocytosis [160]. In both cases, mice die
during the embryonic stage of development, thus, effects on growth are unknown. To
date, no phenotype has been reported in Cis -/- mice, which are viable and fertile [92].
Studies have also shown that SOCS proteins target activated signalling proteins for
degradation by the proteosome [161]. In this model, Socs proteins associate with a
complex containing elongins B and C through their Socs box [162] (Figure 15). The
elongin BC complex then binds to a putative E3 ubiquitin ligase, which is necessary for

ubiquitination of the proximal signalling proteins and degradation by the proteasome.

1.2.6.3 Protein Tyrosine Phosphatases

Termination of GH signal transduction pathways presumably involves recruitment
and/or activation of protein tyrosine phosphatases to GHR/Jak2 complexes. These
phosphatases likely dephosphorylate GHR, Jak2 and/or Stats to terminate recruitment of
signalling molecules to the complex. Indeed, there are two candidate phosphatases that

are thought to regulate GH-activated signalling: the SH2 domain-containing
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Figure 15. Socs family members might target signalling proteins for degradation by
the proteasome: similarity between Socs proteins and F-box proteins [147]. A) All
Socs proteins tested bind the elongin BC complex through their Socs box. In turn, the
elongin BC complex associates with the putative ubiquitin ligase cullin-2. Signalling
proteins associated with the N-terminal or SH2 domains of Socs proteins could be
ubiquitinated by cullin-2, targeting them for degradation by the proteasome. B) Socs
proteins may be analogous to F-box proteins that operate in the yeast phosphoprotein
ubiquitin ligase complex. F-box proteins contain an N-terminal F-box motif that
associates with the elongin C homolog Skplp and the cullin-2 ubiquitin ligase homologs
E2 and E3. Yeast F-box family members bind cyclins in response to serine
phosphorylation, thus targeting them for ubiquitination and degradation by the

proteasome. This permits cell cycle progression from G1 to S.
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phosphatases, SHP-1 and SHP-2 [163]. SHP-1 has been demonstrated in mouse
hematopoietic cells and Cos-7 cells to negatively regulate Jak/Stat signalling by direct
association with Jak2 [164]. In response to GH in the liver, SHP-1 dephosphorylates the
activating tyrosine residue within the kinase domain of Jak2, deactivating it [165]. In
contrast to the negative regulatory role of SHP-1 in GH signalling, comparison of wild-
type SHP-2 and a catalytically inactive SHP-2 mutant demonstrated a positive effect of
SHP-2 on GH-induced gene activation [166]. SHP-2 has also been proposed to have a
positive effect on other signaling pathways, including receptors for the platelet-derived
growth factor receptor [167], insulin [168] and prolactin [169]. While studies in 3T3-
F442A fibroblasts have shown that SHP-2 associates with GHR through its SH2 domain
in response to GH [170], mutation of GHR tyrosine residues that serve as binding sites
for SHP-2 seems to prolongs tyrosine phosphorylation of GHR, Jak2 and STAT5B [171].
This suggests that SHP-2 binding to specific tyrosines in GHR may also regulate GH
signaling in a negative manner. Dephosphorylation of GHR may also signal its
internalization and degradation [172, 173].

Other proteins may be involved in the dephosphorylation of GHR, Jak2 and
STATs. Signal regulatory proteins (SIRPs) are receptor-like transmembrane
glycoproteins, the majority of which contain a cytoplasmic domain with four tyrosine
residues and a proline-rich region. In 3T3-F442A fibroblasts, SIRP-o. becomes tyrosine
phosphorylated by Jak2, to which it is constitutively bound [171]. Its subsequent
association with SHP-2 results in dephosphorylation of Jak2 [170]. Overexpression

studies demonstrated that SIRP-o also reduces GH-induced phosphorylation of ERKI1,

40



ERK2, STAT3 and STATSB [171], suggesting that SIRP-o is a negative regulator of GH

signalling.

1.2.6.4 Protein Inhibitors of activated STATs (PIAS)

PIAS are constitutively expressed inhibitors of STAT proteins with differential
preference for the individual STATs [174, 175]. Recent studies have shown that PIAS
proteins bind to phosphorylated STAT dimers, preventing DNA recognition [176].
Although PIAS3 has been reported to be involved in the negative regulation of prolactin
signal transduction [175], it remains to be determined if GH utilizes PIAS for the

regulation of STAT-mediated transcription.

1.2.6.5 Grb-10

Overexpression studies have also implicated the adaptor protein Grb-10 as
another regulator of GH signalling. Member of a family of SH2 domain-containing
proteins, Grb10 has been demonstrated to associate with the cytoplasmic tail region (454-
620 aa) of tyrosine phosphorylated GHR, and to inhibit transcriptional activity of c-fos
and spi2.1 reporter genes [177]. Interestingly, Grb-10 had no effect on a reporter gene
containing only STATS5 elements [178], suggesting that Grb-10 down-regulates some GH

signalling pathways downstream of Jak2 and independently of STATS.
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1.3 GHR Isoforms

1.3.1 Growth Hormone Binding Protein (GHBP)

Nearly 50% of the circulating GH in humans is complexed to a short isoform of
the GHR, which corresponds to the extracellular domain of the full-length (FL) receptor.
The mechanism underlying the generation of this high-affinity growth hormone binding
protein (GHBP) differs among species. In rats and mice, an alternative GHR mRNA is
generated due to splicing in of an alternative exon (8A) that introduces a premature stop
codon; this mRNA encodes a secreted GHBP [179]. In contrast, the generation of GHBP
in humans and rabbits involves proteolytic cleavage of the GHR at the cell surface [180]
(Figure 16). The GHBP binds GH with the same affinity as the intact receptor [181] and
may protect GH from degradation and renal clearance, allowing a longer half-life than
that of free GH. GHBP can also block the actions of GH by competing with the
membrane-bound receptor for GH, preventing access of GH to the membrane-bound
receptors and subsequent signal transduction [182]. Such inhibitory effects of GHBP
have been demonstrated in vitro. The physiological importance of GHBP in vivo is not
completely clear, although the amount of GHBP is thought to be a measure of the relative

tissue levels of GHR [183].

1.3.2 Truncated (1-277) and (1-279) GHR isoforms

Two other truncated forms, namely GHR (1-277) and GHR (1-279), have been
identified at approximately 1% and 10%, respectively, of total GHR levels in GH target

tissues [184] [185]. Due to the use of alternative acceptor splice sites during post-
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Figure 16. Mechanisms of GH binding protein generation [186]. A) Rabbit and
human GHBPs arise by proteolysis of the transmembrane GHR with shedding of the
extracellular domain. B) In rodents, GHBP is principally the product of an alternatively
spliced GHR mRNA in which a hydrophilic peptide replaces the transmembrane and

cytoplasmic domains.

43






Figure 17. Full-length and truncated isoforms of hGHR. A) Alternative splicing
mechanisms generating FL and T (1-277) and T (1-279) hGHR transcripts [187].
Schematic representation of the genomic DNA fragment involved in the generation of
hGHR and hGHR-tr transcripts. Intron and exon sequences are denoted by lowercase
type and boxed uppercase type, respectively. Resulting amino acid sequences are shown
above and below. The transmembrane-cytoplasmic junction is marked by an asterisk in

the amino acid sequence. B) FL and T GHR proteins resulting from alternative splicing.
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transcriptional processing, GHR (1-279) lacks the first 26 bp of exon 9 of the full-length
GHR mRNA whereas exon 9 is completely deleted in GHR (1-277) (Figure 17A). Both
alternative splicing events result in a frame shift and a premature stop codon. The
resultant mRNAs encode GHR isoforms with intact extracellular and transmembrane
domains but lacking >90% of the intracellular domain (Figure 17B). Although both
variants are capable of binding GH with high affinity, they are devoid of intracellular
signalling capacity. It has also been shown that GHR (1-279) can inhibit GH action
mediated by the FLL GHR in a dominant-negative manner [188] (Figure 18). Ross et al.
previously demonstrated a dose-related inhibition of Stat5-dependent transcriptional
activity mediated by GHR in the presence of increasing amounts of the T (1-279) isoform
[188]: while a T/FL ratio of 0.1 resulted in a 10-30% inhibition of StatS-dependent
transcriptional activity, activity was diminished by 40-80% with a 1:1 T/FL ratio and
abolished with a 10:1 ratio. In addition, when cells are transfected with the truncated
GHR isoform ¢cDNAs, large amounts of GHBP are produced. The increased capacity to
generate a greater amount of soluble GHBP compared to full-length GHR is suggested to
be a consequence of their markedly reduced internalization and, hence, longer residence
on the plasma membrane [188]. The physiological role of these truncated GHR isoforms

during development has not been investigated to date.

1.3.3 Exon 3-retained and —~deleted GHR

The exon 3-deleted form of the GHR, where exon 3 encodes for 22 amino acids in
the N-terminal extracellular domain of the receptor, is present in about 30% of postnatal

individuals due to recombination [189] (Figure 19). Although the absence of exon 3 from
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Figure 18. Dominant negative action of truncated hGHR isoform. Truncated hGHR
(1-279) is capable of dimerizing to full-length (FL) hGHR but inhibits hGH action

mediated by the FL. hGHR in a dominant-negative manner.
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Figure 19. Genomic organization of the human GHR locus in the vicinity of exon 3
[189]. A) GHR exon 3 locus in an individual expressing full-length GHR transcripts.
Exon 3 is shown as a black box. The long terminal repeat (LTR) sequences originating
from the human endogenous retrovirus HERV-P are indicated by an arrow (complete
LTR sequence) or rectangle (partial LTR sequence). Medium reiteration frequency
(MER) elements and the mammalian LTR transposon element are indicated by ellipses
and a square, respectively. A partial restriction enzyme map of the region is given. Bg,
Bglll; B, Banll; H, Hindlll. B) Schematic representation of human GHRfl and
GHRd3alleles. A partial restriction enzyme map of the region is given. The repeated
elements are shown as gray boxes. Two repeated elements flank exon 3 on GHRIil
alleles, whereas a single copy of the repeat is present on GHRd3 alleles. The meeting

point of the two dashed lines shows the intragenic recombination breakpoint.
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GHR mRNA causes an in-frame deletion of 22 amino acids, the resulting receptor does
not appear to be functionally different from the full-length form, since it is able to bind
the appropriate ligands with similar affinities [190]. Population studies have shown that
exon 3-deficient mRNA is expressed in an individual-, rather than tissue-, specific

manner {191] [192].

1.4 GH and GHR during development

Although pivotal roles for GH and its receptor have been well established in
postnatal tissues, their function during human gestation remains unclear. Plasma levels of
immunoreactive GH are significantly elevated in the fetus (up to 150 ng/ml at
midgestation [7]) relative to the normal adult (0-10 ng/mL). Interestingly, high levels of
GH in the fetal circulation are correlated with low levels of IGF-I and IGF-II. This
physiological pattern seems to mimic that observed in Laron syndrome patients, who
manifest a resistance to GH due to a mutation at the level of the GHR or in downstream
signalling pathways [34] [36] [37]. Postnatally, lower levels of GH are detected, as well
as increased levels of IGF-I (GH-dependent) and IGF-II (nutrition-dependent).

GHR mRNA and protein have been identified in a wide variety of human tissues
from as early as the first trimester of fetal life [50] [191] [193]. By mid-gestation, the
tissue pattern of expression of the GHR resembles that of postnatal tissues. We recently
demonstrated that the human GHR (hGHR) present in fetal hepatocytes specifically bind
GH and have biological responses after chronic exposure to GH. However, although the
cells possess functional GHR, these receptors (and/or their signalling pathways) are

immature or have adapted to the in utero environment: 1) affinity cross-linking
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experiments showed that "**I-hGH bound to different molecular mass species of hGHR in
human fetal (~112 kD) vs. postnatal (~80-100 kD) liver; 2) fetal hepatocytes produced 10
times more IGF-II than IGF-I, and responded to hGH with a small but significant
increase in IGF-II rather than IGF-I; and 3) fetal dermal fibroblasts demonstrated a lack
of responsiveness of hGH binding following pretreatments with hGH or dexamethasone
[194]. A detailed description of our findings is summarized in Table 3.

The relative abundance of GHR isoforms during development also differ. In the
fetus and newborn, serum concentrations of GHBP are the lowest. GHBP levels increase
rapidly during the first two to three years of infancy, and gradually plateau during
childhood, reaching a maximum during puberty. These observations suggest a major
increase in tissue levels of GHR during early infancy [195]. Exon 3-deficient mRNA can
also be detected in fetal tissues from as early as 4 weeks fetal age (wks FA) and there
seems to be a predominant expression of the exon 3-deficient transcript during fetal life
[191]: expression of the exon 3-deleted transcript (either alone or together with the exon
3-retaining transcript) decreases with developmental age from 90% (4-9 wks FA) to 69%
(10-40 wks FA) to 33% (1 week to 43 years postnatal age) (Figure 20). As GH-induced
receptor dimerization has been demonstrated to be important for activation of signal
transduction mechanisms, a change in the conformation of the receptor complex (3+/3-
heterodimer vs. 3+ or 3- homodimers) may modulate the activation process. No studies
have examined the relative abundance of truncated (1-277) and (1-279) hGHR isoforms

during development.
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Table 3. Summary of immature and/or adaptive responses observed in fetal vs.

postnatal tissues [194] [196].
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BIOLOGICAL ENDPOINT FETAL POSTNATAL
Total hGHR mRNA (Liver) X 6x
hGH binding (Liver) y 4y
Total FL hGHR mRNA (Liver) z 1.5z
T/FL hGHR mRNA (Liver) = =
hGH-hGHR complex (Liver) 112 kDa 80-100 kD
IGF-II 10x > IGF-I
1GFs (Hepatocytes) (+) GH = T IGF-II only (+) GH = T IGF-|
IGFBP 1, 2 and 4 IFGBP 1, 2, 3and 4
IGFBPs (Hepatocytes) (+) GH = no change [BPs] (+) GH = T [BP3]
Glucose Uptake (+) GH = small but (+) GH = major
(Hepatocytes) significant increase increase

hGH binding
(Dermal Fibroblasts)

(+) GH = no change

(+) dexamethasone =
no change

ot

(+) GH = { binding

(+) dexamethasone =
T binding




Figure 20. Expression of exon 3-deleted isoform during human development [191].
Expression of the exon 3-deleted transcript (either alone or together with the exon 3-

retaining transcript) decreases during gestation and postnatally.
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2. RESEARCH PROPOSAL

The hGH plays an essential role in the growing child, through multiple growth-
promoting as well as metabolic effects. Its actions are intimately linked to the availability
of a functional hGHR. In the fetus, however, the role of hGH in the regulation of human
fetal growth is poorly understood. When fetal hGH production is low or absent (GH
deficiency) or the hGHR is dysfunctional (Laron syndrome), growth failure is often
observed in newborns. This suggests an important role for hGH and its specific receptor
in regulating growth at all stages of development.

This project addresses a complex stage in human development, the fetus. hGH and
its receptor undergo dramatic shifts in expression, including changes in the molecular
forms of hGH produced by the pituitary [197], the expression of multiple variants of
hGHR mRNA in tissues [50] [191] [42] and the biological responses to hGH in these
tissues [194].

Our recent data demonstrates that fetal hGHRs present in hepatocytes specifically
bind hGH and have biological responses after chronic exposure to hGH [194]. However,
despite the presence of functional hGHRs, these fetal receptors (and/or their signalling
pathways) are immature or have adapted in the in wfero environment. Based on these
results, we hypothesize that there are fetal-specific hepatocyte differences in hGHR
and/or its downstream signal transduction pathways that can explain the relatively

immature or adaptational biological responses documented.
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To examine this hypothesis, the immediate objectives of this project have been:

1) To determine if the fetal-specific biological responses could be explained by
differences in the protein structure of the fetal GHR, due to:

a) post-translational modifications, which may account for the differences in
hGHR molecular weight previously shown by affinity crosslinking [194].

b) the relative abundance of a dominant-negative truncated hGHR isoform in
fetal hepatocytes.

¢) the functional significance of the predominant expression of the exon 3-
deleted hGHR isoform.

2) To determine if there are differences in the relative abundance of GHR
downstream signal transduction molecules that can account for the immature
biological responses detected during fetal life, due to:

a) the relative abundance of stimulatory molecules of the Jak/Stat signal
transduction pathway.

b) the relative abundance of inhibitory molecules of the Socs pathway.

This project was originally intended for a Ph.D. thesis. [ have decided to
complete graduate school with an M.Sc. because of my desire to pursue a career outside
of academia. Subsequently, some aspects of this project (research proposals la and 1¢)
have not been fully investigated: 1a) the only available GHR antibody (Mab 263), which
was previously used for immunohistochemistry assays [193], was demonstrated to be
inappropriate for our immunoprecipitation and immunoblotting studies. We were not

able to obtain appropriate antibodies against the GHR until March 2002 and
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subsequently, this part of the project was only recently undertaken; 1c¢) technical
difficulties in creating stable cell lines (please see section 4.6 for details) delayed the
advancement of this work. Despite this, [ have completed a series of critical preliminary
experiments for these studies, Several recommendations for future experiments for this

project have also been made throughout the thesis.
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3. MATERIALS AND METHODS
3.1 Materials

Antibodies directed against the GHR: AL-47 (which recognizes the intracellular
domain of the GHR) and 74.3 (extracellular domain) were kindly provided by Dr. Stuart
Frank (Department of Medicine, University of Alabama, Birmingham, USA) and GHR
AS-15E (extracellular domain) by Dr. Jurgen Kratzsch (Institute of Laboratory Medicine,
Clinical Chemistry, and Molecular Diagnostics, 04103 Leipzig, Germany). Antibodies
directed against GH-signalling proteins were obtained from the following commercial
sources: Jakl (sc-7228), Jak2 (sc-294), Jak3 (sc-513), Tyk2 (sc-169) Socsl (sc-7005),
Socs2 (s¢-9022), Socs3 (sc-9023) and Cis (sc-1529) from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA); Jak2 (06-255), Statl (06-501), Stat3 (06-596), StatSA (06-968) and
Stat5B (06-969) from Upstate Biotechnology, Inc. (Lake Placid, NY); calnexin (C45520)
from Transduction Laboratories (Lexington, KY); ubiquitin (U5379) from Sigma-

Aldrich, Inc., (Saint Louis, MO).

3.2 Tissues

Human fetal tissues were obtained at the time of therapeutic abortion (10.5-19.5
wk of fetal age(FA)); FA was determined by foot length [198]. Postnatal liver
specimens, which were perfused to remove all blood cells, were collected within 4-10
hours after removal of organs for transplantation (11-62 yr). Ethical approval for the
study was obtained from local institutional research ethics boards and informed consent

was obtained in each case.
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3.3 Cell Lines

Five different cell lines were analyzed: CV1 (African green monkey kidney
ibroblasts), HEK293 (human embryonic kidney epithelial cells), mIMCD (mouse inner
medullary collecting duct cells) and two human postnatal hepatoma cell lines, HepG2
(ATCC) and Huh7 (kindly provided by Dr. Ken K. Ho, Garvan Institute of Medical
Research, Sydney, New South Wales, Australia). CV1, HEK293 and HepG2 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen Corporation)
supplemented with 10% fetal bovine serum, 100 IU/mL penicillin G and 1.6 mg/mL
gentamycin sulfate (complete DMEM). mIMCDs were cultured in DMEM:Nutrient
Mixture F-12 (D-MEM/F-12) (Invitrogen Corporation) supplemented with 5% fetal
bovine serum, 100 IU/mL penicillin G and 1.6 mg/mL gentamycin sulfate, while Huh7
cells were cultured in Earle’s MEM (EMEM) (Invitrogen Corporation) supplemented
with 10% fetal bovine serum, 7.5 mM HEPES and 500 IU/mL penicillin. All cells were
cultured at 37°C with 5% CO, in a humid environment. Cells were washed twice with
ice-cold 1x phosphate buffer solution (PBS) and collected by scraping. Proteins were
extracted with lysis buffer and after incubation on ice for 15 min, the cell lysate was
centrifuged at 13 000 x g for 10 min to remove insoluble materials. Supernatants were
transferred to fresh tubes, and stored at -20°C. Alternatively, cells were centrifuged at
1000 x g for 10 min and pellets extracted for RNA using the TriZol method (Invitrogen

Corporation).
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3.4 Hepatocyte Preparations

The postnatal liver tissues used for these studies had been perfused (for
transplantation) and therefore, did not contain blood cells. Since the fetal liver is the
primary hematopoietic organ during this stage of human development, it was therefore
necessary to isolate fetal hepatocytes from intact fetal liver to remove blood cells, to
permit a more accurate comparison of fetal to postnatal liver. For each experiment,
approximately five grams of human fetal liver tissue were minced in 10 mL of warm
(37°C) solution I (10 mM HEPES (pH 7.4), 0.142 M NaCl, 6.7 mM KCl and 1 mM
EDTA«4Na, adjusted to pH 7.4 and filter sterilized). Solution I was removed, the minced
tissue transferred to a flat-bottom glass vial with a mini-stir bar, and 10 mL of warm
(37°C) solution II (100 mM HEPES (pH 7.4), 67 mM NaCl, 6.7 mM KCl, 4.8 mM
CaCle2H,0, adjusted to pH 7.4, filter sterilized with 2 mg/ml collagenase type I
(Invitrogen Corporation, Carlsbad, CA) and 0.2 mg/mL DNase I (Roche Diagnostics
Corporation, Indianapolis, IN)) were added to the minced tissue and allowed to stir at
37°C for 20 min. Following triturition with a pasteur pipette, the resultant suspension
was allowed to settle at unit gravity for 20 min at room temperature. The supernatant was
discarded and this step was repeated once more. The settled cells were resuspended in 5
mL of warm (37°C) solution III (Minimum Essential Medium (Invitrogen Corporation)
and 0.96 mM EDTA, adjusted to pH 7.4, filter sterilized, with 0.16 mg/mL DNase I) and
centrifuged at 500 x g for 10 min at room temperature. The supernatant was discarded
and the resultant cell pellet was washed by unit gravity two times for 20 min each with 5
mL of warm (37°C) solution III. The final layer of sedimented cells, containing primarily

(>95%) hepatocytes, was resuspended in William’s E medium (Invitrogen Corporation)
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supplemented with 10% fetal bovine serum, 100 IU/mL penicillin G, 16 ug/mL
gentamycin sulfate and 39.2 ng/mL dexamethasone. The isolated hepatocytes were plated
on collagen-coated petri dishes. 2 h after plating, the hepatocytes were rinsed thoroughly
(3-5 times) with 1x phosphate buffer saline (PBS) to remove all remaining traces of
hematopoietic cells and then collected by scraping for isolation of protein or RNA. For
ubiquitin and GH-treatment studies, hepatocytes were rinsed thoroughly (3-5 times) with
1x PBS to remove all remaining traces of hematopoietic cells, replaced with fresh,
complete William’s E medium with 39.2 pg/mL dexamethasone and incubated overnight.
24 h later, hepatocytes were treated with 150 ng/mL for 15 min (GH-treatment studies) or
simply washed with 1x PBS (ubiquitin studies) and collected by scraping. Proteins were
extracted with lysis buffer and after incubation on ice for 15 min, the cell lysate was
centrifuged at 13 000 x g for 10 min. Supernatants were transferred to fresh tubes, and
stored at -20°C. Alternatively, cells were centrifuged at 1000 x g for 10 min and pellets

extracted for RNA using the TriZol method (Invitrogen Corporation).

3.5 RT-PCR

Full length vs. Truncated hGHR [194]. For each reaction, five micrograms of
hepatic total RNA were reverse transcribed for 1 h at 42°C in the presence of 200U of
Superscript II (Invitrogen Corporation), 200 puM deoxyribonucleotides (dNTPs)
(Invitrogen Corporation), 10 mM dithiothreitol (DTT) (Sigma Aldrich) and a specific
exon 9 reverse primer (9AS) designed to recognize both the full-length and truncated (1-

279) hGHR mRNAs (Figure 21A). Prior to the reverse transcription reaction, the RNA
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Figure 21. Schematic diagram of primers used for RT and PCR assays. A) A
specific primer in Exon 9 (9AS) was designed to recognize both the full-length and
truncated (1-279) forms of hGHR mRNA. B) 3+ and 3- hGHR mRNAs were detected

using primers 1S (Exon 2) and 1A2 (Exon 5).
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was heated at 65°C for 5 min to disrupt any secondary structure. Three microliters of RT
product were amplified for 35 cycles with 1.25U Tag DNA polymerase (Invitrogen
Corporation, Carlsbad, CA}, 200 uM dNTPs, 1.5 mM MgCl; and 0.5 uM hGHR exon 7
sense (7S) and antisense hGHR exon 9AS primers. The cycles consisted of one cycle at
94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s and 72°C for 1
min, ending with a final elongation at 72°C for 10 min. In each assay, an aliquot of HO
was amplified in parallel as a negative PCR control. PCR products were separated on
10% polyacrylamide gels and stained with Sybr Gold (Molecular Probes, Eugene,
Oregon). Densitometric analyses were carried out using the Bio-Rad GelDoc system
(Mississauga, ON, Canada).

Exon 3-retained vs. —deleted hGHR [191]. Following the above-described
method, a specific exon antisense primer (1 A2) was used for reverse transcription (Figure
21B). Three microliters of RT product were amplified for 35 cycles with 1.25U Tagq
DNA polymerase (Invitrogen Corporation), 0.5 mM dNTPs, 3 mM MgCl, and 0.5 uM
hGHR sense (1S) and antisense 1A2 primers. The reaction consisted of one cycle at
92°C for 3 min, 61°C for 1 min and 72°C for 3 min, followed by 35 cycles of 92°C for 30
s, 61°C for 1 min and 72°C for 1 min 30 s, ending with a final elongation at 72°C for 5
min. In each assay, an aliquot of H,O was amplified in parallel as a negative PCR

control.
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Primers

78 5’-ATAAGGAATATGAAGTGCGTGTGAG-¥
9AS 5-TAATCTTTGGAACTGGAACT-3

iS 5’-CTGCTGTTGACCTTGGCACTGGC-3’
1A2 5’-AGGTATCCAGATGGAGGTAAACG-3’

3.6 Tissue Cytosolic and Membrane Fractionation

Approximately 5 gms of human fetal liver were homogenized in ice-cold lysis
buffer (50 mM Tris (pH 7.5), 0.1% Triton X-100, 150 mM NaCl and 2 mM EDTA)
containing protease and phosphatase inhibitors (1 mM Na3;VOy, 1 mM PMSF, 10 pg/mL
each aprotinin, leupeptin, pepstatin and 5 mM NaF) for 15 min on ice. Homogenates
were centrifuged at 1 000 x g for 10 min to remove insoluble materials. Supernatants
were then centrifuged at 100 000 x g for 1 hour. Cytoplasmic proteins present in the
supernatant from this high-speed centrifugation were aliquoted and frozen at -20°C. The
cell pellets, containing membrane proteins, were solubilized in ice-cold lysis buffer,

aliquoted and frozen at -20°C,

3.7 Immunoprecipitation and Immunoblotting

Tissue fragments or cell pellets were solubilized in ice-cold lysis buffer (50 mM Tris
(pH 7.5), 0.1% Triton X-100, 150 mM NaCl and 2 mM EDTA) containing protease and

phosphatase inhibitors (I mM Na3VOs, 1 mM PMSF, 10 pg/mlL each aprotinin,
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leupeptin, pepstatin and 5 mM NaF) for 15 min on ice. To remove insoluble material,
lysates were centrifuged at 13 000 x g for 10 min at 4°C. The supernatants were
collected and protein concentrations were measured with a Bradford dye-binding assay
kit (Bio-Rad Laboratories Inc., Hercules, CA); BSA was used as a standard. For
immunoprecipitation, 0.5-1 mg of liver lysate protein were incubated by rotation in the
lysis buffer described above with anti-GHR antibodies (¢ AL-47, 1:250) overnight at 4°C,
followed by the addition of 50 uL protein G-agarose beads (Amersham Biosciences, Baie
D’Urfé, QC, Canada) for 1 h at 4°C. Antibody complexes were washed three times in
lysis buffer followed by a single wash in 50 mM Tris (pH 8.0). Immunoprecipitated
extracts or 50-100 pg of whole cell extracts were boiled for 5 min in SDS polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer (50 mM Tris (pH 6.8), 2% SDS, 0.1%
bromophenol blue, 10% glycerol and 100 mM DTT) and proteins were resolved by SDS-
PAGE (8%-15%) and transferred (Mini Trans-blot Cell, Bio-Rad Laboratories, Inc.) onto
polyvinylidene difluoride (PVDF) Immobilon-P transfer membranes (Millipore
Corporation, Mississauga, ON, Canada).

Proteins were immunodetected with antibodies to AL-47 (1:2000), GHR 74.3
(1:2000), GHR AS-15E (1:5000), Jakl (1:1000), Jak2 (1:1000), Jak3 (1:500), Tyk2
(1:500), Statl (1:2000), Stat3 (1:2000), Stat5A (1:1200), Stat5B (1:1200), Socs1 (1:100),
Socs2 (1:200), Socs3 (1:200), Cis (1:100), calnexin (1:1000) or ubiquitin (1:50) for 1 h at
room temperature. The membranes were incubated with an anti-mouse (1:1000) or anti-
rabbit (1:1000) IgG conjugated to horseradish peroxidase (Perkin Elmer Life Sciences
Inc., Boston, MA) for I h at room temperature and visualized by an enhanced

chemiluminescence (ECL) detection system (Perkin Elmer Life Sciences Inc.). For
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reprobing with another antibody, membranes were rehydrated in methanol, rinsed in
distilled water and incubated for 30 min at 50°C with stripping buffer (100 mM 8-
mercaptoethanol, 2% SDS, 62.5 mM Tris (pH 6.8)). Densitometric analyses were carried
out using the Bio-Rad GelDoc system.

To account for errors in sample loading, membranes were initially stripped and re-
probed with antibodies against actin or GAPDH. But since immunoblotting experiments
demonstrated that these proteins were not expressed at consistent levels during
development (data not shown), we used an antibody against calnexin, an integral
membrane protein of the endoplasmic reticulum (ER) that functions as a molecular
chaperone [199]. Immunoblotting experiments with increasing concentrations of protein
at all stages of development demonstrated that calnexin was the more appropriate
antibody to use as a loading control for our studies (data not shown). Data are therefore
expressed in arbritrary densitometric units as a ratio of GH-signalling molecule to

calnexin, which was usually detected as a doublet at ~90 kDa [200].

3.8 Plasmids

Exon 3-retained (full-length, FL) and —deleted (A3) hGHR expression plasmids
were kindly provided by Dr. Marie-Laure Sobrier (INSERM, Créteil, France) [190]. The
FL and A3 hGHR cDNA coding sequences were cloned into the expression vector pECE
at a Sall restriction site at the 5’end (5’to the ATG ftranslation initiation codon) and an
Sstl restriction site at the 3’end.

For analysis of the relative biological responsiveness of the 3+ vs. 3- hGHRs, the

Spi2.1 promoter-luciferase (Spi2.1-luc) plasmid was obtained from Dr. Nils Billestrup
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(Novo Nordisk, Denmark) {201]. Specifically, two copies of the X#oI site of the Spi2.1-
Gas-like element (GLE: 5’-tcgaACGCTTCTACTAATCCATGTTCTGAGAAATCATC
CAGTCTGCCCA-3’) were ligated into the Xhol site of the pGL2 vector (Promega),

upstream of the huciferase gene.

3.9 Transient Transfection

Approximately 1.0 x 10° HepG2 cells (P110-P115) were plated per well in 12-
well plates in complete DMEM for 24 h and transfected the following day. 60-70%
confluent cells were transfected with 1.5 pg Spi2.1-luc pGL2 basic vector, 3.0 ug RSV-
B-galactosidase-encoding plasmid and various combinations of FL hGHR pECE and A3
hGHR pECE (to a total of 3.0 pg DNA) using the calcium phosphate method. All
experiments were performed in triplicate. A DNA solution consisting of plasmids and
autoclaved water was prepared and 75 uL (per triplicate) of 4x CaCl, (500 mM CaCl,, 2
mM Tris-HCl, 0.2 mM EDTA) was added dropwise to each tube. 150 uL (per triplicate)
of 2x HBS (50 mM HEPES, 280 mM NaCl, 1.5 mM Na,HPO,4) was introduced to the
bottom of the tube, pipetting 5-6 times to produce bubbles. The solution was incubated at
room temperature for 30-45 min to allow the DNA precipitate to form. Cells were washed
with 1x PBS and medium was replaced with fresh, warm (37°C) complete DMEM. 100
uL of DNA precipitate were distributed evenly to each well and the cells were incubated
at 37°C for 24h. The medium was then removed, cells were washed with 1x PBS and
replaced with fresh, warm (37°C) complete DMEM. Untreated cells recovered in
complete DMEM for an additional 24 h. For GH-treatment, cells were allowed to

recover in complete DMEM for up to 8 hours. Cells were then serum-starved overnight
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by replacing medium with serum-free DMEM. The following morning, cells were
stimulated with 10 or 150 ng/mL hGH (Protropin, Genentech Canada Inc.) for up to 6 h,
after which luciferase and B-galactosidase assays were performed. Cells were also
collected to isolate 3+ and 3- hGHR mRNA and protein, for RT-PCR and WB analysis,

respectively.

3.10 B-Galactosidase and Luciferase Assays

Media were aspirated from wells and the cells were washed with ice-cold 1x PBS.
Cells were harvested in 200 uL of lysis buffer (0.01 M DTT, 0.1 M Tris (pH 8.0), 0.5%
NP-40) per well and rotated at room temperature for 15 minutes to allow complete lysis
of cells to occur. For the B-galactosidase assay, 10 uL of cell lysate were added to wells
of a microtiter plate with 100 pl B-galactosidase solution (0.1 mM [-galactosidase
substrate in Reaction Buffer Diluent: 100 mM sodium phosphate (pH 7.5), 1 mM MgCl,,
5% Sapphire-II enhancer (Tropix Galacton-Star, Bedford, MA)), covered in plastic wrap
and incubated at room temperature for 1 h. For the luciferase assay, 100 pL of cell
lysate were added to wells of a microtiter plate and a 1x luciferin solution was prepared
from a 10x luciferin solution (0.1 mM Coenzyme A, 2.5 mM ATP, 1 mM luciferin, 5
mM MgCl,, and 500 mM Tris-HCl (pH 7.9)). Both B-galactosidase and luciferase
activity was measured using WinGlow system (EG&G Berthold, Bad Wildbad,
Germany) and data were expressed as a ratio of luciferase activity (relative light units

(RLU)) to B-galactosidase activity.
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3.11 Statistical Analyses

Differences between groups (by age or treatment) were analyzed by Student’s 7~
test if there were two groups or by ANOVA followed by Bonferroni’s multiple range test
if multiple groups. Data are presented as the mean = SEM. P<0.05 was considered to be

significant.
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4. ANALYSIS OF GHR PROTEIN STRUCTURE

4.1 Preface

Previous affinity crosslinking experiments had shown that '’I-hGH bound to
different molecular mass species of hGHR in fetal (~110 kD) compared to postnatal (~95
kD) liver [194]. This difference in molecular mass of the fetal hepatic hGHR complex
needed to be explored to determine what role this difference may play in restricting hGH
responsiveness during fetal development. hGHR mRNA from both fetal and postnatal
samples have been sequenced and found to be identical, suggesting that the basic protein
must be similar [202]. We hypothesized that the size difference might be due to either a)
post-translational modifications (i.e. glycosylation or ubiquitination of the hGHR
extracellular domain) or b) differential association of the hGHR with additional
molecules (e.g. Socs). One other logical question to ask was whether the relative
abundance of the dominant-negative truncated (1-279) hGHR isoform in fetal cells may
play an important role in the immature responses. Finally, the predominant expression of
the hGHR exon 3-deficient transcript during fetal life was of interest: expression of the
exon 3-deleted transcript (either alone or together with the exon 3-retaining transcript) is
90% from 4-9 wks FA, 69% from 10 wks FA to term and 33% postnatally [191].
Therefore, we decided to analyze the downstream effects of different hGHR complexes
(i.e. 3+/3- heterodimer vs. 3+ or 3- homodimers) in a human hepatoma cell line that
lacked endogenous hGHR, using a known GH response element in a luciferase reporter

vector (spi2.1/luc) [201].
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4.2 Analysis of hGHR molecular mass in human fetal
hepatocytes vs. postnatal liver

To determine whether the hGHR size differences were due to post-transiational
modifications, fetal hepatocytes (n=2; 12.7 and 13.75 wks FA) and intact postnatal liver
(n=2; 37 and 62 yr) samples were analyzed by immunoprecipitation and immunoblotting
with an antibody directed against the intracellular domain of hGHR. Both immature (~70
kD) and mature (~110 kD) forms of the hGHR were detected in fetal hepatocytes and
postnatal liver (Figure 22). While there was an approximate two-fold increase in the
immature form of hGHR in postnatal liver, both the immature and mature forms were
identical in molecular size to those observed in fetal hepatocytes, suggesting that
differential post-translational modifications (e.g. glycosylation, ubiquitination) were not
the reason for the difference in affinity cross-linking molecular weights of the hGHR.

To further confirm IP/WB: anti-GHR data (Figure 22), that the size differences
previously seen in affinity cross-linked hGHR are not due to post-translational
modifications, two future sets of experiments should be undertaken: 1) deglycosylation of
GHRs at both stages of development; and 2) IP: anti-GHR/WB: anti-ubiquitin to assess
for the ubiquitinated status of the two receptors. These studies will also allow us to
address whether there is a differential ratio of glycosylation or ubiquitination in the fetal
vs. postnatal hepatic hGHRs. Because fetal hepatocytes were previously prepared from
freshly dispersed cells, where there may be minimal amounts of cell surface GHR,
ongoing experiments to examine the ubiquitinated state of the hGHR should focus on

cells allowed to incubate overnight prior to harvesting.
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Figure 22. Representative Immunoprecipitation (IP) and Western Blot (WB)
analysis of hGHR in fetal hepatocytes (n=2; 12.7 and 13.75 wks FA) vs. postnatal

liver (n=2; 37 and 62 yr).

69



<« Mature hGHR

<« Immature hGHR

IP: anti-GHR (AL-47)
WB: anti-GHR (AL-47)



4.3 Truncated (1-279) hGHR mRNA in human fetal hepatocytes
vs. postnatal liver

To analyze whether the major dominant-negative truncated (1-279) (T) form of
the hGHR plays a role in fetal-specific biological responses, we determined mRNAs for
both the full-length (FL) and T form of the hGHR using RT-PCR. We designed an
antisense primer that is capable of recognizing both the FL and the T hGHR mRNA,
resulting in PCR product sizes of 252 bp and 226 bp, respectively. This allowed us to
examine two distinct bands that could easily be separated on the same polyacrylamide gel
(Figure 23A).

Initially, ratios of T to FL (T/FL) hGHR mRNA were analyzed in intact fetal liver
(0.20£0.02; n=12; 12.7-19.5 wks FA) vs. intact postnatal liver (0.09+0.01; n=3; 37-62
yr). While the FL transcript always predominated, there was a trend for fetal liver to
have a two-fold higher ratio of T/FL. hGHR mRNAs (Figure 23B): because of a two-to
three-fold variability within each age group, the difference did not reach statistical
significance.

However, since the fetal liver is the primary hematopoietic organ during this stage of
development, it was decided to dissect the intact fetal liver into its two major cell
components, hepatocytes and hematopoietic cells, since the latter contain a number of
cytokine receptors, including the GHR. This isolation permitted us to make a more
accurate comparison of fetal to postnatal liver: the postnatal liver tissues used for these
studies had been perfused for transplantation and, therefore, did not contain blood cells.
When intact fetal liver, fetal hematopoietic cells, isolated fetal hepatocytes and intact
postnatal liver were compared, the highest T/FL hGHR mRNA ratio was detected in fetal

hematopoietic cells (0.24:+0.04; n=5; 12.7-19.5 wks FA), while fetal hepatocytes
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Figure 23. Comparison of full-length (FL) and truncated (T) (1-279) hGHR mRNAs
in fetal (10.5-19.5 wks FA) vs. postnatal liver by RT-PCR. A) Representative
polyacrylamide gel of PCR products. Full-length (FL) hGHR mRNA is detected at 252
bp and truncated (1-279) (T) hGHR mRNA at 226 bp. pBS-SK'/Hpa II marker is
indicated on the left. B) Comparative data for intact fetal liver, intact postnatal liver,
fetal hepatocytes and fetal hematopoietic cells: each sample was tested using three
different RNAs and the final data are expressed as a ratio of truncated to full-length

(T/FL) transcripts. Statistical differences are expressed relative to fetal hepatocytes.
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(0.07+£0.02; n=7; 11.5-17.5 wks FA) showed ratios similar to postnatal liver (Figure
23B). The comparable T/FL ratios detected in hepatocytes at the two stages of
development suggest that the dominant-negative T hGHRs present in fetal hepatocytes

are not likely to contribute to the fetal-specific biological responses.

4.4 Truncated (1-279) hGHR mRNA in Fetal Tissues

The relative abundance of truncated (1-279) to full-length hGHR mRNA was
assessed in other developing tissues in order to place the hepatic T/FL. hGHR mRNA data
into context. Like the fetal liver, eight other tissues predominantly expressed the full-
length form of the hGHR (Figure 24A). The dominant-negative T hGHR isoform was
also detected in all tissues, but T/FL hGHR mRNA ratios varied considerably: 0.002 in
skin, 0.03+0.01 in skeletal muscle, 0.09+0.04 in pancreas, 0.12+0.02 in growth plate,
0.18+0.07 in thymus, 0.20£0.02 in intact liver, 0.30+0.13 in CNS, 0.51+0.07 in lung,
0.53+0.06 in kidney cortex and 0.65+0.09 in kidney medulla (Figure 24B). Thus,
although the dominant-negative hGHR does not likely play a role in the immature
responses found in the fetal hepatocytes, the relatively high levels of T (1-279) hGHR in

other fetal tissues, such as the kidney, may have more functional significance.

4.5 Characterization of GHR isoforms in various cell lines

4.5.1 T/FL hGHR mRNA
Four different primate cell lines were analyzed: CV1 (African green monkey kidney

fibroblasts), HEK293 (human embryonic kidney epithelial cells), HepG2 and Huh7 (both
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Figure 24. Comparison of full-length (FL) and truncated (T) (1-279) hGHR mRNAs
in various fetal tissues. A) Representative polyacrylamide gel of PCR products. pBS-
SK*/Hpa II marker is indicated at 242 bp. CNS, central nervous system. B) T (1-279)
hGHR mRNA is detected in a wide variety of fetal tissues. The T/FL ratios vary

considerably. Statistical differences are expressed relative to intact liver.
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human postnatal hepatoma cell lines). Interestingly, the hepatoma cell lines demonstrated
very high T/FL ratios (HepG2: 3.00+£0.94, Huh7: 1.71£0.30). T/FL ratios of HEK293
cells were quite low (0.21£0.05), while CV1 showed intermediate values (1.27+0.19)
(Figure 25). These data suggest that the T form of the hGHR may have a physiological
role as a dominant-negative receptor in hepatoma cells as well as a lesser role in HEK293

cells.

4.5.2 Exon 3+/3- hGHR mRNA

The same cell lines were characterized for the presence of exon 3-retained (3+) and/or
exon 3-deleted (3-) GHR mRNA in order to determine in which cell line to carry out the
exon 3+/3- functional studies. A human postnatal sample known to contain both 3+ and
3- hGHR mRNA was used as a positive control (HAL37) (Figure 26). Using RT-PCR,
HEK?293 and Huh7 cells consistently demonstrated the presence of only the 3+ GHR
mRNA. hGHR mRNA was barely, if at all, detectable in HepG2 cells; only one out of
four attempts detected a faint band of 3+ hGHR. Two bands were detected in IMCDs
(see legend for details). Surprisingly, neither form of the GHR was seen in CV1
fibroblasts. As discussed in section 4.5.1, FL hGHR mRNA was detected in CV1 cells
using primers in exon 7 and exon 9 of the hGHR gene. Through BLAST analysis of
human, baboon and macaque sequences, we determined that the antisense 1A2 primer
used for these studies had two mismatched nucleotides for monkey GHR mRNA. Thus,
the absence of 3+ or 3- hGHR bands in CV1 fibroblasts was likely a technical artifact and
not biologically significant. Based on these results, we decided to use the HepG2

hepatoma cell line due to the undetectable levels of endogenous GHR mRNA, to analyze
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Figure 25. Comparison of full-length (FL) and truncated (T) (1-279) hGHR mRNAs
in various primate cell lines. A) Representative polyacrylamide gel of PCR products.
pBS-SK'/Hpa Il marker is indicated at 242 bp. B) Graph analysis of T/FL hGHR mRNA
in four cell lines expressed relative to human adult liver (HAL). Each sample was tested
using three different RNAs and the final data are expressed as a ratio of truncated to full-

length (T/FL) transcripts.
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Figure 26. Comparison of Exon 3 -retained (3+) and -deleted (3-) hGHR mRNAs in
various cell lines. Representative polyacrylamide gel of PCR products. Human adult
liver (HAL37) was used as a positive control for both 3+ and 3- hGHR mRNA isoforms.
Due to the absence of exon 3 alternative splicing in the mouse gene [203], only the 3+
hGHR band was expected in IMCD cells. Several additional RT-PCR experiments were
performed with murine-specific primers to confirm the presence of only 3+ hGHR
mRNA (data not shown). The lower band detected with the human sequence primers is
suspected to be nonspecific due to a lack of primer specificity. The upper IMCD band is

higher in migration due to the presence of a novel exon (4A) in mouse GHR mRNA.
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the functional significance, if any, of the exon 3-deleted isoform of the GHR.

4.6 Functional Analysis of Exon 3-deleted hGHR

Due to the predominant expression of the exon 3-deficient (3-) hGHR transcript
during fetal life, we wanted to determine whether there was a functional significance of
this hGHR isoform. Our initial goal was to create three stable HepG2 cell lines for these
studies, expressing 3+ only, 3- only or 3+/3-. Exon 3-retained and —deleted pECE
plasmids were digested by restriction enzymes Sall and Ss#/ to remove 3+ and 3- hGHR
c¢DNA coding sequences for subcloning into the pcDNA3.1 expression vector.
However, after numerous attempts, we were unable to transform the constructs into
competent E.coli. Subsequently, Dr. Stuart J. Frank (Department of Medicine, University
of Alabama, Birmingham, USA) informed us of a “poison sequence” located in the
transmembrane domain of the hGHR that was preventing transformation of the
pcDNA3.1 vector constructs by the competent cells. For this reason, we decided to
perform transient transfections with the 3+ and 3- pECE plasmids instead.

When cells were transiently transfected with 3+, 3- or 3+/3- hGHR ¢DNAs and the
spi2.1/luciferase reporter vector containing two copies of a GH (Stat) response element,
RT-PCR experiments showed equivalent expression of transfected constructs at the
mRNA level (Figure 27A). Relative to the empty vector pECE, Hep(G2s transfected with
3+ hGHR (5.20+2.01), 3+/3- (5.3242.61) or 3- hGHR (1.79+0.76) showed small, but
insignificant increases in spi2.1/luciferase activity. Future experiments should include an
immunoblotting analysis of transfected HepG2s to confirm equivalent expression of the

3+ and 3- hGHRSs and a study of the functional effects on spi2.1/luciferase transactivation
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Figure 27. Exon 3+/3- hGHR functional studies. A) Exon 3+ and 3- mRNA levels in
transfected HepG2 cells analyzed by RT-PCR. 3+ hGHR mRNA is detected at 357 bp
and 3- hGHR mRNA at 291 bp. pBS-SK'/Hpa II marker is indicated on the right. B)
Relative spi2.1/luciferase activity in transiently transfected HepG2 cells. Data are

expressed as a ratio of luciferase activity (relative light units) to B-galactosidase activity.
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following treatment with various concentrations (0, 10, 50, 150 ng/mL) of recombinant

22KDa hGH.
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5. ANALYSIS OF GHR SIGNALLING PATHWAYS

5.1 Preface

We recently demonstrated differential biological responses in fetal vs. postnatal
liver and dermal fibroblasts following chronic exposure to hGH [194]. Certain responses
appear to be an adaptation to the fetal environment: in response to pretreatment with
hGH, fetal hepatocytes surprisingly demonstrated no change in IGF-I but an increased
production of IGF-II. Other responses may simply be due to an immature cell system:
fetal dermal fibroblasts demonstrated a lack of responsiveness in hGH binding following
treatment with either hGH or dexamethasone. We hypothesize that these adaptive and/or
immature biological responses during fetal life may be due to differences in the relative
abundance of GHR downstream signal transduction molecules, such as the stimulatory
molecules of the Jak/Stat signal transduction pathway or the inhibitory molecules (e.g.

Socs proteins).

5.2 Expression of Jak/Stat proteins in intact fetal vs. postnatal
liver

At the beginning of this project, protein extracts of intact fetal and postnatal liver
tissues were analyzed to compare the relative abundance of Jak/Stat family members. At
this time, multiple western blot experiments were being performed to test for the optimal
dilution of Jak/Stat antibodies as well as an appropriate loading control. Thus, we were
only able to analyze these samples for the presence or absence of a small number of

Jak/Stat proteins since we still lacked an appropriate control protein to account for errors
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in sample loading and there were technical problems with several of the antibodies. Jak2,

Tyk2 and Statl were found to be present at both stages of development (data not shown).

5.3 Expression of Jak/Stat proteins in cytosolic vs. membrane
fractions of human intact fetal and postnatal liver

Early in the project, we also asked the question of whether there are
developmental differences in the relative abundance of stimulatory Jak/Stat proteins at
the level of the cytosol vs. membrane in human liver. Although only a few samples were
tested, all of the Jak/Stat proteins were detected at relatively similar levels in fetal (Jak1:
148% of postnatal liver, Jak2: 134%, Jak3: 106%, Tyk2: 131%, Statl: 184%, Stat3:
104% and StatSA: 116%) compared to postnatal liver (Figure 28 and 29A; WB data
normalized to calnexin). While Statl (84% of postnatal liver) and Stat3 (105%) were
also detected in membrane fractions, there was a striking difference in Jak 1 and Jak2
levels (1006% and 450%, respectively) in fetal liver membrane fractions compared to
postnatal samples (Figure 28 and 29B), suggesting increased levels of Jak proteins in
fetal membranes. However, given our results from the T/FL hGHR studies (Figure 23),
we decided that it was critical to dissect the intact fetal liver into its two major cell
components, hepatocytes and hematopoietic cells prior to continuing our Jak/Stat
analyses. Subsequent studies were limited to whole cell extracts of isolated hepatocytes,
due to the large amounts of protein required for cytosolic and membrane fractionation

and the limited availability of hepatocyte samples.
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Figure 28. Expression of Jak2 protein in cytosolic vs. membrane fractions of human
fetal (n=2; 18 and 19.5 wks FA) and postnatal (n=2; 37 and 62 yr) liver.

A) Representative Jak2 immunoblots of fetal and postnatal liver cytosolic and membrane
protein extracts. SDS-PAGE Molecular Weight Standard Broad Band markers (Bio-Rad
Laboratories Inc.) were used. Molecular weights of Jak2 and calnexin are indicated on

the left.
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Figure 29. Comparative data of Jak/Stat proteins in cytosolic and membrane
fractions in fetal (n=2; 18 and 19.5 wks FA) vs. postnatal (n=2; 37 and 62 yr) liver.
A) Analysis of cytosolic fractions of human liver. Abundance of Jak/Stat proteins is
expressed as a ratio of Jak/Stat to calnexin. No data are available for Stat5B due to
technical difficulties with the Stat5B antibody at the time. B) Analysis of membrane
fractions of human liver. The absence of data for Jak3, Tyk2, Stat5A and Stat5B was due
to technical difficulties with the antibodies at the time. Statistical differences are

expressed relative to human adult liver (HAL).
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5.4 Expression of Jak/Stat proteins in human fetal hepatocytes
vs. posinatal liver

Stimulatory Jak (Jak2) and Stat (Statl, Stat3, StatSA and Stat5B) proteins were
detected in whole cell extracts of all human fetal hepatocytes (n=3; 12.7-17.5 wks FA)
and postnatal livers (n=3; 37-62 yr) tested (Figure 30A). Interestingly, normalized
Jak/Stat samples showed a general decrease in fetal hepatocytes compared to postnatal
liver, ranging from 5-22% of postnatal liver. Those proteins best known to be involved in
hGHR signalling demonstrated significantly lower levels in fetal hepatocytes: Jak2 (22%
of postnatal liver, **p<0.002), Stat5A (11%, *p<0.03) and Stat5B (5%, *p<0.02) (Figure
30B). Thus, both human fetal and postnatal hepatocytes contain the Jak/Stat proteins
known to be involved in hGHR signal transduction from as early as 12.7 wks FA. The
significantly lower levels of Jak2, StatSA and Stat5B, in particular, may be responsible

for the fetal-specific hepatocyte responses detected in fetal vs. postnatal liver cells.

5.5 Expression of Socs proteins in human fetal hepatocytes
vs. postnatal liver

To assess whether the relative abundance of negative regulatory molecules in the
GHR signalling pathway might be responsible for the differential fetal biological
responses, we determined the levels of inhibitory Socs proteins in human fetal
hepatocytes (n=3; 18-19 wks FA) and postnatal liver (n=3; 37-62 yr). Using SDS-PAGE
and WB of whole ceﬂ‘extracts, we detected Socsl, Socs2, Socs3 and Cis at all stages of
development (Figure 31A). Relatively similar levels of Socsl were detected in fetal
hepatocytes (119% of postnatal liver), whereas Socs2 demonstrated a marked decrease

(51%). Interestingly, a significant two-fold increase in the levels of both SOCS3 (239%
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Figure 30. Relative abundance of Jak/Stat proteins in fetal hepatocytes (n=3; 12.6-
17.5 wks FA) and postnatal liver (n=3; 37-62 yr). A) Immunoblots of Jak2, Statl,
Stat5A and Stat5B. Membranes were stripped and reprobed with calnexin, which was
used as a loading control. B) Abundance of Jak/Stat proteins is expressed as a ratio of
Jak/Stat to calnexin. Statistical differences are expressed relative to human adult liver

(HAL).
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Figure 31. Relative abundance of Socs proteins in fetal hepatocytes (n=3; 18-19 wks
FA) and postnatal liver (n=3; 37-62 yr). A) Immunoblots of Socsl, Socs2, Socs3 and
Cis. Membranes were stripped and reprobed with calnexin, which was used as a loading
control. B) Abundance of Socs proteins is expressed as a ratio of Socs to calnexin.

Statistical differences are expressed relative to human adult liver (HAL).
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of postnatal liver, **p<0.03) and CIS (200%, **p<0.03) were seen in fetal hepatocytes
(Figure 31B). Human fetal hepatocytes, therefore, show significantly higher levels of at
least two negative regulatory Socs proteins, Socs-3 and Cis, suggesting that they may

play an important role in the fetal-specific responses to hGH.
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6. DISCUSSION

hGH acts by binding to its high-affinity receptor on target cells. The hGHR is a
620 amino acid single-chain polypeptide which dimerizes with a second hGHR in the
presence of one molecule of hGH [186] [113]. Three hGHR isoforms have been reported
to date. Two truncated hGHR mRNAs, 1-277 and 1-279, are produced at low levels in all
human tissues examined to date [194] [202] [present data]. These truncated receptors are
capable of binding hGH with high affinity but do not dimerize or activate intracellular
signal transduction pathways and, in fact, act as dominant negative receptors [188]. Exon
3-deleted hGHR mRNA has also been detected in fetal tissues from as early as the 8"
week of gestation [191] [204]. This transcript is expressed in an individual- rather than
tissue-specific manner, and translates into a high affinity hGHR that binds specific
hormones with similar affinities as the full-length receptor [190] [191] [192]; further
functional studies of this truncated receptor have not been carried out.

Formation of the 1:2 hGH/hGHR complex at the cell surface results in receptor
stimulation followed by a cascade of phosphorylation of intracellular proteins. Tyrosine
phosphorylation of the non-receptor tyrosine kinase Jak2 is the first step leading to
activation of multiple pathways, including the phosphorylation, dimerization and nuclear
translocation of activated Stats which bind to specific DNA-response elements to activate
gene transcription [205]. hGHR signalling is negatively regulated by members of a
family known as suppressors of cytokine signalling (Socs) as well as phosphatases (SHP-
1) and ubiquitination followed by internalization [147].

Although pivotal roles for GH, GHR and its downstream signal transduction

pathways have been well established in postnatal tissues, their function during human
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gestation remains unclear [206]. Fetal serum levels are high in both primates and
subprimates [207]. However, while numerous studies have shown the onset of significant
GHR mRNA expression only around the time of birth in subprimates [208] [209] [210],
ubiquitous transcription of the hGHR gene has been documented from as early as the first
trimester in the human fetus [43] [50] [191]. In addition, immunohistochemical [193]
and immunoblotting experiments [present study] have identified hGHR protein in human
tissues from as early as 13 wks FA. These fetal hGHRs appear to have immature or
adaptive biological responses to chronic exposure to hGH [194].

In the present study, we have addressed the question of what may be responsible
for these fetal-specific biological responses, by beginning a detailed comparison of the
hGHR structure and its downstream signalling pathways in fetal hepatocytes vs. postnatal
liver. While initial studies were performed with intact fetal liver, it was decided to
dissect the intact fetal liver into its two major cell components, hepatocytes and
hematopoietic cells, since the fetal liver is the primary hematopoietic organ during this
stage of development. Hematopoietic cells contain a number of cytokine receptors, |
including the GHR, making interpretation of intact liver analyses very difficult. This
isolation permitted us to make a more accurate comparison of fetal to postnatal liver: the
postnatal liver tissues used for these studies had been perfused for transplantation and,

therefore, also did not contain blood cells.
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6.1 Analysis of GHR Protein Structure

Previous affinity cross-linking studies detected the fetal hGHR at ~112 kDa
compared to the postnatal hGHR at ~95 kDa [194], suggesting either a larger receptor or
the presence of additional molecules bound to the GH/GHR complex in fetal liver.
Subsequent mRNA sequencing [202] and now immunoprecipitation/ immunoblotting
experiments indicate no major size differences between the fetal and postnatal hepatic
hGHR: both the immature and mature forms of the fetal hGHR in hepatocytes have the
same SDS-PAGE migration pattern as the postnatal hGHR (Figure 22).

Based on its amino acid sequence, the GHR is predicted to be approximately 70
kDa in size but, when resolved on SDS-PAGE gels under reducing conditions, the mature
GHR migrates at 100-140 kDa. This difference is due primarily to the presence of five
potential asparagine-linked glycosylation sites within the extracellular domain, several
which are glycosylated [56]. In addition, GHR can be modified by ubiquitination, a step
that may target the receptor for internalization and degradation [61] [62]. Our IP/WB
detection of the hGHR at similar molecular masses in fetal hepatocytes and postnatal
liver suggests that the differences previously found were not due to these post-
translational mechanisms. Instead, additional molecules non-covalently bound to the
fetal GH-GHR complex (e.g. Socs, Grb10, SHP-1) may account for the shift in molecular
weight. Exactly which molecule(s) is present remains to be determined, as well as the
relative glycosylated and ubiquitinated state of the fetal vs. postnatal hepatic GHR.

It should also be noted that the previous cross-linking experiments were
performed with intact fetal liver, which contains a large number of hematopoietic cells.

The band detected at ~112 kDa may therefore be explained by the presence of a large
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population of hematopoietic hGHR, which may be more heavily glycosylated than the
postnatal form. Future experiments need to examine the molecular size of the hepatic
hematopoietic hGHR by IP/WB.

It will be necessary, in parallel, to confirm the molecular size of the fetal
hepatocyte GH/GHR complex, using a combination of affinity cross-linking and IP/WB
techniques. If a larger molecular weight species is still observed with isolated fetal
hepatocytes, it will then be important to assess which non-covalently linked molecules
are present in this complex, by immunoblotting with antibodies against various
intracellular proteins known to bind the GHR and inhibit its activity (e.g. Socs, SHP-1,
Grb-10). In addition, while it has been shown that Jak2 constitutively interacts with the
GHR in postnatal liver [83], this has yet to be studied in fetal hepatocytes. It is possible
that the low levels of Jak2 in fetal hepatocytes result in a decreased association of Jak2
with the GHR. If so, activation of these fetal GHRs may be a much less efficient process,
providing one further explanation for the immature responses observed during fetal life.

Similar low T/FL hGHR mRNA ratios were detected in fetal hepatocytes and
postnatal liver (Figure 23). It is therefore unlikely that the presence of the dominant-
negative hGHR isoform plays a role in the fetal hepatocyte immature responses.
However, it is interesting that we observed relatively high T/F1. hGHR mRNA ratios in
hepatic hematopoietic cells, certain fetal tissues and primate cell lines (Figures 23, 24 and
25, respectively). Ross et al. previously demonstrated that a T/FL ratio of 1:10 resulted
in a 10-30% inhibition of FL. GHR activity, a 1:1 T/FL ratio gave a 40-80% inhibition
and a 10:1 ratio completely blocked activity of the FL. GHR [188]. Certain fetal tissues

that we studied (e.g. kidney) as well as CV1 cells had a ~1:1 ratio while the hepatoma
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cells had ratios of ~2:1 to 3:1. Thus, the high levels of T (1-279) hGHR mRNA that we

found in some fetal tissues and cell lines may play a functionally significant role.

6.2 Analysis of GHR Signalling Pathways

QOur analysis of the GHR downstream signalling factors suggests that
developmental difference in these pathways may explain, at least in part, the fetal-
specific immature/adaptive responses to GH: fetal hepatocytes contain significantly lower
levels of the stimulatory Jak/Stat proteins and increased levels of the inhibitory Socs3 and
Cis compared to postnatal liver.

The decreased levels of Jak2, Stat5A and StatSB could be due to levels of gene
expression and/or insensitivity to GHR signalling. Although fetal hepatocytes contain
significant levels of inhibitory Socs proteins, the increased amounts do not account for
the relatively low levels of Jak/Stat molecules: Socs3 inhibits the kinase activity of Jak2
and Cis prevents the recruitment of Stats to the receptor, but overall cytoplasmic levels
Jak/Stat proteins are unaffected by Socs [147].

In vitro studies have demonstrated a strong correlation between GH binding and
GH biological effects [211], suggesting that any reduction in GH binding in liver may
result in decreased GH intracellular action [212]. Thus, the lower levels of GH binding
that we detected in fetal liver {194], coincident with the relatively low levels of Jak/Stat
proteins in fetal hepatocytes, may simply limit the ability of GH to activate the Jak/Stat
pathway. However, since our results represent only the total amount of cellular Jak or
Stat protein, it will be critical in the future to compare the relative phosphorylation of

these Jak/Stat molecules following GH treatment in fetal hepatocytes and postnatal liver.
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This has been shown to be important in studies of GH resistance in fasting [212] and
endotoxin-induced sepsis [213]. In both cases, there was a marked decrease in the GH-
stimulated tyrosine phosphorylation of GHR, Jak2 and Stat5 and an up-regulation of
Socs3 mRNA with no change in GHR/Jak2/Stat5 total protein content.

Our immunoblotting experiments of fetal hepatocytes and postnatal liver whole
cell extracts showed significantly higher levels of Socs3 and Cis, but not Socsl and
Socs2, in fetal cells. Socs3 binds to the hGHR to indirectly inhibit Jak2 kinase activity,
whereas Cis binds the receptor to prevent the recruitment of Stat molecules to the
activated complex. The different mechanistic actions of these two Socs proteins may
function to ensure efficient inhibition at two different levels of receptor signalling.

Socsl was present at relatively similar levels at both stages of development.
Although Socs! has been implicated in the regulation of GHR signalling [147], studies
have suggested a more prominent role for Socs! in the negative regulation of signalling
by IFN-y, as neonatal defects exhibited by socs! -/- mice appear to occur primarily as a
result of uncontrolled IFN-y signalling [157] [158]. Interestingly, the socs! gene
promoter has been reported to contain binding sites for only Statl, Stat3 and Stat6 [147].
In contrast, the promoter of socs3 gene contains a Statl/Stat3 binding element that is
capable of binding Stat5S and the Cis gene promoter also contains Stat5 binding sites.
Because all of our studies were carried out in the liver, where Stat5 is the predominant
Stat activated in the GHR signalling pathway, it is possible that Socsl may play a more
important role in the negative regulation of GHR signalling in other tissues.

Regulation of the socs2 gene promoter is less defined. However, the relatively

low levels of Socs2 we detected in fetal hepatocytes vs postnatal liver may also be
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modulating hGHR signalling in a negative manner. Tomic ef al. previously reported that,
unlike Socs1 and Socs3, Socs2 had no inhibitory effects on tyrosine phosphorylation of
the PRLR and was unable to abolish the ability of the PRLR to induce B-casein gene
promoter activity [214]. In GHR signalling, however, Socs2 seems to have dose-
dependent opposite effects: at low concentrations it inhibits GH-induced Stat5-dependent
gene transcription, but restoration of GH signalling was observed at higher concentrations
[215]. At high concentrations, Socs2 is able block the inhibitory effect of Socs1 but not
that of Socs3 on GH signalling [215], suggesting that Socs2 functions by restoring the
sensitivity to GH by overcoming the initial inhibitory effects of other endogenous Socs
molecules. It may well be that the lower levels of Socs2 in fetal cells are also be acting
as an inhibitor of GHR signalling.

Socs3 is a major transcriptional target of GH action. Studies have shown that GH
rapidly induces strong expression of Socs3 and to a lesser extent Socsl, Socs2 and Cis in
murine liver [151] [152]. This preferential induction of Socs3 mRNA by GH is mediated
by Stat5b [150]. Paradoxically, several models of GH “resistance” have demonstrated a
different scenario: fasting [212] and endotoxin-induced sepsis [213] show low levels of
tyrosine phosphorylated GHR, Jak2 and Stat5 and increased Socs3 mRNA levels. Our
results also demonstrate low levels of Jak2 and Stat5 protein coincident with high levels
of Socs3 and Cis. These data suggest that, under certain conditions (i.e. fasting, sepsis, in
utero environment), an alternate activator of Socs3 gene expression is involved. While
the mechanisms by which Socs3 is induced under these conditions remains to be
determined, studies have demonstrated that hormones such as leptin and insulin may play

a role [216] [217].
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While increased levels of Socs3 and Cis in fetal hepatocytes most likely act to
inhibit signalling, it is also possible that the relatively high levels of Socs3 play a role in
regulating fetal erythropoiesis. Transgenic mice lacking Socs3 demonstrate marked
erythrocytosis [160], suggesting a critical role for Socs3 in the regulation of fetal liver
erythropoiesis. Indeed, as the fetal liver is the major hematopoietic organ during fetal
life, Socs3 may be present in fetal hepatocytes to regulate erythrocytosis in surrounding
progenitor blood cells.

Studies have also shown that degradation of activated signalling proteins by the
proteosome may be a consequence of SOCS proteins, which are capable of targeting
proteins for ubiquitination [161] [162]. Therefore, the significant levels of Socs proteins
detected in fetal hepatocytes vs postnatal liver may reflect a greater incidence of GHR
ubiquitination and turnover. This, in turn, may provide at least one explanation for the
immature/adaptive responses to hGH found during fetal life. Studies to assess the
ubiquitinated state of GHR in fetal vs. postnatal liver should begin to help resolve this
question.

Gonzalez et al. [218] recently investigated the effects of high and continuous
levels of homologous GH on GH signalling in GHRH transgenic mice. The involvement
of certain Socs proteins in the desensitization of GH signalling caused by such pattern of
GH secretion was also determined. Interestingly, Cis was shown to be associated with
the inhibition of GH-stimulated tyrosine phosphorylation of GHR, Jak2, StatSa and
Stat5b, leading to a desensitization of the GH signalling pathway. Although this may
serve as an appropriate model for our studies, since plasma levels of immunoreactive GH

are also chronically elevated in the fetus, the relative abundance of active, phosphorylated
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hGHR/Jaks/Stats in fetal vs. postnatal hepatocytes following 22 KDa hGH treatment has
yet to be examined. In addition, high levels of hGH in the fetal circulation are correlated
with low levels of IGF-I and IGF-II whereas, postnatally, increased amounts of IGF-I are
detected. Thus, gene transcription of GH-regulated genes, including IGF-I, upon GH
treatment needs to be assessed. It will also be important to compare the relative activity

of alternative ligands for the hGHR (20 KDa hGH, hPL) that are present during fetal life.

In conclusion, our studies to date demonstrate that there may be significant fetal-
specific hepatocyte differences in the hGH/hGHR complex and its downstream signal
transduction pathways. The relative abundance of T/FL. hGHR in fetal hepatocytes is not
likely to be responsible for the immature or adaptive fetal biological responses to 22 kDa
GH. However, the significantly lower levels of stimulatory Jak2, StatSA and Stat5B in
fetal hepatocytes, coincident with the higher levels of inhibitory Socs3 and Cis, may well

play an important role in the fetal-specific biological responses to hGH.

96



10.

11

12.

7. REFERENCES

George DL, Phillips JA, Francke U, Seeburg PH 1981 The Genes for
Growth Hormone and Chorionic Somatomammotropin Are on the Long Arm of
Human Chromosome 17 in Region Q21-Qter. Human Genetics 57:138-141

Miller WL, Eberhardt NL 1983 Structure and evolution of the growth
hormone gene family. Endocrine Reviews. 4:97-130

Baumann G, Stolar MW, Amburn K, Barsano CP, DeVries BC 1986 A
specific growth hormone-binding protein in human plasma: initial
characterization. Journal of Clinical Endocrinology & Metabolism. 62:134-41

de Vos AM, Ultsch M, Kossiakeff AA 1992 Human growth hormone and
extracellular domain of its receptor: crystal structure of the complex. Science.
255:306-12

Reiter EORR 1998 Normal and Aberrant Growth. In: Wilson JD, Foster,
D.W., Kronenger, H.M. (ed) Williams Textbook of Endocrinology, 9th ed.
Saunders Press, Philadelphia, pp 1427-1507

Takahashi Y, Kipnis DM, Daughaday WH 1968 Growth hormone secretion
during sleep. Journal of Clinical Investigation. 47:2079-90

Kaplan SL, Grumbach MM, Aubert ML 1976 The ontogenesis of pituitary
hormones and hypothalamic factors in the human fetus: maturation of central
nervous system regulation of anterior pituitary function. Recent Progress in
Hormone Research. 32:161-243

Wehrenberg WB, Giustina A 1992 Basic counterpoint: Mechanisms and
pathways of gonadal steroid modulation of growth hormone secretion.
Endocrine Reviews. 13:299-308

Robinson IC, Gevers EF, Bennett PA 1998 Sex differences in growth
hormone secretion and action in the rat. Growth Hormone & Igf Research.
8:39-47

Mayo KE, Godfrey PA, Suhr ST, Kulik DJ, Rahal JO 1995 Growth
hormone-releasing hormone: synthesis and signaling. Recent Progress in
Hormone Research. 50:35-73

Tannenbaum GS, Ling N 1984 The Interrelationship of Growth Hormone
Releasing Factor and Somatostatin in Generation of the Ultradian Rhythm of
Growth Hormone Secretion. Endocrinology 115:1952-1957

Painson JC, Tannenbaum GS 1991 Sexual dimorphism of somatostatin and
growth hormone-releasing factor signaling in the control of pulsatile growth
hormone secretion in the rat. Endocrinology. 128:2858-66

97



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Barinaga M, Bilezikjian LM, Vale WW 1985 Independent effects of growth
hormone-releasing factor on growth hormone release and gene transcription.
Nature 314:279-281

Howard AD, Feighner SD, Cully DF, et al. 1996 A receptor in pituitary and
hypothalamus that functions in growth hormone release. Science. 273:974-7

Kojima M, Hoseda H, Date Y, Nakazato M, Matsuo H, Kangawa K 1999
Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature.
402:656-60

Berelowitz M, Szabo M, Frohman LA, Firestone S, Chu L, Hintz RL 1981
Somatomedin-C mediates growth hormone negative feedback by effects on
both the hypothalamus and the pituitary. Science. 212:1279-81

Waxman DJ, Frank SJ 2000 Growth Hormone Action: Signaling via a
Jak/Stat-Coupled Receptor. In: Conn PM, Means AR (eds) Principles of
Molecular Recognition. Humana Press Inc., Totowa, NJ, pp 55-83

Adams TE, Epa VC, Garrett TP, Ward CW 2000 Structure and function of
the type 1 insulin-like growth factor receptor. Cellular & Molecular Life
Sciences. 57:1050-93

Kopchick JJ, Okada S 2001 Growth hormone receptor antagonists: discovery
and potential uses. Growth Hormone & Igf Research. 11:5103-9

Argetsinger LS, Hsu GW, Myers MG, Jr., Billestrup N, White MF, Carter-
Su C 1995 Growth hormone, interferon-gamma, and leukemia inhibitory factor
promoted tyrosyl phosphorylation of insulin receptor substrate-1. Journal of
Biological Chemistry. 270:14685-92

Yamauchi T, Kaburagi Y, Ueki K, et al. 1998 Growth hormone and prolactin
stimulate tyrosine phosphorylation of insulin receptor substrate-1, -2, and -3,
their association with p85 phosphatidylinositol 3-kinase (P13-kinase),-and
concomitantly PI3-kinase activation via JAK?2 kinase. Journal of Biological
Chemistry. 273:15719-26

Yenush L, White MF 1997 The IRS-signalling system during insulin and
cytokine action. Bioessays. 19:491-500

White MF 1998 The IRS-signaling system: a network of docking proteins that
mediate insulin and cytokine action. Recent Progress in Hormone Research.
53:119-38

Tai PK, Liao JF, Chen EH, Dietz J, Schwartz J, Carter-Su C 1990
Differential regulation of two glucose transporters by chronic growth hormone
treatment of cultured 3T3-F442A adipose cells. Journal of Biological
Chemistry. 265:21828-34

98



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wiedermann CJ, Reinisch N, Braunsteiner H 1993 Stimulation of monocyte
chemotaxis by human growth hormone and its deactivation by somatostatin.
Blood. 82:954-60

Kaulsay KK, Mertani HC, Lee KO, Lobie PE 2000 Autocrine human growth
hormone enhancement of human mammary carcinoma cell spreading is Jak2
dependent. Endocrinology. 141:1571-84

Goh EL, Pircher TJ, Wood TJ, Norstedt G, Graichen R, Lobie PE 1997
Growth hormone-induced reorganization of the actin cytoskeleton is not
required for STATS (signal transducer and activator of transcription-5)-
mediated transcription. Endocrinology. 138:3207-15

Goh EL, Pircher TJ, Lobie PE 1998 Growth hormone promotion of tubulin
polymerization stabilizes the microtubule network and protects against
colchicine-induced apoptosis. Endocrinology. 139:4364-72

Zhu T, Goh EL, LeRoith D, Lobie PE 1998 Growth hormone stimulates the
formation of a multiprotein signaling complex involving p130(Cas) and CrkIL.
Resultant activation of c-Jun N-terminal kinase/stress-activated protein kinase
(JNK/SAPK). Journal of Biological Chemistry. 273:33864-75

Herrington J, Diakonova M, Rui L, Gunter DR, Carter-Su C 2000 SH2-B
is required for growth hormone-induced actin reorganization. Journal of
Biological Chemistry. 275:13126-33

Guillemin R, Brazeau P, Bohlen P, Esch F, Ling N, Wehrenberg WB 1982
Growth Hormone Releasing Factor from a Human Pancreatic Tumor That
Caused Acromegaly. Science (Washington D C) 218:585-587

Phillips JA, Cogan JD 1994 Molecular basis of familial human growth
hormone deficiency. Journal of Clinical Endocrinology & Metabolism. 78:11-
16

Takahashi Y, Kaji H, Okimura Y 1996 Brief report: Short stature caused by
mutant growth hormone. New England Journal of Medicine. 334:432-436

Eshet R, Laron Z, Pertzelan A, Arnon R, Dintzman M 1984 Defect of
human growth hormone receptors in the liver of two patients with Laron-type
dwarfism. Israel Journal of Medical Sciences. 20:8-11

Zhou Y, Xu BC, Maheshwari HG, et al. 1997 A mammalian model for Laron
syndrome produced by targeted disruption of the mouse growth hormone
receptor/binding protein gene (the Laron mouse). Proceedings of the National
Academy of Sciences of the United States of America. 94:13215-20

Duquesnoy P, Sobrier ML, Duriez B, et al. 1994 A single amino acid
substitution in the exoplasmic domain of the human growth hormone (GH)

99



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

receptor confers familial GH resistance (Laron syndrome) with positive GH-
binding activity by abolishing receptor homodimerization. EMBO Journal.
13:1386-95

Esposito N, Wojcik J, Chomilier J, et al. 1998 The D152H mutation found in
growth hormone insensitivity syndrome impairs expression and function of
human growth hormone receptor but is silent in rat receptor. Journal of
Molecular Endocrinology. 21:61-72

Goddard AD, Dowd P, Chernausek S, et al. 1997 Partial growth-hormone
insensitivity: the role of growth-hormone receptor mutations in idiopathic short
stature. Journal of Pediatrics. 131:S51-5

Barton DE, Foellmer BE, Wood WI, Francke U 1989 Chromosome mapping
of the growth hormone receptor gene in man and mouse. Cytogenetics & Cell
Genetics. 50:137-41

Godowski PJ, Leung DW, Meacham LR, et al. 1989 Characterization of the
human growth hormone receptor gene and demonstration of a partial gene
deletion in two patients with Laron-type dwarfism. Proceedings of the National
Academy of Sciences of the United States of America. 86:8083-7

Pekhletsky RI, Chernov BK, Rubtsov PM 1992 Variants of the 5'-
untranslated sequence of human growth hormone receptor mRNA. Molecular
& Cellular Endocrinology. 90:103-9

Osafo J, Goodyer CG Montreal, 2001 Tissue-Specific Regulation of the
Human Growth Hormone Receptor (h\GHR) Gene. Pediatric Endocrinology
Abstract

Goodyer CG, Zogopoulos G, Schwartzbauer G, Zheng H, Hendy GN,
Menon RK 2001 Organization and evolution of the human growth hormone
receptor gene 5'-flanking region. Endocrinology. 142:1923-34

Rivers CA, Norman MR 2000 The human growth hormone receptor gene -
characterisation of the liver-specific promoter. Molecular & Cellular
Endocrinology. 160:51-9

Leung DW, Spencer SA, Cachianes G, et al. 1987 Growth hormone receptor
and serum binding protein: purification, cloning and expression. Nature.
330:537-43

O'Mahoney JV, Brandon MR, Adams TE 1994 Identification of a liver-
specific promoter for the ovine growth hormone receptor. Molecular & Cellular
Endocrinology. 101:129-39

Menon RK, Stephan DA, Singh M, Morris SM, Jr., Zou L 1995 Cloning of
the promoter-regulatory region of the murine growth hormone receptor gene.

100



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Identification of a developmentally regulated enhancer element. Journal of
Biological Chemistry. 270:8851-9

Southard JN, Barrett BA, Bikbulatova L, Ilkbahar Y, Wu K, Talamantes
F 1995 Growth hormone (GH) receptor and GH-binding protein messenger
ribonucleic acids with alternative 5'-untranslated regions are differentially
expressed in mouse liver and placenta. Endocrinology 136:2913-2921

Li J, Owens JA, Owens PC, Saunders JC, Fowden AL, Gilmour RS 1996
The ontogeny of hepatic growth hormone receptor and insulin-like growth
factor I gene expression in the sheep fetus during late gestation: developmental
regulation by cortisol. Endocrinology 137:1650-1657

Zogopoulos G, Albrecht S, Pietsch T, et al. 1996 Fetal- and tumor-specific
regulation of growth hormone receptor messenger RNA expression in human
liver. Cancer Research. 56:2949-53

Zogopoulos G, Nathanielsz P, Hendy GN, Goodyer CG 1999 The baboon: a
model for the study of primate growth hormone receptor gene expression
during development. Journal of Molecular Endocrinology. 23:67-75

Bazan JF 1990 Structural design and molecular evolution of a cytokine
receptor superfamily. Proceedings of the National Academy of Sciences of the
United States of America. 87:6934-8

Moutoussamy S, Kelly PA, Finidori J 1998 Growth-hormone-receptor and
cytokine-receptor-family signaling. European Journal of Biochemistry. 255:1-
11

Baumgartner JW, Wells CA, Chen CM, Waters MJ 1994 The role of the
WSXWS equivalent motif in growth hormone receptor function. Journal of
Biological Chemistry. 269:29094-101

Rowlinson SW, Barnard R, Bastiras S, et al. 1994 Evidence for involvement
of the carboxy terminus of helix 1 of growth hormone in receptor binding: use
of charge reversal mutagenesis to account for calcium dependence of binding
and for design of higher affinity analogues. Biochemistry. 33:11724-33

Harding PA, Wang XZ, Kelder B, Souza S, Okada S, Kopchick JJ 1994 In
vitro mutagenesis of growth hormone receptor Asn-linked glycosylation sites.
Molecular & Cellular Endocrinology. 106:171-80

Chen C, Brinkworth R, Waters MJ 1997 The role of receptor dimerization
domain residues in growth hormone signaling. Journal of Biological Chemistry.
272:5133-40

Carter-Su C, Argetsinger LS, Campbell GS, Wang X, IThle J, Witthuhn B
1994 The identification of JAK?2 tyrosine kinase as a signaling molecule for

101



59.

60.

61.

62.

63.

64.

635.

66.

67.

68.

growth hormone. Proceedings of the Society for Experimental Biology &
Medicine. 206:210-5

Billestrup N, Allevato G, Norstedt G, Moldrup A, Nielsen JH 1994
Identification of intracellular domains in the growth hormone receptor involved
in signal transduction. Proceedings of the Society for Experimental Biology &
Medicine. 206:205-9

Hackett RH, Wang YD, Larner AC 1995 Mapping of the cytoplasmic
domain of the human growth hormone receptor required for the activation of
Jak2 and Stat proteins. Journal of Biological Chemistry. 270:21326-30

Strous GJ, van Kerkhof P, Govers R, Ciechanover A, Schwartz AL 1996
The ubiquitin conjugation system is required for ligand-induced endocytosis
and degradation of the growth hormone receptor. EMBO Journal. 15:3806-12

Govers R, van Kerkhof P, Schwartz AL, Strous GJ 1997 Linkage of the
ubiquitin-conjugating system and the endocytic pathway in ligand-induced
internalization of the growth hormone receptor. EMBO Journal. 16:4851-8

Murphy LJ, Lazarus L 1984 The mouse fibroblast growth hormone receptor:
ligand processing and receptor modulation and turnover. Endocrinology.
115:1625-32

Yamada K, Lipson KE, Donner DB 1987 Structure and proteolysis of the
growth hormone receptor on rat hepatocytes. Biochemistry. 26:4438-43

Govers R, van Kerkhof P, Schwartz AL, Strous GJ 1998 Di-leucine-
mediated internalization of ligand by a truncated growth hormone receptor is
independent of the ubiquitin conjugation system. Journal of Biological
Chemistry. 273:16426-33

Govers R, ten Broeke T, van Kerkhof P, Schwartz AL, Strous GJ 1999
Identification of a novel ubiquitin conjugation motif, required for ligand-
induced internalization of the growth hormone receptor. EMBO Journal. 18:28-
36

Allevato G, Billestrup N, Goujon L, et al. 1995 Identification of
phenylalanine 346 in the rat growth hormone receptor as being critical for
ligand-mediated internalization and down-regulation. Journal of Biological
Chemistry. 270:17210-4

VanderKuur JA, Wang X, Zhang L, Allevato G, Billestrup N, Carter-Su C
1995 Growth hormone-dependent phosphorylation of tyrosine 333 and/or 338
of the growth hormone receptor. Journal of Biological Chemistry. 270:21738-
44

102



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lobie PE, Allevato G, Nielsen JH, Norstedt G, Billestrup N 1995
Requirement of tyrosine residues 333 and 338 of the growth hormone (GH)
receptor for selected GH-stimulated function. Journal of Biological Chemistry.
270:21745-50

Cunningham BC, Ultsch M, De Vos AM, Mulkerrin MG, Clauser KR,
Wells JA 1991 Dimerization of the extracellular domain of the human growth
hormone receptor by a single hormone molecule. Science. 254:821-5

Argetsinger LS, Campbell GS, Yang X, et al. 1993 Identification of JAK2 as
a growth hormone receptor-associated tyrosine kinase. Cell. 74:237-44

Rane SG, Reddy EP 2000 Janus kinases: components of multiple signaling
pathways. Oncogene. 19:5662-79

Yeh TC, Dondi E, Uze G, Pellegrini S 2000 A dual role for the kinase-like
domain of the tyrosine kinase Tyk2 in interferon-alpha signaling. Proceedings
of the National Academy of Sciences of the United States of America. 97:8991-
6

Schaefer E, Croston G BioCarta - Charting the Pathways of Life
www.biocarta.com/pathfiles/h _ghPathway.asp.

Flores-Morales A, Pircher TJ, Silvennoinen O, et al. 1998 In vitro
interaction between STAT 5 and JAK 2; dependence upon phosphorylation
status of STAT 5 and JAK 2. Molecular & Cellular Endocrinology. 138:1-10

Chen M, Cheng A, Chen YQ, et al. 1997 The amino terminus of JAK3 is
necessary and sufficient for binding to the common gamma chain and confers
the ability to transmit interleukin 2-mediated signals. Proceedings of the
National Academy of Sciences of the United States of America. 94:6910-5

Kohlhuber F, Rogers NC, Watling D, et al. 1997 A JAK1/JAK2 chimera can
sustain alpha and gamma interferon responses. Molecular & Cellular Biology.
17:695-706

Rodig SJ, Meraz MA, White JM, et al. 1998 Disruption of the Jak1 gene
demonstrates obligatory and nonredundant roles of the Jaks in cytokine-induced
biologic responses. Cell. 93:373-83

Leonard WJ, O'Shea JJ 1998 Jaks and STATs: biological implications.
Annual Review of Immunology. 16:293-322

Karaghiosoff M, Neubauer H, Lassnig C, et al. 2000 Partial impairment of
cytokine responses in Tyk2-deficient mice. Immunity. 13:549-60



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Neubauer H, Cumano A, Muller M, Wu H, Huffstadt U, Pfeffer K 1998
Jak2 deficiency defines an essential developmental checkpoint in definitive
hematopoiesis. Cell. 93:397-409

Parganas E, Wang D, Stravopedis D, et al. 1998 Jak?2 is essential for
signaling through a variety of cytokine receptors. Cell. 93:385-95

Hellgren G, Jansson JO, Carlsson LM, Carlsson B 1999 The growth
hormone receptor associates with Jak1, Jak2 and Tyk2 in human liver. Growth
Hormone & Igf Research. 9:212-8

Smit LS, Meyer DJ, Billestrup N, Norstedt G, Schwartz J, Carter-Su C
1996 The role of the growth hormone (GH) receptor and JAK1 and JAK2
kinases in the activation of Stats 1, 3, and 5 by GH. Molecular Endocrinology.
10:519-33

Sitva CM, Lu H, Weber MJ, Thorner MO 1994 Differential tyrosine
phosphorylation of JAK1, JAK2, and STAT! by growth hormone and
interferon-gamma in IM-9 cells. Journal of Biological Chemistry. 269:27532-9

Johnston JA, Kawamura M, Kirken RA, et al. 1994 Phosphorylation and
activation of the Jak-3 Janus kinase in response to interleukin-2. Nature.
370:151-3

Hellgren G, Albertsson-Wikland K, Billig H, Carlsson LM, Carlsson B
2001 Growth hormone receptor interaction with Jak proteins differs between
tissues. Journal of Interferon & Cytokine Research. 21:75-83

Frank SJ, Yi W, Zhao Y, et al. 1995 Regions of the JAK2 tyrosine kinase
required for coupling to the growth hormone receptor. Journal of Biological
Chemistry. 270:14776-85

Dinerstein H, Lago F, Goujon L, et al. 1995 The proline-rich region of the
GH receptor is essential for JAK2 phosphorylation, activation of cell
proliferation, and gene transcription. Molecular Endocrinology. 9:1701-7

Vinkemeier U, Cohen SL, Moarefi I, Chait BT, Kuriyan J, Darnell JE, Jr.
1996 DNA binding of in vitro activated Statl alpha, Statl beta and truncated
Statl: interaction between NH2-terminal domains stabilizes binding of two
dimers to tandem DNA sites. EMBO Journal. 15:5616-26

Xu X, Sun YL, Hoey T 1996 Cooperative DNA binding and sequence-
selective recognition conferred by the STAT amino-terminal domain. Science.
273:794-7

O'Shea JJ, Gadina M, Schreiber RD 2002 Cytokine signaling in 2002: new
surprises in the Jak/Stat pathway. Cell. 109:5121-31

104



93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Shuai K, Horvath CM, Huang LH, Qureshi SA, Cowburn D, Darnell JE,
Jr. 1994 Interferon activation of the transcription factor Stat91 involves
dimerization through SH2-phosphotyrosyl peptide interactions. Cell. 76:821-8

Murphy TL, Geissal ED, Farrar JD, Murphy KM 2000 Role of the Stat4 N
domain in receptor proximal tyrosine phosphorylation. Molecular & Cellular
Biology. 20:7121-31

Strehlow I, Schindler C 1998 Amino-terminal signal transducer and activator
of transcription (STAT) domains regulate nuclear translocation and STAT
deactivation. Journal of Biological Chemistry. 273:28049-56

Begitt A, Meyer T, van Rossum M, Vinkemeier U 2000 Nucleocytoplasmic
translocation of Statl is regulated by a leucine-rich export signal in the coiled-
coil domain. Proceedings of the National Academy of Sciences of the United
States of America. 97:10418-23

Chen X, Vinkemeier U, Zhao Y, Jeruzalmi D, Darnell JE, Jr., Kuriyan J
1998 Crystal structure of a tyrosine phosphorylated STAT-1 dimer bound to
DNA. Cell. 93:827-39

Barahmand-Pour F, Meinke A, Groner B, Decker T 1998 Jak2-Stat5
interactions analyzed in yeast. Journal of Biological Chemistry. 273:12567-75

Gupta S, Yan H, Wong LH, Ralph S, Krolewski J, Schindler C 1996 The
SH2 domains of Statl and Stat2 mediate multiple interactions in the
transduction of IFN-aipha signals. EMBO Journal. 15:1075-84

Decker T, Kovarik P 2000 Serine phosphorylation of STATs. Oncogene.
19:2628-37

Durbin JE, Hackenmiller R, Simon MC, Levy DE 1996 Targeted disruption
of the mouse Stat! gene results in compromised innate immunity to viral
disease. Cell. 84:443-50

Meraz MA, White JM, Sheehan KC, et al. 1996 Targeted disruption of the
Statl gene in mice reveals unexpected physiologic specificity in the JAK-
STAT signaling pathway. Cell. 84:431-42

Takeda K, Noguchi K, Shi W, et al. 1997 Targeted disruption of the mouse
Stat3 gene leads to early embryonic lethality. Proceedings of the National
Academy of Sciences of the United States of America. 94:3801-4

Kisseleva T, Vhattacharya S, J. B, W. SC 2002 Signaling through the
JAK/STAT pathway, recent advances and future challenges. Gene. 285:1-24

Schindler C, Strehlow I 2000 Cytokines and STAT signaling. Advances in
Pharmacology 47:113-74

105



106.

107.

108.

109.

110.

111

112,

113.

114.

115.

i116.

Liu X, Robinson GW, Wagner KU, Garrett L, Wynshaw-Boris A,
Hennighausen L. 1997 StatSa is mandatory for adult mammary gland
development and lactogenesis. Genes & Development. 11:179-86

Udy GB, Towers RP, Snell RG, et al. 1997 Requirement of STATSb for
sexual dimorphism of body growth rates and liver gene expression. Proceedings
of the National Academy of Sciences of the United States of America. 94:7239-
44

Teglund S, McKay C, Schuetz E, et al. 1998 Stat5a and StatSb proteins have
essential and nonessential, or redundant, roles in cytokine responses. Cell.
93:841-50

Waxman DJ, Ram PA, Park SH, Choi HK 1995 Intermittent plasma growth
hormone triggers tyrosine phosphorylation and nuclear translocation of a liver-
expressed, Stat S-related DNA binding protein. Proposed role as an intracellular
regulator of male-specific liver gene transcription. Journal of Biological
Chemistry. 270:13262-70

Fain JN, Ihle JH, Bahouth SW 1999 Stimulation of lipolysis but not of leptin
release by growth hormone is abolished in adipose tissue from StatSa and b
knockout mice. Biochemical & Biophysical Research Communications.
263:201-5

Hansen LH, Wang X, Kopchick JJ, et al. 1996 Identification of tyrosine
residues in the intracellular domain of the growth hormone receptor required
for transcriptional signaling and Stat5 activation. Journal of Biological
Chemistry. 271:12669-73

Yi W, Kim SO, Jiang J, et al. 1996 Growth hormone receptor cytoplasmic
domain differentially promotes tyrosine phosphorylation of signal transducers
and activators of transcription 5b and 3 by activated JAK2 kinase. Molecular
Endocrinology. 10:1425-43

Herrington J, Smit LS, Schwartz J, Carter-Su C 2000 The role of STAT
proteins in growth hormone signaling. Oncogene. 19:2585-97

Gronowski AM, Zhong Z, Wen Z, Thomas MJ, Darnell JE, Jr., Rotwein P
1995 In vivo growth hormone treatment rapidly stimulates the tyrosine
phosphorylation and activation of Stat3. Molecular Endocrinology. 9:171-7

Meyer DJ, Campbell GS, Cochran BH, et al. 1994 Growth hormone induces
a DNA binding factor related to the interferon-stimulated 91-kDa transcription
factor. Journal of Biological Chemistry. 269:4701-4

Ooi GT, Cohen FJ, Tseng LY, Rechler MM, Boisclair YR 1997 Growth
hormone stimulates transcription of the gene encoding the acid-labile subunit

106



117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

(ALS) of the circulating insulin-like growth factor-binding protein complex and
ALS promoter activity in rat liver. Molecular Endocrinology. 11:997-1007

Boisclair YR, Seto D, Hsieh S, Hurst KR, Ooi GT 1996 Organization and
chromosomal localization of the gene encoding the mouse acid labile subunit of
the insulin-like growth factor binding complex. Proceedings of the National
Academy of Sciences of the United States of America. 93:10028-33

Gouilleux F, Pallard C, Dusanter-Fourt I, et al. 1995 Prolactin, growth
hormone, erythropoietin and granulocyte-macrophage colony stimulating factor
induce MGF-Stat5 DNA binding activity. EMBO Journal. 14:2005-13

Ram PA, Park SH, Choei HK, Waxman DJ 1996 Growth hormone activation
of Stat 1, Stat 3, and Stat 5 in rat liver. Differential kinetics of hormone
desensitization and growth hormone stimulation of both tyrosine
phosphorylation and serine/threonine phosphorylation. Journal of Biological
Chemistry. 271:5929-40

Meton I, Boot EP, Sussenbach JS, Steenbergh PH 1999 Growth hormone
induces insulin-like growth factor-I gene transcription by a synergistic action of
STATS and HNF-lalpha. FEBS Letters. 444:155-9

Cobb MH 1999 MAP kinase pathways. Progress in Biophysics & Molecular
Biology. 71:479-500

Lewis TS, Shapire PS, Ahn NG 1998 Signal transduction through MAP
kinase cascades. Advances in Cancer Research. 74:49-139

Zhu T, Lobie PE 2000 Janus kinase 2-dependent activation of p38 mitogen-
activated protein kinase by growth hormone. Resultant transcriptional
activation of ATF-2 and CHOP, cytoskeletal re-organization and mitogenesis.
Journal of Biological Chemistry. 275:2103-14

Campbell GS, Pang L, Miyasaka T, Saltiel AR, Carter-Su C 1992
Stimulation by growth hormone of MAP kinase activity in 3T3-F442A
fibroblasts. Journal of Biological Chemistry. 267:6074-80

Moller C, Hansson A, Enberg B, Lobie PE, Norstedt G 1992 Growth
hormone (GH) induction of tyrosine phosphorylation and activation of
mitogen-activated protein kinases in cells transfected with rat GH receptor
c¢DNA. Journal of Biological Chemistry. 267:23403-8

Carter-Su C, Smit LS 1998 Signaling via JAK tyrosine kinases: growth
hormone receptor as a model system. Recent Progress in Hormone Research.
53:61-82; discussion 82-3

107



127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

Love DW, Whatmore AJ, Clayton PE, Silva CM 1998 Growth hormone
stimulation of the mitogen-activated protein kinase pathway is cell type
specific. Endocrinology. 139:1965-71

Winston LA, Hunter T 1995 JAK2, Ras, and Raf are required for activation of
extracellular signal-regulated kinase/mitogen-activated protein kinase by
growth hormone. Journal of Biological Chemistry. 270:30837-40

Vanderkuur JA, Butch ER, Waters SB, Pessin JE, Guan KL, Carter-Su C
1997 Signaling molecules involved in coupling growth hormone receptor to
mitogen-activated protein kinase activation. Endocrinology. 138:4301-7

Hodge C, Liao J, Stofega M, Guan K, Carter-Su C, Schwartz J 1998
Growth hormone stimulates phosphorylation and activation of elk-1 and
expression of c-fos, egr-1, and junB through activation of extracellular signal-
regulated kinases 1 and 2. Journal of Biological Chemistry. 273:31327-36

Horvath CM, Darnell JE 1997 The state of the STATs: recent developments
in the study of signal transduction to the nucleus. Current Opinion in Cell
Biology. 9:233-9

MacKenzie S, Fleming I, Houslay MD, Anderson NG, Kilgour E 1997
Growth hormone and phorbol esters require specific protein kinase C isoforms
to activate mitogen-activated protein kinases in 3T3-F442A cells. Biochemical
Journal. 324:159-65

Kilgour E, Gout I, Anderson NG 1996 Requirement for phosphoinositide 3-
OH kinase in growth hormone signalling to the mitogen-activated protein
kinase and p70s6k pathways. Biochemical Journal. 315:517-22

Davidson MB 1987 Effect of growth hormone on carbohydrate and lipid
metabolism. Endocrine Reviews. 8:115-31

Ridderstrale M, Degerman E, Tornqvist H 1995 Growth hormone stimulates
the tyrosine phosphorylation of the insulin receptor substrate-1 and its
association with phosphatidylinositol 3-kinase in primary adipocytes. Journal
of Biological Chemistry. 270:3471-4

Finidori J 2000 Regulators of growth hormone signaling. Vitamins &
Hormones. 59:71-97

Yokota I, Hayashi H, Matsuda J, et al. 1998 Effect of growth hormone on the
translocation of GLUT4 and its relation to insulin-like and anti-insulin action.
Biochimica et Biophysica Acta. 1404:451-6

Ridderstrale M, Tornqvist H 1994 PI-3-kinase inhibitor Wortmannin blocks
the insulin-like effects of growth hormone in isolated rat adipocytes.
Biochemical & Biophysical Research Communications. 203:306-10

108



139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Johnson RM, Napier MA, Cronin MJ, King KL 1990 Growth hormone
stimulates the formation of sn-1,2-diacylglycerol in rat hepatocytes.
Endocrinology. 127:2099-103

Boquet G, Barakat L, Paly J, Djiane J, Dufy B 1997 Involvement of both
calcium influx and calcium mobilization in growth hormone-induced [Ca2-+]i
increases in Chinese hamster ovary cells. Molecular & Cellular Endocrinology.
131:109-20

Billestrup N, Bouchelouche P, Allevato G, Ilondo M, Nielsen JH 1995
Growth hormone receptor C-terminal domains required for growth hormone-
induced intracellular free Ca2+ oscillations and gene transcription. Proceedings
of the National Academy of Sciences of the United States of America. 92:2725-
9

Gaur S, Yamaguchi H, Goodman HM 1996 Growth hormone increases
calcium uptake in rat fat cells by a mechanism dependent on protein kinase C.
American Journal of Physiology. 270:C1485-92

Gurland G, Ashcom G, Cochran BH, Schwartz J 1990 Rapid events in
growth hormone action. Induction of c-fos and c-jun transcription in 3T3-
F442A preadipocytes. Endocrinology. 127:3187-95

Rui L, Archer SF, Argetsinger LS, Carter-Su C 2000 Platelet-derived
growth factor and lysophosphatidic acid inhibit growth hormone binding and
signaling via a protein kinase C-dependent pathway. Journal of Biological
Chemistry. 275:2885-92

Rui L, Mathews LS, Hotta K, Gustafson TA, Carter-Su C 1997
Identification of SH2-Bbeta as a substrate of the tyrosine kinase JAK2 involved
in growth hormone signaling. Molecular & Cellular Biology. 17:6633-44

Rui L, Carter-Su C 1999 Identification of SH2-bbeta as a potent cytoplasmic
activator of the tyrosine kinase Janus kinase 2. Proceedings of the National
Academy of Sciences of the United States of America. 96:7172-7

Krebs DL, Hilton DJ 2000 SOCS: physiological suppressors of cytokine
signaling. Journal of Cell Science. 113:2813-9

Starr R, Willson TA, Viney EM, et al. 1997 A family of cytokine-inducible
inhibitors of signalling. Nature. 387:917-21

Matsumoto A, Masuhara M, Mitsui K, et al. 1997 CIS, a cytokine inducible
SH2 protein, is a target of the JAK-STATS pathway and modulates STATS
activation. Blood. 89:3148-54

109



150.

151.

152.

153.

154.

153.

156.

157.

158.

159.

160.

161.

Davey HW, McLachlan MJ, Wilkins RJ, Hilton DJ, Adams TE 1999
STATSb mediates the GH-induced expression of SOCS-2 and SOCS-3 mRNA
in the liver. Molecular & Cellular Endocrinology. 158:111-6

Adams TE, Hansen JA, Starr R, Nicola NA, Hilton DJ, Billestrup N 1998
Growth hormone preferentially induces the rapid, transient expression of
SOCS-3, a novel inhibitor of cytokine receptor signaling. Journal of Biological
Chemistry. 273:1285-7

Tollet-Egnell P, Flores-Morales A, Stavreus-Evers A, Sahlin L, Norstedt G
1999 Growth hormone regulation of SOCS-2, SOCS-3, and CIS messenger
ribonucleic acid expression in the rat. Endocrinology. 140:3693-704

Ram PA, Waxman DJ 1999 SOCS/CIS protein inhibition of growth hormone-
stimulated STATS signaling by multiple mechanisms. Journal of Biological
Chemistry. 274:35553-61

Naka T, Narazaki M, Hirata M, et al. 1997 Structure and function of a new
STAT-induced STAT inhibitor. Nature. 387:924-9

Yasukawa H, Misawa H, Sakamoto H, et al. 1999 The JAK-binding protein
JAB inhibits Janus tyrosine kinase activity through binding in the activation
loop. EMBO Journal. 18:1309-20

Hansen JA, Lindberg K, Hilton DJ, Nielsen JH, Billestrup N 1999
Mechanism of inhibition of growth hormone receptor signaling by suppressor
of cytokine signaling proteins. Molecular Endocrinology. 13:1832-43

Starr R, Metcalf D, Elefanty AG, et al. 1998 Liver degeneration and
lymphoid deficiencies in mice lacking suppressor of cytokine signaling-1.
Proceedings of the National Academy of Sciences of the United States of
America. 95:14395-9

Marine JC, Topham DJ, McKay C, et al. 1999 SOCSI1 deficiency causes a
lymphocyte-dependent perinatal lethality. Cell. 98:609-16

Metcalf D, Greenhalgh CJ, Viney E, et al. 2000 Gigantism in mice lacking
suppressor of cytokine signalling-2. Nature. 405:1069-73

Marine JC, McKay C, Wang D, et al. 1999 SOCS3 is essential in the
regulation of fetal liver erythropoiesis. Cell. 98:617-27

Zhang JG, Farley A, Nicholson SE, et al. 1999 The conserved SOCS box
motif in suppressors of cytokine signaling binds to elongins B and C and may
couple bound proteins to proteasomal degradation. Proceedings of the National
Academy of Sciences of the United States of America. 96:2071-6

110



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Kamura T, Sato S, Haque D, et al. 1998 The Elongin BC complex interacts
with the conserved SOCS-box motif present in members of the SOCS, ras,
WD-40 repeat, and ankyrin repeat families. Genes & Development. 12:3872-81

Feng GS, Hui CC, Pawson T 1993 SH2-containing phosphotyrosine
phosphatase as a target of protein-tyrosine kinases. Science. 259:1607-11

Jiao H, Berrada K, Yang W, Tabrizi M, Platanias LC, Yi T 1996 Direct
association with and dephosphorylation of Jak2 kinase by the SH2-domain-
containing protein tyrosine phosphatase SHP-1. Molecular & Cellular Biology.
16:6985-92

Hackett RH, Wang YD, Sweitzer S, Feldman G, Wood WI, Larner AC
1997 Mapping of a cytoplasmic domain of the human growth hormone receptor
that regulates rates of inactivation of Jak2 and Stat proteins. Journal of
Biological Chemistry. 272:11128-32

Kim SO, Jiang J, Yi W, Feng GS, Frank SJ 1998 Involvement of the Src
homology 2-containing tyrosine phosphatase SHP-2 in growth hormone
signaling. Journal of Biological Chemistry. 273:2344-54

Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG 1994 Protein-
tyrosine-phosphatase SHPTP2 couples platelet-derived growth factor receptor
beta to Ras. Proceedings of the National Academy of Sciences of the United
States of America. 91:7335-9

Milarski KL, Saltiel AR 1994 Expression of catalytically inactive Syp
phosphatase in 3T3 cells blocks stimulation of mitogen-activated protein kinase
by insulin. Journal of Biological Chemistry. 269:21239-43

Ali S, Chen Z, Lebrun JJ, et al, 1996 PTP1D is a positive regulator of the
prolactin signal leading to beta-casein promoter activation. EMBO Journal.
15:135-42

Stofega MR, Wang H, Ullrich A, Carter-Su C 1998 Growth hormone
regulation of SIRP and SHP-2 tyrosyl phosphorylation and association. Journal
of Biological Chemistry. 273:7112-7

Stofega MR, Argetsinger LS, Wang H, Ullrich A, Carter-Su C 2000
Negative regulation of growth hormone receptor/JAK?2 signaling by signal
regulatory protein alpha. Journal of Biological Chemistry. 275:28222-9

Gebert CA, Park SH, Waxman DJ 1999 Down-regulation of liver JAK2-
STATS5D signaling by the female plasma pattern of continuous growth hormone
stimulation. Molecular Endocrinology. 13:213-27

Gebert CA, Park SH, Waxman DJ 1999 Termination of growth hormone
pulse-induced STATS5D signaling. Molecular Endocrinology. 13:38-56

i1



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Chung CD, Liao J, Liu B, et al. 1997 Specific inhibition of Stat3 signal
transduction by PIAS3. Science. 278:1803-5

Liu B, Liao J, Rao X, ef al. 1998 Inhibition of Statl-mediated gene activation
by PIASI. Proceedings of the National Academy of Sciences of the United
States of America. 95:10626-31

Shuai K 2000 Modulation of STAT signaling by STAT-interacting proteins.
Oncogene. 19:2638-44

He W, Rose DW, Olefsky JM, Gustafson TA 1998 Grb10 interacts
differentially with the insulin receptor, insulin-like growth factor I receptor, and
epidermal growth factor receptor via the Grb10 Src homology 2 (SH2) domain
and a second novel domain located between the pleckstrin homology and SH2
domains. Journal of Biological Chemistry. 273:6860-7

Moutoussamy S, Renaudie F, Lago F, Kelly PA, Finidori J 1998 Grb10
identified as a potential regulator of growth hormone (GH) signaling by cloning
of GH receptor target proteins. Journal of Biological Chemistry. 273:15906-12

Baumbach WR, Horner DL, Logan JS 1989 The growth hormone-binding
protein in rat serum is an alternatively spliced form of the rat growth hormone
receptor. Genes & Development. 3:1199-205

Edens A, Talamantes F 1998 Alternative processing of growth hormone
receptor transcripts. Endocrine Reviews. 19:559-82

Fuh G, Mulkerrin MG, Bass S, et al. 1990 The human growth hormone
receptor. Secretion from Escherichia coli and disulfide bonding pattern of the
extracellular binding domain. Journal of Biological Chemistry. 265:3111-5

Baumann G 2001 Growth hormone binding protein 2001. Journal of Pediatric
Endocrinology. 14:355-75

Amit T, Youdim MB, Hochberg Z 2000 Clinical review 112: Does serum
growth hormone (GH) binding protein reflect human GH receptor function?
Journal of Clinical Endocrinology & Metabolism. 85:927-32

Reoss RJ 1999 Truncated growth hormone receptor isoforms. Acta Paediatrica.
Supplement. 88:164-6; discussion 167

Amit T, Bergman T, Dastot F, Youdim MB, Amselem S, Hochberg Z 1997
A membrane-fixed, truncated isoform of the human growth hormone receptor.
Journal of Clinical Endocrinology & Metabolism. 82:3813-7

Frank SJ, Messina JL, Baumann G, Black RA, Bertics PJ 2000 Insights
into modulation of (and by) growth hormone signaling. Journal of Laboratory
& Clinical Medicine. 136:14-20

112



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Dastot F, Sebrier ML, Duquesnoy P, Duriez B, Goossens M, Amselem S
1996 Alternatively spliced forms in the cytoplasmic domain of the human
growth hormone (GH) receptor regulate its ability to generate a soluble GH-
binding protein. Proceedings of the National Academy of Sciences of the
United States of America. 93:10723-8

Ross RJ, Esposito N, Shen XY, et al. 1997 A short isoform of the human
growth hormone receptor functions as a dominant negative inhibitor of the full-
length receptor and generates large amounts of binding protein. Molecular
Endocrinology. 11:265-73

Pantel J, Machinis K, Sobrier ML, Duquesnoy P, Goossens M, Amselem S
2000 Species-specific alternative splice mimicry at the growth hormone
receptor locus revealed by the lineage of retroelements during primate
evolution. Journal of Biological Chemistry. 275:18664-9

Sobrier ML, Duquesnoy P, Duriez B, Amselem S, Goossens M 1993
Expression and binding properties of two isoforms of the human growth
hormone receptor. FEBS Letters. 319:16-20

Zogopoulos G, Figueiredo R, Jenab A, Ali Z, Lefebvre Y, Goodyer CG
1996 Expression of exon 3-retaining and -deleted human growth hormone
receptor messenger ribonucleic acid isoforms during development. Journal of
Clinical Endocrinology & Metabolism. 81:775-82

Wickelgren RB, Landin KL, Ohlsson C, Carlsson LM 1995 Expression of
exon 3-retaining and exon 3-excluding isoforms of the human growth hormone-
receptor is regulated in an interindividual, rather than a tissue-specific, manner.
Journal of Clinical Endocrinology & Metabolism. 80:2154-7

Simard M, Manthos H, Giaid A, Lefebvre Y, Goodyer CG 1996 Ontogeny
of growth hormone receptors in human tissues: an immunohistochemical study.
Journal of Clinical Endocrinology & Metabolism. 81:3097-102

Goodyer CG, Figueiredo RM, Krackovitch S, De Souza Li L, Manalo JA,
Zogopoulos G 2001 Characterization of the growth hormone receptor in
human dermal fibroblasts and liver during development. American Journal of
Physiology - Endocrinology & Metabolism. 281:E1213-20

Massa G 1994 Growth hormone-binding proteins during human pregnancy:
maternal, fetal and neonatal data. Proceedings of the Society for Experimental
Biology & Medicine. 206:316-9

Manalo JA, Goodyer CG Developmental Changes in the Human Growth
Hormone Receptor and its Signal Transduction Pathways, Abstract #P3-279.
The Endocrine Society's 84th Annual Meeting, San Francisco, CA, U.S.A,,
June 2002

113



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Goodyer CG, Marcovitz S, De Stephano L, Berezuik M, Fefbvre Y 1984 in
vitro modulation of GH secretion from early gestation human fetal pituitaries.
In: Ellendorf F, Gluckman PD (eds) Fetal Endocrinology. Perinatology Press,
New York

Munsick RA 1984 Human fetal extremity lengths in the interval from 9 to 21
menstrual weeks of pregnancy. American Journal of Obstetrics & Gynecology.
149:883-7

Williams DB 1995 The Merck Frosst Award Lecture 1994/La conference
Merck Frosst 1994. Calnexin: a molecular chaperone with a taste for
carbohydrate. Biochemistry & Cell Biology. 73:123-32

Nigam SK, Goldberg AL, Ho S, Rohde MF, Bush KT, Sherman M 1994 A
set of endoplasmic reticulum proteins possessing properties of molecular
chaperones includes Ca(2+)-binding proteins and members of the thioredoxin
superfamily. Journal of Biological Chemistry. 269:1744-9

Hansen JA, Hansen LH, Wang X, et al. 1997 The role of GH receptor
tyrosine phosphorylation in Stat5 activation. Journal of Molecular
Endocrinology. 18:213-21

Ballesteros M, Leung KC, Ross RJ, lismaa TP, Ho KK 2000 Distribution
and abundance of messenger ribonucleic acid for growth hormone receptor
isoforms in human tissues. Journal of Clinical Endocrinology & Metabolism.
85:2865-71

Talamantes F 1994 The structure and regulation of expression of the mouse
growth hormone receptor and binding protein. Proceedings of the Society for
Experimental Biology & Medicine. 206:254-6

Esposito N, Paterlini P, Kelly PA, Postel-Viray MC, Finidori J 1994
Expression of two isoforms of the human growth hormone receptor in normal
liver and hepatocarcinoma. Molecular & Cellular Endocrinology. 103:13-20

Herrington J, Carter-Su C 2001 Signaling pathways activated by the growth
hormone receptor. Trends in Endocrinology & Metabolism. 12:252-7

Hill DJ 1992 What is the role of growth hormone and related peptides in
implantation and the development of the embryo and fetus. Hormone Research.
38:29-34

Gluckman PD, Grumbach MM, Kaplan SL 1981 The neuroendocrine
regulation and function of growth hormone and prolactin in the mammalian
fetus. Endocrine Reviews. 2:363-395

114



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Adams TE, Baker L, Fiddes RJ, Brandon MR 1990 The sheep growth
hormone receptor: molecular cloning and ontogeny of mRNA expression in the
liver. Molecular & Cellular Endocrinology. 73:135-145

Walker JL, Moats-Staats BM, Stiles AD, Underwood LE 1992 Tissue-
specific developmental regulation of the messenger ribonucleic acids encoding
the growth hormone receptor and the growth hormone binding protein in rat
fetal and postnatal tissues. Pediatric Research. 31:335-9

Ymer SI, Herington AC 1992 Developmental expression of the growth
hormone receptor gene in rabbit tissues. Molecular & Cellular Endocrinology.
83:39-49

King AP, Tseng MJ, Logsdon CD, Billestrup N, Carter-Su C 1996 Distinct
cytoplasmic domains of the growth hormone receptor are required for
glucocorticoid- and phorbol ester-induced decreases in growth hormone (GH)
binding. These domains are different from that reported for GH-induced
receptor internalization. Journal of Biological Chemistry. 271:18088-94

Beauloye V, Willems B, de Coninck V, Frank SJ, Edery M, Thissen JP
2002 Impairment of liver GH receptor signaling by fasting. Endocrinology.
143:792-800

Mao Y, Ling PR, Fitzgibbons TP, et al. 1999 Endotoxin-induced inhibition of
growth hormone receptor signaling in rat liver in vivo. Endocrinology.
140:5505-15

Tomic S, Chughtai N, Ali S 1999 SOCS-1, -2, -3: selective targets and
functions downstream of the prolactin receptor. Molecular & Cellular
Endocrinology. 158:45-54

Favre H, Benhamou A, Finidori J, Kelly PA, Edery M 1999 Dual effects of
suppressor of cytokine signaling (SOCS-2) on growth hormone signal
transduction. FEBS Letters. 453:63-6

Bjorbacek C, Elmquist JK, Frantz JD, Shoelson SE, Flier JS 1998
Identification of SOCS-3 as a potential mediator of central leptin resistance.
Molecular Cell. 1:619-25

Emanuelli B, Peraldi P, Filloux C, Sawka-Verhelle D, Hilton D, Van
Obberghen E 2000 SOCS-3 is an insulin-induced negative regulator of insulin
signaling. Journal of Biological Chemistry. 275:15985-91

Gonzalez L, Miquet JG, Sotelo Al Bartke A, Turyn D 2002 Cytokine-
Inducible SH2 Protein Up-Regulation Is Associated with Desensitization of GH
Signaling in GHRH-Transgenic Mice. Endocrinology 143:386-394

115



8. APPENDIX

Goodyer CG, Figueiredo RMO, Krackovich S, De Souza Li 1L, Manale JA and
Zogopoulos G. 2001. Characterisation of the Growth Hormone Receptor in Human
Dermal Fibroblasts and Liver during Development. American Journal of Physiology:

Endocrinology and Metabolism. 281: E1213-E1220.

Manalo JA and Goodyer CG. Developmental Changes in the Human Growth
Hormone Receptor and its Signal Transduction Pathways. June 2002, San Francisco,

CA. Endocrine Society’s 84™ Annual Meeting, Abstract #P3-278.

Manalo JA and Goodyer CG. Changes in the Human Growth Hormone (hGH)
Receptor and hGH Signal Transduction Pathways during Development. July 2001,
Montreal, QC. Pediatric Endocrinology Montreal 2001 LWPES/ESPE 6 Joint Meeting,

Abstract #P2-190.

116



Am o Physiol Endocrinol Metad
281: E1213-E1220, 2001.

Characterization of the growth hormone receptor in
human dermal fibroblasts and liver during development

CYNTHIA G. GOODYER, RILENE M. O. FIGUEIREDO, STEPHANIE KRACKOVITCH,
LILIA DE SOUZA LI, JENNIFER A. MANALQ, AND GEORGE ZOGOPOULOS
Department of Pediatrics, McGill University, Montreol, Quebec, Canada H3Z 223

Received 2 February 2001; accepted in final form 11 July 2001

Goodyer, Cynthia G., Rileme M. 0. Figueiredo,
Stephanie Krackovitch, Lilia De Souza Li, Jennifer A,
Manalo, and George Zogopoulos. Characterization of the
growth hormone receptor in human dermal fibroblasts and
liver during development. Am J Physiol Endocrinol Metab
281: £1213-E1220, 2001.—Human {issues express growth
hormone receptors (hGHR) by the 3rd mo of gestation. We
assessed developmental changes in hGHR funection in fi-
broblasts and liver, testing binding and hormonal re-
sponse. Fetal cells showed low but reproducible hGH bind-
ing. No age-related changes occurred in fibroblasts (9
wk~34 yr). In contrast, there was a fourfold increase in
hGH binding in postnatal liver, with a sixfold increase in
hGHR mRNA. Both full-length and truncated hGHR
mRNAs were detected in all livers. Cross-linking revealed
a larger hGH/receptor complex in fetal liver. Fetal hepa-
tocytes produced 10 times more insulin-like growth factor
(IGF)-11 than IGF-I, and responded to hGH (150 ng/ml)
with a significant increase in IGF-II. Fetal hepatocytes
secreted three IGF-binding proteins (IGFBPs), including
IGFBP1, but not IGFBP3. hGH did not alter fetal hepato-
cyte IGFBPs but stimulated glucose uptake. Exposure of
fibroblasts to hGH decreased hGH binding only in >1-yr
postnatal fibroblasts, whereas treatment with dexametha-
sone (100-400 nM) increased binding only in postnatal
cells. Thus, although fetal hepatocytes and fibroblasts pos-
sess functional hGHR, these receptors (and/or their signal-
ing pathways) are immature or have adapted to the in
utero environment.

fetal; postnatal; insulin-like growth factors; insulin-like
growth factor-binding proteins

GROWTH HORMONE (GH) is required for normal postnatal
growth, having a critical role in bone growth as well as
important regulatory effects on protein, carbohydrate,
and lipid metabolism (49). The actions of human (h)GH
are primarily through the stimulation of insulin-like
growth factor (IGF-1 and IGF-II) production in target
tissues. Although synthesis of IGF-I has been demon-
strated to be hGH- and nutritionally regulated, IGF-II
is thought to be more of a constitutive (and fetal)
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growth factor (6, 10, 45). The IGFs circulate bound to
specific IGF binding proteins (IGFBPs) (32) and work
in an autocrine, paracrine, or endocrine fashion by
binding to specific receptors (39).

In contrast, the role of hGH during fetal develop-
ment is not clearly defined. Plasma levels of immuno-
reactive hGH are markedly elevated in the fetus re-
lative to the normal adult, up to 150 ng/ml at midges-
tation (34). We (19, 54, 66, 67) and others (26, 62) have
identified hGH receptors (hGHR) at the mRNA and
peptide level in fetal tissues as early as the first tri-
mester. hGH stimulated proliferation and IGF produc-
tion in cultured fetal hepatocytes but had a variable
effect on ingulin and IGF production by islets and no
effect on fetal myoblasts, fibroblasts, or cartilage ex-
plants (13, 24, 46, 56, 57). Despite inconsistencies in
the functional studies, the data indicate that hGH may
have important functions during differentiation of spe-
cific fetal tissues.

Clinical studies also suggest that hGH begins to
have an influence before birth. The median birth
length of a large cohort of idiopathic hGH-deficient
children was found to be 0.83 below that of controls,
and 21% were >2 standard deviation scores (SDS)
shorter than normal newborns (16). In addition, cer-
tain infants with hGHR defects are shorter than nor-
mal controls at term (—1.59 SDS), and their clinical
phenotypes indicate that the hGHR is critical for nor-
mal maturation of specific fetal tissues such as skin,
liver, kidney, gonads, and muscle (3, 50, 52).

To examine this question further, we have charac-
terized several functional aspects of the hGHR in hu-
man dermal fibroblasts and liver during development,
including hGH binding and biological responsiveness
to regulatory hormones (hGH, dexamethasone), These
tissues were chosen because of their relative availabil-
ity at both fetal and postnatal stages in development.
QOur investigations confirm the presence of functional
hGHR in fetal fibroblasts and hepatocytes but suggest
that the fetal receptors (and/or their activated path-
ways) are still in an immature form or that they have
adapted to the fetal milieu.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “adverfisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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MATERIALS AND METHODS

Tissues. Human fetal tissues were obtained at the time of
therapeutic abortion [9-20 wk of fetal age (FA)]; FA was
determined by foot length (43). Specimens from premature
newborns (23~33 wk FA) and postnatal donors (2 mo—64 yr)
were obtained within 6—10 h after death. The three prema-
ture newborns died within 1-3 days after birth due to a
variety of pathologies (oligohydramnios, diaphragmatic her-
nia, respiratory distress syndrome). Postnatal liver samples
were obtained from adult transplant donors who had died of
acute head injuries (n = 5). Postnatal skin samples were
obtained from pediatric patients at the time of surgery (in-
guinal or abdeminal hernia) or from our local Genetics Cell
Bank collection. Skin samples were placed in explant culture,
and liver tissues were flash frozen in a dry ice-acetone bhath
and stored at —~70°C. Rat livers were from adult male
Sprague-Dawley rats (Charles River, Montreal, QC, Can-
ada). Ethical approval for the study was obtained from local
institutional research ethics and animal care committees.

Cultured cells. Dermal fibroblasts from fetal and postnatal
donors were grown as monolayer cultures in Ham’s F-10-
DMEM (1:1; Life Technologies, Gaithersburg, MD) with 10%
fetal/newborn calf serum (1:1; Hyclone, Logan, UT), 100 U/m}
of penicillin G (Marsam Canada Pharmaceutical, Montreal,
QC, Canada), 16 pg/ml of gentamycin sulfate (Schering Can-
ada, Pointe Claire, QC, Canada), and 5 ug/ml of amphotericin
B (8quibb Canada, Montreal, QC, Canada). Fibroblasts from
the 10th-20th passages were used for experiments. The
monolayers were refed every 3 days (until 80% confluence
was achieved) as well as 24 h before being tested. IM-9 cells
were grown in suspension in RPMI-1640 medium (Life Tech-
nologies) with 10% fetal/newborn calf serum (1:1) and anti-
bioties and tested while in the exponential phase of growth,
24—48 h after refeeding. Cells used for hormonal experiments
were preincubated overnight in Ham’s-DMEM with 0.1%
BSA (Sigma, no. 4378; Missassauga, ON, Canada). Triplicate
cultures were treated with recombinant 22-kDa hGH (5-150
ng/ml) (Eli Lilly, Indianapolis, IN) or dexamethasone (100-
400 nM; Sabex International, Montreal, QC, Canada) in
BSA-medium for 48 h.

Hepatic tissues were minced and dispersed by collagenase,
followed by gravity separation, yielding >95% pure hepato-
cytes (assessed by cytokeratin, albumin, and a-fetoprotein
staining), as described previously (67). Cells were plated at
~80% confluence on collagen-coated P100 (IGEF/IGFBP stud-
ies) or 6-well (glucose uptake studies) dishes in William’s E
medium (Life Technologies) with 10% FBS, antibiotics, and 2
wM hydrocortisone (Upjohn Canada, Mississauga, ON, Can-
ada). After 24 h, triplicate dishes or wells of hepatocytes were
treated with hGH (50-150 ng/ml) for 72 h. The primary
cultures were changed to serum-free medinm for the final
24 h in vitro for analyses of a-fetoprotein, IGFs, and IGFBPs.

Microsomal membrane preparations. Human and rat liv-
ers were homogenized (1.5, wtfvol) on ice in 0.3 M sucrose
containing 0.7 mM 4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF; ICN, Mississauga, ON, Canada), filtered through
mesh cloth, and centrifuged at 1,500 g for 10 min at 4°C. The
resultant supernatants were spun first at 15,000 g for 20 min
at 4°C, followed by 30 min at 400,000 g at 4°C. The 400,000-g
pellets were resuspended in 3 mM MgCls, incubated for 15
min on ice to remove endogenously bound hGH, and then
recentrifuged at 400,000 g for 30 min, resuspended in 25 mM
Tris-HCl and 10 mM MgCls, and respun at 400,000 g for 30
min at 4°C. Final pellets were resuspended in Tris binding
buffer and frozen at —70°C. IM-9 celle were sonicated on ice
in 25 mM Tris-HCI, 10 mM MgCl,, and 0.7 mM AEBSF and
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spun at 15,000 g for 25 min, followed by centrifugation at
400,000 g for 30 min. Pellets were treated with MgClg, rinsed
twice, and frozen at —70°C.

Radioreceptor assays. hGH (National Hormone and Pitu-
itary Program, National Institute of Diabetes and Digestive
and Kidney Diseases, Bethesda, MD) and IGF-II (Eli Lilly}
were labeled with 251 by the chloramine-T method (specific
activity: 42—145 pCifug), as previously described (18) and
used only if >90% trichloroacetic acid precipitable.

Fibroblast monolayers were washed four times (15 min,
37°C, 5% COs2) with 5 ml of binding buffer (DMEM, 25 mM
HEPES, 25 mM Tris-HCI, pH 7.4, and 0.1% BSA). A total of
15,000 cpm/m! (0.1 ngfml) of iodinated peptide with or with-
out excess unlabeled hGH (22 kDa, Eli Lilly) was added te
each dish and incubated for 2 h at 30°C. The reaction was
terminated by washing the monolayers three times with 4 ml
of ice-cold PBS-0.1% BSA. The fibroblasts were solubilized
with 0.6 N NaOH for 6-12 h, and aliquots were analyzed for
radioactivity and protein. All assays were performed in qua-
druplicate. Binding assays with IM-9 cells were run in par-
allel with the use of triplicate tubes of 750 pg (protein) of cells
in suspension per 0.5 ml of final volume. The reaction was
terminated by adding ice-cold PBS-0.1% crude BSA and cen-
trifuging at 3,000 rpm for 30 min. Viability of the fibroblasts
and IM-9 cells was monitored using light microscopy as well
as the trypan blue exclusion test.

Radioreceptor assays with liver or IM-9 microsomal mem-
branes were carried out in triplicate for 18-22 h at 4°C. A
total of 100 pg/ml of IM-Q membranes or 200 pg/ml of liver
membranes was incubated in 150 ul of binding buffer {25 mM
Tris-HCL pH 7.6, 10 mM MgCls, 0.1% BSA, 1 pM aprotonin,
0.7 mM AEBSF, 21 uM leupeptin, 1 uM pepstatin, and
100,000 cpm of *?51-labeled hGH (0.7 ng)]. Nonspecific bind-
ing was determined by addition of excess unlabeled hGH (10
pg/ml). The assay was terminated by adding ice-cold
Tris-HCI and MgClp buffer with 0.1% BSA and centrifuging
at 15,000 g for 30 min at 4°C. Radioreceptor assays with
primary hepatocytes were not carried out due to the limited
amounts of fetal and adult liver samples available.

Affinity cross-linking. Microsomal membranes (200-1,000
jg) were incubated with 0.2—-1.0 X 10° cpm of ®[-hGH in 0.5
ml of binding buffer for 1822 h at 4°C with or without excess
(10 pg/ml) unlabeled hGH. Binding was terminated by addi-
tion of ice-cold Tris-HCl buffer and centrifugation at 400,000
g for 30 min. The pellets were resuspended in PBS containing
0.5 mM disuccinimidyl suberate (Pierce, Rockford, IL) and
incubated at rcom temperature for 15 min. Cross-linking was
stopped by addition of 1 mM Tris-0.2 M EDTA and recen-
trifugation at 400,000 g for 30 min. Pellets were dissolved in
sample buffer (0.05 M Tris-HCI, pH 6.8, 10% glycerol, 0.05%
bromphenel blue, 10% SDS, and 5% @-mercaptoethanol) and
run on 7.5% polyacrylamide gels. The gels were dried, and
the receptor complexes were revealed by autoradiography.
Liver, but not fibroblast, microsomal membranes gave suffi-
ciently high specific binding for cross-linking results.

a-Fetoprotein and IGF RIAs. o-Fetoprotein levels were
measured using the Amerlex-M RIA kit (Johnson and John-
son Clinical Diagnostics, Rochester, NY). IGF-I and IGF-II
concentrations were determined by DSL RIA kits (Webster,
TX) after formic acid-acetone extraction (7).

IGFBP Western ligand blots. IGFBP profiles were ana-
lyzed according to the method of Hossenlopp et al. (29), with
medifications. Conditioned media were concentrated 10-fold
and electrophoresed through a 12.5% SDS-polyacrylamide
gel, and the proteins were transferred to a nitrocellulose
membrane. Blots were probed overnight with **I.IGF-II,
and the IGFBPs were visualized by autoradiography.
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[ Clglucose uptake studies. Assays were carried out in
triplicate on day 5, following 72 h with or without 22-kDa
hGH treatment. Cultures were incubated in Krebs-Ringer
phosphate with 0.1% BSA with or without test factors (150
ng/ml hGH, 300 nM insulin) for 30 min, and then 0.375 pCi
of p-[U-1*Clglucose (25 mCi/mmol; New England Nuclear)
was added to each well for 30, 60, or 90 min. Glucose uptake
was stopped by rinsing 3 times with ice-cold PBS. One mil-
liiter of 0.6 N NaOH was added to each well, the cells were
solubilized overnight at 37°C, and aliquots were analyzed for
radioactivity and protein (Bio-Rad, Hercules, CA).

RNA extractions. The guanidium-thiocyanate-phenol method
(9) was used to extract total RNA from human fetal and
postnatal tissues.

Semiquantitative RT-PCR. Five micrograms of total RNA
were reverse transcribed for 1 h at 48°C in the presence of 2.5
U of AMV-RT (Life Technologies), 80 U of RNAsin (Promega,
Madison, WI), 71.4 ng/pl random primers (Life Technolo-
gies), 0.48 mM deoxyribonucleotides (dANTPs) (Pharmacia
Biotech, Baie D’Urfe, QC, Canada), 10 mM MgCl,, 10 mM
dithiothreitol, 100 mM Tris-HCI, pH 8.3, and 50 mM KCl.
Two microliters of RT product were amplified for 23 cycles
with varying amounts of internal standard (0.9-48.0 X 104
fmol), 2.5 U of Tag DNA polymerase (Life Technologies), 0.5
mM dNTPs, 0.5 uM hGH receptor sense (exon 7: 5'-CCAGTG
TAC TCA TTG AAA GTG GAT-3') and antisense {exon 10:
5'-GTC TGA TTC CTC AGT CTT TTC ATC-3') primers, 3
mM MgCls, 20 mM Tris-HCI, pH 8.4, and 50 mM KCL The
first cycle consisted of 3 min at 92°C, 1 min at 61°C, and 3
min at 72°C; subsequent cycles were 30 s at 92°C, 1 min at
61°C, and 1.5 min at 72°C, terminating with a final elonga-
tien of 5 min at 72°C. As a control, RNA samples were
incubated in the absence of AMV-RT and then amplified in
the presence of 1.4 X 1073 fmol of internal standard. Initial
experiments (data not shown) showed that the PCR reaction
was in an exponential phase at 23 cycles. The internal PCR
standard was constructed according Jin et al. (33), as previ-
ously described (66). PCR fragments were electrophoresed
through 1.5-2% agarose gels and transferred to 0.45-pm
positively charged nylon membranes (Schleicher & Schuell,
Keene, NH), as previously described (66, 67). Blots were
hybridized overnight using the nested oligonucleotide (exon
10: 5’-GCT AAG ATT GTG TTC ACC TCC TC-3') end labeled
with [v-32PJATP (NEN), and the bands were quantified using
a Fuji phosphorimager (Stamford, CT) to obtain the mole-
cules of hGHR mRNA per microgram of total RNA, as de-
scribed (66).

Full-length vs. truncated hGHR mRNA. Five micrograms
of hepatic total RNA were reverse transcribed using Super-
seript II (Life Technologies) and a specific exon 9 reverse
primer (9AS) designed to recognize both the full-length and
1-279 hGHR mRBNAs (5'-TAATCTTTGGAACTGGAACT-3").
RT products were amplified using an exon 7 sense (7S5)
primer (5’-ATAAGGAATATGAAGTGCGTGTGAG-3') and
the exon 9AS primer (see Fig. 24), under the following
conditions for 35 eycles: 94°C for 80 g, 52°C for 30 s, and 72°C
for 1 min, ending with 72°C for 10 min. PCR products were
separated on 10% polyacrylamide gels (Fig. 2B) and stained
with Sybr gold, and densitometric analyses were carried
out using the Bic-Rad GelDoc system (Mississauga, ON,
Canada).

Statistical analyses. Differences between groups (by age or
treatinent) were analyzed by Student’s #-test if there were
two groups or by ANOVA followed by Duncan’s multiple
range test if multiple groups.
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RESULTS

Developmental changes in Hssue hGHR mRNA and
microsomal membrane binding. Using semiquantita-
tive RT-PCR assays, we determined total hGHR
mRNA levels in four pairs of human fetal and postna-
tal tissues. Although there was a general decrease in
postnatal lung (P < 0.05), kidney, and small intestine
compared with their fetal counterparts, the hGHR
mRNA in postnatal liver increased sixfold (P < 0.01;
Fig. 1A). We also detected mRENAs for both the full-
length and the major truncated (GHR279) GHR in fetal
(n = 8; 14-18 wk) and postnatal (n = 3; 21-54 yr) liver
tissues. The full-length transcript was always predom-
inant (Fig. 2B). Although there was a trend for fetal
liver to have a twofold higher ratio of truncated to
full-length mRNAs, there was two- to threefold vari-
ability within each age group, and the difference did
not reach statistical significance (Fig. 2C).

The developmental increase in hepatic hGHR mRNA
was accompanied by a fourfold (P < 0.02) increase in
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Fig. 1. Tissue- and developmental-specific expression of the human
growth hormone receptor GHR). Nos. in parentheses indicate nos.
of samples. A: fetal (1117 wk) and postnatal (1184 yr) tissues were
analyzed by semiquantitative RT-PCR for total hGHR mRNA. There
was a significant (6-fold: **P < 0.01) increase in postnatal liver and
a general decrease in postnatal lung, kidney, and small intestine
(Int) (6-fold in lung: P < 0.0B). B: fetal (14-20 wk) and postnatal
(20-42 yr) liver samples were analyzed for specific ***I-labeled hGH
binding. Data were obtained from 1-3 assays per microsomal prep-
aration and represent percent total radicactivity in the binding
buffer/200 pg protein {means * SE). Controls included membranes
prepared from adult male rat liver (» = 10; 31.0 + 3.8%) and IM-9
cells (n = 18; 11.8 + 1.6%). There was a significant (*P < 0.02) 4-fold
inerease in postnatal hepatic hGH binding. Thus there are parallel
increases in hGHR gene and receptor protein expression in postnatal
liver.
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Fig. 2. Comparison of full-length (FL) and truncated (1-279) hGHR
mRNAs in fetal vs. postnatal liver. A: schema showing the positions
of the PCR primers used and sizes of the expected PCR products. 7S,
exon 7 sense primer; 9AS, exon 9 antisense primer. B: representative
gel of the PCR products from 3 adult and 8 fetal liver samples. Bp
size of the relevant BS-Hpall marker is indicated on the left. Posi-
tions of the two hGHR bands are indicated by arrows on the right. C:
cumulative data for fetal vs. postnatal liver: each sample was tested
using 3 different RT products, and the final data are expressed as a
ratio of truneated to full-length hGHR transcripts [means (M) + SE].

hGH binding to postnatal hepatic membranes (Fig.
1B), suggesting parallel changes in hGHR gene and
protein expression. Scatchard analyses were carried
out on one fetal and two adult samples (Table 1). The
samples were limited but showed that fetal GHR bind-
ing capacity was ~50% that of the adult (90 vs, 165
fmol/mg protein), whereas binding affinity was ~10-
fold less. Binding to control membranes prepared from
rat liver and IM-9 cells was severalfold higher (see
details in legend of Fig. 1), as reported previously (20,
31, 40, 64).

Affinity cross-linking. Cross-linking experiments
showed that '2°I-hGH bound to different molecular
mass species of hGHR in human fetal, human adult, or

Table 1. Scatchard analyses of 12°I-labeled
hGH binding to microsomal membranes
(22-kDa hGH displacement)

Human fetal liver K 03%310°M
18wk (n =1} Brmax: 1.2X1070 M
Human adult liver Ka 26%X107°M

40'and 43 yr (n = 2)
Controls

Bamax: 22X107°M

Adult rat liver (n = 2) Kp 283%X1079 M
Bimax: 8.0X 10710 M
IM-8 cells (n = 3) Ko 1.6X107°M

Bumax: 8.6 X107 M

K, association constant; Bmax, maximum binding capacity.
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Fig. 3. Representative affinity cross-linking experiments with **5]-
hGH with or without unlabeled 22-kDa hGH and human fetal liver
{A; poolof n = §; 15.5-16.5 wk fetal age), human adult liver (B; n =
2; 34 and 40 yr), and adulf rat liver (C; n = 2) microsomal mem-
branes under reducing conditions. Nos. on leff, molecular mass
markers; arrows, radioactive hGHfreceptor complezes; + and —,
presence or absence of excess hGH (10 pg/ml), respectively.

rat adult liver (Fig. 3). In human fetal liver, the %°]-
hGH/hWGHR band was ~112 kDa; excess unlabeled
22-kDa hGH decreased, but did not eliminate, *251-
hGH binding (Fig. 34). In human adult liver, the 125-
hGH/receptor complex was a broad band at ~80-100
kDa, which disappeared with excess unlabeled hGH
(Fig. 3B). In rat liver, the hGH tracer was part of an
~65-kDa receptor complex; excess unlabeled hGH
completely eliminated !?°I-hGH binding to this band
(Fig. 30).

Fetal hepatocyte a-fetoprotein, IGF, and IGFEBP pro-
duction and [**Clglucose uptake. Fetal hepatocyte cul-
tures were monitored for a-fetoprotein production on
day 5 in vitro. Levels in the conditioned serum-free
media were quite consistent [n = 9; 149.4 * 23 ng/ml
{means * SE); blank medium = <6 ng/ml]. IGF-I and
IGF-II concentrations were also assessed on day 5.
There was a striking 10-fold greater production of
IGF-II than IGF-I (n = 9; 15.3-20 wk; 4.2 + 0.3 vs.
0.43 * 0.05 ng/ml). Pretreatment with 150 ng/ml of
hGH for 72 h resulted in a small, significant increase in
IGPF-II (5.2 = 0.4; P < 0.04) but not in IGF-I (042 +
0.05). Western ligand blot analyses of the same day
5-conditioned media revealed the presence of three
IGFBPs (32, 28, and 24 kDa; data not shown). The
middle band was identified as IGFBP1 by Dr. J. W.van
Neck (personal communication) (53), whereas the two
others correspond to the molecular masses of IGFBP2
and IGFBP4, respectively, IGFBP3 was readily detect-
able in the control normal serum pool but was not
present in the fetal hepatocyte-conditioned media
(data not shown). hGH (50-150 ng/ml) treatment for
72 h had no effect on IGFBP profiles. In contrast,
hepatocytes pretreated for 72 h with 150 ng/mil hGH
showed a small, significant, time-dependent (P < 0.01)
increase in [**Clglucose uptake (Fig. 4A). The level
of uptake was similar to that observed after acute
(30-min) treatment with 300 nM insulin (P < 0.05;
Fig. 4B).

Fibroblast radiorecepior assays. Previous studies
demonstrated hGHR mRNA in human fetal (10-38
wk) and postnatal (4 mo-35 yr) skin as well as cultured
fibroblasts through 12 generations in vitro (67). In the
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or acute 30-min treatment with 300 nM insulin (B), analyzed after
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present study, we determined that human dermal fi-
broblasts specifically bound 2°I-hGH from as early as
the 9th wk of fetal life. When a large fetal (n = 23; 9-33
wk FA) and postnatal (n = 11; 2 mo-34 yr) series was
compared, we observed a small increase in both total
(2.2 + 0.1 vs. 3.2 = 0.3%) and nonspecific (0.9 = 0.09
vs. 1.6 + 0.2%) binding of #°I-hGH (P = 0.01) but no
significant change in specific binding (1.3 0.1 vs. 1.6
+0.3%) as a function of donor age. Control IM-9 cells
exhibited much higher total (8.8 +0.3%; n = 34) and
specific (4.9 = 0.3%) binding of ?*I-hGH, although the
percentage of nonspecific (3.7 = 0.2%) binding was
gimilar. The low level of fibroblast binding precluded
Scatchard analyses.

Fibroblast responses to hormonal treatments. When
fibroblast cultures were exposed to hGH (5-150 ng/ml)
for 48 h, there were significant age-related differences
in their ability to subsequently bind #*°I-hGH (Fig. 54).
The fetal and early (<1 yr) postnatal cells showed no
change in percentage of specific 1*I-hGH binding, even
when the highest hGH concentration, 150 ng/mi, was
tested. In contrast, the older (>1 yr) postnatal fibro-
blast series showed a significant (P < 0,05) dose-re-
lated decrease in binding. Control IM-9 cells showed
the expected highly significant (P < 0.01) decrease in
1251.hGH binding (40).

Experiments using dexamethasone pretreatment for
48 h also showed age-related differences in the fibro-
blasts’ ability to subsequently bind ?°I-hGH (Fig. 5B).
Whereas the fetal series of cultures showed no change,
sven with the highest dose tested (400 nM), the post-
natal cells showed a significant (P < 0,02) increase in
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1281 hGH binding after exposure to 100 nM dezameth-
asone.

DISCUSSION

hGH acts by binding to its high-affinity receptor on
target cells (47). The hGHR, a single-chain (620 amino
acid) polypeptide member of the hGH/human prolac-
tinfeytokine receptor superfamily, dimerizes in the
presence of one molecule of hGH, activating specific
intracellular signal transduction pathways and lead-
ing to gene regulation (14, 21, 35). The hGHR is en-
coded by a single gene spanning >150 kb on chromo-
some 5pl3.1-12 (5, 17, 19, 41). The coding region is
defined by exons 2-10, with exon 2 contributing the
translation start site and signal sequence. Three
hGHR isoforms have been reported. Exon 3-deficient
mRNA can be detected in fetal tissues from as early as
the 8th wk of fetal life (11, 59, 66, 67). This transcript,
expressed in an individual- rather than a tissue-spe-
cific manner, translates into a high-affinity hGHR that
binds hGH and related hormones with similar affini-
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Fig. 5. Effects of 48-h pretreatment with either hGH (A) or dexa-
methasone (Dex; B) on the subsequent ability of fetal and postnatal
fibroblast cultures or control IM-9 cells to bind '2°I-hGH. Experi-
ments were carried out in quadruplicate within each fibroblast or
IM-9 series. *P < 0.05; ¥*P < 0,02,
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ties as the full-length receptor (55, 60, 63, 67). Two
truncated forms of hGHR, 1-277 and 1--279, have also
been demonstrated, with 1-279 being the major (10- to
20-fold more prevalent) form (2, 51). mRNAs for these
truncated forms are produced at low levels in all hu-
man tissues examined to date due fo variant splicing
within exon 9 (4). The truncated receptors bind hGH
with high affinity but do not dimerize or activate in-
tracellular signal transduction pathways and thus may
act as dominant negative receptors (51).

Although pivotal roles for hGH and its receptor have
been well established in postnatal tissues, their func-
tion during human gestation remains unclear (22).
Fetal serum GH levels are high in both primates and
subprimates (15). However, although numerous stud-
ies have shown that onset of significant GHR mRNA
expression occurs only around the time of birth in
subprimates (1, 8, 36, 42, 58, 61, 65), ubiquitous tran-
scription of the hGHR gene has been documented from
the first trimester in the human fetus (19, 66, 67). In
addition, immunchistochemical studies have identified
hGHR protein in human tissues from 8 wk FA and
shown that, by midgestation, the pattern of immuno-
staining is often identical to that found in the adulit (26,
54). Thus both hGH and its receptor are present at very
early stages in human development.

Whether the fetal hGHR are functional has been a
controversial issue due to the variability of results
from different research groups and the lack of correla-
tion between hGHR mRNA/immunopeptide data and
hGH responsiveness in certain tissues. There are re-
ports of low hGH binding in fetal liver, chondrocytes,
lung, and fibroblast cell lines, but no binding in muscle
(25, 87, 44, 62). In one study, hGH treatment of fetal
hepatocytes increased cell proliferation and IGF pro-
duction (56). However, there have been inconsistent
effects reported on pancreatic islet cells and negative
effects observed with fetal myoblasts, cartilage ex-
plants, and dermal fibroblasts (13, 23, 46, 57). In the
present study, we have addressed this confroversy by
focusing on two cell fypes, hepatocytes and dermal
fibroblasts, and wherever possible, comparing hGHR
functional characteristics in fetal vs. postnatal cells.

Qur initial RT-PCR analysis demonstrated changes
in total hGHR mRNA in four different sets of tissues:
liver, kidney, lung, and small intestine. All but liver
showed a decrease in hGHR mRNA in postnatal com-
pared with fetal samples. In lung, this change was
statistically significant and paralleled the previous ob-
gervation of low h(GH binding in fetal lung membranes
and no binding in postnatal samples (37). In contrast,
postnatal liver showed a striking increase in hGHR
mRNA and a parallel increase in hGH specific binding.
Thus there are marked tissue-specific differences in
regulation of hGHR expression during development.

Cross-linking experiments indicate structural differ-
ences between the fetal and postnatal hepatic hGHR:
the fetal receptor runs as a higher molecular mass
band than either the human or rat adult liver GHR (27,
28, 30). Because fetal hepatic hGHR mRNAs are ho-
mologous to those found in postnatal liver (4, 67,
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present study), it is unlikely that this size difference is
due to increased length of the basic receptor protein.
Two other explanations seem more appropriate: in-
creased glycosylation of the extracellular domain of the
fetal hGHR and/or complexing with additional mole-
cules.

The fetal hepatocytes produced IGFs and IGFBPs
in an appropriate manner, with significantly higher
IGF-1I than IGF-1 and no IGFBPS (32, 39, 48). When
pretreated with hGH, fetal hepatocytes showed an
unusual response: no change in IGF-1 but an increased
production of IGF-II. Strain et al. (56) previously re-
ported increased IGF-I secretion by human fetal hepa-
tocytes after exposure to similar concentrations of
hGH. However, the antibody they used to assay IGF-1
has since been shown to also recognize IGF-II (6).
Because IGF-II is the predominant IGF found in fetal
tissues and circulation throughout gestation (6, 38, 45),
it is likely that it was, in fact, IGF-II that was mea-
sured. There was no effect of hGH on IGFBP profiles.
IGFBPS, the one IGFBP known to be responsive to
hGH, is not produced until the final third of gestation
{39, 48). Our data suggest that either the early hepa-
tocytes cannot be induced to synthesise IGFBP3 after
only 72 h of exposure to hGH or that hGH is not the
appropriate inducing factor. The hepatocytes did re-
spond to hGH with enhanced [¥*Clglucose uptake. This
increase was similar to the effect observed with acute
insulin exposure, but much lower than has been ob-
served in postnatal liver (12).

Dermal fibroblasts showed no age-related changes in
hGH binding. However, there were marked changes in
their responsiveness to both hGH and dexamethasone.
Chronic exposure to hGH is well known to cause de-
sensitization of hGH target cells due to loss of hGHR
from the cell surface (40, 64). This response was exhib-
ited by postnatal fibroblasts, but only those from in-
fants >1 yr of age, suggesting that maturation of the
downregulatory effect of hGH is not linked to birth and
independence from the in utero environment. In con-
trast, the ability of dexamethasone to increase hGH
binding was observed in postnatal fibroblasts as early
as 4 mo after birth.

In conclusion, our studies demonstrate that fetal
hepatocytes and fibroblasts do have functional hGHR,
in that these cells specifically bind hGH and have
biclogical responses after chronic exposure to hGH.
Certain of the responses appear to be an adaptation to
the fetal environment {increased IGF-II rather than
IGF-I), whereas others (low glucose uptake, no change
in hGHR in response to hGH or dexamethasone) may
be simply due to immature cell systems (internaliza-
fion/receptor cycling, signal transduction pathways,
gene regulatory mechanisms), none of which has been
investigated to date. The fact that the fetal hepatic
hGHR is a different molecular size is also infriguing
and needs to be explored to determine what role this
difference may play in restricting hGH responsiveness
during fetal development.
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P3-278. Developmental Changes in the Human Growth Hormone Receptor
(hGHR) and lts Signal Transduction Pathways.

Jennifer A Manalo*', Cynthia G Goodyer'. 'Medicine and Pediatrics, McGill
University, Montreal, Quebec, Canada

Although tissue hGHRs have been identified from as early as the first
trimester of fetal life, little is known about their functional role during early
development. We recently reported that fetal hGHRs show characteristics of
relative immaturity or adaptation to the in ufero environment (Am J Physiol
Endocrinol Metab. 281:E1213-E1220, 2001). To further characterise these age-
related differences, we used RT-PCR to investigate the expression of an
alternatively spliced exon @ mRNA variant, producing a truncated (1-279) hGHR
(1), which can act as a dominant negative to the full-length (FL) receptor. A two-
fold greater ratio of T/FL hGHR transcripts was initially found in intact fetal
(0.20+0.07) vs. postnatal liver (0.0940.01) (p>0.05). However, the liver is the
major hematopoietic organ during fetal life. When fetal liver tissue was
enzymatically dissociated, a higher ratioc of T/FL mRNA was detected in fetal
hematopoietic cells (0.24+0.08), while fetal hepatocytes (0.07+0.04) showed
ratios similar to postnatal liver (p>0.05). We also analyzed the T/FL ratio in ten
other fetal tissues: these ranged from 0.002 in skin to 0.53+0.10 in kidney cortex
and 0.65+0.15 in kidney medulla.

In addition, Western blotting was used to assess for developmental
differences in the relative abundance of downstream signal transduction factors.
Stimulatory Jak (Jak1, Jak2) and Stat (Stat1, Stat3, StatSA, Stat5B) proteins
were detected in all fetal hepatocytes and postnatal livers tested. However, the
samples, normalized to calnexin, showed much lower levels in fetal hepatocytes
compared to postnatal liver (5-22%), including molecules best known to be
involved in hGHR signalling: Jak2 (22% of postnatal liver, p<0.002) and Stat5B
(5%, p<0.02). Four suppressors of cytokine signalling (Socs), which negatively
regulate hGHR action, were also detected in all samples: Socs1 (119% of
postnatal liver), Socs2 (51%), Socs3 (239%, p<0.03) and CIS (200%, p<0.03).

In summary, our results suggest that the relative abundance of T/FL
hGHR in fetal hepatocytes is not contributing to the levels of hepatocyte
responsiveness observed during fetal life, although this may be an important
factor in other fetal tisues (eg. Kidney). The relatively low levels of stimulatory
Jak/Stat molecules, coincident with the high level of at least two negative
regulatory Socs proteins, are more likely to be responsible for the fetal-specific
hepatocytes responses to GH.
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Changes in the Human Growth Hormone (hGH) Receptor and hGH Signal
Transduction Pathways during Development

Jennifer A Manalo, Cynthia G Goodyer. Pediatrics, McGill University, Montreal,
Canada.

hGH receptors (hGHR) have been identified in human tissues as early as the first
trimester of human life. Several subtypes have been found but little is known
about their functional role or their intracellular signalling pathways, especially
during fetal development.

Using RT-PCR, we determined that exon 3+ and 3- isoforms of hGHR mRNA are
expressed at all stages in life, but there is greater expression of the 3- form
prenatally (69% vs 33% postnatal, p<0.01). Furthermore, we used RTMultiplex
PCR assays to investigate the expression of an alternatively spliced exon 9
mRNA variant, producing a truncated hGHR (1-279), in fetal and postnatal liver.
Full-length and truncated hGHR mRNAs were detected in all samples, although
fetal samples showed an approximately two-fold greater proportion of truncated
to full-length transcripts (fetal: 46% vs. postnatal: 26%).

We also used Western blotting to analyse the abundance of downstream
signalling molecules known to be involved following hGHR activation, Janus
Kinase (Jak) (Jak1, Jak2) and Signal Transducers and Activators of Transcription
(Stat) (Stat1, Stat3, StatbA and StatdB) family members were present in cytosol
and membrane fractions of both fetal and postnatal liver tissues. Samples,
normalized to calnexin, showed 26-71% greater levels of Jak1, Jak2, Stat1 and
Stat5A in fetal than postnatal cytosol fractions. A more significant difference (310
and 450%, respectively) in Jak1 and Jak2 levels was observed in fetal compared
to postnatal membrane fractions.

hGH-induced receptor dimerization is essential for turning on signal transduction
pathways. Our results suggest that the presence of specific hGHR isoforms in
fetal vs postnatal tissues may be important in determining which receptor dimmer
complexes form in farget cells at different developmental stages. In turn, this
may result in the activation of alternate transduction pathways and difference
biological responses.



