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Abstract

The overall objective of this research was to usi@ded the mechanims by which
growth hormone (GH) regulates insulin-like growdctor-1 (IGF-1) gene expression in
liver. Previous studies have suggested that GHa&go of IGF-1 gene expression in
liver is mediated by binding of the transcripti@etor signal transducer and activator of
transcription (STAT) 5 to four binding sites locatistantly from the IGF-1 promoter.
The first specific objective of this research waslétermine whether additional STATS
binding sites were involved in GH stimulation ofAf& gene expression in liver.
Sequence analysis of 170 kb of mouse genomic DN&aled nineteen consensus
STATS binding sequences corresponding to fourt&9-bp chromosomal regions that
were conserved in the corresponding human DNA sexgudEight of these chromosomal
regions were able to mediate STAT5 activation pbreer gene expression in
cotransfection experiments. Two of these chromos$oaggons corresponded to those
previously identified. Gel-shift assays indicatkdttthe eight new STATS5 binding sites
and three of the four previously identified STAT&ding sites could bind GH-activated

STATS from mouse liver. Together, these resultgsagthat GH stimulation of IGF-I



gene transcription in the mouse liver may be medidly at least eleven STAT5 binding
sites located distantly from the IGF-I promoteralprevious study, | found that liver
expression of liver-enriched transcription factephtocyte nuclear factoy HNF-3y)

was increased by GH in cattle. Therefore, the sgepecific objective of this research
was to determine how GH stimulates HNf-¢&ne expression and whether the increased
HNF-3y mediates GH stimulation of IGF-I gene expressiohavine liver. Sequence
analysis of the bovine HNFs$romoter revealed the presence of two putativdibm

sites for STATS. The proximal putative STATS binglisite appears to be conserved in
other mammals. Chromatin immunoprecipitation (Ctdg9ays demonstrated that GH
increased the binding of STATS5 to the HNf{#omoter in bovine liver and that this
binding was associated with increased HNFe8pression. Gel-shift assays demonstrated
that the proximal STATS5 binding site in the HNf#{&omoter could bind GH-activated
STATS from bovine liver. Cotransfection analyseswéd that the proximal STAT5
binding site was necessary for the HNfFgBomoter to be activated by GH. The promoter
of the bovine IGF-I gene contains three putativeR-B\binding sites that seem to be
evolutionarily conserved. ChlP assays indicatetl@ta stimulated the binding of HNF-

3y to the IGF-1 promoter in bovine liver. Gel-shifsays showed that one of the putative
HNF-3 binding sites could bind HNF+®rotein from bovine liver. Co-transfection
analyses demonstrated that this HNF-3 bindingvedte necessary for HNFr&ctivation

of reporter gene expression from the IGF-I promdtesummary, the results of this
dissertation research suggest that GH-activatedTSTihvectly stimulates IGF-I gene

transcription in liver by binding to at least elaevdistantly located STAT5 binding sites



in the IGF-I locus and indirectly stimulates IGBdne transcription by enhancing HNF-

3y gene expression in the liver.
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Introduction

Growth hormone (GH) is a polypeptide hormone preduand released from the
anterior pituitary gland. GH regulates a broad eaofyphysiological processes involved
in development, somatic growth, and metabolism @i#R et al. 2001). A major target
organ of GH is liver because it has highest GHptareexpression compared to other
tissues. In this tissue, GH controls the expressfanany genes (Lichansaka and Waters
2008a). The signal transducer and activator ostraption (STAT) 5 is one of the major
transcription factors mediating GH regulation ohgexpression in liver (Herrington and
Carter-Su 2001). GH also regulates gene expresgsiorer by regulating the expression
or activity of liver-enriched transcription factqisETFs) (Wiwi and Waxman 2004). GH
strongly stimulates the expression of insulin-lgtewth factor-1 (IGF-1), one of the
major target genes of GH in liver, through STATHIE et al. 2006; Wang and Jiang
2005; Woelfle, et al. 2003b). However, the mechartyy which STAT5 mediates GH
regulation of IGF-1 gene expression in liver was campletely understood. GH also
strongly stimulates the expression of hepatocytdean factor (HNF)-3, a liver-
enriched transcription factor (Eleswarapu and J@0@p). The mechanism by which GH
stimulates the expression of HNF-8nd whether HNF-8is involved in GH regulation
of IGF-I were not known. Therefore, the overall golthe studies reported in this
dissertation was to understand these mechanisnsré3earch contained two specific
objectives: 1) To identify the STAT5 binding sitegdiating GH regulation of IGF-I
gene expression in mouse liver; 2) To determinarteehanism by which GH regulates
HNF-3y gene expression and whether HNFs3involved in GH regulation of IGF-I

gene expression in bovine liver.



Chapter | Review of Literature

Introduction

Growth hormone (GH) is an anabolic hormone rele&sed the anterior pituitary gland.
It is the main regulator of postnatal growth andabelism (Lichanska and Waters 2008a). Liver
is the major target organ of GH. Many physiologigaicesses in liver are controlled by GH,
including glucose metabolism, lipid metabolismyaig metabolism, and xenobiotic
detoxification (Lichanska and Waters 2008a; Wiwd &daxman 2004). These processes are
often controlled by GH through regulation of gempression. GH regulates gene expression in
liver through direct and indirect mechanisms. Afiract mechanism, GH regulates gene
expression through transcription factors directihaated by any of its signaling pathways
(Herrington and Carter-Su 2001). As a indirect naei$m, GH regulates gene expression
through transcription factors, such as some ofittee-enriched transcription factors (LETFs),
whose expression is controlled by the transcriptamtors directly activated by the GH signaling
pathways (Cesena, et al. 2007; Waxman and O'C&0a8). IGF-1 is one of the major target
genes of GH in liver and is regulated at the l@fe¢tanscription. Liver is the major source of
circulating IGF-I. IGF-1 plays an important role gnowth, development, metabolism, aging, and
tumorigenesis. This review summarizes the curradertstanding of actions of GH, mechanisms
of GH action, and regulation of gene expressio®sbly Since IGF-I is one of the important
genes regulated by GH and is the focus of thisedisBon research, | will also discuss the

structure and function of the IGF-1 gene and refijueof its expression.



Growth hormone (GH)

Growth hormone, also called somatotropin, is &igegormone produced and secreted
mainly by the anterior pituitary gland. It is alsgnthesized in small quantities in other tissues,
including reproductive tissues, lymphoid tissued dre gastrointestinal tract (Hartman, et al.
1991). GH secretion from the anterior pituitary wscin a pulsatile pattern and is regulated by
hypothalamic hormones (Figure 1.1). The secretfguitaitary GH is induced by growth
hormone releasing hormone (GHRH) and inhibiteddmatostatin (Sherlock and Toogood
2007; Velloso 2008). In addition, GH secretionlsoastimulated by ghrelin, which is
synthesized in the hypothalamus, pituitary, anchsith (Kojima, et al. 1999). GH release is also
regulated by IGF-1. The GH-stimulated IGF-I in ttieculation provides a negative feedback
effect, suppressing the further release of GH ftieenanterior pituitary. In addition to these
factors, various stimuli affect the frequency araigmtude of the GH pulses, including gender,
age, adiposity, sleep, diet and exercise. Consélgusarum GH levels vary greatly throughout
the day (Sherlock and Toogood 2007; Velloso 200Bg balance between these factors
determines the serum GH levels. The gene codingdeine GH is approximately 1800 base
pairs in length and is composed of five exons and introns. The molecular weight of bovine
GH is 22 kilo Dalton (KDa). The coding regions b&tGH gene are highly conserved among
species (Gordon, et al. 1983; Hampson and Rottra8mn)1l

Recombinant GH has many applications in human healtl animal agriculture. GH has
been used to treat disorders related to GH defigiand other conditions such as cystic fibrosis
and Crohn’s disease (Smith and Thorner, 2000)dttiti@an, GH has also been used for treatment
of burn wounds (Smith and Thorner, 2000). The rdgoant GH has been extensively used in

animal agriculture, especially in the dairy indydty increase milk yield in the dairy cows



(Sirotkin 2005). Due to its ability to decrease lbéat and increase lean muscle, GH has also
been used to improve carcass quality in the swidestry (Etherton 2000).

One of the major functions of GH in the body iptomote postnatal growth. In addition,
GH also plays important roles in lipid and carbataye metabolism (Osafo, et al. 2005),
xenobiotic and steroid metabolism (Wiwi and Waxr@@04), immunity (Meazza, et al. 2004),

reproduction, and lactation (Sirotkin 2005) (Figar2).
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Figure 1.1.Regulation of GH secretion. Pituitary GH productanmd secretion is regulated by
hypothalamic hormones (somatostatin and GH relgdsinmone) and stomach hormone
ghrelin. GH releasing hormone stimulates, while atmstain inhibits GH production. GH acts
on liver and leads to production of IGF-1. IGF#,turn, regulates GH secretion by negative
feedback. Ghrelin is mainly produced from the stoimand positively regulates GH secretion.

Actions on growth

In humans and animals, lack of GH or GH receptessits in growth retardation; GH
replacement therapy improves growth (Walenkamp\Witd?007). Mice lacking STAT5b, the
major transcription factor of GH signaling, als@ahsevere growth retardation (Udy, et al.
1997). Growth retardation was also reported in husubjects with mutations in GH receptor or

STATSb (Kofoed, et al. 2003; Laron 2004; Rosenbld®89; Savage, et al. 1993; Vidarsdottir,



et al. 2006). These findings demonstrate that Ghhportant for postnatal growth. Moreover, all
the above mentioned cases have very low serum lI@¥els, suggesting that IGF-1 mediates the
actions of GH on postnatal growth. The role of IGR-GH-dependent postnatal growth is best
evidenced by profound growth retardation of indixats with GH receptor mutations. These
individuals produce GH, yet cannot generate IGEar¢gn 2004). The body size of IGF-I
knockout mice decreases progressively from 60%oahal at birth to 30% of normal at 8
weeks. Double knockout mice, lacking GHR and IGRalye a postnatal growth pattern of 17%
of normal (Lupu, et al. 2001). Individuals lackitige IGF-1 gene or containing inactivating
mutations in IGF-I gene have low serum IGF-I lewaisl show growth retardation (Walenkamp,
et al. 2005; Woods and Savage 1996). These findiagsnstrate that GH-dependent IGF-I
action is the main determinant of postnatal groWinculating IGF-1 is primarily derived from
liver (Yakar, et al. 1999); however, knockout sagdin mice support the concept that the locally
generated IGF-I at the target sites might be moportant to control of growth than the
systemic IGF-I (Sjogren, et al. 2002). IGF-I knaxk mice show severe growth retardation. On
the other hand, mice lacking the hepatic IGF-I ge&maw a 70% decrease in circulating IGF-I
concentration, yet normal postnatal growth, indicathat IGF-1 generated in the tissues other
than the liver is critical for promotion of linegrowth (Butler and Le Roith 2001). The
importance of hepatic IGF-I over local IGF-I in postal growth has not been resolved yet.
Although IGF-I has been used to treat growth rettod in humans with GH receptor mutations
and other forms of GH insensitivity, GH treatmeggults in a better growth response than IGF-I
treatment in growth-retarded individuals (Savagel.€2006). This suggests that a direct GH

effect independent of IGF-I is also necessary fiiimoal postnatal growth.



Actions on metabolism

GH is involved in carbohydrate, lipid, protein, astédroid metabolism. In healthy
individuals, GH increases fasting hepatic glucasput, by stimulating hepatic gluconeogenesis
and glycogenolysis, and decreases peripheral glumasation (Holt, et al. 2003; Ridderstrale
2005). Excess GH is associated with insulin resc@ahyperinsulinemia, hyperglycemia and
decreased glucose uptake. These effects of exdéssdzassociated with reduced expression of
proteins involved in carbohydrate metabolism, idolg glycogen synthase, glycogen
phosphorylase, glucokinase and glucose transp@tddT)-2 mRNA concentrations. On the
other hand, GH-deficiency increases insulin sensjitileading to decreased fasting glucose,
decreased insulin secretion, and decreased hepatimse production (Holt et al. 2003;
Ridderstrale 2005).

GH also controls plasma cholesterol levels by ratyuy hepatic expression of low
density lipoprotein (LDL) receptors, LDL producticend triglyceride production (Lind, et al.
2004). GH treatment in both normal and GH-deficiaminans increases hepatic LDL receptors,
resulting in reduced LDL cholesterol and incredgaaprotein A. GH-deficient adults show
increased fat mass and that is significantly redwegh GH therapy. In addition, GH receptor-
defective Laron syndrome patients progress towabésity following birth. GH receptor
knockout mice also have an increased percentalgedyf fat. These data demonstrate that GH
has a role in fat metabolism (Mauras and Haymoriib2®safo et al. 2005). GH induces lipid
breakdown, reduces triglyceride accumulation as$ agetlecreases glucose uptake in mature
adipocytes (Nam and Lobie 2000; Osafo et al. 2085) prevents lipid accumulation by
inhibiting the activity of lipoprotein lipase enzgnfLPL), which hydrolyzes triglycerides in the

circulation to release free fatty acids. Thuseduces free fatty acids that can be taken up by



adipocytes. On the other hand, GH promotes lipslggiprolonging the hormone-sensitive
lipoprotein lipase activity (HSL), which is the ealimiting enzyme that breaks down
triglycerides in adipocytes (Nam and Lobie 2000afost al. 2005).

GH is an important protein-anabolic hormone. GH mistration to healthy individuals
results in increased whole body protein synthegisst with no effect on proteolysis (Horber and
Haymond 1990), whereas when given to severely Gitidat subjects, both protein synthesis
and protein degradation increase with a net anabeffiect (Mauras, et al. 2000). GH
administration can prevent the decline in ribosoamal polyribosomal concentrations in human
skeletal muscle after surgery, suggesting that laysotein synthesis is preserved (Welle 1998).
In surgically stressed rats, growth hormone sigaittly stimulates muscle protein synthesis (Lo

and Ney 1996).

Actionson lactation

One of the important actions of GH in cattle ismammary gland development
and lactation. GH plays an important role in duetahgation and differentiation of ductal
epithelia into terminal buds during mammary glaegelopment (Coleman, et al. 1988). During
lactation, GH administration stimulates milk yiétdcows (Knight 1992). GH increases milk
yield by increasing the milk volume and also bygmdionately increasing the synthesis of milk
protein, fat and lactose in the mammary gland. Mleehanism by which GH increases milk
yield is not completely understood. Whether GH digeacts on the mammary gland has been
controversial. Earlier, it was thought that GH Imaddirect effect on mammary gland, as GH
receptor could not be detected by a ligand-bindisgay in mammary epithelial cells (Akers
1985). However, recent evidence suggests that GHretulate milk production by direct action

on mammary gland. This evidence includes detecifddH receptor mRNA and protein



expression in both stromal and epithelial tissddsopine mammary gland (Plath-Gabler, et al.
2001; Sinowatz, et al. 2000). Furthermore, GH reargprotein expression is much lower in dry
cows compared to lactating cows (Sinowatz et &d020Many studies have shown that the
guantity of milk produced from the mammary glangeleds on the activity of mammary
secreting cells, the balance between cell prolil@naand cell death, and the regulation of milk
protein genes (Boutinaud, et al. 2004). TherefGt¢,may increase milk yield by regulating any
of the above mentioned processes in mammary g@Hdstimulates proliferation of mammary
epithelial cells without a significant effect onagytosis in midlactating cows (Capuco, et al.
2001). Thus, GH may increase persistence of lactakiowever, whether the increased
proliferation of mammary epithelial cells was doedtrect action of GH or mediated by IGF-I
was not known. GH stimulated the expressiofi-ofsein mRNA in both mammary gland of
lactating cows and mammary explant culture, sugggshat this effect may be due to direct
action of GH on the mammary gland (Yang, et al.3)0Burthermore, GH stimulates the
expression of several milk protein mMRNAs in mammepithelial cell lines (Sakamoto, et al.
2005; Zhou, et al. 2008). These observations suggaisGH may stimulate the expression of

milk protein genes in the mammary gland by direatlting on the epithelial cells.

Other actions of GH

GH modulates gut function by enhancing the uptdkeaxro- and micro nutrients
(Waters, et al. 1999). GH is also involved in fuocing and regulation of the immune system. In
the immune system, GH stimulates the proliferatbi and B cells, synthesis of
immunoglobulins and the maturation of myeloid praitg cells. In addition, GH also modulates
cytokine response (Meazza et al. 2004). GH is betid¢o play a role in the ageing process. Mice

lacking GH or GH receptor live longer than theitdimate controls. In addition, the oldest living



mouse was a GH receptor-deleted animal (An and Xi87; Bartke and Brown-Borg 2004;
Chen, et al. 2004). GH is believed to have a ptateeffect on liver, especially during
cardiopulmonary bypass surgery (CBP). The CBP maygke a systemic inflammatory
response syndrome and this response can causgtmjarious organs and may lead to
mortality. The liver is one of the vulnerable orgaturing systemic inflammatory response
syndrome. GH administration has been shown to ptea@ute liver injury associated with CBP

(An and Xiao 2007; Chen et al. 2004).
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Anterior pituitary

Growth hormone

\ 4

IGF-I Growth Lipolysis Development and
Lactation

Figure 1.2.Actions of GH.GH has direct effects on muscle, bone, fat, and maury gland for
growth, lipolysis, mammary gland development amtagon. GH also has indirect effects on
these organs by stimulating liver to secrete IGF-I.

Mechanisms of GH action

GH receptor

GH receptor is a single-pass transmembrane pratiénout tyrosine kinase activity,
which belongs to a cytokine receptor superfamilll 8ceptor has a ligand binding extracellular
domain (ECD), transmembrane domain (TCD), and aethalar cytoplasmic domain (ICD)
(Brooks, et al. 2008; Ridderstrale 2005). The IQ@intains a proline rich sequence proximal to
the plasma membrane referred to as Box 1 and a @xweeminal Box 2. Box 1 binds to tyrosine

kinase JAK2 and Box 2 contains several tyrosinglues that are substrates for phosphorylation

11



by JAK2 and so become binding sites for Src homp[&H) 2 domain proteins (Brooks et al.
2008; Ridderstrale 2005). The GH receptor is atgtvapon binding GH. One molecule of GH
binds to two molecules of GH receptor. The GH maledas two binding sites for the GH
receptor. Site 1 binds with strong affinity witheoaf the GH receptors and site 2 forms a
relatively weaker bond with the second receptorli&ait was thought that GH binding to GH
receptor causes receptor dimerization and conséqugéwation (Lichanska and Waters 2008b).
However, recent studies have shown that GH recepists as a dimer on the surface of the cell
even in the absence of GH (Brown, et al. 2005) ré@floee, according to the new model, GH
binds to a constitutively homodimerized GH recepidrich causes rotation of ICDs of GH
receptor molecules, resulting in the activationhaf associated tyrosine kinases and signal
transduction (Brown et al. 2005). GH receptor igressed in many tissues, including liver, fat,
muscle, kidney, heart, prostrate, lymphocytes, skl fibroblasts, with greatest expression in
liver (Ballesteros, et al. 2000). Liver GH receptapression is regulated by GH (Kopchick and
Andry 2000; Schwartzbauer and Menon 1998). Liverri@eeptor expression is reduced in
undernutrition, diabetes, and cirrhosis (Donaghwl.e2002; Kopchick and Andry 2000;

Schwartzbauer and Menon 1998).

Signaling via activation of JAK2

As mentioned earlier, JAK2 is associated with a Baxotif in the ICD of the GH
receptor. Binding of GH to a GH receptor dimer esulative rotation of the two GH receptors
and this is believed to bring the JAK2 moleculegl@GH receptors into close proximity
(Brown et al. 2005). As a result, the JAK2 moleswdetivate each other by phosphorylating the
tyrosine residue in their kinase domains and subs@ty phosphorylate multiple tyrosine

residues in the GH receptor. The phosphorylatessiges within JAK2 and the associated GH
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receptor form high-affinity binding sites for a iety of signaling proteins containing SH2 and
other phosphotyrosine-binding domains. Recruitnoétihese signaling molecules to the GH
receptor-JAK2 complexes initiates a variety of silgrg pathways (Brooks et al. 2008;
Ridderstrale 2005) (Figure 1.3). Analysis of GHepgtor mutant mice has shown that activation

of JAK2 is necessary for the majority of GH actigR®wland, et al. 2005).

Signaling via activation of Src

In addition to JAK2, Src tyrosine kinase has alserbshown to be activated by GH
(Manabe, et al. 2006; Zhu, et al. 2002). This oks@yn suggests that not all GH signaling
pathways are activated by JAK2. GH causes activati&rc tyrosine kinase independent of
JAK2 (Zhu et al. 2002). Manabe et al. (2006) shotted GH binding to GH receptor modestly
stimulates Src activity in addition to JAK2. Theyther demonstrated that Src can bind to and
phosphorylate the GH receptor. Therefore, it issgds that Src along with JAK2 may be
involved in the activation of downstream signalpsghways. In support of this dual activation,
recent studies have shown that GH activation oflRassmall GTPases RalA, RalB, Rapl and
Rap2 require both Src and JAK2 (Lanning and C&8te006). Alternatively, Src and JAK2
may act independently to activate the downstregmading molecules of GH signaling pathway.
Zhu et al. (2002) have shown that GH activatio®uaf is linked to activation of extracellular
signal-regulated kinases (ERKs) 1 and 2. In coptrarecent study has shown that GH activates
only JAK2, but not Src tyrosine kinase, in GH-resgiwe cell lines (Jin, et al. 2008). Obviously,

further studies are needed to elucidate the roroin GH signaling.
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GH signaling pathways

Major signaling pathways activated by GH include $ignal transducers and activators
of the transcription (STAT) pathway, mitogen-acteaprotein kinase (MAPK) pathway, and
phosphatidyl inositol 3’ (PI-3) kinase pathway (€ea et al. 2007; Herrington and Carter-Su
2001; Lanning and Carter-Su 2006; Piwien-Pilipulkale2002) (Figure 1.3).

The STAT pathway. The STAT proteins are a family of latent trangtian factors that are
abundantly produced in many cell types. The STAGmprise a family of seven structurally and
functionally related proteins: STAT1, STAT2, STATSTAT4, STAT5a, STAT5b, and STATS6.
It is believed that GH activates only STAT 1, 3, &ad 5b (Levy and Darnell 2002; Paukku and
Silvennoinen 2004). Upon activation of GH signalittge STAT molecules, which are present in
the cytoplasm, are recruited to the GH receptaugh their SH2 domain. Subsequently, the
activated JAK2 phosphorylates STAT proteins omalsityrosine residue at the carboxyl end of
the molecule. The phosphorylated STAT moleculeshfoomodimers (STAT1, STATS,

STAT5a and STAT5b) as well as heterodimers (STATA @TAT3) and are subsequently
released from the receptor. The STAT-STAT dimeiarabccurs through reciprocal interactions
between the SH2 domain of one monomer and the pbetyposine of the other. Dimeric

STATSs enter the nucleus where they bind to speDINA elements and activate transcription
(Hennighausen and Robinson 2008; Herrington, éX(4l0).

Although GH activates STAT1, STAT3, and STAT5, matwydies have shown that
STATS is most important for a variety of GH fungtg There are two highly related genes
encoding STAT5a and STAT5b proteins, which are $@%lar at the amino acid level. They
differ in their tissue-specific expression pattaithile STAT5a is the predominant STAT5 in the

mammary gland, STAT5b is more abundant in liver amcle (Hennighausen and Robinson
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2008). In liver, these two proteins probably retrilhe expression of common as well as distinct
genes (Hennighausen and Robinson 2008; Herringtah 2000). The STAT5a deficient mice
show defects in lactation with impaired lobuloallgroliferation of the mammary epithelium
during pregnancy, indicating defective prolactignsiling (Liu, et al. 1997). STAT5a-deletion
had no effect on body size, suggesting that ibiscnitical for GH-dependent postnatal growth.
In contrast, STAT5b-deficient mice have a similaepotype to that observed in GH receptor-
deficient mice (Rowland et al. 2005; Udy et al. ZpIhe STAT5b-deficient male mice were
25% smaller than the wild-type littermates. Howeveere were no significant decreases in body
size of the STAT5b-deficient female mice. Mice defnt in both STAT5a and STAT5b showed
further decreases in their body size in both s€keglund, et al. 1998). Absence of STAT5b
signaling due to mutations in STAT5b resulted inese growth retardation in humans (Kofoed
et al. 2003). Mutations in ICD of the GH receptehich prevent STATS activation, decrease
postnatal growth of both sexes by up to 50%. Thigehse was comparable to the 55% decrease
in GH receptor-deficient mice (Rowland et al. 2008)ese observations suggest that STATS is
critical for GH-dependent postnatal growth (LiLaét1997; Rowland et al. 2005; Teglund et al.
1998; Udy et al. 1997).

STATS is also believed to mediate some of the Gitbas on body composition. Male
mice lacking STAT5b developed obesity during lgg@rt of their life (Teglund et al. 1998; Udy
et al. 1997). In addition, STAT5b deletion in a orathuman was associated with striking
obesity (Vidarsdottir et al. 2006). GH receptor amitmice, which lack STAT5 activation, also
exhibit striking obesity. These mice have adipodwpertrophy and increased subcutaneous
adipose depot. These mice also exhibit hepatosiegldchanska and Waters 2008a). Moreover,

fat pads from STAT5b deficient mice showed no lgiclresponse to GH (Clodfelter, et al.
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2006). These observations suggest that STAT5 malyateeGH actions on fat metabolism.
STATS also mediates GH actions on muscle. Micecgsit in muscle STATS showed less
postnatal growth to a decreased skeleton sizedditian, muscle STAT5-deficient mice showed
reduced body mass due to decreased lean mass. Miwesalso exhibited glucose intolerance
(Klover and Hennighausen 2007). Taken togethesgtlmdservations suggest that STATS
mediates GH dependent muscle and skeletal growth.

The MAPK pathway: The MAPK pathway is also activated by GH (Cesetnal. 2007; Frank
2001; Herrington and Carter-Su 2001; Lanning andeZ&u 2006; Piwien-Pilipuk et al. 2002).
Activation of the MAPK pathway appears to requirgycthe proximal part of the cytoplasmic
GH receptor, which includes the Box1 region. Gkhsiates the binding of the adapter protein
Src homologous and collagen-like (Shc) to GH reme@pfK2 complexes. This binding leads to
tyrosyl phosphorylation of Shc protein. Subsequetti& phosphorylated Shc binds to growth
factor receptor bound protein (Grb) 2 and the guamucleotide exchange factor (SOS)
complexes. This leads to sequential recruitmentaatigtiation of a the small GTP-binding
protein called Ras, serine/theronine kinase Rabgen-activated protein kinase (MAPK) and
finally extracellular-signal regulated protein ki@a(ERKSs) 1 and 2. The GH-sensitive MAPK
substrates include the ternary complex factor owénty-six-like kinase (ELK)-1, early growth
response (Egr) 1, JunB and CAAT-enhancer bindiotepr (CEBP).

The PI-3’ kinase pathway The PI-3’ kinase pathway or insulin receptor stdie (IRS)
pathway represents another pathway by which GH etiely some of its cellular effects. GH
stimulates the tyrosine phosphorylation of IRSRS$42, and IRS-3 (Lanning and Carter-Su
2006; Piwien-Pilipuk et al. 2002; Zhu, et al. 20Hpwever, GH receptor does not appear to

contain the NPXY consensus sequence required éoaghociation of IRS proteins with
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receptors such as those for insulin and IGF-I (hal. 2001). Box 1 of GH receptor was shown
to be required for GH-stimulated phosphorylationR$-1, 2, and 3. Since Box 1 is associated
with JAK2 and NPXY consensus is absent in JAK® fossible that IRS proteins may
associate with JAK2 via an adaptor molecule (Zhal.€2001). After phosphorylation, the IRS
proteins associate with many downstream signaliopaules, including p85 subunit of PI-3’
kinase, which is a pivotal effector molecule doweam of IRS proteins. It is believed that GH
promotes association of the p85 subunit of PI-Z3ikmwith IRS proteins (Lanning and Carter-Su
2006; Zhu et al. 2001). In contrast, GH activatetymsine phosphorylated PI-3’kinase. GH
might activate the PI1-3" kinase pathway througledibinding of p8& and p8B subunits of PI-

3’ kinase to the carboxy terminus of GH receptan(ihing and Carter-Su 2006; Zhu et al. 2001).
In any case, activated Pl-3’kinase activates skhamnine protein kinase B (PKB/AKT). The
GH-dependent activation of AKT was dependent onJti€2 binding region of the GH

receptor. AKT mediated PI-3’ kinase-dependent esja@ntluding regulation of kinases,
transcription factors and other regulatory molesifleanning and Carter-Su 2006; Zhu et al.

2001).
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Transcription of target genes
Metabolism
Growth

Figure 1.3.Intracellular signaling cascades from GH recep®d. binds to the constitutive GH
receptor dimer and causes rotation of GH receptus relative rotation leads to
phosphorylation and activation of GH receptor, mkimase (JAK)-2, and Src. Activated JAK2
and Src catalyze the following three primary tynesphosphorylation events: (1) Signal
transducer and activator of transcription (STAThpay leads to direct stimulation of target
gene transcription; (2) Activation of insulin ret@psubstrate (IRS) 1to 3 leads to activation of
PI1-3'K and subsequently AKT, leading to changegene expression; (3) Activation of the
SHC-Grb2-Ras-Raf-MEK-MAPK pathway results in théation of mitogen-activated protein
kinase (MAPK) pathway leading to changes in gergession. Adapted from Herrington and
Carter-Su (2001).

Negative regulation of GH signaling

Three major classes of proteins regulate the Ghbsilgg pathway and they are:
suppressors of cytokine signaling (SOCS), protgiosine phosphatases (PTP), and protein
inhibitors of activated STATs (PIAS) (Flores-Morgalet al. 2006; Lanning and Carter-Su 2006).
SOCS The SOCS proteins are a family of at least emglinbers: cytokine-inducible SH2
domain (CIS) and SOCS1-SOCS7. The members ofdhgy contain an N-terminal domain of
varying length, a central SH2 domain, and a corezke@+terminal motif termed SOCS-box

(Flores-Morales et al. 2006). The expression of SQC?2, 3 and CIS are induced by GH. The
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activated STATSs stimulate transcription of the SQféSes and the resulting proteins regulate
the GH signaling by a negative feedback mechaniBorgs-Morales et al. 2006; Lanning and
Carter-Su 2006). The SOCS can effect their negatigalation by three means. First, by binding
phosphotyrosines on the receptors, SOCS physicklbk the recruitment of STATS to the
receptor. Second, SOCS proteins can bind direathAKs or to the receptors to specifically
inhibit kinase activity. Third, SOCS interact witie elongin BC complex and cullin 2,
facilitating the ubiquitination of JAKs and, presalnty, receptors. Ubiquitination of these targets
decreases their stability by targeting them fotgasomal degradation (Levy and Darnell 2002;
Rawlings, et al. 2004; Shuai and Liu 2003). SOQ8gdulates GH signaling pathway by
inhibiting the activity of JAK2 by binding to itytosine kinase domain. SOCS-3 binds to GH
receptor and thereby inhibits the activity of JAKKDCS-2 and CIS inhibit GH signaling by
inhibiting the binding of STAT5 to GH receptor. S&Q, SOCS-2, and SOCS-3 also regulate
GH signaling by promoting ubiquitination of the Géteptor-JAK2 complex. CIS appears to
stimulate GH receptor internalization and proteaslategradation (Flores-Morales et al. 2006;
Lanning and Carter-Su 2006). The physiological irntgoace of the SOCS-1, SOCS-3, and CIS is
not clear, as mice lacking SOCS-1 or CIS or liyeeafic SOCS-3 did not show increased
growth. SOCS-2-deficient mice showed increased tirpsuggesting that only SOCS-2 may be
important for negative regulation of GH signaligofes-Morales et al. 2006).

PTPs The second class of negative regulators is tlesgiatases, which include SH2 domain-
containing PTP (SHP1), SHP2, PTP-H1, PTP1, T-cER PTC-PTP), and PTP1b (Flores-
Morales et al. 2006; Lanning and Carter-Su 2006 &hal. 2001). These phosphatases
negatively regulate GH signaling by dephosphomgtathe proteins involved in the GH signaling

pathway. Upon activation by GH, SHP1 translocateti¢ nucleus and dephosphorylates
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STAT5. SHP1 also inhibits GH signaling by contmadjithe duration of GH-dependent JAK2
phosphorylation in liver. Moreover, liver nucleattracts from SHP1-deficient mice show
prolonged phosphorylation of JAK2 and DNA bindirfgSTAT5 in response to GH, suggesting
that SHP1 is involved in negative regulation of &bghaling. It is believed that SHP2 negatively
regulates GH signaling by dephosphorylating GH peamre JAK2, and STATS. In addition,
SHP2 may also regulate GH signaling by bindingAk2J associated membrane protein signal
regulatory proteinx (Flores-Morales et al. 2006; Lanning and Carte2806). The PTP-H1,
PTP1, TC-PTP, and PTP1b may act by dephosphorgltisn GH receptor. Mice deficient in
PTP1b display increased JAK2, STAT5, and STAT3 phosylation in response to GH
compared to wild type mice (Flores-Morales et 8D&, Lanning and Carter-Su 2006; Zhu et al.
2001).

PIAS: The third class of negative regulator is the Pp&&eins: PIAS1, PIAS2 (PIASx), PIAS3,
and PIAS4 (PIASYy). PIAS proteins were named foirtahbility to interact with and inhibit

STAT factors (Palvimo 2007; Shuai and Liu 2005)e3é proteins have four structural motifs:
an N-terminal scaffold attachment factor-A/B/acilAS (SAP) motif, a “PINIT” motif, a
putative RING-type zinc-binding structure, and almbiquitin-related modifier-interacting
(SIM) motif (Palvimo 2007; Shuai and Liu 2005). TREAS proteins bind to activated STAT
dimers and prevent them from binding DNA. PIAS2 844S3 can interact with STAT4 and
STAT3 respectively, while PIAS1 and PIAS4 can iatgmwith STAT1 (Shuai and Liu 2005). In
addition, PIAS3 interacts with STAT5 to represdiigscriptional activity (Rycyzyn and
Clevenger 2002). Some studies have suggeste®lh8tl and PIAS3 proteins act by blocking

the DNA binding activity of STATS, whereas PIAS2aPIAS4 repress STAT activity by
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recruiting histone deacetylases (Valentino andr®i2006). However, the mechanism by which

PIAS proteins act is not fully understood.

GH regulation of gene expression in liver

Many genes are regulated by GH in liver

Liver is the major target of GH, as GH receptoexpressed more abundantly in liver
than any other organ. In liver, GH controls theregpion of many genes (Lichanska and Waters
2008a). Different animal models have been emplagesiudy GH regulation of gene expression
in liver. These models include hypophysectomizés (ahluwalia, et al. 2004; Flores-Morales,
et al. 2001; Gardmo, et al. 2002; Thompson, €G@00) or mice (Gronowski and Rotwein 1995),
mice overexpressing bovine GH (Olsson, et al. 2083) GHR knockout mice (Rowland et al.
2005).

Using cDNA microarrays, Flores-Morales et al. (20faiuind that 58 of 720 detectable
MRNAs were regulated by GH in liver of hypophyseutzed rats. Many of these genes were not
previously known to be GH responsive. Flores-Maa&eal (2001) also found that GH
upregulated hepatic expression of genes involvedihohydrate and energy metabolism
(transketolase, cytochrome b5, and ubiquinol-cytocte c-reductase hinge protein), fatty acid
or cholesterol metabolism (stearyl-CoA desaturas@:CoA synthetase 5, and fatty acid
transporter), signal transduction or trophic fagt@repatic fibrinogen, fibrinogeypchain, and
14-3-3 protein), and detoxification or xenobiotietabolism (CYP2C12, CYP2C7, and
gluthatione-S-transferase).

Olsson et al. (2003) compared liver gene expressitnansgenic mice over-expressing
the bovine GH with that in non-transgenic mice gdilNA microarrays. They found that the

transgenic mice had decreased hepatic expressigenes involved in fatty acid synthesis (fatty
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acid synthase, ATP-citrate lyase, carbonic anhgjidasg-chain fatty acyl CoA synthetas®),
oxidation (liver carnitine palmitoyl transferasesierol-carrier protein X, peroxisomal dienoyl-
CoA isomerase), and production of ketone bodies G40dA synthetase, acetoacyl-CoA
thiolase). The decreased expression of these keapatabolic genes resulted in reduced ability
of these transgenic mice to form ketone bodiesth bed and fasted conditions (Olsson et al.
2003). In the same study, the expression of pesaxésproliferator activated receptor

(PPARn) and sterol-regulatory element binding protein EBIR-1) genes were also reduced in
the liver of the transgenic mice.

Using suppression subtractive hybridization androgirays, Gardmo et al. (2002)
identified a number of rat liver genes that aréedéntially regulated by GH. Examples of these
genes include steroid and drug metabolism enzy@¥B2A1, CYP2C7, &-reductase, and B7
hydroxy steroid dehydrogenase type 6, a secretadiprf3-2 glycoprotein | and an intermediary
metabolism enzyme S-adenosylmethionine synthefdisef these genes are expressed at higher

levels in the female liver than the male liver (@ap, et al. 2002).

Another study using cDNA microarrays (Thompsonle2@00) also showed that GH up-
regulates a diverse set of genes, which includggaastransducer and activator of transcription
(STAT)-3, mitogen activated protein kinase (p38MAP#&purinic endonuclease (APEN),
growth arrest and DNA damage 45 (GADDA45) and mortmmylate (lactate) transporter gene
(MCT-1).

In another study, Ahluwalia et al. (2004) identifi27 female and 44 male-predominant
genes that were regulated by GH in rat liver. TH@Bleregulated genes are involved in

metabolism, detoxification, growth control and athenctions in liver.
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In hypophysectomized mice, GH administration doegeiated the expression of
insulin-like growth factor binding protein-1 andamin (Gronowski and Rotwein 1995). In
contrast, GH up-regulated expression of c-fos,epatocyte nuclear factor (HNF)-6 and
HNF-33 in liver (Gronowski, et al. 1996; Rastegar, e2800a).

In a recent study, using GH receptor deficient mit@wland et al. (2005) identified
nearly 330 genes regulated by GH. Some of the gbaésvere down- regulated in GH receptor
mutant mice include IGF-I, HNFg3 insulin-like growth factor binding protein (IGFBB, acid
labile subunit (ALS), SOCS-2, major urinary protéinUP)-1, 3, 4, and 5, epidermal growth
factor receptor (EGFR), amyloid P component, se(@RCS), catechol-O-methyl transferase
(COMT), and cysteine sulfinic acid decarboxylas8AD). The genes that were up-regulated in
GH receptor deficient mice, include angiogeninticosteroid-binding globulin (SERPINAG),
P450 cytochrome (CYP) 17A1, 2B9, sulfotransferaseily 2A, dehyroepiandrosterone
(DHEA)-preferring member 2(Sth2), cyclin-dependiinase inhibitor (CDKN) 1C, heat shock

protein (HSPA) 4, and hydroxyacid oxidase (HAO) 3.

GH regulation of LETFs

The LETFs include HNF+, 18, 3a, 3B, 3y, 4a, 48, 4y, 6a, 68, aloumin D-element
binding protein (DBP), CCAAT/enhancer-binding piate(C/EBP)-o andp. These LETFs are
abundantly expressed in the liver compared to dtkenes and hence called LETFs (Hayashi, et
al. 1999; Schrem, et al. 2002). Of all the LETFBIA-By is most strongly stimulated by GH
(Eleswarapu and Jiang 2005). GH also appears toateghe expression of HNB-3 rodent
liver. The HNF-$ mRNA expression was increased within 3 hours ofi@éttion in
hypophysectomized rats (Lahuna, et al. 2000). Kpeession of HNF-8 mRNA decreased to

values below the normal levels 6 hours after GHiadhtnation. GH was also able to stimulate
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the expression of HNFe4mRNA in cattle (Eleswarapu and Jiang 2005). Howete increase

in HNF-4o mRNA was weak and delayed. The levels of HNF¥RNA were increased by
nearly two fold 1 week after GH administration cargd to the untreated cows. The expression
of HNF-40 mRNA, however, did not change in cows 6 hoursdh@urs after GH treatment.

GH appears to regulate HNF-4 expression in ratgedgLahuna et al. 2000). In
hypophysectomized rats, mRNA levels of HNF-4 insezhby nearly two fold 6 hours after GH
administration.

The expression of HNF-6 was stimulated by GH inibevViver (Eleswarapu and Jiang
2005). The expression of both HNE-&8ndp mMRNAs increased about two fold 24 hours and 1
week after GH administration in cows. GH had simdHiects on HNF-6 in rat liver (Lahuna, et
al. 1997), where the expression of both HNFa@d3 mRNAs increased 3 hours after GH
administration. It was also shown that GH stimudattNF-6 transcription by stimulating the
binding of STATS5 to the HNF-6 promoter and alsaitiigreasing the binding affinity of HNF-4
to the HNF-6 promoter (Lahuna et al. 2000).

GH administration also increased C/EEBRRNA expression in bovine liver (Eleswarapu
and Jiang 2005).The C/EBPnRNA levels were increased by about two fold 2dreafter GH
administration. This increase was temporary, asetels of C/EBIR mRNA decreased to the
normal levels in cows one week after GH adminigiratin rat liver, GH caused increases in the
MRNA levels of C/EBR but decreased its protein levels (Rastegar, @080b), suggesting that
GH may act on C/EBdat the post-translational level. Similarly, GH uéges the activity of
C/EBB; at the post- translational level (Cesena et &720GH rapidly and transiently
phosphorylates C/EBRthrough the MAPK-dependent pathway. The expressiddBP mRNA

was also stimulated by GH in bovine liver (Elesvparand Jiang 2005). GH increased DBP
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MRNA levels by almost two fold 6 hours after GHeiction. However, DBP mRNA levels
decreased 24 hours and 1 week after GH admin@tralihus, GH initially had a stimulatory
effect and then an inhibitory effect on DBP mRNAyeession in the liver of cows.

GH had no effect on HNFelmRNA expression in bovine liver. Similarly, GH didt
affect HNF-Tn expression in rats (Le Stunff, et al. 1996; Ramteg al. 2000a).
Hypophysectomy or GH replacement did not alterHhd--1a protein levels in rat liver. These

observations together suggest that GH does notategihe expression of HNFen the liver.

LETFsin GH regulation of gene expression in liver

The promoters of many liver-specific genes contairtiple consensus binding sites for
LETFs (Schrem, et al. 2002). In hepatocytes, 12%801and 1.6% of 13,000 gene promoters
were bound by HNFed HNF-1o and HNF-6, respectively (Odom, et al. 2004). LETEse
been shown to directly control the expression ofiyngenes in liver (Hayashi et al. 1999;
Schrem et al. 2002). LETFs may play a role in Ggfutation of gene expression in liver. For
example, HNF-3, HNF-4 and HNF-6 contribute to Gigulation of cytochrome P450 (CYP)
2C12 expression (Delesque-Touchard, et al. 200§5kseet al. 1999) in liver. The expression of
cyclin D1 and CYP7A1 was shown to be regulated bly(®/ang, et al. 2008) and expression of
these genes has also been shown to depend on HiN&RGet al. 2006; Wang, et al. 2004).
Since HNF-6 is also regulated by GH (Lahuna €2@00), it is possible that HNF-6 may be
involved in GH regulation of cyclin D1 and CYP7Agres in liver. HNF-Bis involved in GH
activation of CYP2A2, CYP4A2 and CYP2C11 genesverl(Park and Waxman 2001).
C/EBBP3 has been involved in GH regulation of c-fos expi@s in liver (Liao, et al. 1999). In
addition, the expression of tyrosine-aminotranser@AT) (Ahluwalia, et al. 2004), transferrin

(Tf) (Flores-Morales, et al. 2001) and CYP3A3 (éa#t al. 2002) in liver was shown to be
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regulated by GH and expression of these genesl$@mbeen shown to depend on HNf-3
(Kaestner, et al. 1998; Rodriguez-Antona, et ab30Since HNF-3is also regulated by GH
(Eleswarapu and Jiang 2005), it is possible thaF¥Nmay be involved in GH regulation of

TAT, Tf and CYP3A3 genes in liver.

IGF-I

A variety of genes are regulated by GH in livecliuding IGF-1. IGF-I is of significance
because of its role in postnatal growth, ageingabwism, and cancer. IGF-I is a polypeptide
hormone with a similar structure to insulin thapreduced primarily in liver as an endocrine
hormone. IGF-I is also produced locally from peggl tissues and functions in a
paracrine/autocrine fashion. In circulation, mdrart 85% of IGF-I is bound in a ternary
complex with IGFBP-3 and ALS. On target tissuesiinds to its specific receptor, the IGF-I

receptor, and activates intracellular signalindipatys (Jones and Clemmons 1995).

Actionson cell proliferation and apoptosis

IGF-1 has a mitogenic effect on a variety of ceiheluding fibroblasts, chondrocytes,
osetoblasts, keratinocytes, smooth muscle cekdett muscle cells, neuronal cells, mammary
epithelial cells, and several cell lines (Jones @mmmons 1995). IGF-I stimulates proliferation
of primary chick chondrocytes under serum-free damts (Bohme, et al. 1992). Proliferation of
human erythroid progenitor cells and T lymphocysestimulated by IGF-I (Kooijman, et al.
1992; Merchav, et al. 1992). On the other hand;kihg of IGF-1 receptor function using
antibodies or antisense vectors inhibited cell ghowv fibroblasts (Pietrzkowski, et al. 1992;

Porcu, et al. 1992) and in other malignant ce#dijReiss, et al. 1992; Sell, et al. 1993).
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IGF-I is a major cellular survival factor. IGF-Icg@rotect cells from apoptosis induced
by a wide variety of agents, including growth factathdrawal, etoposide, and oncogene
overexpression (Grothey, et al. 1999). For examgpMyc induced apoptosis in fibroblasts was
inhibited by IGF-I (Harrington, et al. 1994). IGRxias also able to inhibit apoptosis in
interleukin-3-dependent hemopoietic cells (Rodrigliarduchy, et al. 1992). In addition,
apoptosis of human erythroid progenitor cells duserum starvation was inhibited by IGF-I
(Muta and Krantz 1993). Moreover, apoptosis ofitabblasts was inhibited by IGF-I and this
anti-apoptotic action of IGF-1 was mediated by IGieceptor through activation of the PI-3’-

kinase and AKT pathway (Kulik, et al. 1997).

Actions on body growth

IGF-1 is believed to mediate most of the GH awsion body growth. Individuals with
GH receptor or STAT5b mutation, who have decre#G&dl levels, show severe growth
retardation (Kofoed et al. 2003; Rosenbloom 1998)atment of these individuals with
recombinant human IGF-I stimulated body growth ¢pavet al. 2006). Mice over-expressing
human IGF-I exhibited a 30% increase in size coegbém normal mice (Mathews, et al. 1988).
Overexpression of IGF-I stimulated normal growttlGH-deficient transgenic mice (Behringer,
et al. 1990). More convincing evidence of the @léGF-1 in growth came from humans or
animals with IGF-1 deficiency. Complete IGF-1 deéiocy due to deletion of the IGF-I gene
results in severe growth retardation in humans (@8a@nd Savage 1996). Similarly, a patient
with an inactivating mutation of the IGF-1 gene gleal decreased postnatal growth (Walenkamp
et al. 2005). The size of adult mice lacking IGKds 30% of normal mice (Yakar, et al. 2002).
Moreover, injection of recombinant GH to IGF-I d@éint mice failed to stimulate their growth

(Liu and LeRoith 1999). In addition to postnatabwth, IGF-I is also believed to play a role in
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intrauterine growth. Mice lacking IGF-I or IGF-Iaeptors have birth weights of 60 and 45% of
normal body weight, respectively (Baker, et al. 3;99u, et al. 1993; Powell-Braxton, et al.
1993). Similarly, severe intrauterine growth retdioh was observed in an IGF-I-deficient
patient (Walenkamp et al. 2005; Woods and Savag6)19

IGF-1 is also important for skeletal muscle growitice lacking IGF-I or IGF-I receptor
had severely diminished muscle mass (Liu et al318@well-Braxton et al. 1993). Similarly,
transgenic mice over-expressing dominant negatimeam IGF-1 receptor in muscle exhibited
decreased muscle mass (Fernandez, et al. 200@)ntrast, overexpression of IGF-I in muscle
of transgenic mice caused myofiber hypertrophy é8wln, et al. 1995) and could compensate

for the decline in muscle mass and strength searustular dystrophy (Barton, et al. 2002).

Actions on metabolism

Some of the metabolic actions of IGF-I are oppasit&éH and similar to insulin,
especially on glucose and lipid metabolism (Ka@ad Cohen 2007). IGF-I treatment of rats
causes hypoglycemia by stimulating peripheral gieaaptake, glycolysis and glycogen
synthesis, but has only a minimal effect on hepglticose production (Holt et al. 2003).
Similarly, IGF-I infusion caused hypoglycemia inrhans (Zenobi, et al. 1992). In a recent study
in humans, high circulating IGF-I levels were asated with reduced risk of development of
impaired glucose tolerance and type-2 diabetesdt@aret al. 2002). IGF-I treatment of diabetic
patients reduced hepatic glucose production anméased peripheral glucose uptake (Simpson,
et al. 2004).

IGF-1 also plays a role in lipid metabolism. In hams, effect of IGF-I on fat mass and
lipid metabolism depends on duration of IGF-I treant. Several studies have shown that short-

term IGF-I treatment decreased body fat mass iematwith GH deficiency and in
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hypophysectomized rats (Guler, et al. 1988). Itlheen also shown that IGF-I treatment was
accompanied by elevated energy expenditure araidyidation and reduced protein oxidation

in humans (Hussain, et al. 1993). Therefore, steont IGF-1 treatment may decrease body fat
mass by increasing lipid oxidation and elevatedgnexpenditure. This action of IGF-I is
through an indirect mechanism by inhibiting insudacretion and thereby decreasing lipogenesis
in adipose tissue (Frick, et al. 2000). In confrpsblonged IGF-I treatment of patients with IGF-

I gene deletion or GH insensitivity resulted in stamtial gain in fat mass (Guevara-Aguirre, et
al. 1997; Woods, et al. 2000). More recently, isweported that long-term treatment of IGF-I in
patients with GH insensitivity resulted in increddmdy adipose tissue (Laron, et al. 2006).
Therefore, long-term IGF-I treatment may resulinicreased fat mass.

IGF-I stimulates protein synthesis in GH-deficiemte and increases total body weight
in hypophysectomized rats (Jones and Clemmons 1988ple body protein synthesis was
increased in individuals receiving IGF-I treatmemithout any effect on proteolysis (Mauras et
al. 2000). In addition, IGF-I stimulated amino aajtake as well as protein synthesis in

calorically restricted volunteers (Clemmons and &émaod 1992).

Other actions of | GF-I

Progesterone production in granulosa cells (Setorgpet al. 2003) and thymic factor
secretion from epithelial cells of thymus (Timst,al. 1992) are stimulated by IGF-I. Thymic
factor is believed to be involved in T-cell diffeteation and enhancement of T and natural killer
(NK) cell actions (Bach 1977). IGF-1 is believedpiay an important role in modulating the
peripheral metabolism of glucocorticoids mainlyotingh its effects on the isoenzymeil
hydroxysteriod dehydrogenase (HSD)-1 metabolismhgAgnd Monson 2007). Isoenzyme311

HSD-1 functions as a reductase catalyzing the asioe of cortisone to cortisol. It is believed
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that IGF-I mediates GH inhibition of fAHSD-1 expression and activity in liver and adipose
tissue.In vitro studies have shown thatftHSDL1 is inhibited by IGF-I but not directly by GH
(Moore, et al. 1999).

IGF-1 also plays a role in immunity. IGF-I can potiate B lymphopoiesis by promoting
maturation of CD45R pre-B cells from CD45R precwdqtandreth, et al. 1992). Treatment of
normal mice with IGF-I results in an increase ia tbtal number of B lineage cells in the bone
marrow (Jardieu, et al. 1994). Additionally, IGEdn synergize with interleukin-7 to stimulate
proliferation of CD45R cells (Gibson, et al. 199&F-1 can also stimulate immune cell
function. Treatment of nine-month-old mice with@etinant human IGF-I significantly
enhanced the initial response to a T-dependergeantind subsequent rechallenge with the
antigen (Clark, et al. 1993).

IGF-I also appears to have neuroprotective effécpgomotes neurogenesis,
development, differentiation, synapse formation gludose utilization throughout the brain. It
also inhibits glial-inflammatory reactions by andagzing tumor necrosis facter{Gasparini and
Xu 2003). Nitric oxide production in endotheliallsas induced by IGF-I and in this regard it
may function as an endogenous vasodilator (Tsukalkeaal. 1994).

IGF-1 has also been implicated in longevity andiageStudies on GH-resistant, GH-
deficient, and IGF-I receptor knockout mice proveedence for the role of IGF-I in longevity
and ageing. All these mutant animal models have sy serum IGF-I, reduced insulin and
glucose levels, improved stress resistance, ancegdincidence of cancer (Bartke and Brown-
Borg 2004; Berryman, et al. 2008). In animals velliered IGF-1 signaling, genes important for
carbohydrate metabolism, DNA repair, anti-oxidasistance, apoptosis, and cell cycle arrest

are upregulated (Greer and Brunet 2005) Since ggeiassociated with DNA damage (Finkel
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and Holbrook 2000; Sohal and Weindruch 1996), litabeved that activation of DNA repair and
anti-oxidant genes under reduced IGF-1 conditiamwide a potential mechanism for longevity

enhancement in the IGF-I deficient models (Hinkad ®onehower 2008).

Mechanism of IGF-I action

IGF-I signaling

The IGF-I system contains two ligands, IGF-1 a@dFill; three cell membrane receptors,
IGF-I receptor, insulin receptor (IR), and IGF-lceptor; and six high-affinity IGF binding
proteins, IGFBP-1 to 6 (Jones and Clemmons 199%a8a et al. 2007). More than 85% of
circulating IGF-I is bound in a ternary complexwiGFBP-3 and ALS. IGF-I binds to its
receptor on target tissue and mediates its bicdgictions. IGF-I binds IGF-I receptor with
highest affinity. In addition, it can also bind 1&Feceptor and IR with lower affinity. IGF-I
receptor is composed of two extracellutasubunits and two intracellulrsubunits. The
subunits bind IGF-I receptor ligands, while fheubunits transmit ligand-induced signals (Jones
and Clemmons 1995; Samani et al. 2007).

The binding of IGF-I receptor by IGF-I activategtmajor signaling pathways, which
include MAPK and PI-3’K pathways (Jones and Clemsd®95; Samani et al. 2007). IGF-I
receptor is a tyrosine kinase receptor and IGlinig induces its tyrosine kinase activity. This
results in autophosphorylation of tyrosines onitiiacellular portion of th@-subunit. The
phosphorylated tyrosines serve as docking sitesdeeral receptor substrates, including IRS 1
to 4 and Shc. Phosphorylated IRS activates PIl-8ich in turn activates p70S6 kinase and
AKT. Phosphorylated AKT, in turn, activates mamraaliarget of rapamycin (mTOR) and

inactivates Bcl-2-associated death promoter (BADparallel to PI-3’K-driven signaling,
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recruitment of Grb2/SOS by phosphorylated IRS ar I8hds to the activation of the MAPK

pathway (Jones and Clemmons 1995; Samani et ar)200

IGF-1 production

IGF-I gene
The IGF-I gene has been sequenced in many spétiesttle, it has been mapped to
chromosome 5 and appears to be more than 70 kb:(Zht25137-71198012) in size (Bovine

October 2007 Assembly at the UCSC Genome Browspr/genome.ucsc.ejlurhe IGF-1 gene

in cattle consists of 5 exons and 4 introns (Fidudg, whereas human, rat and mouse IGF-I
genes contain 6 exons and 5 introns (Woelfle,.62G5; Yakar et al. 2002). Despite these

differences in gene structures, IGF-I protein issgyved in most species and is coded from
exons 3 and 4 (Nagamatsu, et al. 1991), indicaliaglGF-1 may have similar functions in all

the species.

| GF-1 mRNA structure and tissue distribution

IGF-I gene contains distinct promoters, named RILR&h P1 initiates transcription from
exon 1 and P2 from exon 2 in several species, dinatpcattle (Wang, et al. 2003; Woelfle et al.
2005; Yakar et al. 2002). Exon 1-containing IGFRINA variants are termed as class 1 IGF-I
MRNA and exon 2-containing IGF-I mRNA variants &ss 2 IGF-l mRNA (Figure 1.4). In
cattle, class 1 IGF-l mRNA variants are transcrivech at least three different start sites in
exon 1, whereas class 2 IGF-I mRNA variants frosingle transcription start site in exon 2
(Wang et al. 2003). In class 1 IGF- mRNAs, exas &pliced onto exon 3 and in class 2 IGF-I
MRNAs, exon 2 is spliced onto exon 3 (Wang et @03 Woelfle et al. 2005; Yakar et al.

2002). Therefore, in most species, IGF-l mMRNAs amnng different 5’ ends are generated. In
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addition, IGF-I mRNA variants differing in the 3hd sequence have also been detected in
humans, rats, and mice (Yakar et al. 2002). Fomgka, in mouse two IGF-I mRNA transcripts,
IGF-1-Eb and IGF-I-Ea, differing in the 3’ end semee, are generated (Bell, et al. 1986;
Roberts, et al. 1987). IGF-I-Eb mRNA contains &pansert (exon5) between exon 4 and 6,
whereas IGF-1-Ea mRNA transcript does not confaé32 bp insert. Similarly, in humans three
different IGF-I mRNA variants, IGF-I-Ea, IGF-I-Ebnd IGF-IEc, differing in the 3’ end
sequence, are generated (Chew, et al. 1995; Jatsn1991; Rotwein, et al. 1986).

In cattle, both class 1 and class 2 IGF-I mMRNAsex@essed in many tissues, including
adrenal gland, brain, fat, hypothalamus, kidneagrlilung, mammary gland, skeletal muscle,
pituitary, rumen, small intestine, spleen, andisg®/ang et al. 2003). Both classes of IGF-I
MRNAs are expressed at high levels in liver. Inlleatlass 1 IGF-1 mRNA variants are more
abundant than class 2 IGF-I mRNAs in all tissuelsi¢én, et al. 1993; Wang et al. 2003). The
tissue distribution patterns of class 1 and clak3R2l mMRNAs in cattle are very similar to that
in sheep (Ohlsen et al. 1993) but are somewhadrdift from that in humans (Jansen et al. 1991)
and rats (Lowe, et al. 1987), in which class 1 IGFRNAs are expressed at a relatively high
level in all tissues, but class 2 IGF-I mMRNAs anéy@xpressed in a few tissues at a very low
level. Class 1 and class 2 IGF-I mMRNAs encode plelliGF-I protein precursors, from which,
the same mature IGF-1 polypeptide is generated ghrew(Woelfle et al. 2005; Yakar et al.

2002).

Mature | GF-| protein

The mature IGF-1 peptide is composed of 70 amaieid residues and arranged in
four highly conserved domains A-D in many speametuding cattle (Figure 1.4). The B and A

domains of IGF-I have a 50% sequence similarittheoB and A chains of insulin (Denley, et al.
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2005) and hence called insulin-like growth facidre IGF-1 has three alpha helices, helix 1,
helix, 2 and helix 3. Helix 1 is in the B domainheveas helix 2 and helix 3 are both located in
the A domain. Three disulfide bonds hold togetherthree-dimensional fold of the IGF-I
(Denley et al. 2005). The mature IGF-1 protein edmd six cysteine residues, which form
intraprotein disulfide bonds. All the six cysteirgsidues in mature IGF-I protein are

evolutionarily conserved (Rotwein et al. 1986; Woeigal. 1989; Yakar et al. 2002).
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Figure 1.4.Schematic representation of bovine IGF-I gene, mRiINA protein structures. Exons
are shown as boxes, and introns are representstildight lines (GenBank accession number
DQ851589 (exons 1 through 4)). Exon 5 shown heresponds to exon 6 in mouse IGF-I
MRNA. Exon 1 is spliced onto exon 3 to generatexldGF-l mMRNA (GenBank accession
number AY277405). Exon2 is spliced onto exon 3dneagate class 2 IGF-I mRNA (GenBank
accession number AY277406). The arrows above ek@msl 2 indicate transcription start sites.
Different domains (B, C, A, D) of mature IGF-I peat are shown in boxes. Sizes of exons,
introns, and protein domains are not drawn to séatial numbers of transcription start sites
may be more than indicated (Wang et al. 2003).

Regulation of IGF-I gene expression

Hormonal regulation

Growth hormone: IGF-I is mainly produced from liver and the hepd@d--I constitutes 75% of
total circulating IGF-1 (Lichanska and Waters 2008akar et al. 2002). Studies on GH-deficient
animal models have shown that there is a signifidaorease in serum IGF-1 and hepatic IGF-I
MRNA levels in the absence of GH (Lichanska andér¢a2008a). GH treatment of these GH-

deficient animals restored these levels to normédlicating that IGF-1 gene expression is mainly
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regulated by GH (Lichanska and Waters 2008a). thtiad to liver, skeletal muscle, adipose
tissue, and kidney also respond to GH administndtipincreasing IGF-I transcription (Bichell,
et al. 1992; Le Roith, et al. 2001). GH rapidly gudently induces IGF-1 gene transcription
(Bichell et al. 1992) and this leads to sustainexdipction of IGF-1 mRNA and protein (Bichell
et al. 1992; D'Ercole, et al. 1984). The rapid ictchn of IGF-1 gene expression by GH is
independent of new protein synthesis (Gronowska).€1996; Gronowski and Rotwein 1995).
Conventional promoter transfection experiments QNd-protein binding studies did
not yield much information about how GH regulaté$1l expression (An and Lowe 1995;
Mittanck, et al. 1997; Wang, et al. 2000; Wanglett998; Wang and Jiang 2005). The first clue
to how GH regulates IGF-1 expression was the idieation of a GH-regulated DNase-|
hypersensitive site (HS7) (Bichell et al. 1992; fitas, et al. 1995). This DNase-I hypersensitive
site appeared just prior to induction of IGF-1 géramscription by GH, and disappeared with the
fall in IGF-I transcription 6 h after GH treatmeftudies on STATS5 knock-out animal models
implicated STAT5 in GH regulation of IGF-1 gene.elBTAT5b-null mice had 50% less liver
IGF-I mMRNA and 30% lower serum IGF-1 concentratitimsn wild-type mice (Davey, et al.
2001; Udy et al. 1997). GH treatment of these ST@\m&Il mice did not increase liver IGF-I
MRNA abundance or serum IGF-I concentrations (Date}. 2001). Furthermore,
overexpression of a dominant-negative STAT5b mutanipletely prevented GH-induced IGF-I
gene expression in liver, whereas that of a canstély active STAT5b mutant led to robust,
GH-independent IGF-1 gene expression in the hypsetipmized rats (Woelfle, et al. 2003a).
Mutation in STAT5b gene or GHR gene caused decsdasgerum IGF-1 concentrations in
human patients (Hwa, et al. 2005; Kofoed et al.2Milward, et al. 2004). Moreover, GH

treatment was unable to increase IGF-l mMRNA abuce@mncultured fibroblasts isolated from
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the patient or serum IGF-I concentrations (Hwa.€2@05; Kofoed et al. 2003; Milward et al.
2004). All these studies indicated that STAT5b rhayhe major transcription factor involved in
GH regulation of IGF-I gene transcription. In adalitto STAT5b, STAT5a has also been
implicated in GH regulation of IGF-I gene expressiSupporting this role of STAT5a is the
observation that STAT5a and STAT5b double knockroiee had lower serum IGF-I levels and
showed greater growth retardation than STAT5b krmgkmice (Teglund et al. 1998).

Based on these observations, Woelfle et al. (20@@mtified two adjacent putative
STATS binding sites corresponding to HS7 in intgoaf the rat IGF-I gene. These two STATS5
binding sites were conserved among different manamalpecies. Using chromatin
immunoprecipitation assays, they showed that Glitllapduced the interaction of STATS5
with this DNA segment. They also showed that thieraction occurred just prior to initiation of
IGF-I gene transcription from both promoters in liker (Woelfle, et al. 2003b). In addition, the
HS7 DNA region could confer GH-stimulated and STANBdiated transcriptional activation to
IGF-I promoter, but when the two STATS binding siteithin HS7 were mutated, GH activation
of transcription was eliminated (Woelfle et al. 30). These observations showed that those two
STATS binding sites mediated GH-induced STATS atton of IGF-I gene expression. More
recently, using a shotgun cloning approach, WangJéng (2005) identified two functional
STATS binding sites 70 kb upstream from the hun@h-1 gene. They showed that these two
STATS binding sites were able to bind to STATS5 pie$ and that binding of STATS5 to this
region was associated with increased IGF-I mMRNA@sgion in human hepatocellular
carcinoma (HepG2) cells. They also demonstratetkitiese STATS binding sites can mediate
GH activation of gene expression from IGF-I promated that mutation of these two STAT5

binding sites abolished GH activation of gene esgien (Wang and Jiang 2005). These two
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STATS binding sites were later found to also me=laH activation of IGF-I gene expression in
the rat liver (Chia, et al. 2006).

Insulin: In addition to GH, IGF-I gene expression is aksgulated by insulin. Diabetic animals
display lower levels of IGF-l mMRNA and protein thaormal animals, but IGF-I levels are
normalized by insulin treatment (Goldstein, etl&I88; Pao, et al. 1992). Nuclear run-on studies
in diabetic rats and cultured hepatocytes indic#tat IGF-I expression is regulated by insulin at
the transcriptional level (Pao et al. 1992; Pa@l.et993). A DNase | hypersensitive site 360 bp
from the transcription start site in exon 1, deatgd as region V, appears to be critical for IGF-I
regulation by insulin and diabetic status (Pa@|.e1995). This region was shown to contain a
GC-rich element and an AT-rich element adjacert @C-rich element (Zhu, et al. 2000). Both
Spl and Sp3 were able to act through the GC-rigiomeof the IGF-I gene (Kaytor, et al. 2001).
The AT-rich element can be bound by the insulipoese binding protein (IRBP) 1 (Chahal, et
al. 2008; Kaytor et al. 2001). Furthermore, it bs® been demonstrated that insulin causes
enrichment of the IGF-I promoter region bound bBFR (Chahal et al. 2008). It has been
suggested that IRBP1 may interact with Sp1 to datewbinding to region V and expression of
the IGF-I gene (Kaytor et al. 2001). There is erfoegidence suggesting that insulin may
regulate the binding of IRBP1 to the IGF-I genetlgh the PI'3K signaling pathway
(Villafuerte, et al. 2004).

Other hormones In rat hepatocytes, glucagon increases IGF-I ggpeession (Kachra, et al.
1991). In contrast, glucocorticoids decreased I@Fetiuction in osteoblasts (Delany and
Canalis 1995). Chronic estrogen administration ekesed GH-induced hepatic IGF-I expression
and serum concentrations, but acted in a synerdaghion when administered with GH and

resulted in significantly greater accumulation @1 mRNA in rats (Murphy and Friesen
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1988). Thus, the growth retardation effect of egtroin chronic treatments involves inhibition
of GH-dependent hepatic IGF-I expression. Thyradione has both direct and indirect effects
on IGF-I expression in rats (Dorshkind and Horse2@®0). Thyroxine (T4) alone could

directly stimulate IGF-I expression and increasesérum levels (Chernausek, et al. 1982). On
the other hand, Triiodothyronine (T3) stimulatesHzexpression indirectly by stimulating GH-
releasing-hormone receptor mRNA expression initattary culture cells and thereby

stimulating GH transcription (Mayo 1992).

Nutritional regulation of | GF-I gene expression

Several studies have shown that energy, protethcartain specific nutrients can
regulate IGF-I expression (Estivariz and Ziegle®d;XKetelslegers, et al. 1995; Thissen, et al.
1994). For example, IGF-I levels in plasma contthteedecrease steadily over a 9 day period of
fasting, but were increased to only 50% of basediitk refeeding for 3 days. In obese
individuals or patients with hyperphagia, IGF-léévare either normal or only modestly
increased (Thissen et al. 1994). In rodents, s@amaentrations of IGF-1 are significantly
reduced during fasting, but rise over time in res@oto refeeding (Ketelslegers et al. 1995).
Similarly, protein and/or calorie restriction re@dcserum IGF-1 concentrations (Lemozy, et al.
1994; Radcliff, et al. 2004). The level of prot@itake markedly affects IGF-I mMRNA and
protein production in rat liver, as well as IGFelkls in human plasma (Thissen et al. 1994).
Moreover, protein refeeding with 80% of the dietprgtein as essential amino acids
significantly increased plasma IGF-I levels compasgth diets providing 80% of protein as
nonessential amino acids (Clemmons, et al. 1985).

Several studies have shown that decreases in d&krhconcentrations during

undernutrition are associated with decreased esijoresf IGF-I mRNA in liver (Adamo, et al.
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1991; Lemozy et al. 1994). Since liver produces @%erum IGF-I (Yakar et al. 1999), it is
possible that a fasting-induced decrease in se@ffl in part may be caused by reduced liver
IGF-1 mRNA. Some studies have shown that duringrigsIGF-1 expression is regulated at the
transcriptional level (Hayden, et al. 1994; Strand Takemoto 1990), whereas others have
shown that it is regulated at the post-transcriidevel (Hayden and Straus 1995; Zhang, et al.
1998). Therefore, fasting may decrease IGF-I tnapison or the stability of IGF-I mRNA.

During undernutrition or fasting, GH secretion @hdreby serum GH levels are
increased in all species, except rodents (BuonarddBaile 1991; Pierce, et al. 2005).
Furthermore, GH administration fails to increaseiselGF-I levels in these animals (Maes, et
al. 1988; Miller, et al. 1981). These observatiomcate that nutritional deprivation induces GH
resistance. Since fasting decreases GH receptadahae (Maes, et al. 1983; Postel-Vinay, et
al. 1982), it was believed that GH resistance dufasting was due to decreased binding of GH
to its receptor. However, in a recent study (Begey@t al. 2002), reduced phosphorylation of
GHR, JAK2, and STAT5 was observed in fasted ratggssting that GH resistance during
fasting was due to impaired JAK-STAT signaling.

More than 85% of circulating IGF-I is stabilized foyming a ternary complex with
IGFBP-3 and ALS. The levels of IGFBP-3 and ALS wedeereased in serum of fasted animals.
Furthermore, IGF-I was more quickly degraded indéea of fasted animais vitro (Wu, et al.
2008). Therefore, in addition to decreased IGFedpction from liver, increased degradation of

circulating IGF-I may also be responsible for restlitGF-I levels during fasting.

Conclusions and perspectives

In summary, the liver is the major source of diating IGF-I. Production of IGF-I in the

liver is regulated by GH at the transcriptionalde\GTAT5 is the major transcription factor
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involved in GH regulation of IGF-I gene expressibour STATS5 binding sites, two upstream
and two downstream of the IGF-I promoter, are imedlin the GH-activated STAT5S regulation
of IGF-I gene expression in liver. Whether addiib8 TATS binding sites are involved in GH
regulation of IGF-1 expression is not known. In ditdth, STAT5 has been shown to interact with
co-activators, such as cCAMP response element lgnatiotein (CBP) and p300 (Pfitzner, et al.
1998; Ye, et al. 2001). Whether these co-activaaoesalso involved in GH-stimulated STAT5
activation of IGF-I gene expression remains to &éeuhined. The previously identified four
STATS binding sites involved in GH regulation ofA@ expression are distantly located from
the IGF-1 promoter. However, the mechanism by whigse STATS binding sites mediate
STATS5 action on the IGF-I promoter from distantddons remains to be determined. In GH
receptor mutant mice, decreases in the IGF-I lewele much greater than that reported in
STAT5a/b-null mice (Rowland et al., 2004), suggesthat other GH-regulated transcription
factors are involved in GH regulation of IGF-I gengression in liver. Liver-enriched
transcription factors, HNFf3and HNF-3, have been shown to be regulated by GH in liver
(Eleswarapu et al. 2005; Lahuna et al. 2000). MeeedGH receptor mutant mice had decreased
expression of HNF{3in liver (Rowland et al. 2004). Whether these HBIproteins are
involved in GH regulation of IGF-I gene expressiotiver remains to be determined. Since
IGF-1 is involved in growth, metabolism, tumorigaiseand aging, understanding the
mechanisms involved in regulation of IGF-I generesgion may help develop new approaches
to improve animal productivity and to design thenaiic agents.

Recently, four STAT5 binding sites located distaftbm IGF-I promoter were found to
mediate GH regulation of IGF-I gene expressionverl(Chia, et al. 2006; Wang and Jiang

2005; Woelfle, et al. 2003b). Considering the sizthe IGF-1 gene (> 100 kb), we hypothesized

41



that there may be additional STAT5 binding sitethm IGF-I gene that may be involved in the
GH regulation of the IGF-I gene expression in livBnerefore, the first objective of this research
was to determine whether additional STAT5 bindigsswere involved in the GH regulation of
the IGF-1 gene expression in liver. The expressiosome of the LETFs is also regulated by GH
(Eleswarapu and Jiang 2005). Of the all the LET3#8,potently stimulates the expression of
HNF-3y in liver. Since STAT5 is the major transcriptiacfor involved in the GH regulation of
gene expression in the liver, we hypothesized$&T5 may be involved in GH regulation of
HNF-3y expression in liver. Since HNF3 involved in regulation of many genes in livada
also regulated by GH, we also hypothesized that H3Nfay be involved in the GH regulation
of the IGF-I gene expression in the liver. Therefadhe second objective of this research was to
determine the mechanism by which GH regulates HNge®ie expression and whether HNF-3

is involved in GH regulation of IGF-I gene expressin liver.
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Chapter Il Growth Hormone Regulation of IGF-I Gene Expression

May Be Mediated by Multiple Distal STAT5 Binding Sites”

Abstract

Insulin-like growth factor-1 (IGF-I) is a polypeade hormone mainly produced from
liver. Liver expression of IGF-I is mainly reguldtby growth hormone (GH) through the
transcription factor signal transducer and activafdranscription 5 (STAT5). Previous studies
have suggested that STATS might exert this effgdtibding to two STATS5 binding sites in the
intron 2 region and two STATS5 binding sites in thstal 5’ -flanking region of the IGF-I gene.
The objective of this study was to determine whedigglitional STATS binding sites are
involved in GH stimulation of IGF-I gene expressidmalysis of IGF-I pre-mRNA and mRNA
expression indicated that IGF-I transcription inuse liver increased from 30 min to 6 hours
after GH administration. Sequence analysis of I¥@hkuse genomic DNA revealed nineteen
consensus STAT5 sequences that were conserved aottesponding human DNA sequence.
These putative STAT5 binding sites were locatefdimteen chromosomal regions with each
region containing one or two STATS5 binding sitegyHE of these chromosomal regions were
able to mediate STATS activation of reporter gexgression in cotransfection experiments.
Two of these chromosomal regions correspondedasetpreviously identified. Gel-shift assays
indicated that the eight new STATS5 binding sited #imee of the four previously identified
STATS binding sites could bind to GH-activated STAffom mouse liver. Together, these

results suggest that GH stimulation of IGF-I gelaadcription in the mouse liver may be

D These data have been recently published in Elegwaet al. Endocrinology 149: 2230-2240,
2008
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mediated by at least eleven STATS5 binding siteatkt in distal intronic and 5’ -flanking
regions of the IGF-1 gene.

Key words: Growth hormone, IGF-I, STATS5, liver, prnoter, transcription
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Introduction

Insulin-like growth factor-1 (IGF-I), a polypeptchormone, is essential for normal
development and growth in mammals (Stewart and BiotdQ96). IGF-1 gene- or IGF-I
receptor gene-deleted mice die at or shortly &fitéin, and those that survive are 70% smaller
than wild-type mice, have defects in brain, bonesae and lung, and are infertile (Baker, et al.
1993; Liu, et al. 1993). IGF-1 may also play a risléumorigenesis and ageing, as high
concentrations of circulating IGF-I are associatth increased risk of developing breast and
prostate cancers (Pollak, et al. 2004; Samani @08I7) and low IGF-I levels are linked to
extended longevity (Bartke 2005; Kenyon 2005). aitgh the IGF-I gene is widely expressed in
the body (Daughaday and Rotwein 1989), most (~7&%)e circulating IGF-I comes from its
gene expression in the liver (Yakar et al. 1999)et.expression of the IGF-1 gene is mainly
controlled at the transcriptional level by growttrimone (GH) from the pituitary (Daughaday
and Rotwein 1989). Therefore, understanding thehar@sm by which GH regulates IGF-1 gene
expression in the liver is important to understagdiow circulating IGF-I concentration is
regulated.

The mechanism by which GH regulates IGF-I geneesgion in the liver is only
beginning to be understood. Studies on signal thaces and activator of transcription 5
(STAT5) knockout mice (Davey et al. 2001; Udy etl&l97; Woelfle et al. 2003a) and on rats
overexpressing a dominant-negative STAT5b mutattieriver (Woelfle et al. 2003a)
demonstrate that GH-increased IGF-I gene expressitihre rodent liver is primarily mediated
by STAT5. The same transcription factor also appeamediate GH regulation of IGF-I gene
expression in the human liver because a missent#ionin the STAT5b gene was associated

with reduced serum IGF-I concentration in a manf@ed et al. 2003). Through mapping GH-
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induced DNase | hypersensitive sites, two STATSlinig sites in intron 2 of the rat IGF-I gene
were indicated to mediate STAT5 activation of IG§ehe expression in the liver (Woelfle et al.
2003b). Through mapping STATS5 binding enhancers, ftmctional STAT5 binding sites were
identified ~70 kb upstream from the human IGF-lgéWang and Jiang 2005) and these two
STATS binding sites were later found to also mexliaH activation of IGF-I gene expression in
the rat liver (Chia et al. 2006). The identificatiof four STAT5 binding sites upstream and
downstream from the IGF-I promoter prompted ustieduict this study to determine whether
there are additional STATS binding sites mediatBtg regulation of IGF-I gene expression in
the liver. Our results suggest eleven distanthaied STATS binding sites may be involved in

GH-induced STATS5 activation of IGF-I gene expreasiothe mouse liver.
Materials and Methods

Animal experiments

Breeding pairs of C57BL/6Ghrhr'™ mice, which contained a mutation in the growth
hormone releasing hormone receptor (Ghrhr) gendf{@yp, et al. 1993; Lin, et al. 1993a), were
purchased from The Jackson Laboratory (Bar Hai&r, USA). The mice were housed on
automatically timed 12-h dark/light cycles and Hia# access to standard rodent diet (Harlan
Tekland, Madison, WI, USA) and 5% sucrose wateesehmice were bred to generate GH-
deficient homozygouBt/lit mice. Thdit/lit mice were identified based on smaller size compared
to their littermates and confirmed by genotypingt §enotyping, genomic DNA was extracted
from tail clips using a DNeasy Tissue Kit (QIAGENEI, Valencia, CA, USA) and thi@hrhr
DNA region containing the suspected mutation wapldied by PCR using gene-specific
primers (Table 2.1). The amplified DNA was gel-fied and sequencedit/lit male mice 4 to 5

months old were administered subcutaneously with/g body weight of recombinant bovine

46



GH (The National Hormone and Peptide Program, ToeaCA, USA) or equal amount of
phosphate buffered saline (PBS). At this or sinsl@praphysiological dosages, bovine GH has
been shown to be effective in restoring normal geqession or normal growth in GH-
deficient mice (Davey, et al. 1999; Davey et aDP0Noshiro and Negishi 1986; Pell and Bates
1992). The mice were killed for liver collection@mmin, 15 min, 30 min, 2 h, 6 h, and 24 h after
the GH administratiorLit/lit male mice administered with PBS served as confftis animal-

related procedures were approved by the VirginiehTBnimal Care Committee.

DNA and RNA extraction

Mouse (C57BL/6) genomic DNA was isolated by staddproteinase K digestion
followed by phenol-chloroform extraction. Total RNffom mouse liver tissue was isolated
using TRI reagent (Molecular Research Center, @Gmati, OH, USA), essentially according to
the manufacturer’s instructions. Nuclear RNA or-pt@NA were extracted from mouse liver
nuclei. About 200 mg of fresh liver sample was indrately homogenized at low speed in 6 ml
of ice-cold PBS. The homogenate was centrifugeJG0 rpm for 10 min at 4 °C, and the pellet
was washed once in 10 ml of ice-cold hypotonic &uffiomposed of 10 mM HEPES (pH 7.9),
1.5 mM MgCh, 10 mM KCI, 0.2 mM PMSF, and 0.5 mM DTT. The petleas resuspended in
10 ml of the same hypotonic buffer and homogeniaedglass Dounce homogenizer. The nuclei
were collected by centrifugation at 3,000 rpm fOrrhin at 4 °C. Nuclear RNA was extracted
from the liver nuclei as described for total RNAheT concentration and quality of extracted

DNA and RNA were determined by spectrophotometiy gel-electrophoresis, respectively.

Plasmid construction
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Fourteen mouse IGF-I gene and 5'-flanking regiam#t&ning putative STATS binding
sites were amplified using standard PCR conditidhg. sequences of the forward and reverse
primers for these PCRs are shown in Table 2.1. 8 B#¢A regions were designated as S1 to
S14 and were 200-400 bp long. The products of tR€4R reactions were gel-purified after gel
electrophoresis and digested with Sma | and K@striction enzymes. Subsequently, the
digested DNA was purified and cloned into pGL2TKnmimal thymidine kinase (TK)
promoter-luciferase reporter vector constructediptesly (Wang and Jiang, 2005). The
resulting constructs were named pGL2TK-S1, -S2, -S8, -S5, -S6, -S7, -S8, -S9, -S10, -S11, -
S12, -S13, and -S14, respectively. Similarly, maugekine inducible SH2-containing protein
gene (Cis) promoter region containing four STATBding sites (Matsumoto, et al. 1997;
Verdier, et al. 1998) was cloned to generate tmsttoct pGL2TK-Cis. The inserts in all the
plasmids were verified by sequencing at the Viagiioinformatics Institute Core Laboratory

Facility (Blacksburg, VA, USA).

Cdl culture, transient transfection and luciferase assay

The CHO cells, a Chinese hamster ovary cell(i&k, et al. 1958), were grown in
minimum essential medium (MEM) supplemented withil of sodium pyruvate, 1 mM of
glutamine, 100 U/ml of penicillin, 100g/ml of streptomycin, and 10% fetal bovine serum
(FBS). The cells were cultured at 37 °C in a hufi@di5% CQ atmosphere. All reagents used in
cell culture were purchased from Sigma-Aldrich,. If&t. Louis, MO, USA). In all transfection
analyses, the CHO cells were plated in 24-wellgslat a density of 5 x 1Dwell 24 h before
transfection. At 50% confluence, the cells weragfacted with 0.21g of pGL2TK-promoter-
reporter gene plasmid, Ou® of bovine GHR expression plasmid, @2 of mouse STAT5b

expression plasmid, and 1 ng of pRL-CMV (transtatefficiency control) using FUGENE 6 as
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the transfection reagent (Roche Applied Scienadighrapolis, IN, USA). The transfection
efficiency was 40%. The medium was replaced withrsefree MEM 24 h after the transfection,
and the cells were further cultured for 16 h. Sghsatly, the cells were treated with 500 ng/mL
of recombinant bovine GH (National Hormone and RBepProgram) or PBS (the vehicle for
GH) for 8 h. The cells were lysed for dual-lucifeeaassay. In the cell lysates, the firefly
luciferase activity and renilla luciferase actiwtsere measured using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA&puling to the manufacturer’s
instructions. The luciferase activity expresseanfipromoter construct was divided by that

from pRL-CMV in the same well to normalize the \aion in transfection efficiency.

Nuclear protein extraction

Nuclear proteins were isolated from liverdivfit mice 30 min after GH or PBS
injection. About 200 mg of fresh liver sample wasrnediately homogenized at low speed in 6
ml of PBS supplemented with a protease inhibitaktail tablet (Roche Applied Science), 0.5
mM sodium orthovanadate, 10 mM sodium beta-glydessphate, 50 mM sodium fluoride, and
5 mM sodium pyrophosphate. The homogenate wasifteygd at 3,000 rpm for 10 min at 4 °C,
and the pellet was washed once in 10 ml of ice-B@&. The nuclei were resuspended in low-
salt buffer (20 mM Hepes, pH 7.9, 25 % glyceros thiM MgCh, 0.02 M KCI, 0.2 mM EDTA)
supplemented with protease and phosphatase intsilzisodescribed above. The nuclei were
lysed by addition of an equal volume of high-saitfér (20 mM Hepes, pH 7.9, 25% glycerol,
1.5 mM MgC}, 1.2 M KCI, 0.2 mM EDTA) and incubation on ice f8® min. The lysed nuclei
were pelleted by centrifugation at 14,500 rpm fom3n. The supernatant was collected and
dialyzed in a dialysis buffer (20 mM Hepes, pH 29,% glycerol, 100 mM KCI, 0.2 mM

EDTA) for 2 h at 4 °C. The dialyzed nuclear protems centrifuged at 12,000 rpm for 20 min at
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4 °C and the supernatant was collected. Proteioerdration was measured using a Bio-Rad

Protein Assay Kit (Bio-Rad Laboratories, Herculgs,, USA).

Electrophoretic mobility shift assay (EMSA)

Complimentary oligonucleotides (Table 2.2) corregping to nineteen putative STATS
binding sites were annealed by heating to 90 °@@®min in DNA polymerase buffer and
slowly cooling to 25 °C over 1 h. Approximately 508 of double-stranded oligonucleotides
were end-labeled witffP using IuL of T, polynucleotide kinase (promega) andl2[y->2P]

ATP (30 Ci/mmol, 2 mCi/mL) (PerkinElmer Life and Alytical Sciences, Inc.) for 1 h at 37 °C.
The3?P-labeled probes were purified with phenol-chlorof@xtraction followed by filtration
through Quick Spin Sephadex G-25 columns (Rochdiégscience). The activity of the
probes was estimated by liquid scintillation congti

Tenpug of nuclear proteins were incubated with 1  dpm of *?P-labeled
oligonucleotide probe in reaction buffer contain2@o glycerol, 20 mM Tris-HCI, pH 7.5, 100
mM KCI, 1 mM dithiothreitol, 1 mM EDTA, and g2g poly(dI-dC) for 90 min at 4 °C. For the
super-shift assays, 1@ of nuclear protein was incubated with@ of anti-STAT5 antibody (sc-
835, Santa Cruz biotechnology, Inc., CA, USA) arg2of rabbit preimmune serum in the
reaction buffer for 1 h at 4 °C before being indedawith the labeled oligonucleotide. The
labeled oligonucleotide was added and the reagtesfurther incubated for 1 h at 4 °C. For
competitive gel-shift assays, tf#®-labeled oligonucleotide was incubated with nucpeatein
in the presence of 1x, 10x, and 100x molar excksslabeled oligonucleotide. Following the
incubation, the DNA-protein mixtures were resolegdnative 6% polyacrylamide gels. After
electrophoresis, the gels were dried, exposedasgitor screens, and scanned on a Molecular

Imager FX System (Bio-Rad).
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Real-time reverse transcription PCR

Reverse transcription was performed using TagMareRe transcribing reagents
(Applied Biosystems, Foster City, CA), accordinglie manufacturer’s instructions. Briefly,
two ug of total RNA or nuclear RNA were reverse trartsed in a total volume of 24,
containing 0.5 mM dNTPs, 21M random hexamers, 0.4 JJ/RNase inhibitor, 1.25 Ui
reverse transcriptase, 5.5 mM Mg@hd 1x RT buffer. The conditions for reverse tcaipsion
were 10 min at 25 °C, followed by 30 min at 48 &Gd 5 min at 95 °C. The real-time PCRs of
IGF-I, glyceraldehyde-3-phosphate dehydrogenaseP{@A), and albumin cDNAs were
performed using Power SyberGreen PCR Master Mip(idd Biosystems) on an Applied
Biosystems 7300 Real-Time PCR System. PCR wasmpeegfbin a total volume of 24,
containing 12.5ul of SyberGreen Master Mix, @ (0.2 ug) of the cDNA, 0.2:M of forward and
reverse primers. The primers for these PCRs anershotable 2.1. The conditions of the PCR
were 95 °C for 10 min, then 40 cycles of 95 °Clbrseconds, and 60 °C for 1 min. GAPDH
and albumin were used as internal controls fortiead PCR reactions of IGF-I mRNA and
IGF-1 pre-mRNA, respectively. For reverse transioip-PCR of nuclear RNA, a reverse
transcription that did not contain the reversedcaiptase was included for each sample to
control for genomic DNA contamination. The revetrsescription-PCR of each sample was
performed in duplicate. The real-time PCR data vem@yzed using the’2“ method, as

recommended by Applied Biosystems.

Statistical analysis
Comparisons between two means were done twsasy. Comparisons between multiple

means were done using ANOVA followed by the Tukest.tThese statistical analyses were
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performed using the General Linear Model of SAS$SAstitute Inc., Cary, NC). All data are

expressed as mean = standard error of the mean.

Results

GH stimulated | GF-1 pre-mRNA and mRNA expression in mouse liver

We first conducted a time-course experiment tordatee GH-stimulated changes in
IGF-I pre-mRNA and mRNA expression in mouse liv&s.shown in Figure 2.1, liver
expression of IGF-1 pre-mRNA was significantly hegtat 30 min after than before GH
administration P < 0.05) and continued to rise by 2 h after admiatgin; it started to decline at
6 h after the administration and was near its basel by 24 h after the administration. As also
shown in Figure 2.1, GH administration caused alairhut delayed time-dependent increase in
liver IGF-1 mRNA: liver IGF-I mRNA expression wagysificantly higher at 6 h after than
before GH administratiorP(< 0.05), and it returned to its basal level by 2afthr the
administration (Figure 2.1). The delayed resporis&b-I mMRNA to GH obviously reflected the
fact that IGF-I mRNA is processed from IGF-I pre-MR As expected, GH had no effect on

liver expression of albumin pre-mRNA or GAPDH mRNRgure 2.1).

Nineteen of ninety STAT5 binding consensus sequences in ~170 kb of mouse | GF-I gene and
flanking regions were conserved in the corresponding human sequence

Analysis of 170 kb mouse genomic sequence (GenBeao&ssion numbers AC125082
and AC139754) consisting of ~78 kb IGF-I gene (ekdn exon 6), ~80 kb 5’ —flanking region
and ~10 kb 3’ —flanking region revealed ninety pineaSTATS binding sites (TTCNNNGAA,
where N is any nucleotide) (Darnell 1997; EhrealeR001). A sequence alignment of the

corresponding DNA regions of mouse and human gesd@enBank accession number
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AC010202), using VISTA program (Frazer, et al. 200dvealed that nineteen of the ninety 9-
bp STATS consensus sequences were conserved iy Bighilar (> 70% identical) DNA

regions (> 100 bp) between the two species (Figute These nineteen conserved STATS5
binding sites corresponded to fourteen chromosoegins and were designated as S1 to S14.
The binding sites Sla, S1b, S2, S3, and S4 weatdddn the distal 5’ -flanking region, Sb5a,
S5b inintron 2, S6, S7, S8, S9, S10a, S10b, SthS11b in intron 3, S12 in intron 5, and S13,
S14a, and S14b in exon 6 of the IGF-I gene (Figu2g Among the nineteen conserved STAT5
binding sites, ten (S1a and S1b, S5a and S5b, 810&10b, S11a and S11b, and S14a and
S14b) were less than 250 bp apart in the genonger@R.2). Sla, S1b, S5a, and S5b
corresponded to the previously identified STATS5doig sites in the rat and human IGF-I loci

(Chia et al. 2006; Wang and Jiang 2005; Woelflal e2003Db).

S1, S2, S5, S7, S8, S9, S10, and S11 were able to mediate GH-induced STATS activation of
reporter gene expression

We next determined whether the conserved STATS5ihinsite-containing IGF-1 DNA
regions can mediate GH-induced STAT5S activatiogasfe expression, using cotransfection
analysis. In these cotransfection experimentscideltase reporter gene construct bearing a
minimal TK promoter and one of the fourteen STATRdINg site-containing IGF-I DNA
regions (i.e., S1, S2...S14) was cotransfected afBHR expression plasmid and a STAT5b
expression plasmid into CHO cells, and reporteegesponse to GH was measured. As shown
in Figure 2.3, GH significantly increased repodene expression from the constructs containing
S1, S2, S5, S7, S8, S9, S10, and S11 as compaRRBR ¢ < 0.05), and GH had no effect on
reporter gene expression from promoter-only plasiavever, GH did not stimulate reporter

gene expression from the constructs containings8356, S12, S13, and S14 (Figure 2.3).
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These data indicate that S1, S2, S5, S7, S8, $9,a8i S11 can mediate GH-induced STATS5

activation of gene expression.

The putative STAT5 binding sitesin S1, S2, S5, S7, S8, $9, S10, and S11 were able to bind to

STATS5in vitro

We next performed EMSA to determine whether timetden putative STAT5 binding
sites can bind directly to STATI& vitro. As shown in Figure 2.4, fifteen of the nineteen
oligonucleotides, including S1a, S1b, S2, S3, S5a,S8, S9, S10a, S10b, S11a, S11b, S12, S13,
and S14a, formed DNA-protein complexes, which apgto have the same mobility, with liver
nuclear proteins from the GH-injected mice. The saomplexes were not formed between the
oligonucleotides and liver nuclear proteins from3Beatedit/lit mice. To confirm the presence
of STATS in and the specificity of these DNA-prategiomplexes, the oligonucleotide Sla was
further analyzed in supershift and competitive gjgft assays. As shown in Figure 2.4, the
DNA-protein complexes formed between the oligonotitkes S1a and the GH-treated liver
nuclear proteins were partially supershifted byT&E5 antibody. The same complexes were
completely competed away by a molar excess (1006+fold) of unlabeled oligonucleotide Sla
but were barely affected by the same molar excean oligonucleotide that did not contain a
STATS consensus binding site (Figure 2.4).

Based on these gel-shift assays, all of the pma&ITATS binding sites in S1, S2, S5, S7,
S8, S9, S10, and S11 except the 3’ end of STAT8ibinsite in S5 were able to bind to GH-
activated liver STAT5 (Figure 2.4).These gel-stdta were consistent with transfection data
that the putative STAT5 binding sites in S1, S2,$5 S8, S9, S10, and S11 were able to
stimulate reporter gene expression in responseHtgFRZure 2.3). Despite putative STATS

binding sites in S3, S12, S13, and S14 bindingltATS in vitro; constructs containing these
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binding sites were unable to stimulate reporteregexpression in response to GH (Figure 2.3),

indicating that STAT5 binding does not always leatranscriptional activation.

Discussion

GH rapidly and potently stimulates IGF-I gene s@iption in liver (Gronowski and
Rotwein 1995). Our time course experiment in thislg has shown that IGF-1 gene transcription
begins within 30 min of GH administration and lafstsat least 6 h, with peak at 2 h. These time
dependent GH responses of IGF-l mRNA and pre-mRMN#ice were similar to those in rats
(Bichell et al. 1992; Carlsson, et al. 1998; Lirakt1993a; Lin, et al. 1993b). It should be noted
that IGF-I mRNA was not completely absent in tivediof thelit/lit mouse (Figure 2.1). This
observation is consistent with the studies thacatd the presence of some GH and IGF-I in the
serum of théit/lit mouse (Cheng, et al. 1983; Donahue and Beamen.1S9AT5 activation
and nuclear translocation can occur within 5-15 afiGH administration (Ram, et al. 1996).
Moreover, it has been demonstrated that GH stirasilainding of STATS to rat IGF-I intron 2
(corresponding to S5 region) prior to activatiol®F-I gene transcription (i.e., within 15 min)
and this binding persisted for at least 60 min (lM@et al. 2003b). Therefore, it is possible that
GH stimulates STATS binding to these sites to iaseelGF-I gene transcription to mouse liver.

Considering the strong expression of GH-stimulat@¥e-I in liver, we wondered whether
additional STAT5 binding sites were involved. Ircamance with our hypothesis, analysis of
170 kb mouse genomic DNA revealed nineteen conse®§AT5 sequences that were
conserved in the corresponding human sequencee Tiresteen putative STATS sequences
corresponded to fourteen regions. Two (S1 and Bhese chromosomal regions corresponded
to those previously identified (Chia et al. 2006aWy and Jiang 2005; Woelfle et al. 2003b). Our

cotransfection analyses have shown that eighteofdurteen STATS binding site-containing
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IGF-I DNA regions (S1, S2, S5, S7, S8, S9, S10,%ht) were able to mediate GH-induced
STATS activation of gene expression. However, tlagnitude of GH-induced STAT5
activation of gene expression was relatively sn&ithilar modest GH response was observed
for STATS binding site containing regions of hunaamd rat IGF-1 genes (Chia et al. 2006; Wang
and Jiang 2005; Woelfle et al. 2003b). One possddAson for the modest GH response of
STATS binding sites in this study is that the CHgll signaling system may lack additional
components that are required for maximal GH-respafishese STAT5 binding sites. Another
possible reason could be that each of these STAbry sites is transactivationally weak, and
combined activation is needed to have a signifieffieict on IGF-I gene transcription.
Considering the strong effect of GH on IGF-I exgres, involvement of multiple STAT5
binding sites in GH regulation of IGF-I seems toaby@ausible mechanism. Moreover, the
STATS binding sites in these IGF-I DNA regions (S2, S3, S5, S7, S8, S9, S10, and S11)
could bind to GH-activated STATS5, suggesting thase STAT5 binding sites may be involved
in GH-stimulated activation of gene expression.réfare, it is possible that all the eleven
STATS binding sites in these nine IGF-I DNA regionay be involved in GH regulation of IGF-
| gene expression in liver. However, it remainbeécseen which of these and/or how many of
these eleven STATS5 binding sites are activatechdu@H-stimulated changes in IGF-1 gene
transcription in liver.

One interesting observation of this study was @idtincreased reporter gene expression
from the constructs containing S1, S2, S5, S9, 830,S11 by 50% to 220%, whereas constructs
containing S7 and S8 showed less than 50% increasgorter gene expression in response to
GH. As mentioned earlier, S1, S5, S10, and S11 eawctain a pair of STAT5 binding sites.

Although S9 contains only one conserved STATS5 lngdiite, there is a non-conserved STAT5
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consensus site 240 bp upstream from the consef&@Shinding site. Based on our gel-shift
and cotransfection analysis data STAT5 bindingisite2 appears to be a high affinity and/or
strong transactivation site. Two adjacent STATSbig sites located on the same side of the
DNA helix can stabilize each other’s binding to SIBAthrough formation of STAT5 tetramers
(Meyer, et al. 1997). It is therefore tempting p@sulate that the paired STAT5 binding sites in
S1, S5, S9, S10, and S11 might allow for the foironadf STATS tetramers or some type of
STATS5-STATS interaction, thereby strengthening thénding to DNA to enhance activation of
gene expression. Though several STATS bindingcsitedaining IGF-1 DNA regions (S3, S12,
S13, and S14) can bind to GH-activated STATGtro, these DNA regions did not mediate
GH-induced STATS5 activation of gene expression. Possible reason is that, in addition to
STATS, these IGF-I DNA regions may contain bindsiigs for other transcriptions factors,
which are required for GH-induced STATS5 activatairgene expression and these transcription
factors may be not be expressed in CHO cells.

The GH-responsive STAT5 binding sites identifiedhis study are located distantly
from the transcription start site in the IGF-1 geRer example, S1 and S2 are located more than
60 kb 5’ from the transcription start site. SimjyaiS9, S10, and S11 are located at least 26 kb
downstream from the transcription start site. Tis¢atllocations of these GH-responsive STAT5
binding sites are in line with the increasing idiéedtion of long-range enhancers (Dean 2006;
Kleinjan and van Heyningen 2005; Lomvardas, e2@06). But how do these STAT5 binding
sites mediate STATS5 action to the IGF-1 promotegraseemingly very long distances? Two
major models have been proposed for distant enhgmomoter interaction (Dean 2006;
Kleinjan and van Heyningen 2005). One is the logpirodel, in which the long intervening

DNA loops out to allow direct contact between ttanscription factor bound to a distant
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enhancer and the general transcription machinesg@uence-specific transcription factors
bound at the promoter. Another is the tracking rhadevhich, the transcription factor and
perhaps other associated proteins bound at thentisbhancer track along the intervening DNA
to the promoter. Increasing evidence favors theitmpmodel (Dean 2006). Which of these
mechanisms is used by eleven distal STAT5 binditeg n mediating GH induced IGF-1 gene
transcription remains to be tested.

In summary, the results of this study suggest@t&tinduced STATS activation of IGF-I
gene expression in the mouse liver may be medtated least eleven STATS binding sites that
are all located distantly from the IGF-I promot€he identification of multiple distal STAT5
binding sites underscores the complexity of thelhmaasm that mediates GH regulation of IGF-I

gene expression.
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Table 2.1.Primers used in study 1

Name Sequence Gene and location Amplicon Application
size (bp)
S1F GAAAGTGGGTTTGGCTTGG
S1R TGTGCAAACCAACCAGTCAT IGF-1 5’ flanking 301 Cloning
S2F TCTGTTCTGGGCAAGGTCAT
S2R GGTTTGGAACCAAGGACAGA IGF-1 5’ flanking 252 Cloning
S3F GGCAATTTTCCAAGAGTCCA
S3R GCTCTTCTAGACTCCCAAGTGC IGF-1 5’ flanking 239 Cloning
S4F CCTAGCCCCAGCAAAGGTAT
S4R TGGGGGAAAGCAATGAATAG IGF-1 5’ flanking 230 Cloning
S5F GGGTGGCTCACCTCATACTC
S5R GCCGATGGTTAGTAGCCAAA IGF-I intron 2 245 Cloning
S6F GAGCAAAGGTGAAAAGGGAAT
S6R ACCATCACCTTCTGCCAAAC IGF-1 intron 3 227 Cloning
S7F GTAGAAGGCGAGGCAGTAGC IGE-1 intron 3
S7R ACAGCACTGTTGCTGGGTTA 249 Cloning
S8F TCCACCATCCCTTGAGTAGG IGE-I intron 3
S8R TCTGTTTGAGTGTAGACATTCTGCT 251 Cloning
S9OF AAGGTGGAGGTGGCCTTTAG IGE-1 intron 3
S9R GCCTGAGAATGACCTTTGGA 232 Cloning
S10F ATTCCTCCCAGCTGTGTGTC IGE-1 intron 3
S10R GGACTTGGTCTGAGGCAATG 199 Cloning
S11F AAAGGAAGGCTGGGTGGTAG IGE-1 intron 3
S11R GTCCTGCATGTCTGTGGAAG 278 Cloning
S12F GCCTCGCTCCTAAAGAGTCA
S12R ATTGACAGGTGGCACAGACA IGF-1 intron 5 299 Cloning
S13F CAACACAGTAAAAGGAGAAAGCAA
S13R AAAGAAACCAGGACTCCCAAA IGF-1 exon 6 251 Cloning
S14F CCACCCCACACACACCTATT
S14R AGCTGGCCAAACAGTAAAGG IGF-1 exon 6 260 Cloning
CisPF GTCCAGCGATACGATTGGTC
CisPR GAACAGCTTGGAAGGACGAG Cis promoter 264 Cloning
IGFIE2F TGTAAACGACCCGGACCTAC
IGFIE3R CACGAACTGAAGAGCATCCA IGF-1 mRNA 171 mRNA gqPCR
IGFII3F CATGGGAAGGAGACAGAGGA
IGFII3R GGGGTTCACTGAGGTGATTT IGF-I intron 3 252 pre-mRNA gPCR
AlbI3F TGGGAGCTTGACAGTGACAG
AIbI3R GGGATGACCATTGGTATTGG Albumin intron 3 166 pre-mRNA qPCR
IGFIE3F CTTGCTCACCTTCACCAGCT
IGFIE4R TACATCTCCAGTCTCCTCAG IGF-1 mRNA 210 Cloning
GAPDHF  ACCCAGAAGACTGTGGATGG
GAPDHR  GGATGCAGGGATGATGTTCT GAPDH mRNA 81 Cloning
GHRHRE2F TGAGCTTGCATGTCTTCAGG Ghrhr exon 2 and
GHRHRI3R  GGTGAAGTGGACGATGAGGT intron 3 482 Genotyping

!All sequences are written from 5’ to 3'. The togsence of a pair of primers is the
forward primer and the bottom sequence the revaiseer.
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Table 2.2.0ligonucleotides used in the gel-shift assays udstl

Name Sequence Chromosomal Locatiorf
Sla* AAATTCTAAGAA ACT chr10:87250569-87250583
Sib* TTTTTCTTAGAA GTA chr10:87250802-87250816

S2 TCCTTCCTTGAA ACT chr10:87258619-87258633
S3 GAGTTCTGGGAA TGT  chrl0:87261780-87261794
S4 TTATTCATAGAA TGA chr10:87279703-87279717
Sba* GCCTTCCTGGAA GAA chr10:87325725-87325739
S5b* TGCTTCTTAGAA TGA chr10:87325801-87325815
S6 GTCTTCCATGAA GAA chr10:87339430-87339444
S7 ATTTTCTGTGAA CTA chr10:87340981-87340995
S8 TGTTTCAGGGAA AAA chrl0:87346761-87346775
S9 TCTTTCAGGGAA ATC  chrl0: 87348654-87348668
S10a CAGTTCTCAGAA AGG  chrl10:87364876-87364890
S10b AAATTCGCAGAA GTG  chrl0:87364891-87364905
Slla TGATTCCTAGAA GAG chr10:87369686-87369700
S11b TAGTTCACAGAA AAA chr10:87369821-87369835
S12 GAATTCCTTGAA GTC  ¢chrl0:87388381-87388395
S13 GCCTTCCAAGAA GAA chr10:87394585-87394599
Sl4a CATTTCTTTGAA AGT chr10:87396823-87396837
S14b TCCTTCTTTGAA TGT chr10:87396881-87396895

"These correspond to the previously identified STAIing sites in the rat and human
IGF-1 loci (Woelfle et al., 2003; Wang and Jian§08; Chia et al., 2006)Sequences of
sense strand written from 5’ to 3. The core segasrof the STATS binding sites are
indicated in bold? These correspond to the locations in the Bovinelir 2007
Assembly at the UCSC Genome Browddtgd://genome.ucsc.ejlu
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Figure 2.1 Time courses of GH-stimulated expression of IGF-I MRIMd pre-mRNA. Total
RNA and nuclear RNA from GH-deficiefit/lit mice (n=3) at different times after GH
administration were analyzed for the abundance of IBIRNA, IGF-I pre-mRNA, GAPDH
MRNA (as a total RNA loading control), and albumin pre-mR{d#é a nuclear RNA loading
control) by quantitative real-time RT-PCR. Relative mRNAe-mRNA abundance at different
times after GH administration is presented as changediwatenlit/lit mice not administered
with GH (Indicated as time O in this figure). Note that Xhaxis is not drawn to scale. <

0.05, compared to the zero time value.
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Figure 2.2.Nineteen STATS5 binding consensus sequences arerv@&asacross the mouse and
human IGF-I gene and flanking regions. The conse&EATS5 binding consensus sequences
(TTCNNNGAAA) were identified by comparative sequeranalysis using VISTA. The highly
similar regions (>70% identical over >100 bp) betwé¢he mouse and human IGF-1 gene (~80
kb 5'-flanking and ~10 kb 3'-flanking) sequences ardicated by peaks. The IGF-I exons are
indicated by rectangles labeled with E1 (exon 2),IE3, E4, E5, and E6. The locations of the 19
conserved STATS5 binding consensus sequences akednay asterisks. The 200-300 bp DNA
regions containing these conserved STATS consesespsences are designated S1 to S14.
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Figure 2.3.The IGF-I DNA regions S1, S2, S5, S7, S8, S9, &h@,S11 mediated GH-induced
STATS5 activation of gene expression. The CHO og#se transfected with a GHR expression
plasmid, a STAT5b expression plasmid, a renillaféduase plasmid (as a transfection efficiency
control), and a pGL2TK-Based firefly luciferase oeer plasmid that contained S1 to S14, or
Cis. The CHO cells were treated with PBS or GH&trours before dual luciferase assay. This
experiment was repeated four times. Fold activatiothe Y axis represents the ratio of reporter
gene expression in the presence of GH to thataptesence of PBS. * and # indic&e 0.05
andP < 0.1, respectively, compared to pGL2TK.
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Figure 2.4.Eleven of the twelve putative STAT5S binding sites1, S2, S5, S7, S8, S9, S10,
and S11 sequences bound to STATGitro. (A). Electrophoretic mobility shift assays of the
nineteen putative STAT5 binding sites>#®-labeled double-stranded oligonucleotides (15 bp)
corresponding to a putative STAT5 binding site.(iS4a to S14) was incubated with liver
nuclear proteins from th&/lit mice injected with GH (+) or PBS (-), followed by
polyacrylamide gel electrophoresis. “B” indicateNA-protein complexes formed specifically
between some of the oligonucleotides and the Géatdckliver nuclear proteins. (B). Supershift
assay of the oligonucleotide S1la. In this assay* flabeled oligonucleotide S1a was incubated
with GH-treated liver nuclear proteins in the preseof anti-STAT5 antibody (anti-STAT5S) or
rabbit preimmune serum. “S” indicates a partialesshift of the DNA-protein complexes “B”.
Due to extended electrophoresis, the DNA-protempmex in panel A was separated into two
bands, which probably reflected phosphorylatio®®AT5 at two distinct sites (Ram et al.,
1996). (C). Competitive gel-shift assay of the ofigcleotide S1a. In this assay, tfie-labeled
oligonucleotide Sla was incubated with GH-treabesr Inuclear proteins in the presence of 1x,
10x, or 100x molar excess of unlabeled Sla or etealoligonucleotide H that did not contain a
STATS binding site.
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Chapter Il Hepatocyte Nuclear Factor (HNF)-3y Mediates Growth
Hormone Stimulation of Insulin-Like Growth Factor (1GF)-I in
Bovine Liver

Abstract

Insulin-like growth factor | (IGF-I) is abundantéxpressed in liver under stimulation of
growth hormone (GH). In a previous study we shotted GH stimulates the expression of
hepatocyte nuclear factor (HNFy-B bovine liver. The overall objective of this dyuwas to
determine whether and, if so, how liver-enriche@shscription factor HNF-gis involved in GH
stimulation of IGF-I expression in bovine liver. &first specific objective of this study was to
determine the mechanism by which GH regulates HNEx®ression in bovine liver. Sequence
analysis of the bovine HNFy3romoter revealed the presence of two putativdibgsites for
signal transducer and activator of transcriptiqi®bAT5), whose role in GH regulation of gene
expression has been well documented. The proxiMAlS consensus sequence in the HNF-3
promoter appears to be also conserved in other nadsn@hromatin immunoprecipitation
(ChIP) assays demonstrated that GH increased tigknlgi of STATS to the HNF48promoter in
bovine liver and that this binding was associatéti mcreased HNF-8mRNA levels. Gel-shift
assays demonstrated that the proximal STATS binslitegwas able to bind to GH-activated
STATS from bovine liver. Cotransfection analyseswéd that the proximal STAT5 binding site
was necessary for the HNF-Bromoter to be activated by GH. The second speaijective of
this study was to determine whether HNjFe8ntributes to GH regulation of IGF-I gene
expression in bovine liver. The promoter of theiheMGF-I gene contains three putative HNF-3

binding sites that seem to be evolutionarily conseér ChlP assays indicated that GH stimulated
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the binding of HNF-3 to the IGF-I promoter in liver. Gel-shift assay®wed that one of the
three putative HNF-3 binding sites, HNF-3 bindintg 4, was able to bind to HNR-protein

from bovine liver. Co-transfection analyses demiatst that this HNF-3 binding site was
necessary for HNFs3activation of reporter gene expression from the-I@romoter. These
results together suggest that in addition to thik-@stablished mechanism of direct action, GH-
activated STAT5 may also indirectly stimulate IGgeine transcription through enhancing HNF-
3y gene expression in the liver.

Key words: Bovine, GH, HNFs3 IGF-I, promoter, STAT5
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Introduction

Hepatocyte nuclear factor-3 (HNF-3) proteins, idahg HNF-3x, -33, and -3, are liver-
enriched transcription factors (Schrem et al. 2008 HNF-3, -33, and -3 belong to the
forkhead box family of transcription factors aneé #nerefore also known as forkhead box (Fox)
Al, FoxA2, and FoxA3, respectively. In adult liveliNF-3y is expressed at higher levels than
HNF-3a and HNF-3 (Eleswarapu and Jiang 2005; Friedman and Kae20@8; Kaestner, et al.
1998). Gene-targeting studies have shown that HN&cBvates the expression of several genes
in the liver, including phosphoenolpyruvate cardargse, tyrosine-aminotransferase,
transferrin (Kaestner et al. 1998) and glucosesparter 2 (Shen, et al. 2001). In addition to
these genes, the expression of cytochrome P450GXR3A4) and several members of the
human CYP2@ene subfamily, a group of genes that play keysrmaletoxification in the liver
are also controlled by HNF¢3Bort, et al. 2004; Rodriguez-Antona, et al. 2003)e expression
of HNF-3y mRNA was increased during malnutrition and HNFRERNA expression was
decreased by insulin (Imae, et al. 2000). The m@Eshaby which HNF-3 is regulated by
malnutrition or insulin is not understood.

Insulin-like growth factor-1 (IGF-I) is one of teost abundantly expressed genes in the
liver (D'Ercole et al. 1984; Daughaday and Rotwid89). Liver IGF-1 is the major source of
circulating IGF-I (Yakar et al. 1999). At the cdlulevel, IGF-I stimulates cell proliferation,
inhibits apoptosis and induces cell differentiatidanes and Clemmons 1995). In addition, IGF-I
also plays a role in postnatal growth, developnoéiincer, and ageing process (Hinkal and
Donehower 2008; Samani et al. 2007; Stewart and/&ot1996). Liver expression of IGF-I is
primarily regulated by GH at the transcriptionalde(Bichell et al. 1992). Signal transducer and

activator of transcription 5 (STAT5) has been shdwhe the major transcription factor for GH
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regulation of IGF-I gene expression in the livea{@y et al. 2001; Udy et al. 1997). More recent
studies have suggested that STAT5 mediates GHatgulof IGF-1 expression in liver by
binding to multiple STAT5 binding sites that aredted distantly from the IGF-1 promoter (Chia
et al. 2006; Eleswarapu, et al. 2008; Wang andy&05; Woelfle et al. 2003b).

In a previous study (Eleswarapu and Jiang 2005)owed that HNF-3 expression in
bovine liver was potently stimulated by GH and tbidwer liver-enriched transcription factors,
including HNF-1, HNF-8, HNF-33, HNF-4a, and HNF-6, were only moderately affected or not
affected by GH. In this study, we determined whetH stimulates HNF-Bexpression in
bovine liver through STAT5. Since the human IGHdmoter was previously shown to contain
binding sites for HNF-3 proteins (Nolten, et al9%6% we also tested the hypothesis that GH-
stimulated HNF-3 contributes to GH regulation of IGF-1 expressinrbovine liver. Our results
demonstrate that GH stimulation of HNI-@ene expression is mediated by binding of STAT5
to a conserved STAT5 binding site in the HNfFpBomoter and that GH-activated HNF#-3
mediates IGF-I gene expression by binding to a @wesi HNF-3 binding site in the IGF-I

promoter.

Materials and Methods

Animal experiments

Six non-lactating and non-pregnant cows were usékis study. Liver biopsy samples
were taken from each cow 1 week before and 24 Hbliafter injection of 500 mg of
recombinant bovine GH in a slow-release formularisanto Company, St Louis, MO, USA).
The liver biopsy samples taken before GH injectierved as controls. The liver biopsy was
performed as described previously (Eleswarapu emd) 2005). Upon collection, the liver

biopsy samples were immediately frozen in liquidlagen and stored at -80 °C for future use or
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were processed immediately for liver nuclei exi@ctAll other tissue samples used in this
study were taken from adult cows or bulls at slaeigiThe animal-related procedures were

approved by the Virginia Tech Institutional Anin@dre and Use Committee.

RNA and DNA extraction

Total RNA from bovine tissues was isolated using fiéagent (Molecular Research
Center, Cincinnati, OH, USA), essentially accordioghe manufacturers’ instructions. Genomic
DNA was isolated by standard proteinase K digedtitiowed by phenol-chloroform extraction.
The concentration and quality of extracted RNA BXINA were determined by

spectrophotometry and gel-electrophoresis, respygti

Plasmids construction

pGEM-TbHNF-3v239: To generate a probe for ribonuclease protectioayad3PA) to
determine bovine HNF3mRNA transcription start site, a 239 bp bovine HByFgenomic
DNA region that was predicted to cover the putatre@scription start site based on the 5’ end
sequences of the human, mouse and rat HNfRRBNAs in GenBank (GenBank accession
numbers NM_004497, NM_008260, and NM_017077, rdspyg), was amplified by a
standard PCR. The sequences of the forward andgseepemers for this PCR are shown in
Table 1. This PCR product was cloned into the pGEMasy vector (Promega, Madison, WI,
USA) and was named pGEM-TEbHNFZ39.

pGL2B-bHNF-3yP: A standard PCR was used to amplify a 961 bp prenregion of the
bovine HNF-3 gene with primers bHNF3gPF1 and bHNF3gPR1 (TapléHe 961 bp HNF-38
promoter DNA was cloned into the pGL2B vector (Pega) between the Nhe | and Hind Il

sites to generate the plasmid pGL2B-bHNR:3
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pGL2B-bIGF-IP: A 2185 bp bovine IGF-I promoter region, spanniranf 231 bp upstream of
exon 1 to 42 bp downstream of exon 2, was ampllie&@CR with primers bIGF-IP1921F1 and
bIGF-IPR2 (Table 1). The 2185 bp IGF-I promoter DWAs cloned between the Kpn | and Xho
| sites in pGL2B (Promega) to generate the plagp@d2B-bIGF-IP.

pGL2B-bHNF-3yPm: The putative STAT5 binding site in the bovine HRfpromoter was
mutated into a Not | restriction site by PCR-basietdirected mutagenesis. Briefly, two PCR
amplifications were performed using plasmid pGL2RfH3yP as template, and primers
bHNF3gPF1 and bHNF3gPm2R in one PCR, and primeMH3dPmM2F and bHNF3gPR1 in the
other PCR (Table 1). The products of these two R@Rlifications were purified following gel
electrophoresis and were combined to serve as &enipl a third PCR using primers
bHNF3gPF1 and bHNF3gPR1 (Table 1). The produdtisfRCR was digested with the
restriction enzymes Nhe | and Hind IIl and clonetbithe pGL2B vector to generate the STATS
binding site-mutated construct pGL2B-bHN{P3n.

pGL2B-bIGF-IPm1, pGL2B-bIGF-IPm2, and pGL2B-bIGF-IP m1m2: The HNF-3 binding
sites in the bovine IGF-I promoter were similarlytated. The mutation construct pGL2B-bIGF-
IPm1, in which the first HNF-3 binding site was @#d, was generated through a PCR reaction
using pGL2B-bIGF-IP as template and bIGF-IP1921maRd bIGF-IPR2 as primers (Table 1).
The mutation construct pGL2B-bIGF-IPm2, in whicle gecond HNF-3 binding site was
mutated, was generated by performing two PCR m@astising pGL2B-bIGF-IP as template.
Primers bIGF-IP1921F1 and bIGF-IP1921m2R1 (comagira Not | restriction enzyme site)
were used in one PCR, and primers bIGF-IP1921m@61itdining a Not | restriction enzyme
site) and bIGF-IPR2 were used in the other PCRIETAb The products of these two PCR

reactions were purified after gel electrophoresis digested with the Not | restriction enzyme.
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Subsequently, the digested products were ligated) 0t DNA ligase (Invitrogen, Carlsbad,
CA, USA) and the ligated product was purified afiet electrophoresis. A single PCR reaction
was performed using the purified ligated produdieasplate with primers bIGF-IP1921F1 and
bIGF-IPR2 (Table 1) to generate the plasmid pGL2BHIPmM2. The mutation construct
pGL2B-bIGF-IPm1m2, in which two putative HNF-3 bing sites were mutated, was generated
by a similar strategy with sequence-specific prer@iable 1). All the IGF-I promoter mutation
plasmids were cloned between the Kpn | and Xhatriction sites in pGL2B. The inserts in all
the plasmids and all the mutations were verifiedéguencing at the Virginia Bioinformatics
Institute Core Laboratory Facility (Blacksburg, VWSA).

Other plasmids: The plasmid encoding the wild-type STAT5b was jded by Dr. Kouichi
Ariyoshi (The University of Tokyo, Tokyo, Japan)r{poshi, et al. 2000). The expression
plasmid encoding the bovine growth hormone recgf@HR) was previously generated in our
laboratory (Wang and Jiang 2005). The expressiasmid for bovine HNF-8protein
(pcDNA3.1-bHNF-3) was cloned previously by another laboratory memblee pGEM4Z-
bHNF3g311 plasmid containing a 311 bp HNFEBNA was used to generate an antisense
probe to measure HNF3nRNA expression (Eleswarapu and Jiang 2005). Thid¢Acplasmid
used to synthesize the antisense probe for ribeaselprotection assay (RPA) of total IGF-I
MRNA was a pGEM-T-Easy based plasmid containinQGlp cDNA insert that corresponded
to 137 bp of exon 3 and 63 bp of exon 4 of the heVGF-1 gene (provided by Dr Matthew C.
Lucy from University of Missouri, Columbia, MO, USAKobayashi, et al. 1999). The bovine
glyceraldehyde-3-phosphate dehydrogenase (GAPDMN)Y cplasmid was described before

(Kobayashi et al. 1999).

Ribonuclease protection assay (RPA)
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To synthesize antisense RNA probes, 150 ng ofriined plasmids were mixed with 10
nmol of ATP, UTP, GTP, and 100 pmol of CTP (PromegapCi of *P-CTP (3,000 Ci/mmol,
10 mCi/mL) (PerkinElmer Life and Analytical Sciesc¢énc., Boston, MA, USA), 250 nmol of
DTT, 20 U of RNase inhibitor (Promega) and 1907 or SP6 RNA polymerase (Promega) in
1 x transcription buffer (Promega). The mixture wasubated at 37 °C for 1 h and then treated
with 2 U of DNase | (Promega) at 37 °C for 20 masifmin). Theé’P-labeled probes were
purified with phenol-chloroform extraction followday filtration (1,100 x g at 4 °C for 4 min)
through Quick Spin Sephadex G-50 columns (Rochdiég®science, Indianapolis, IN, USA).

The RPA was carried out using the RPA II kit (Ammidwustin, TX, USA). Briefly, 20
ug of total RNA was mixed with 1 x 2@pm of HNF-3 or IGF-I antisense probe in a total
volume of 20uL hybridization buffer. In the RPA of IGF-1 and HNJy mRNAs, 1 x 16 dpm of
GAPDH antisense probe synthesized at 10-fold I@pecific activity was included as a loading
control. The mixture was incubated at 42 °C fohJ#hd then digested with 2QQ of 1:100
diluted ribonucleases A and &t 37 °C for 45 min. The ribonuclease-protectedARidgments
were then precipitated and resolved on 6% polyaamde gels containing 7 M urea. After gel
electrophoresis, the gels were dried and expospbdsphor screens. Exposed phosphor screens
were scanned on a Molecular Imager FX System (Bid-Raboratories, Hercules, CA, USA).
The densities of the protected bands were measisiagd thed mageJ software
(http://rsb.info.nih.gov/ij), and were used to regent the abundance of the corresponding
MRNA.

A sequencing ladder of the antisense strand 0289%bp HNF-3 DNA fragment was

generated by using tlimol DNA sequencing system (Promega) and primer 5’CATCAC
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TGAGCCCAGCAT3'. The primer was labeled witfP-y-ATP and T4 polynucleotide kinase as

described previously (Xu, et al. 2004). This sequemnladder served as a reference in the RPA

to determine the HNFy3mRNA transcription start site.

Cdl culture, transient transfection and luciferase assay

The CHO cells, a Chinese hamster ovary cell(ifek et al. 1958) (ATCC, Manassas,
VA) were grown in minimum essential medium (MEM)pglemented with 1 mM of sodium
pyruvate, 2 mM of L-glutamine, 100 U/ml of penimll 100ug/ml of streptomycin, and 10%
fetal bovine serum (FBS). The cells were culture872°C in a humidified 5% C{atmosphere.
All reagents used in cell culture were purchasethfSigma-Aldrich, Inc. (St. Louis, MO, USA).
In all transfection analyses, the CHO cells weetqal in 24-well plates at a density of 5 ¥ 10
well 24 h before transfection.

In the transfection analyses to determine GH respohthe HNF-8 promoter, 0.5ug of
promoter construct pGL2B-bHNFB or pGL2B-bHNF-3Pm, 0.5ug of bovine GHR
expression plasmid, Oy of STATS5b expression plasmid, and 1 ng of pRL-C[#fdnsfection
efficiency control) were transfected using FUGEN&sGhe transfection reagent (Roche Applied
Science). The medium was replaced with serum-frE®dN\24 h after the transfection, and the
cells were further cultured for 16 h. Subsequertkig,cells were treated with 500 ng/mL of
recombinant bovine GH (National Hormone and Peg@idegram, Torrance, CA, USA) or
phosphate buffered saline (PBS) (the vehicle fo) @H8 h. The cells were lysed for dual-
luciferase assay. In the transfection analysegterchine the ability of HNF33to activate the
IGF-I promoter, the CHO cells in each well werensfected with 0.;ig promoter construct

PGL2B-bIGF-IP, pGL2B-bIGF-IPm1, pGL2B-bIGF-IPm2, h@B-bIGF-IPm1m2, 0.5 of
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pcDNAS.1-bHNF-%, or empty vector, and 1 ng of pRL-CMV. The cellsrevlysed 48 h after
the transfection. The transfection efficiency wa%w

In the cell lysates, the firefly luciferase actyénd renilla luciferase activity were
measured using the Dual-Luciferase Reporter Asgates (Promega) according to the
manufacturer’s instructions. The luciferase acgtieixpressed from a promoter construct was
divided by that from pRL-CMYV in the same well torn@lize the variation in transfection

efficiency.

Nuclear protein extraction

Nuclear proteins were isolated from bovine livebofit 200 mg of fresh liver sample
was immediately homogenized at low speed in 6 niHB$ supplemented with a protease
inhibitor cocktail tablet (Roche Applied Scienc@)y mM sodium orthovanadate, 10 mM
sodium beta-glycerophosphate, 50 mM sodium flugiahel 5 mM sodium pyrophosphate. The
homogenate was centrifuged at 3,000 rpm for 10anh°C, and the pellet was washed once in
10 ml of ice-cold PBS. The nuclei were resuspendédolw-salt buffer (20 mM Hepes, pH 7.9,
25 % glycerol, 1.5 mM MgGJ 0.02 M KClI, 0.2 mM EDTA) supplemented with prageaand
phosphatase inhibitors as described above. Theinuele lysed by addition of an equal volume
of high-salt buffer (20 mM Hepes, pH 7.9, 25% ghgtel.5 mM MgC}, 1.2 M KCI, 0.2 mM
EDTA) and incubation on ice for 30 min. The lysedtlei were pelleted by centrifugation at
14,500 rpm for 30 min. The supernatant was colttatel dialyzed in a dialysis buffer (20 mM
Hepes, pH 7.9, 25 % glycerol, 100 mM KCI, 0.2 mMER) for 2 h at 4 °C. The dialyzed
nuclear protein was centrifuged at 12,000 rpm fbnin at 4 °C and the supernatant was

collected. Protein concentration was measured wsBig-Rad Protein Assay Kit (Bio-Rad).

Electrophoretic mobility shift assay (EMSA)
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Complimentary oligonucleotides corresponding tapué STATS or HNF-3 binding
sites (Table 2) were annealed by heating to 9®PQA@ min in DNA polymerase buffer and
slowly cooling to 25 °C over 1 h. Approximately 508 of double-stranded oligonucleotides
were end-labeled witffP using 1uL of T, polynucleotide kinase (promega) andl2[y->2P]

ATP (30 Ci/mmol, 2 mCi/mL) (PerkinElmer Life and Alytical Sciences, Inc.) for 1 h at 37 °C.
The3?P-labeled probes were purified with phenol-chlorof@xtraction followed by filtration
through Quick Spin Sephadex G-25 columns (Rochdiég®science). The activity of the
probes was estimated by liquid scintillation congti

Tenpug of nuclear proteins were incubated with 1 X dpm of *?P-labeled
oligonucleotide probe in reaction buffer contain2@o glycerol, 20 mM Tris-HCI, pH 7.5, 100
mM KCI, 1 mM dithiothreitol, 1 mM EDTA, and g2g poly(dI-dC) for 90 min at 4 °C. For the
STATS oligonucleotide super-shift assays,ud0of nuclear protein were incubated witin@ of
anti-STATS antibody (sc-835, Santa Cruz biotechggldnc., CA, USA) or 21g of rabbit
preimmune serum in the reaction buffer for 1 h & dbefore being incubated with the labeled
oligonucleotide. Similar reactions were set upH®F-3 oligonucleotide super-shift assays,
where 2ug of anti-HNF-3 (sc-6553), anti-HNF{3(sc-6554), anti-HNF-8(sc-5361) (Santa
Cruz Biotechnology Inc.), or goat preimmune seruenenused. The labeled oligonucleotide was
added and the reaction was further incubated foatl4 °C for the STAT5 oligonculeotide and
overnight at 4 °C for the HNF-3 oligonucleotideor Eompetitive gel-shift assays, tHe-
labeled oligonucleotide was incubated with nucfgatein in the presence of 1x, 10x, and 100x
molar excess of unlabeled oligonucleotide. Follaptme incubation, the DNA-protein mixtures
were resolved on native 6% polyacrylamide gelseAdiectrophoresis, the gels were dried,

exposed to phosphor screens, and scanned on awWéoléoager FX System (Bio-Rad).
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Chromatin immunoprecipitation assay (ChlP)

The principle of this assay is presented in Figufe Nuclei were isolated from 200-300
mg of fresh liver samples as described for nugbeatein extraction. The pelleted nuclei were
resuspended in 350 of shearing buffer supplemented witlu2of phenyl methyl sulphonyl
fluoride (PMSF) and 2l of protease inhibitor cocktail (PIC) from the @RIT kit (Active Motif,
Carlsbad, CA, USA). The nuclei were subsequenthastd on ice with 10 pulses of 20 s
sonication using a sonic dismembrator Model 10€e#ing 3 (Fisher Scientific). Under these
conditions, the chromatin was sheared to fragm20@sto 500 bp long. The sheared chromatin
was either stored at -80 °C or immediately immugojpitated. The immunoprecipitation of the
sheared chromatin was performed using a ChIP-|fdlbwing the manufacturer’s directions
(Active Motif) with minor modifications. Briefly, 4ug of sheared chromatin was mixed with 25
ul of protein G-Dynal magnetic beads (InvitrogenpgBof STATS antibody (sc-835; Santa Cruz
Biotechnology, Inc.) or g of HNF-3 antibody (sc-5361; Santa Cruz Biotechnology, lircg
final volume of 20Qul of ChIP buffer 1 and was incubated overnight &4The
immunocomplexes binding to the protein G-Dynal negnbeads were collected using a
magnetic stand. The pelleted magnetic beads weskegsstringently by resuspending them in
800ul of ChIP buffer 1. The beads were collected usimgagnetic stand and the supernatant
was discarded. This washing step was repeated.t®idesequently, the magnetic beads were
washed six times with 8Qd ChlIP buffer 2. After washing, the immunocomplexese
resuspended in 2Q0 of elution buffer and cross-linking was reverssdovernight incubation at
65 °C. Simultaneously, dg of sonicated chromatin without being immuno-ppéaied, i. e.,
“input” chromatin, was also reverse cross-linkeagb&quently, the magnetic beads from reverse

cross-linked input and immunoprecipitated chromaéimples were pelleted and the supernatant
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was collected. The eluted chromatin was treated 2l of proteinase K at 37 °C for 1 h.
Subsequently, 200 of phenol-chloroform mixture was added to the gerand centrifuged for

10 min at 13,000 rpm. The supernatant was colléatedresh tube and three times the volume
of 100% ethanol and 1/10 th of total volume of 3dlium acetate (pH 5.2) were added and the
DNA was precipitated by placing it in -80 °C for radhan 2 h. The DNA was pelleted by
centrifuging the sample at 13,000 rpm for 10 mid &. The supernatant was discarded and the
DNA pellet was washed with 5Q0 of 70% ethanol. After washing, the DNA pellet was

dried and resuspended in sterile water, and the Ddi¥entrations were measured using a
spectrophotometer at 260 nm wavelength.

The enrichment of DNA fragments from their corrasgiag antibody-precipitated
chromatin samples was determined by semi-quan&t&CR using 2x PCR Master Mix
(Promega) and sequence-specific primers (Table Bach PCR, a GAPDH promoter region
was also amplified. The GAPDH promoter was not eigubto be bound by STATS5 or HNF-3
because it does not contain a putative STATS or 3Ninding site, and is not regulated by GH
(Eleswarapu and Jiang, 2005). Similar PCR was padd on “input” DNA. The PCR
conditions were 30 cycles of 94 °C for 30 secoB@s;C for 1 min, and 72 °C for 2 min. The
PCR products were resolved through standard aggedseRelative enrichment of DNA was
obtained by densitometric analysis of the PCR petgltlhe density of the promoter DNA in a
ChIP sample was normalized against that of the g2l in the input sample the normalized

intensities were compared between the GH-treatdatantrol samples.

Statistical analysis

The statistical significance of the differencevrstn two means in a given experiment

was determined using student®st. Means of more than two groups were exanfimed
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statistical significance using ANOVA followed byetf ukey’s test. All the statistical analyses
were performed using the General Linear Model 08%8AS Institute, Inc., Cary, NC). All data

are expressed as mean = standard error of the mean.

Results

Tissue distribution of HNF-3y mRNA in cattle

Based on RPA, HNFyBmRNA was expressed at high levels in the liver Ay mRNA
was also detectable in the small intestine (Figu2g. Expression of HNFy3mRNA was not
observed in other tissues examined, including kieéetal muscle, lung, spleen, heart, kidney,
testis, mammary gland, rumen, pituitary, cereboalex, and hypothalamus (Figure 3.2). In both
liver and small intestine, three ribonuclease-pret HNF-3 mRNA fragments were detected
(Figure 3.2). These three fragments correspondéetiNte-3y mRNA transcripts transcribed from

three different start sites (see below).

Transcription start sitesfor HNF-3y mRNA in liver

The RPA using the antisense probe generated fr289 &p HNF-3 genomic DNA
region, which was expected to cover the transompsiart site, generated three protected HNF-
3y mRNA fragments from liver (Figure 3.3). Each fragmreflected a different transcription
start site. Based on the sequencing ladder ofritisemse strand of the same 239 bp DNA
fragment, the most abundant fragment corresporalefNF-3y mRNA transcribed from the
nucleotide 29 bp downstream from a putative TATA fiéigure 3.3). The two less abundant
bands placed two additional transcription stadssét 23 bp and 33 bp downstream from the

TATA box (Figure 3.3).

Effects of GH on hepatic HNF-3y and | GF-l gene expression in cattle
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Liver expression of HNF4BmRNA in the cows 24 h after GH administration aagher
(P < 0.05) than before GH injection (Figure 3.4A). Therence in HNF-3 mRNA expression
was more than two fold (Figure 3.4B). The RPA oFi{GNRNA generated two ribonuclease-
protected fragments across the liver samples (Ei§uwA). The higher molecular weight band
corresponded to major IGF-1 mRNA sequences. Thetonolecular weight band, which
appeared in the same expression pattern as therlbghd across the samples (Figure 3.4A),
probably represented a splice variant of IGF-l mRNAe GH administration increased liver
IGF-1 mRNA expressionR < 0.05) by three fold (Figure 3.4B). The GH admirsisbn had no

effect on liver expression of GAPDH mRNA (Figur8A).

Bovine HNF-3y promoter contains a conserved STATS binding consensus site

Since STATS is the major transcription factor ilwed in GH regulation of gene
expression in the liver (Herrington and Carter-801), we thought that STAT5 might also
mediate GH regulation of HNFy&xpression and therefore searched for the presdmeative
STATS binding sites in the HNFyJromoter. The search revealed two consensus STATS
binding sequence (Figure 3.5A), TTCNNNGAA, wherésNiny nucleotide (Darnell 1997). A
sequence alignment of the corresponding DNA regoditBe bovine, mouse, rat, horse, dog,
human, and chimpanzee genomes revealed that tkienaidqutative STATS binding site was
conserved across these species (Figure 3.5B). &goéatory elements are often evolutionarily
conserved (Boffelli, et al. 2004; Prakash and To@2@a5), the conserved STAT5 binding site in

HNF-3y promoter might play a role in mediating GH regulatof HNF-3y gene expression.

GH stimulated STATS binding to the HNF-3y promoter in the bovine liver
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Since the HNF-Bpromoter contains two putative STATS binding site@s next
determined whether the HNR-Bromoter is bound by STATS in bovine liver, usidiglP
assays. As shown in Figure 3.6, anti-STAT5 antyqorebcipitated more of the HNF3
promoter DNA containing the two putative STAT5 bimglsites from GH-treated liver than
from control liver. On the other hand, anti-STAT&ibBody did not precipitate detectable
GAPDH promoter DNA (Figure 3.6), which does not tzom a putative STAT5S binding site,
from either GH-treated or control liver. In input€., no antibody) liver chromatin, the
abundance of HNFy3promoter DNA was not different between GH-treaded control livers
(Figure 3.6). These ChIP assays indicate that @keased the binding of STATS to the HN{-3
promoter in bovine liver. This increased bindingsvessociated with GH-stimulated HNf-3
gene transcription in liver (Figure 3.4), suggestinat GH may increase HNR-8xpression in

liver by stimulating the binding of STATS5 to the HMN8y promoter.

The conserved STATS5 binding sitein the HNF-3y promoter was able to bind to STAT5 in vitro

We next performed EMSA to determine whether the partative STATS binding sites
in the HNF-3 promoter can bind directly to HNFR-protein. As shown in Figure 3.7A, an
oligonucleotide corresponding to the proximal STAsNBdIng site, or STATS5 site 2, formed two
DNA-protein complexes (denoted B1 and B2 in therfeg3.7A) with liver nuclear proteins from
the GH-injected cows. STAT5 can bind to DNA sequeimcthe form of dimer or tetramer (John,
et al. 1999). As complex B2 moved more slowly tBan we speculate that B1 complex might
contain a dimeric form of STAT5 and the B2 compdetetrameric form of STAT5. The
oligonucleotide corresponding to the distal STATB,0r STATS site 1, did not form a DNA-
protein complex with bovine liver nuclear prote(ffsgure 3.7A), indicating that this putative

STATS5 binding site is not a real STATS binding siBmpetitive gel-shift and supershift assays
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were performed to confirm the specificity and preseof STATS in the DNA-protein complex
formed with the putative STAT5S binding site 2. hetcompetitive gel-shift assay, the DNA-
protein complex was competed away by a molar exdéssor 100-fold) of unlabeled
oligonucleotide corresponding to STAT5 binding &tdut was not affected by the same molar
excess of an oligonucleotide unrelated to STATSlinig site (Figure 3.7B). The same DNA-
protein complex was supershifted by addition of SHATS5 antibody, whereas it was not
affected by addition of the preimmune serum (Figui®C). The results of these competitive gel-
shift and supershift assays demonstrated the pres#rthe STATS protein in the DNA-protein
complex formed between the proximal STAT5 bindiitg & the bovine HNF-Bpromoter and

GHe-activated STAT5 protein from bovine liver.

The HNF-3y promoter was able to mediate GH-induced STATS5 activation of reporter gene

expression in a STATS binding site-dependent manner

We determined whether the HNF-Bromoter can mediate GH-induced STATS
activation of reporter gene expression, using eaosfection analysis. In this cotransfection
experiment, a bovine HNFrromoter-reporter construct was cotransfected aitlGHR
expression plasmid and a STAT5b expression plasitedCHO cells. GH treatment of the
transfected CHO cells caused a 2-fold increasedifidrase activity expressed from the HNf-3
promoter plasmidR < 0.05, Figure 3.8). We next determined whetherrgsponse of the HNF-
3y promoter to GH is dependent on the proximal STAIling site in the promoter. As shown
in Figure 3.8, mutation of the proximal STAT5 bindisite completely abolished the GH
response of the promotd? € 0.05). This indicates that the proximal STAT5 hngdsite in the
HNF-3y promoter is essential for the GH response of tbenpter. The results of the above gel-

shift, ChIP assays, and co-transfection analysgsa@tthe hypothesis that GH increases HNF-
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3y expression in bovine liver by stimulating the birglof STATS to the proximal STATS

binding site in the HNF-+Bpromoter.

The bovine I GF-I promoter contains three putative HNF-3 binding sites

Sequence analysis of a 2-kb bovine IGF-I prom@eealed three putative HNF-3
binding sites (Figure 3.8A). All of them were ngadentical to consensus HNF-3 binding
sequence, 5 WRRRYMAAYA 3, where Wis Aor T; RAsorG; YisCorT; MisAorC
(Roux, et al. 1995). The putative HNF-3 binding ditcorresponded to a HNF-3 binding site
previously identified in human IGF-1 promoter (Naitet al. 1996). A sequence alignment of the
corresponding DNA regions of the bovine, mouse,hatse, dog, human, and chimpanzee
genomes revealed that all three putative HNF-3ibmdites were conserved in these species

(Figure 3.9B).

GH stimulated HNF-3y binding to the | GF-1 promoter in bovine liver

Whether GH increased HNFR-8inds to the IGF-I promoter in bovine liver was
determined using ChIP assays. The assays indittzied HNF-3 antibody precipitated more of
the IGF-1 promoter region containing the putativdiH3 binding sites from GH-treated liver
than from control liver (Figure 3.10). In one oétBhIP assays, the HNF-antibody did not
precipitate detectable GAPDH promoter from eitlmer GH-treated liver or the control liver
(Figure 3.10). In two ChIP assays, the HNFaBtibody appeared to precipitate some GAPDH
promoter DNA, but the amount of DNA precipitatedsweot different between GH-treated liver
and control liver. This precipitation of GAPDH proter by HNF-3 antibody probably does not
indicate HNF-3 binding to the GAPDH promoter, as the GAPDH proen¢dcks any putative

HNF-3y binding sites. Rather, it probably reflected aitineomplete removal of the unbound

82



chromatin during the ChIP procedure or high ledeian-specific binding of the HNF3
antibody to the GAPDH promoter chromatin. There waglifference in the IGF-I promoter
abundance amplified from input chromatin from GEated and control livers (Figure 3.10).
These results together indicated that GH incredse8inding of HNF-3 to the IGF-I promoter

in bovine liver.

Two putative HNF-3 binding sitesin the | GF-I promoter were able to bind to HNF-3y in vitro

Whether the putative HNF-3 binding sites in theibe IGF-I promoter can bind
directly to the HNF-3 protein from bovine liver wdstermined by gel-shift assays. The gel-shift
assays showed that oligonucleotides correspondibgth the HNF-3 binding site 1 and site 2
formed a DNA-protein complex with nuclear protefream control and GH-injected cows
(Figure 3.11A), whereas the putative HNF-3 bindsitg 3 did not (Figure 3.11A). The HNF-3
site 1 complex was much stronger than the sitenZotex (Figure 3.11A). Competitive gel-shift
and supershift assays were done to determine gwfisfty of the complex and the presence of
HNF-3 proteins in the complex, respectively. TheAprotein complex formed by the HNF-3
binding site 1 oligonucleotide was completely cotegeaway by 100-fold molar excess of the
same unlabeled oligonucleotide (Figure 3.11B),datiing that the interaction between this site
and liver nuclear protein was specific. The DNA#pin complex formed by putative HNF-3
binding site 2 was not competed by as much as @@0rfiolar excess of the unlabeled
oligonucleotide (Figure 3.11B), suggesting thas tomplex might be non-specific. The DNA-
protein complex formed by the putative HNF-3 birglgite 1 was supershifted by addition of the
HNF-3y antibody, but not by the HNFe3r preimmune serum (Figure 3.11C). These results
indicated the presence of HNF-® the DNA-protein complex formed with putative HN

binding site 1. The complex formed between theasligcleotide and GH-treated liver nuclear
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protein was denser than the complex with contu@rlnuclear protein. This difference reflected

the increased expression of HN##otein in the GH-treated liver.

The I GF-1 promoter was able to mediate HNF-3y activation of reporter gene expression

Cotransfection analyses were performed to determirether HNF-3 can activate
reporter gene expression from IGF-I promoter. Wearsfected a bovine IGF-I promoter
reporter construct with either HNF-8&xpression plasmid or pcDNA3.1 (empty vector). As
shown in Figure 3.12A, cotransfection of HN#iBcreased luciferase activity from the IGF-I
promoter construct more than 8-fold as comparemtansfection of pcDNA3.1P(< 0.05). We
next determined whether the putative HNF-3 bindiitg 1 and site 2, which were indicated to
bind to liver HNF-3 by the above gel-shift experiments, are necedsathe response of IGF-I
promoter to HNF-3. As shown in Figure 3.12B, mutation of HNF-3 bimglisite 1 (pGL2B-
bIGF-IPm1) decrease® < 0.05) the response of IGF-I promoter to HNFBY 64%, suggesting
that HNF-3 site 1 is a strong transactivation siir.the other hand, mutation of HNF-3 site 2
(pGL2B-bIGF-IPm2) did not cause a significant deseP > 0.1) in the response of IGF-I
promoter to HNF-3 (Figure 3.12B), or did not further reduce the mese of the site 1 mutated
IGF-I promoter to HNF-3 (Figure 3.12B). These results indicated that robste response of
the IGF-1 promoter to HNF38is mediated by HNF-3 site 1. However, mutatiotidf--3
binding site 1 or both HNF-3 binding sites 1 andi®not completely block HNFs3activation
of the IGF-I promoter (Figure 3.12B), suggestingttAHNF-3y may bind to other regions or

induce other factors to activate IGF-I promoter.
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Discussion

In this study, we have shown that HN{48 expressed in liver and small intestine of
cattle. In mice HNF-3mRNA is expressed not only in liver but also istig heart, and several
other tissues (Kaestner, et al. 1994). Expresdi¢iNg--3y mRNA was not observed in bovine
testis and heart, indicating a potential speciexi§ip difference in HNF-3 mRNA expression.

It is also possible that the animals used in thidyswere not in the right physiological stage for
expressing HNF48mRNA in those tissues. In this study, we also meit@ed the transcription
start site of bovine HNF33 Bovine HNF-F mRNA is transcribed from three start sites, lodate
23, 29 and 33 bp downstream from a putative TATA inathe HNF-3 gene. Similar locations
of transcription start sites have been reportedifermouse and human HNF-8IRNAs
(Kaestner et al. 1994; Navas, et al. 2000).

We previously showed that GH caused strong ancisest increases in HNF-3nRNA
expression in bovine liver (Eleswarapu and Jiar@b20T his effect of GH on HNF33
expression was confirmed in this study. STATS &stajor transcription factor involved in GH
regulation of gene expression in liver (Herringtord Carter-Su 2001). The bovine HN{-3
promoter contains two consensus STATS5 binding siese we have shown that GH increased
binding of STATS5 to the HNFs8promoter in liver and that this increased bindiveas
associated with increased HNF3RNA expression in liver. These results suggest3TATS
mediates GH regulation of HNF-@&xpression in liver. The two STATS binding siteghe
HNF-3y promoter are located in the proximal promoteraegind both adhere to the STAT5
consensus sequence TTCNNNGAA (Darnell 1997). Howéiwased on gel-shift assays, only the
conserved proximal STATS binding site in the HNfFg8omoter bound to GH-activated STATS

from bovine liver, suggesting that it is this STABIding site that mediates the binding of
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STATS to HNF-3 promoter in bovine liver. Moreover, in cotransfentanalyses, the proximal
STATS binding site in the HNFy3promoter was found to be necessary for GH-actvati
further suggesting that the proximal STAT5 bindsig plays an important role in mediating GH
regulation of HNF-3 gene expression in liver. Although the distal SBAJinding site is
identical to the consensus STAT5 binding sequeahdél not bind to the GH-activated STAT5
from bovine liver. Unlike the proximal STAT5 bindjrsite, the distal STAT5 binding site in the
HNF-3y promoter is not conserved. Furthermore, the semehthis STAT5 site is not identical
to any of the experimentally demonstrated STATSlinig sites found in IGF-I (Eleswarapu et
al. 2008; Wang and Jiang 2005; Woelfle et al. 200G receptor (Jiang, et al. 2007)(Jiang, et
al. 2007), SOCS2 (Vidal, et al. 2007), HNF-6 (Laauet al. 2000), CYP2A2, CYP4A2, and
CYP2C11 genes (Park and Waxman 2001). In a prewimay, we also found that some STAT5
consensus sequences did not bind to STATS (Elepwatal. 2008). Thus, a consensus STAT5
binding site is not necessarily a true STATS bigdsite. In other words, the nucleotides in NNN
of TTCNNNGAA might determine the affinity of thegence for STATS too.

The promoter of bovine IGF-I gene contains thretpee HNF-3 binding sites. This
study showed that GH increased the binding of HMEe3he IGF-I promoter in bovine liver
and that this increased binding was associatedingtieased IGF-I mRNA expression in liver.
In cotransfection analyses, HNF-&as able to increase reporter gene expressiontirertGF-I
promoter. These results suggest that HNFFa8Jht mediate GH regulation of IGF-1 gene
expression in liver. Of the three putative HNF-Bding sites, only putative HNF-3 binding site
1 was able to bind to GH-stimulated HN#48om bovine liver. In cotransfection assays,
mutation of this HNF-3 binding site caused sigmfitreduction in HNF-Bactivation of IGF-I

gene expression. This HNF-3 binding site is alemidal to one of the two HNF-3binding sites
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in the human IGF-I promoter (Nolten et al. 199&)e3e results suggest that it is this HNF-3
binding site that mediates the binding of HNFt8 the IGF-1 promoter in bovine liver.
However, the mutation of putative HNF-3 bindingesitdid not totally abolish the response of
IGF-1 promoter to HNF-3 This suggests that HNF-8nay activate IGF-1 promoter by binding
to additional HNF-3 binding sites in the IGF-I protar. Alternatively, HNF-3 may activate the
IGF-I promoter through an indirect mechanism. Quehsadditional HNF-3 binding site might
be located 16 bp downstream from the HNF-3 binditgyidentified in this study, because the
corresponding region in the human IGF-1 promotes demonstrated to bind to HNF-@Nolten
et al. 1996). This potential HNF-3 site was notstd in this work because it was not identified
as a putative HNF-3 binding site by the TF searcgm@am (Heinemeyer, et al. 1999). Taken
together, these results suggest that GH-increadée 3} may bind to IGF-I promoter in liver
and thereby increase IGF-I expression.

GH increases mRNA expression levels of HNMAs8t not HNF-8 in bovine liver. GH
also increases HNFs3xpression in bovine liver, but this increaseassient (Eleswarapu and
Jiang 2005). In this study, we have shown that @dfidases the HNF¢3jene transcription
through STATS and that the GH-increased HNMBds to the IGF-I promoter in bovine liver.
Therefore, GH-increased HNFR-8ay contribute to GH-increased IGF-I mMRNA expressn
bovine liver. Hypophysectomy decreases HNFe@pression in rat liver, and GH increases
HNF-3y expression in the hypophysectomized rat liver (lceh et al. 1997). The identified
STATS binding site in the bovine HNR-promoter is also conserved in other mammals,
including rodents. Therefore, GH may regulate HNFegpression through STAT5 in rodent
liver as well. Some earlier studies, however, icgike a role of HNF{8in GH regulation of

liver IGF-1 gene expression in rodents. The mRNAression of HNF-8 was increased by GH

87



in rat liver (Lahuna et al. 2000). Mice with truted GH receptor had reduced HNF{&otein

in liver (Rowland et al. 2005). Furthermore, theH&lF-33 was able to bind to human IGF-I
promoter and was also able to transactivate IGie#inpter in cotransfection experiments
(Nolten et al. 1996). These studies seem to sugigasGH may regulate the expression of IGF-I
in rodent liver by increasing the expression of HB- However, transgenic mice over-
expressing HNF{8showed decreases in IGF-I mRNA expression in fRausa, et al. 2000).
Adenoviral overexpression of HNB-&lso decreased IGF-I mRNA expression in mouse live
(Tan, et al. 2002). These results suggest that gnergh GH might increase HNF-&xpression,
this increased HNFf8may not necessarily lead to increased IGF-1 gapeession in the liver.
The transcriptional activity of HNFf3in hepatocytes is dependent on its phosphorylatiaie
(Wolfrum, et al. 2003). The HNFXontains a phosphorylation site for protein kinBse
(PKB/AKT), whereas HNF-Bdoes not contain this phosphorylation site (Waifret al. 2003).
Upon activation of the phosphatidylinositol-3-kieg®1-3K) and AKT pathway in liver, HNF-
3B gets phosphorylated and this phosphorylation @seits transcriptional activity (Wolfrum
et al. 2003). Since GH can activate the PI-3K-AKalhpvay (Ji, et al. 2002), it would be
reasonable to speculate that the transcriptiortadigoof HNF-3p is inhibited by GH despite its
increased expression is by GH in liver.

The mechanism by which HNF:3egulates IGF-1 gene expression in bovine lives wa
not further investigated in this study. Howeversdxhon the literature, HNF:3nay regulate
IGF-I gene expression by two possible mechanisms.fifst mechanism is that HNR-8inding
to the IGF-1 promoter alters the IGF-I promoterarhatin structure and thereby enhances the
binding of RNA polymerase Il and other transcriptfactors. This reasoning is supported by the

observation that HNF-3 proteins can open highly gacted chromatin in a manner not requiring
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the SWI/SNF chromatin remodeling complex (Cirik,al. 2002; Holmqvist, et al. 2005; Zhao,
et al. 2007) and enhance the binding of RNA polyserll to the gene promoters (Zhao et al.
2007) and/or promote binding of other transcripfiactors (Cirillo et al. 2002). The chromatin
remodeling activity of HNF-3 proteins is due to #iglity of their C-terminal domains to
interact with core histones H3 and H4 (Holmqvisale005). The second possible mechanism
is that HNF-3 directly recruits RNA polymerase Il to the IGF+bmoter independent of
chromatin structure because HN{€an increase reporter gene expression from “nak@g-|
promoter in cotransfection analyses.

HNF-3y binding induces DNA bending and this bending mexylitate interaction
between proteins bound to distant sites by loopunghe intervening DNA (Pierrou, et al.
1994). STATS is the major transcription factor itwed in the IGF-I gene expression. Moreover,
the STAT5 binding sites in IGF-I gene are distaftlyated from the IGF-1 promoter. Therefore,
it is reasonable to speculate that binding of HNFe3the IGF-I promoter may induce bending
of the IGF-I DNA and this bending may facilitatéeraction between HNFy3and distantly
bound STATS to regulate IGF-I gene expression. Harewve did not observe any synergistic
effect of HNF-3 and STAT5 on GH-activation of IGF-I promoter pladroontaining STATS
enhancer regions in CHO cells (unpublished datagnhains to be studied whether there is any
interaction between HNFyaand STATS in GH regulation of IGF-I gene expresdiothe liver.

In summary, the results of this study suggest@tatincreases the HNF3jene
transcription through STATS and that the GH-incesbBINF-3 binds to the IGF-1 promoter and
thereby increases IGF-I gene transcription in beviver. GH-activated STAT5 is known to
directly stimulate IGF-I transcription in liver @ warapu et al. 2008; Wang and Jiang 2005;

Woelfle et al. 2003). Therefore, in addition to thell-established mechanism of direct action,
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GHe-activated STAT5 may also indirectly stimulateFigene transcription through enhancing

HNF-3y gene expression in the liver.
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Table 3.1.Primers used in study 2

Name Sequence Chromosomal Application Amplicon
Location? size (bp)
chrl8
bHNF3gRPAF1 GAGCGGGCGGGATCCGAGG 53170446-53170685 Cloning 239
bHNF3gRPAPR1 CATCTTCACTGAGCCCAGCAT
chrl8
bHNF3gPF1 ATGCTAGCCGCCGGGAAATGGAGTC 53169726-53170686 Cloning 961
bHNF3gPR1 GCAAGCTTCATCTTCACTGAGCCCAGCAT
chrl8
bHNF3gPChIPF1 ~ AGCCCTTCATTTCCGTCTTT 53169816-53169935 ChiP 120
bHNF3gPChIPR1 AGGGAGCAGAGTCTTCGTGA
chrs
bIGF-IP1921F1 TTCGGTACCACAGTGTCTGTGTTTTGTA 71195851-71198044 Cloning 2185
bIGF-IPR2 AAACTCGAGCAGCAAAATTTGAGGGCAAT
chrs
bIGF-IPChIPF1 TTTGCCAGAAGAGGGAGAGA 711987941-71198101 ChiP 161
bIGF-IP1ChIPR1 GCAGGCTCTATCTGCTCTGAA
chrb
bGAPDHPF1 ACTACTCTCCCGCAGTGCTC 110663999-110664184 ChiP 185
bGAPDHPR1 AGTAGTCGGCCTACCGCTTT
chrl8
bHNF3gPm2F TGGAGGCTGCGGCCGBTGGAGTTCA 53169726-53169921 STAT 5 site
mutagenesis
chrl8
bHNF3gPm2R TGAACTCCATGCGGCCG®B®GCCTCCA 53169726-53169921 STAT 5 site

bIGF-IP1921m1F1

bIGF-IP1921m2F1

bIGF-IP1921m2R1

TTCGGTACCACAGTGTCTGTGTTTTGTGCG
GCCGAGTGAGGATTTTCTCTAAAT

GTGATTTCTTGAGCGGCCGCGGATTTCTT
ACTC

GAGTAAGAAATCGCGGCCGCGOCAAGAA
ATCAC

chrb
71198000-71198044

chrs
71197734 -71197764

chrs
71197734 -71197764

mutagenesis

HNF-3 site 1
mutagenesis

HNF-3 site 2
Mutagenesis

HNF-3 site 2
mutagenesis

Al sequences are written from 5’ to 3". The topsence of a pair of primers is the forward
primer and the bottom sequence the reverse pridreterlined are restriction enzyme
recognition sites added for cloning or mutagenésitiese correspond to the locations in the

Bovine October 2007 Assembly at the UCSC GenomevBeo (http://genome.ucsc.edu).
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Table 3.2.0ligonucleotides used in the gel-shift assays ud s

Name Sequence Chromosomal Locatiorf

bHNF3gP STATS sitel F1 CCTCTCCITCTGCGAA GCCC chr18: 53169792-53169811
bHNF3gP STATS sitel R1 GGGCITTCGCAGAA GGAGAGG

bHNF3gP STATS site2 F1 GAGGCTITCTGGGAA ATGGA chr18: 53169897-53169916
bHNF3gP STATS site2 R1 TCCATTTCCCAGAA GCCTC

bIGF-IP HNF-3 sitel F1 TTGTAGATAAATG TGA chr5: 71198041-71198057
bIGF-IP HNF-3 sitel R1 TCACATTTATCTA CAA

bIGF-IP HNF-3 site2 F1 TTGAAGGTAAATA TTT chr5: 71197733-71197756
bIGF-IP HNF-3 site2 R1 AAATATTTACCTT CAA

bIGF-IP HNF-3 site3 F1 GTGTACTGTTTGCTTC T chr5: 71197673-71197702
bIGF-IP HNF-3 site3 R1 AGAAGCAAACAGTACA C

!All sequences are written from 5’ to 3'. The togsence of a pair of oligonucleotides is the
sense oligo and the bottom sequence the antiségee The core sequences of the STAT5 and
HNF-3 binding sites are indicated in bofdThese correspond to the locations in the Bovine
October 2007 Assembly at the UCSC Genome Browsgr.flgenome.ucsc.edu)
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Table 3.3.Plasmids constructed and used in study 2

Construct name

Vector Cloning sites Correspondingdcations Notes
in GenBank*
pGEM-TbHNF-3239 pGEM-T easy EcoR | chrl8 Probe for RPA to determine
53170446-53170685 transcription start site
pcDNA3.1-bHNF-3 pCDNA3.1 EcoR I, Not | Acession # DQ157763* BovirBlF-3y expression plasmid
pGL2B-bHNF-3P pGL2B Nhe [, Hind IlI chrl8 Bovine HNF-3 promoter
53169726-53170686
pGL2B-bHNF-3Pm pGL2B Nhe [, Hind IlI chrl8 STATS binding site-mutated bovine
53169726-53170686 HNF-3y promoter
pGL2B-bIGF-IP pGL2B Kpn 1, Xho | chrs Bovine IGF-I promoter
71195851-71198044
pGL2B-bIGF-IPm1 pGL2B Kpn 1, Xho | chrs HNF-3 binding site 1-mutated bovine
71195851-71198044 IGF-I promoter
pGL2B-bIGF-IPm2 pGL2B Kpn 1, Xho | chr5 HNF-3 binding site 2-mutated bovine
71195851-71198044 IGF-I promoter
pGL2B-bIGF-IPm1m2 pGL2B Kpn 1, Xho | chr5

71195851-71198044

HNF-3 binding site 1 & 2-mutated
bovine IGF-I promoter

These correspond to the locations in the Bovinekst2007 Assembly at the UCSC Genome

Browser fttp://genome.ucsc.ejiur corresponds to GenBank atp://www.nlm.nih.gov
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cross-link protein to DNA in vivo using
formaldehyde Proﬁein

v
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14— shear or digest DNA
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purify DNA-protein-Ab complex
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Figure 3.1.Schematic representation of chromatin immunopr&ipn assay (ChIP). The
DNA-protein interactions are cross-linked by fordetiyde followed by shearing of chromatin
by sonication. The DNA-protein complexes are imnuanecipiated with antibodies of interest.
The cross-linking is reversed and the DNA is ex/d@nd the target DNA is anlyazed by PCR.
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Figure 3.2.Expression of HNF-BmRNA in bovine tissues. All tissues were from tagult
cows or bulls. HNF-8 mRNA expression was analyzed by ribonuclease giioteassay using a
probe specific for the 5’ portion of HNF3nRNA. In the same assay, GAPDH mRNA was
measured as a loading control and yeast RNA wadsdad as a negative control. Three
ribonuclease-protected HNR-81RNA bands and one GAPDH mRNA band are indicalee.
three protected HNFY3mRNA fragments correspond to three transcripteuifg in the
transcription start site.
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Figure 3.3. Mapping of the transcription start site for HN#+8RNA. Bovine liver total RNA
was analyzed by RPA using a riboprobe generated #@39 bp HNF-8DNA region spanning
the putative transcription start site. The riboeaske-protected HNF3nRNA fragments were
resolved in parallel with the sequencing ladderAGT, C) of the antisense strand of the 239 bp
HNF-3y DNA fragment. Three protected RNA bands (indicatétth asterisks) place three
transcription start sites at 23, 29 and 33 nudlestidownstream from a putative TATA box.
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Figure 3.4.Effect of GH on HNF-3 and IGF-I mRNA expression in cow liver. Liver RNom
six cows 24 h after GH administration and 1 wk bef@H administration (Control) were
analyzed for HNF-gand IGF-I mRNA expression. (A) Ribonuclease priavecassay (RPA) of
HNF-3y, IGF-I, and GAPDH (loading control) mRNAs. YeadtIR served as a negative control.
The ribonuclease-protected fragments of HNFIGF-I, and GAPDH mRNAs are indicated
with arrows. § indicates a potential IGF-I mRNAisplvariant. (B) Relative abundance of HNF-
3y and IGF-I mRNAs. The relative abundance of HNFaBd IGF-1 mRNAs was obtained by
densitometric analysis of the RPA images in panéltfe density of the protected HNF-8nd
IGF- mRNA band in each sample was normalized agairat of the protected GAPDH mRNA.
All values are expressed as means = S.E.M (n=bindicatesP < 0.05, compared to control.
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A.

gt cgct ggga aat ggagt cc actctgtacc agcgcctccg cccctgeccge gcgagcggcec - 752
putative STATS5 site 1
ttccgecectc tecttctgecg aagecccggge agecccttcat ttccgtcttt cgggecgecat -692
putative STATS5 site 2
gctcttggga aatgtagtcc tgtgacaggg gggcgggacg gaaggggggc tggaggettc -632
t gggaaat gg agttcacgaa gactctggtt ccctggacgg ctgatgttag attgaacaga -572
gt cggat agg cgaagctcct aggtcttgca ggttatctcc agtctcagcg ggatatgagc -512
agaggccccg atcccctcca cecttttgtcc tggccattta cacaatctgg agcacttcca -452
gttatcagac gctcagtctt ccagtccgtc caaagggaaa tgtggtttcg agggtctcct -392
accggtcctt atagtaatag taacacaacg ggacctctgg agaccactcg gctctgagcc - 332
ccctttccac tccaacaagt cttgctgget gttcgectge tccagttgag atgatgaaaa -272
ccct aagt ag aagggaccta gagttctgcc ctcgaggcett ttagaatgag caattgtttc -212
ccagttatag ctccctcact cttcagccgt ccccagctct ctcgtcceccg ggcetgeggat -152
cccggegect gaggtctctc tcctcgcaat cccgcagggg gcgeccccaat ccgggcgcac - 92
cgccctcggg gaggcgggag gggagcect ag 990%990939 ggcgggggtg tcccggetat -32
+
aaagcgt ggc cgcectcccgec ggecgecccggg acgact ggga ccctgggcga tcggacggac +28
gggcgecgggt cggaact cgg gcagt gccgg ccgagagat ¢ cgaaactctc ggttctcccc +88
gggccggaga gggggt gggt gggggcgcag gcccggggga tgct gggetc ggtgaagatg +148

g +149
B.
STATS site 1

Cow ccgccctcetcecttct gcgaage----- ccgggcagcccttcatttccg 43
Mouse ccgcccgecct ccececgggegt ccac- - cggageggce- cgeccatttcecg 45
Rat ccgcccgecctcecececgggegt ccac- - cggggcecgge-cgeccatttccg 45
Hor se ccgccc-tcccccgcaaat gacgact ccgggecagcacttcatttccg 47
Dog cccceccececgeccct acccgacgagg- - --cccgggagcattttatttccg 44
Human ctgcccgect ccatactacgg------ cgagcagacccttcatttccg 42
Chi npanzee ctgcccgcectccatactacgg------ cgaccagccccttcatttccg 42

STATS site 2
Cow aggctt ct gggaaat ggagt t cacgaagact ct ggt t ccct ggacggctg 50
Mouse aggctt ct gggaaat ggagtt cccagcggt ccggagt ccctctccec-tag 49
Rat aggctt ct gggaaat ggagtt cccagcggt ccggagt ccat ct ccc-tag 49
Hor se aggctt ct gggaaat ggagtt cacagaggt t ct gagt ccct ggacggctg 50
Dog aggctt ct gggaaat ggagt acacggt ggt t ct gagt ccct ggacggctg 50
Human agcatt ct gggaaat ggagt t ct cagt ggt gct gagt ccct ggacggctg 50

Chi npanzee agcattctgggaaat ggagttctcagt ggcgct gagt ccct ggacggetg 50

Figure 3.5 The bovine HNF-8 promoter contains two putative STATS5 binding si{é9
Sequence of a 961 bp promoter region of the badiNE-3y gene. The sequence corresponds to
a region between 53169726 and 53170686 of chrom®4@n the Bovine October 2007
Assembly at the UCSC Genome Browddgty://genome.ucsc.efiun bold underlined are the

two putative STATS binding sites. In bold italicizes the putative TATA box. Three
transcription start sites are indicated in boltidized underlined and the major transcriptiontstar
site is denoted as +1. The translation start cadb@ for HNF-3y protein is highlighted in a
shaded box. (B) Alignment of corresponding regiohsow, mouse, rat, horse, dog, human, and
chimpanzee HNF+8promoters. In bold are the putative STAT5 bindsitgs. The cow sequence
corresponds to region between -749 and -589 inlpgapéthis figure. The mouse, rat, horse,
dog, human, and chimpanzee sequences correspoagiaas 19609673-19609510 of
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chromosome 7 (July 2007 Assembly), 78377632-783F 0f @hromosome 1 (November 2004
Assembly), 16415901-16416066 of chromosome 10 @lgr2007 Assembly), 112649271-
112649433 of chromosome 1 (May 2005 Assembly), 8388-51058508 of chromosome 19
(March 2006 Assembly), 51493282-51493440 of chramas 19 (March 2006 Assembly)
respectively, at the UCSC Genome Browser.
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Figure 3.6.Chromatin immunoprecipitation (ChlP) assays of SBAInding to the HNF-3
promoter containing the putative STATS binding siite bovine liver. Cross-linked liver
chromatin from GH administered (+) and controlo@yvs was precipitated with anti-STAT5
antibody or was not immunoprecipitated (input), #melabundance of STATS binding sites-
containing HNF-3 promoter region and the GAPDH promoter region,clifdoes not contain a
STATS binding site (negative control), was quaetifby PCR. Shown are the agarose gel
images of PCR analyses of liver chromatin from 8naits. (B) Relative enrichment of HNFR-3
promoter DNA. The relative enrichment of HNIF4Bas obtained by densitometric analysis of
the ChIP images in panel A. The density of the H\fFpromoter DNA in Anti-STAT5 sample
was normalized against that of the HNfg8omoter DNA in input sample. All values are
expressed as means + S.E.M (n=3). *" indic&es 0.05, compared to control.
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Figure 3.7.Electrophoretic mobility shift assay of the putatS®TATS5 binding sites in the HNF-
3y promoter. (A) A*P-labeled double-stranded oligonucleotide corredjmgyto a putative
STATS binding sites (Site 1, and Site 2) were irateld with liver nuclear protein from GH-
treated (+) and control (-) cattle followed by padyylamide gel electrophoresis. STATS can
bind DNA sequence as a dimer or tetramer (Johh,elt39). We speculate that “B1” and “B2”
indicate dimer and tetramer DNA-protein complexespectively. (B) Competitive gel-shift
assay of the putative STAT5 binding site 2. In tBsay, thé’P-labeled STATS5 site 2
oligonucleotide was incubated with GH-treated limaclear proteins in the presence of 1 x, 10
X, 100 x molar excess of unlabeled STATS5 site Ardabeled oligonucleotide that did not
contain a STATS5 binding site. (C) Supershift asstghe STATS site 2 oligonucleotide. In this
assay, thé’P-labeled STATS5 site 2 oligonucleotide was incubatith GH-treated liver nuclear
proteins in the presence of anti-STATS antibodyi{&MATS) or rabbit preimmune serum. “S”
indicate supershifts of the DNA-protein complexB4™ and “B2”, respectively to “S1” and
“S2”. * represents non-specific bands.
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Figure 3.8.Co-transfection analysis of bovine HNk{&omoter in CHO cells. pGL2B-
bHNF3yP is a plasmid containing bovine HNF8romoter with an intact STAT5 binding site.
pGL2B-bHNF3Pm contained a mutation in STAT5 binding site coragao pGL2B-

bHNF3yP. The plasmid was co-transfected with GHR and SH &Xpression plasmids. Twenty-
four h after transfection, the cells were serumvaté for 16 h, followed by 500 ng/mL of GH or
PBS treatment for 8 h before dual-luciferase asgasiation in transfection efficiency was
controlled by co-transfecting pRL-CMV plasmid tlesicodes the Renilla luciferase. **’
indicatesP < 0.05 (n=4), compared to control.
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A.

acagtgtctg
t aaat ct cac
ctcaaaattg
ctcattattc

at cagcagtc

atttcttact
cttagaaatg
ttgct gaata
cacagatatc
t cagggcttg
t at agggcat
gaccatgttc
aact tgccag
t at t aaagct
ccagagagt c
actcctgctg
ggaaactttc
aagtttggac
ctctttaggt
ccctagttca
tttgcaagca
ttcatgatac
act acgactt
acct gat cct
aat gaagt ca
ttagactatc
act ccaaatg
cat aagtt gt
tctttcaaat
t act gt gagt
gact ggagt t
cttgattggg
t ggacaaaag
agatgctttc

c2 +1
ttcacat cag
atggttacac
ttattataac

Cow

Mouse

Rat

Hor se

Dog

Human

Chi npanzee

putative HNF-3 site 1

tgttttgtag ataaatgtga

t gt cact gct
aaat gt gaca
ctgctaacca

ttccaaccca

ctttgaagtc
ttcttcactt
tgcaattctg
t gt at gagt a
agtggt gtca
ggat at gaac
at gt gt at gt
gacttttgat
tttaaatatg
aaagt t agag
accttgcata
t agcaact gc
ttggggtttt
aaat tt ggct
agtttccatt
tttttaagct
gt ccct accg
ttcttagtca
gccgeccttg
gt at acacat
ct aaaagggg
aactttccat
tgctttttce
gt aat t caat
ct caagat at
t cggecccct g
aagagaagat
gcagtttacc
acaaacccca

tctcataata
ct acagt gag
ccagacat ct

tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc
tgtttcctgtctacagtgtctgtgttttgtagataaatgtgaggattttc

aaat t cagag
ttgctctcaa
attcatttcc

attatttaag

at t ggggaat
tagaattttc
t gggat ct ga
aaaactattg
ttat agaaga
ttttggattt
aggact gt gt
t acaaggcat
at ctttggag
tgaagtttca
ttcggat aat
tattccaagt
gtgttgtaaa
agcgttgtca
ct cagcaaaa
gctgtcactg
cttagtccag
agt cagt ggc
agat gccaag
atgctatatg
ctgtgtggtg
gctgtgtatg
tgtacttgga
gagt aaaggt
ttccaagt gt
t ccaggacgg
t gact caaat
caggct cat a
cccacaaagc

cccaccct ga
tattttcttg
ggaaccaat t

ggattttctc
cagat agagc
cat ct cccat
agactttgca

tgctgetttt

tttctttaaa
attgtttcgg
aaaaat agct
caaggt act t
ttcctttaaa
tttttgcagg
gtggttgtgt
gccacat aca
ct aaggt ccc
tttgctcttc
tt aaacaaat
tttttetttt
acgcggat tt
at gcact gac
ttatatcttt
gct ccccgat
cactcgtttg
ttaggagtta
at gcacactg
gt ct gacagc
ttatctctge
ctgaactttt
gcaggaagt g
gt ct gccagg
ttgagt caga
ct acaat agg
cccagcecegtg
gcat acct gc
agcacat gtt

cctgct gt aa
actattgccc
gata

c1
taaatccctc
ctgcgcaatg
ct ccct ggat
cttcagaagc

ttctgtttge
gaat aaagt ¢
ttctttttgc
aat gggaaaa

putative HNF-3 site 2

gtgatttctt gaaggtaaat

putative HNF-3 site 3
ttgtgtactg tttgcttctg

cact gggagt
ccgggagat a
at gct aaat ¢
tcct gt ct at
t gcagat gt't
gt gt gt gt gt
aagagt t acg
ggaact ct ct
t gaaaaagaa
gcacactgta
gaagaggact
tgtatttggg
ttcgectttc
caagact t gt
gcaatt gcct
ccgctttcaa
agaat acat ¢
gctaccttgce
tggggatttt
attaattaca
cagaagt aga
gtttcaggga
cagagct cac
gggaagaggg
cacacgat gg
caatttgttt

ct gggt gt cc
tttaagt cct

aagat ct gga
tcaaattttg

HNF-3 Site 1

tatttataaa
aatgcctttg
ctccacttct
ggt t aaggge
ttatttttaa
gt gt gt gt gt
ttttaaatga
gcacttat gc
ctccttaaga
t at ggaaagc
ct caggggcy
at t gt aaagt
caat aact gg
atttttccaa
gt gggct caa
gt act ccacc
cttgtcgggc
ttttaaaaga
gtctccctac
agt tt ggaaa
gct agct agce
gct acgt ggt
aagctgattg
cacaggggag
aaat cggt gg
att gt ct gaa
aaat gt aact
cagttttcta

acaaacaaaa
ctgggcattt

50
50

50
50
50
50

-1979
-1919
- 1859
-1799

-1739

-1679
-1619
- 1559
- 1499
- 1459
-1399
-1339
-1279
-1219
-1159
-1099
-1039
-979
-919
- 859
- 799
- 739
-679
-619
- 559
-499
-439
- 369
- 309
- 249
-189
-129
- 69

-9

+52
+112
+146
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HNF-3 Site 2

Cow tttaagtgctgcttttgtgatttcttgaaggtaaatatttcttactcttt 50
Mouse tttaagatctgcctctgtgacttcttgaaggtaaatatctcttacttttt 50
Rat tttaagatctgcctctgtgacttcttgaaggtaaatatctcttacttttt 50
Hor se tttaagtgctgettttgtgatttcttgaaggtaaatatttcttactcttt 50
Dog tttaagtgctgcttttgtgatttcttgaaggtaaatatttcttactcttt 50
Hurman tttaagtgctgettttgtgatttcttgaaggtaaatatttcttactcttt 50
Chi npanzee tttaagtgctgcttttgtgatttcttgaaggtaaatatttcttactcttt 50
HNF-3 Site 3
Cow gaagtcattgggg-aattttctttaaattgtgtactgtttgcttctgctta 50
Mouse taactcgttggag-aattgtatttaaactgtgtactgttttcttctgccta 50
Rat gcagtcgttggat-aattgtatttaaactgtgtactgtcttcttctgectg 50
Hor se ggagtcattgggg-aattttctttaaattgtgtactgtttgcttctgecta 50
Dog gaagt cattgggggaattttctttaaattgtgtactgtttgcttcttct-a 50
Human gaagtcattgggg-aattctatttaaattgtgtactgtttgcttctgccta 50
Chi npanzee gaagtcattgggg-aattttatttaaattgtgtactgtttgcttctgecta 50

Figure 3.9.The bovine IGF-I promoter contains putative HNBH3ding sites. (A) Sequence of
a 2185 bp promoter region of the bovine IGF-1 géiee sequence corresponds to region

between 71195851 and 71198044 of chromosome ®iBalkine October 2007 Assembly at the

UCSC Genome Browsehttp://genome.ucsc.ejlun bold underlined are the three putative
HNF-3 binding sites. The transcription start sgedlass 2 IGF-l mRNA (C2) is indicated in

bold italicized underlined and denoted as +1. Tlgntranscription start site for class 1 IGF-I
MRNA (C1) is indicated in bold italicized underlaheThe translation start codons ATG for class
1 and class 2 IGF-I mRNAs are highlighted in shaadex (B) Alignment of corresponding
regions of cow, mouse, rat, horse, dog, humanchidpanzee IGF-I promoters. In bold are the
conserved putative HNF-3 binding sites. The cowusage corresponds to region between -2040
and -1677 in panel A of this figure. The mouse, matse, dog, human, and chimpanzee
sequences correspond to regions between 87321822834 of chromosome 10 (July 2007
Assembly), 24531706-24532095 of chromosome 7 (Ndex3004 Assembly), 26118807-
26119182 of chromosome 28 (January 2007 Assen1yB5630-44286004 of chromosome 15
(May 2005 Assembly), 101398157-101398532 of chramwes12 (March 2006 Assembly),
103599713-103600088 of chromosome 12 (March 20G&mbly) at the UCSC Genome
Browser.
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Figure 3.10.Chromatin immunoprecipitation (ChIP) assays of Hdybinding to IGF-I

promoter in bovine liver. (A) Cross-linked liverramatin from GH administered (+) and control
(-) cows was precipitated with anti-HNF-antibody or without antibody (input), and the
abundance of the putative HNF-3 binding sites-dairtg IGF-1 promoter region and a GAPDH
promoter region that does not contain a putativé-F\binding site (negative control) was
guantified by PCR. Shown are the ChIP results afighals. (B) Relative enrichment of IGF-I
promoter DNA. The relative abundance of IGF-I proendNA was obtained by densitometric
analysis of the ChIP images in panel A. The derddithe IGF-1 promoter DNA in anti-HNF53
sample was normalized against that of the IGF-imqater DNA in input sample. All values are
expressed as means + S.E.M (n=3). *" indic&Res 0.05, compared to control.
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A. B. C.
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Site 1 Site 2 Ant|-HNF-3’Y - - - 4+ -
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Figure 3.11.Electrophorectic mobility shift assay of the pitatHNF-3 binding sites in IGF-I
promoter. (A) A*P-labeled double-stranded oligonucleotide corresimnto the putative HNF-
3 binding site 1, 2, or 3 was incubated with limeclear protein from cattle injected with GH (+)
or control cattle followed by polyacrylamide get¢etrophoresis. “B” indicates a DNA-protein
complex. (B) Competitive gel-shift assay of thegtive HNF-3 site 1 and site 2. In this assay,
the *P-labeled HNF-3 oligonucleotide was incubated \@tH-treated liver nuclear proteins in
the presence of 1 x, 10 x, 100 x molar excess lafa@ted HNF-3 or an un-related
oligonucleotide. (C) Supershift assay of HNF-3 &itén this assay, tHéP-labeled HNF-3 site 2
oligonucleotide was incubated with GH-treated limaclear protein in the presence of anti-
HNF-3a, anti-HNF-3, or anti-HNF-3 antibody, or goat preimmune serum. “S” indicates a
partial supershift of the DNA-protein complex.
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Figure. 3.12.Co-transfection analysis of bovine IGF-I promdta#GF-I1P) in CHO cells. (A)
HNF-3y activated reporter gene expression from the I@feinoter. The pGL2B-bIGF-IP
construct was co-transfected with bovine HNFe&pression plasmid (pcDNA3.1-bHNFgBor
empty vector (pcDNAS3.1). Variation in transfectiefiiciency was controlled by co-transfecting
the pRL-CMV plasmid. *" indicate® < 0.05 (n=4), compared to pcDNA3.1. (B) One HNF-3
binding site was required for the bovine IGF-I padar to mediate HNFs3activation of gene
expression. In pGL2B-bIGF-IP construct, the twoapive HNF-3 binding sites were intact. In
pGL2B-bIGF-IPm1, the first HNF-3 binding site wasitated. In pGL2B-bIGF-IPm2, the
second HNF-3 binding site was mutated. In pGL2BHBIBm1m2, both HNF-3 binding sites
were mutated. The values are represented as foléan, which corresponds to the ratios of
the reporter gene activity in the presence of pcBNAHINF-3 to that in the presence of
pcDNA3.1. Means with different letters are sigrafntly different,P < 0.05 (n=4).
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Epilogue

IGF-I is a polypeptide hormone that plays an inigatrrole in growth, development,
aging, and tumorigenesis. In the body, IGF-1 ismhaproduced in the liver under the control of
GH. Based on this dissertation research, GH reggili@F-I gene expression in the liver with
both direct and indirect mechanisms (Figure 4.0yh\We direct mechanism, GH regulates IGF-
| gene expression in liver by stimulating bindirfgST AT5 to at least eleven STATS5 binding
sites located distantly from the IGF-1 promoter.tithe indirect mechanism, GH regulates IGF-
| gene expression in liver by enhancing the exjpoasst another transcription factor, HNF-=3
Considering the significance of IGF-1 in the botlgpeculate that the presence of two different
mechanisms of regulation of IGF-I gene expressiay help to more tightly control the levels of
IGF-1 in the body.

Since IGF-I plays important roles in growth andkngtoduction in cattle, the findings of
this dissertation research have implications facpces in cattle production. | recommend that
the breeder stock of cattle be screened for theepee of right sequences for not only the
protein-coding region but also the regulatory ragiaentified in this research of the IGF-1 gene.
Since increased IGF-I has been associated withrecam&iumans and various other metabolic
disorders, the transcription factors involved ia thgulation of IGF-I gene expression could
serve as targets for therapeutic interventionsetat cancer.

This dissertation research also raises many quesstiobe addressed in future studies.
Given the location of the eleven STATS5 binding sitem the IGF-I promoter, it makes one
wonder how these distantly located STAT5 bindirigssineteract with the promoter to affect
IGF-1 gene transcription in liver. Therefore, it wd be interesting to study the mechanisms by

which these STATS5 binding sites mediate STATS actia the IGF-1 promoter from distant
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locations. Since both STATS5 and HNk-&ntribute to GH regulation of IGF-1 gene
transcription in liver, there is a possibility tHRTATS and HNF-3 interact in this regulation.
This possibility needs to be investigated. It isWn that STATS interacts with co-activators,
such as CBP and p300 (Pfitzner et al. 1998; Y& @081), it remains to be determined whether
these co-activators are also involved in GH-induUB&ATS activation of IGF-1 gene expression.
More recently, glucocorticoid receptor (GR) hasrbeeplicated in regulation of IGF-I gene
expression in liver (Engblom, et al. 2007). Thealvement of GR in GH regulation of IGF-I

gene expression in liver could be another questiagtudy in the future.
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Figure 4.0.Mechanism of GH stimulation of gene expressioliver. GH may stimulate IGF-I
gene transcription by both direct and indirect nageéms. In the direct mechanism, GH
stimulates IGF-I gene expression by increasingthding of STAT5 protein to the STATS sites
in the IGF-1 gene (Eleswarapu et al. 2008; Wang adg 2005; Woelfle et al. 2003b). In the
indirect mechanism, GH stimulates HNf&xpression by increasing STATS5 binding to the
HNF-3y promoter. The increased HNF-Biturn binds to the IGF-I promoter and stimulat&§-

| gene expression.
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