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1.  INTRODUCTION 

 

 

In the four years of my PhD I was involved in a project concerning the search for 

genetics variations contributing to Isolated Growth Hormone Deficiency (IGHD). All the 

patients, most of which sporadic, recruited in the last ten years by the laboratory of Human 

Genetics and the Unit of Pediatrics  were analysed for the presence of causal variations in 

candidates genes (i.e. the GH1 and GHRHR genes). 

As high penetrance mutations have been detected only in one familial case we 

hypothesized that IGHD in sporadic cases has a multifactorial origin.  

The here presented work shows the results obtained from the screening of the GH1 gene 

and from the association study performed on candidate region (i.e. the GH1 gene 

promoter). All the identified variations have been investigated from the functional point of 

view.  

 

 

 

 

1.1  HUMAN GROWTH HORMONE (hGH) 

 

Growth Hormone (GH), the main regulator of longitudinal growth in mammals [1] 

is a pleiotropic cytokine efficiently synthesized by the somatotropic cells of the anterior 

pituitary. It promotes the postnatal growth of skeletal and soft tissue, as well as acting as an 

important regulator of carbohydrate, lipid, nitrogen and mineral metabolism [2, 3]. It also 

stimulates differentiation and mitogenesis in a variety of cell types in different tissues [4], 

it is important in the maintenance of the immune system [5], heart development [6] and can 

act on the brain to modulate emotion, stress response and behavior [7].  

The Growth hormone GH is secreted in a pulsatile manner under the concerted regulation 

of the hypothalamic hormones growth hormone releasing hormone (GHRH), which is a 

positive regulator, and somatostatin (SS), which is a negative regulator [8]. Once released 

into the plasma GH binds to growth hormone binding protein (GHBP), which is a 

proteolytic fragment of the GH receptor. The primary site of GH action is the liver, where 

it stimulates insulin-like growth factor-I (IGF-I) production. Many of the effects of GH are 
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mediated through the actions of this peptide, which acts through its own receptor to 

enhance the proliferation and maturation of many tissues, including bone, cartilage and 

skeletal muscle. GH also has direct effects on a number of tissues, including bone and the 

epiphyseal growth-plate [9]. 

Responsiveness to GH in target cells is primarily dependent upon the expression of the GH 

receptor (GHR) [10]. GHR is a single membrane-spanning cell surface protein member of 

the Class I cytokine receptor superfamily [11]. Like other members of the family, GHR 

lacks intrinsic kinase activity and signal transduction is mediated by Janus Kinase 2 

(JAK2), a cytoplasmic tyrosine kinase that associates to the so-called box 1 in the 

membrane proximal region of the GHR cytoplasmic domain [12, 13]. A single GH 

molecule contains two GH receptor (GHR)-binding sites and these bind two GHR 

molecules sequentially, binding first at site 1 and then at site 2, inducing receptor 

dimerization and hence activation [14, 15]. Dimerization is believed to be necessary for the 

signal transduction which is associated with the intracellular tyrosine kinase JAK-2. 

Interaction of the dimerized GHR with JAK-2 leads to phosphorylation of downstream 

signal transduction molecules, induction of signal transducers and activators of 

transcription (STAT proteins). Activated STAT5 is translocated to the nucleus where it 

transactivates a series of GH-responsive genes [16]: Mitogen-Activated Protein Kinases 

(MAPK), Insulin Receptor Substrate 1 (IRS-1), Focal Adhesion Kinase (FAK), Protein 

Kinase C (PKC), Ras-like GTPases and the Signal Transducer and Activator of 

Transcription (STATs) family of transcription factors [17]. The contribution of each of 

these pathways to the physiological actions of GH remains unclear, as many of them are 

also activated by several additional growth factors and cytokines and in many cases, the 

data has been obtained only from in vitro studies. 

 

 

 

1.2  hGH-1 GENE 

 

The mature human GH is a single chain peptide, made up of 191-amino acids (22 

kDa). X-ray crystallographic studies have shown that GH comprises a core of four 

antiparallel a-helices separated by connecting loops, arranged in an up-up-down-down 

fashion and stabilised by two intramolecular disulphide linkages (Cys53–Cys165, Cys182–
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Cys189) [18]. GH is encoded by the GH-1 gene, located on the long arm of chromosome 

17 (17q22-24). It includes 5 exons and 4 introns for a total of 1600 bp, within a 66 Kb 

cluster comprehending five highly homologous (92–98%) genes: (hGH-1)-(hCSHP-1)-

(hCSH-1)-(hGH-2)-(hCSH-2) [19, 20] (Fig.1). Despite this high degree of sequence 

homology, each of these genes is expressed selectively in a tissue-specific fashion: the 

hGH-1 gene exclusively in somatotrope cells of the anterior pituitary gland, and the hCSH-

1,  hCSH-2 and hGH-2 genes in the placental syncytiotrophoblast cells, under the control 

of a downstream tissuespecific enhancer [21]. While hCSHP-1 was initially classified as a 

non-expressed pseudogene its expression in human placenta was subsequently 

demonstrated.  

In non-primates, GH is encoded by a single gene. Evolution of the GH gene cluster has 

taken place over the last 15 million years and has proceeded via a process of duplication 

and divergence [22, 23]. The first event was thought to be the duplication of a single 

ancestral GH gene to generate pre-GH and pre-CSH genes, perhaps about 15 million years 

ago [24] followed by the duplication of the newly created gene pair to yield GH1, CSH1, 

GH2 and CSH2. Finally, the CSH1 gene was duplicated to form two genes, one of which 

(CSHP1) became inactivated through mutation. The GH gene cluster contains some 48 Alu 

sequences in both orientations within 70 kb genomic DNA [23]. Some of these repeats are 

thought to have mediated the recombination events responsible for the gene duplication 

events by unequal exchange between homologous yet nonallelic Alu sequences [24]. On 

the other hand, some of the Alu sequences have been duplicated along with their associated 

genes during the duplication process. One consequence of the evolutionary history of the 

GH gene cluster is that multiple sequence homologies and internal repetitions occur within 

it. 

All five genes show the same transcriptional orientation and are separated by intergenic 

regions of 6 to 13 kb in length. They share a very similar structure, with five exons 

interrupted at identical positions by short introns, 256 bp, 209 bp, 93 bp and 253 bp in 

length in the case of GH1 [24-27]. Exon 1 of the GH1 gene contains 60 bp of 5’ 

untranslated sequence and the first nucleotide of codon -23 corresponding to the start of the 

26-amino acid leader sequence. Exon 2 encodes the rest of the leader peptide and the first 

31 amino acids of mature GH. Exons 3–5 encode amino acids 32–71, 72–126 and 127–

191, respectively. Exon 5 also encodes 112 bp 3’ untranslated sequence culminating in the 

polyadenylation site. An Alu repetitive sequence element is present 100 bp 3’ to the GH1 
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polyadenylation site. Although the five related genes are highly homologous throughout 

their 5’ flanking and coding regions, they diverge in their 3’ flanking regions. 

The GH1 and GH2 genes differ with respect to their mRNA splicing patterns. As noted 

above, in 9% of GH1 transcripts, exon 2 is spliced to an alternative acceptor splice site 45 

bp into exon 3 to generate a 20 kDa isoform instead of the normal 22 kDa protein [28-30]. 

The GH2 gene is not alternatively spliced in this fashion [31]. A third 17.5 kDa variant, 

which lacks the 40 amino acids encoded by exon 3 of GH1, has also been reported [32].  

The CSH1 and CSH2 loci encode proteins of identical sequence and are 93% homologous 

to the GH1 sequence at the DNA level. The CSH gene sequences compared to the CSHP1 

pseudogene contains 25 nucleotide substitutions within its “exons” plus a G�A transition 

in the obligate +1 position of the donor splice site of intron 2 which partially inactivates its 

expression [27, 33]. 

The sequencing of cDNA and genomic clones from a range of different vertebrates has 

allowed the determination of the amino acid sequences of the corresponding GH proteins 

as well as the exon/intron structure of the genes encoding them. By pinpointing 

evolutionarily conserved regions in the GH molecule, the methodical comparison of coding 

sequences can aid in the identification of functionally significant residues [34]. Such 

knowledge will be invaluable for the assessment of the likely authenticity of missense 

mutations found in the GH1 gene and critical for studies of the relationship between 

structure and function of the GH molecule. The elucidation of the structures of GH genes 

from several vertebrate species has revealed a high degree of conservation in the 5’ and 3’ 

non-coding regions [35] but exon number [36] and intron size [37] vary between species. 

 

The level of expression of the GH1 gene in the pituitary is quite high, as judged by 

the proportion (3%) of pituitaryderived cDNA clones corresponding to GH1 [23]. There is, 

however, some evidence for expression of the GH1 gene in extra-pituitary tissues such as 

the hypothalamus [38], the thymus [39] and neutrophils [40]. Intriguingly, GH gene 

transcription has been observed at the morula stage in the mouse [41], raising the 

possibility that GH has an important role in early embryonic development. Cell culture 

experiments using either rat or human cells have provided evidence that glucocorticoid 

hormone [42], retinoic acid [43] and GHRH up-regulate GH1 gene expression whereas 

thyroid hormone [44], insulin-like growth factor [45] and insulin [46] down-regulate it. 

Glucocorticoids also exert their effects post-transcriptionally by enhancing the stability of 

GH1 mRNA [47].  
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The regulation of hGH-1 gene transcription is considered to be exerted by specific 

interactions of tissue-specific and other more ubiquitous regulatory proteins (trans-factors) 

which bind specific DNA sequences (cis-elements) located mainly within the immediate 

5’-flanking promoter region. Different types of cis–trans coupling are thought to allow 

both tissue-specific expression and also hormonal induction or inhibition of gene 

transcription.  

Various cis-acting regulatory sequences have now been identified in the proximal GH1 

gene promoter which are responsible for these inductive or repressive effects on GH1 gene 

expression [48, 49]. Basal expression is controlled by several general tissue factors that can 

act both positively and negatively. These include NF-1 (binding site at−286 to−274) [50], 

Sp1 (−136 to−127) [51], Zn-15 (−110 to−95) [52], Vitamin D receptor (−60 to −46 and 

−37 to −31) [53] and CREB, a protein that interacts with cAMP-responsive elements (−187 

to−183 and−99 to−95) [54]. The pituitary restricted expression is mainly controlled by the 

pituitary specific factor Pit-1 [55], a POU homeodomain protein binding to two highly 

conserved elements in the GH1 proximal promoter located between −87/−72 (proximal Pit-

1 binding site) and −127/−107 (distal Pit-1 binding site). Several studies demonstrated that 

Pit-1 binding sites are critical for GH1 promoter activity both by cell free transcription 

experiments [56] and transient transfection into tissue cultured cells [57]. However studies 

of human GH expression in transgenic mice demonstrated that binding of Pit-1 to the two 

Pit-1 sites in the GH1 promoter are not sufficient for high level tissue-specific GH 

expression in vivo [58]. Three further Pit-1 binding sites in a locus control region (LCR) 

located between 14.5 kb and 32 kb upstream the GH1 gene are necessary to confer high 

level somatotropic-specific GH expression [59]. The LCR contains multiple DNase I 

hypersensitive sites and is required for the activation of the genes of the GH gene cluster in 

both pituitary and placenta [60].  
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Fig. 1. GH1 cluster, located on the long arm of chromosome 17 (17q22-24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3  ISOLATED GROWTH HORMONE DEFICIENCY (IGHD). 

 

Isolated growth hormone deficiency (IGHD) refers to conditions of GH deficiency 

that are associated with childhood growth failure due to lack of growth hormone (GH) 

action, and not necessarily associated with other pituitary hormone deficiencies or with an 

organic lesion other than a congenital structural abnormality. The incidence of IGHD is 

estimated to be 1/3,480–1/10,000 live births [61]. Although most cases are sporadic and 

are believed to result from environmental insults or developmental abnormalities, 3–30% 

of the cases reported have an affected first-degree relative, suggesting that a significant 

proportion of the cases with GHD are in fact familial [62]. While the majority of IGHD 

cases are sporadic and thought to be caused by in utero, natal or postnatal hypothalamic or 

pituitary insults, anatomic abnormalities are found in only 12% of such patients examined 

by magnetic resonance imaging (MRI) [63]. In the majority of children with IGHD no 

cause can be identified; this group is often referred to as idiopathic GH deficiency or 

idiopathic IGHD. Clinical features associated with idiopathic IGHD are variable, and 

include breech position at birth, neonatal or early onset hypoglycemia, prolonged or severe 

E2 E3      E4                   E5
5’ 3’

E1

CSHP1 CSH1 GH2       CSH2GH1GH1
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neonatal jaundice, micropenis, and single central incisor [64, 65]. Recent MRI 

observations in children with idiopathic GHD suggested a positive relationship between 

the volume of the adenohypophysis and secretory GH capacity [66]. However, within this 

group of idiopathic cases, there is increasing recognition of associated genetic defects. 

General clinical findings in patients with IGHD may include frontal bossing, immature 

facies for chronological age, poor development of the nasal bridge, delayed secondary 

dentition, and a high-pitched voice [67]. In infants closure of the anterior fontanel may be 

delayed and male infants may present with micropenis. Puberty may be delayed until the 

late teens, but eventual sexual maturation and fertility are usually normal.  

Mutations in the GH1 gene have been detected in about 12.5% of familial and 10% 

of sporadic IGHD and include deletions of the entire gene and nonsense mutations in the 

most severe forms, and splicing mutations in the milder forms [68]. These mutations cause 

different types of IGHD, which has been classified on the basis of clinical characteristics, 

including inheritance patterns and GH secretion, into three types (tab.1).  

IGHD type 1, characterized by autosomal recessive transmission, is further separated into 

sub-types 1a and b. IGHD type 1A is the most severe form of IGHD. Patients with IGHD 

type 1A typically present early and profound growth failure [60], neonatal hypoglycemia, 

prolonged jaundice associated with severe postnatal growth retardation and characteristic 

facies that can be apparent by 6 months of age [69,70]. Patients with IGHD type 1A lack 

detectable serum GH, or extremely low levels on provocation testing.  They show a strong 

initial response to therapy with GH, but often develop anti-GH neutralizing antibodies with 

continued exogenous hGH treatment, resulting in a markedly decreased final height as an 

adult. The characteristic facial appearance of GHD with mid-facial hypoplasia, delayed 

dentition and frontal bossing is well recognized. The disorder is inherited in an autosomal 

recessive manner and all reported families to date are consanguineous. The majority of 

patients with type IA isolated GHD have large deletions (6/7– 45 kb) within the GH-1 gene 

[64]. However, microdeletions such as that of a single base pair at codon 10 leading to an 

altered reading frame with premature termination of translation and an ensuing truncated 

protein have also been described. The exact prevalence of this disorder is unclear. Sporadic 

cases may go unrecognized, and possibly account for the apparent low incidence of this 

disorder. A prevalence of 9–38% for GH-1 gene deletions in markedly short (height less 

than −4 standard deviations) individuals has been suggested [65]. There is marked 

heterogeneity in the phenotype of these patients, in addition to considerable variability in 

antibody formation and response to hGH treatment, even within families with the same 
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deletions. Recombinant IGF-1 has also been used, particularly in patients with a poor 

initial response to hGH treatment and formation of high antibody titres. With 

improvements in recombinant technology, purer forms of GH can now be produced that 

alleviate the problem of antibody formation to some extent. 

IGHD type 1B is also associated with a prenatal onset of GHD, but the phenotype is 

milder than that of IGHD type 1a and mid-facial hypoplasia and a microphallus are not 

common features of the phenotype. Serum GH levels after provocative stimuli are low, but 

detectable. Affected individuals usually respond well to GH therapy and do not develop 

neutralizing antibodies. The condition is inherited as an autosomal recessive trait. Children 

present with marked short stature and a poor growth velocity, and the condition is 

characteristically associated with a good response to exogenous hGH treatment with no 

formation of GH antibodies [60]. 

IGHD type IB is due to either homozygous splice site mutations within the GH-1 gene or 

mutations within the gene encoding the GHRH receptor (GHRHR) [66,67]. The human 

GHRHR gene spans approximately 15 kb, maps to chromosome 7p15, and encodes a 

protein containing 423 aa. The receptor is a G-protein-coupled receptor characterized by 

seven transmembrane domains with a high binding affinity for GHRH. GHRHR is also 

required for proliferation of somatotrophs and therefore plays an important role in anterior 

pituitary development. 

IGHD type 2 is characterized by short stature due to dominant-negative mutations of the 

human growth hormone gene (GH1). These individuals show variably reduced plasma GH 

levels and growth rates but usually respond positively to exogenous GH treatment [67]. 

IGHDII is most commonly caused by mutations within the first 6 bp of intervening 

sequences 3 (5’IVS-3), which lead to the production of two alternatively spliced GH 

molecules, 20 kDa and 17·5 kDa hGH. This product is due to the  skipping and the 

subsequent loss of exon 3 (E3), producing a human GH (hGH) variant which lacks aa 32–

71, representing the entire loop that connects helix 1 and helix 2 in the tertiary structure of 

hGH [18]. The loss of exon 3 deletes the linker domain between the first two helices of 

GH, disrupting an internal disulfide bridge, and thereby overall protein structure. Trace 

amounts of severely truncated 11.3- and 7.4-kDa isoforms, encoded by transcripts that skip 

exons 3–4 or exons 2–4, have also been detected in normal human pituitary [19]. Skipping 

of exon 3 caused by GH-1 gene alterations other than those at the donor splice site in 

5’IVS-3 has also been reported in other patients with IGHD II. These include mutations in 

exon splice enhancer (ESE) [ESE1 in E3] (E3 +1G->T: ESE1m1; E3 + 5A�G: ESE1m2) 
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and within suggested intron splice enhancer (ISE) (IVS-3+28 G->A: ISEm; IVS-3del+28–

45: ISEm2) sequences. Such mutations lie within purine-rich sequences and cause 

increased levels of E3-skipped transcripts, suggesting that the usage of the normal splicing 

elements (ESE1 at the 5’ end of exon 3 as well as ISE in intron 3) may be disrupted [68]. 

The first seven nucleotides in E3 (ESE1) are crucial for the splicing of GH mRNA such 

that some nonsense mutations might cause skipping of one or even more exons during 

mRNA splicing in the nucleus. This phenomenon is called nonsense-mediated altered 

splicing; its underlying mechanisms are still unknown. In addition to the abovedescribed 

splice site mutations that result in the production of GH product lacking aa 32–71 , three 

other mutations within the GH-1 gene (missense mutations) are reported to be responsible 

for IGHDII, namely the substitution of leucine for proline, histidine for arginine, and 

phenylalanine for valine at aa positions 89 (P89L), 183 (R183H), and 110 (V110F), 

respectively [69,70]. At the functional level, the 17.5-kDa variant exhibits a dominant-

negative effect on the secretion of the 22-kDa isoforms in both tissue cultures and 

transgenic animals. The 17.5-kDa variant is initially retained in the endoplasmic reticulum, 

disrupts the Golgi apparatus, impairs both GH and other hormonal trafficking [71], and 

partially reduces the stability of the 22-kDa isoform [72]. Furthermore, transgenic mice 

overexpressing the 17.5-kDa variant exhibit a defect in the maturation of GH secretory 

vesicles and anterior pituitary gland hypoplasia due to a loss of the majority of 

somatotropes. Trace amounts of the 17.5-kDa variant, however, are found present at the 

mRNA in normal pituitaries [74].  

From a clinical point of view, severe short stature [<-4.5 sd score (SDS)] is not present in 

all affected individuals, indicating that in some forms growth failure in IGHD II is less 

severe than one might expect. It has been hypothesized that children with splice site 

mutations may be younger and shorter at diagnosis than their counterparts with missense 

mutations[75]. Furthermore, more recent in vitro and animal data suggest that both a 

quantitative and qualitative difference in phenotype may result from variable splice site 

mutations, causing differing degrees of E3 skipping. To summarize, the variable phenotype 

of autosomal dominant GH deficiency (GHD) may reflect a threshold and a dosedependent 

effect of the amount of 17.5-kDa relative to 22-kDa hGH. Specifically, this has a variable 

impact on pituitary size and onset and severity of GHD, and, unexpectedly, the most 

severe, rapid onset forms of GHD might be subsequently associated with the evolution of 

other pituitary hormone deficiencies.  
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IGHD type 3 has an X-linked mode of inheritance with a highly variable phenotype. 

Affected individuals in some kindreds have an associated X-linked agammaglobulinemia. 

This suggests that a contiguous gene deletion disorder of Xq21.3 + q22 may occur in some 

cases. Interestingly, other cases of IGHD have been found to have an interstitial deletion of 

Xp22.3 or duplication of Xq13.3 + q21.2, suggesting that multiple loci may cause IGHD 

III [61].  

The clinical classification system for IGHD may have limited future utility since there is 

increasing recognition of identifiable causes for IGHD. About 5–30% of patients with 

IGHD are found to have affected first-degree relatives, suggesting genetic causes [62]. As 

described already, defects in the gene for growth hormone releasing hormone receptor 

(GHRH-R) or in the GH1 gene have been identified in an increasing number of individuals 

with IGHD. 

 

 

Table 1. Classification of IGHD. 

 

 

 

 

 

 

 

 

 



 13 

 

 

 

2.  RESULTS 
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2.1  PAPER 1.  

 

 

 
 

 

 

A 2-yr-old child and her mother affected by IGHD with severe growth failure at 

diagnosis (-5.8 and -6.9 SD score, respectively) and low response to GH secretion stimuli 

were investigated for the presence of GH1 mutations. Sequencing of the GH1 gene 

revealed the presence of a heterozygous 22-bp deletion in IVS3. This mutation 

encompasses the branch point sequence (BPS) located between -20 and -25 upstream of 

the intron 3/exon 4 junction, generating at least three aberrant isoforms. 

To test weather this mutation could affect RNA processing, lymphocytes RNA has been 

extracted from the two patients and a transcript analysis was performed on cDNA. 

The splicing pattern showed by the proband and her mother revealed two principal mRNA 

species approximately in equal amount, namely the full-length mRNA, encoded by the 

normal allele, and an aberrant splicing product with the skipping of exon 3 encoded by the 

mutant allele.  

To assess whether the skipping of exon 3 was the only aberrant product generated by the 

del+56–77 mutation, we also performed an in vitro analysis with the transcripts of the 

mutated allele. To this purpose, we transfected GH4C1 rat pituitary cells with an 

expression vector containing either the normal GH1 allele (wt-GH1) or the GH1 allele with 

the IVS3 del+56–77 mutation (del-GH1). In addition to the product corresponding to exon 

3 skipped mRNA, we detected two other aberrantly spliced isoforms, in experimental 

conditions that excluded the exon 3 skipped mRNA from the possible targets. One isoform, 

showed complete skipping of exon 4 and encodes for a putative mature peptide lacking 

amino acids 72–126. The other was an mRNA devoid of the first 86 bases of exon 4, and it 

causes a frameshift leading to a putative protein differing from the wild type from amino 
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acid 72 and prematurely truncated at residue 77. The presence of this isoform could be 

attributable to  the use of a cryptic acceptor splice site at position 85–86 of exon 4, whose 

recognition might be mediated by the presence of a putative cryptic BPS (CGCCAAC), 

matching six of the seven bases of the consensus sequence, located between nt 78 and 84 

of exon 4.  

The mutation described in this paper is different from other intronic mutations detected in 

IGHD II families because it leaves intact the splice junctions and the splicing enhancers 

(namely ISE and ESE, respectively), whereas it completely removes the BPS. The two 

aberrant splicing events involving exon 4 are the direct consequence of the missing BPS, 

as demonstrated by a mutagenized construct lacking exclusively the 7 bp of the BPS 

consensus. Conversely, the high content of the exon 3 skipped isoform remains to be 

explained. It was recently demonstrated that the overall size of IVS3 is crucial for exon 3 

inclusion in the mRNA. Deletions of 12–14 bp might be thus sufficient to increase exon 3 

skipping. We can thus speculate that the main effect of the 22-bp deletion (i.e. the 

increased exon 3 skipping with production of the IGHD II-specific pathological amount of 

the 17.5-kDa isoform) is the consequence of the remarkably decreased size of IVS3 that 

overwhelms the effect caused by the BPS deletion.  

In conclusion, despite the absence of the canonical BPS, the exon 3 skipped is the principal 

transcript and the cause of IGHD II in our patients. Thus, the new mutation described, i.e. 

the 22-bp deletion, has a greater phenotypic influence than the BPS mutation itself. It is 

unlikely that the two isoforms with an aberrant splicing of exon 4 also contribute to the 

IGHD II phenotype because they are presumably poorly expressed. In fact he content of 

this abnormal mRNA lacking exon 4, or a part of it, was likely very low in the patients’ 

lymphocytes compared with the normal-sized and to the exon 3 skipped mRNA and could 

therefore be visualized only under specific experimental conditions. One of the reasons for 

the low content, at least for the prematurely truncated isoform, might be its rapid 

degradation owing to nonsense-mediated mRNA decay. 
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2.2 PAPER 2. 

  

 

 

 

 

 

Because causal mutations have been detected in a minority of IGHD patients, we 

tested the hypothesis that low penetrance genetic variations with a quantitative effect on 

GH1 transcription might contribute to IGHD. We thus performed a case-control study 

between GH1 polymorphisms and IGHD in the Italian population. We included 118 

sporadic IGHD patients showing a “non-severe” phenotype (height -4SDS/-1SDS and 

partial GH deficiency) and two control groups, normal stature (N=200) and short stature 

individuals with normal GH secretion (N=113). 

We identified a variation in the promoter of GH1 gene, within the vitamin D receptor 

binding element (VDRE), showing a significant positive association with our IGHD 

patients.  

The functional role of this polymorphism was thus assessed through an in vitro analysis, 

after transfection in the mammary adenocarcinoma MCF7 cell line, a human lineage 

expressing both GH and VDR and largely utilised as a model to study GH1 gene 

expression. At first we tested the functional relevance of this variation through its capacity 

of modulating the expression of a luciferase-reporter gene, subsequently confirmed by 

EMSA (Electrophoretic Mobility Shift Assay) experiments. 

This work allowed to get new insight into the multifactorial nature of IGHD. Since the 

associated allele localized within Gh1 promoter has a high binding affinity for the vitamin 
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D receptor and VDR is expressed in GH producing pituitary cells, the gene encoding the 

VDR is an interesting further candidate gene for genetic studies of stature. 

The human 1,25-dihydroxyvitamin D3 receptor (hVDR) is a member of the 

superfamily of ligand-inducible transcription factors, which include the steroid and nuclear 

receptors [76]. It plays an important role not only in skeletal metabolism, but also in other 

metabolic pathways, such as those involved in osteoarthritis and in the immune response. 

Many allelic variants within this gene have been detected in the human population [77]. 

Their expression associates with different pathologies, such as decreased bone density, 

propensity to hyperparathyroidism, resistance to vitamin D therapy, susceptibility to 

infections, autoimmune diseases, and cancer [76]. 
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2.3 PAPER 3. 

 
 
 

 
 

 

 

The association study on the GH1  SNPs showed that the promoter variation -

75A/G was not associated to IGHD. However it falls within the proximal binding site for 

the transcription factor Pit-1. In the present study we demonstrated the potential functional 

role of this variation.  

Pituitary transcription factor-1 (Pit-1), a member of the POU domain factor family (Pit-1, 

Oct-1, and Unc-86), plays a key role in cell differentiation during organogenesis of the 

anterior pituitary in mammals [55] and as a transcriptional activator for pituitary gene 

transcription (i.e. transcription of the genes for growth hormone, prolactin, and Pit-1 itself) 

[56,57]. Pit-1 contains two protein domains, namely Pou-specific (POUs) and POU-homeo 

(POUh), both necessary for DNAbinding. They are located within GH1 proximal promoter 

located between −87/−72 (proximal Pit-1 binding site) and −127/−107 (distal Pit-1 binding 

site) [55]. It generally binds as a dimer to its cognate recognition elements. Each of these 

elements consists of a core motif including a higher affinity 5’ consensus sequence, 

ATGNATA followed at the 3’ by an adjacent lower affinity A/T rich sequence. One Pit-1 

monomer binds to the 5’ higher affinity sequence and the second monomer binds 

cooperatively to the 3’ lower affinity region [55]. The −75A/G polymorphism is located at 

the 3’ end of the lower affinity region. Several studies demonstrated that Pit-1 binding sites 
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are critical for GH1 promoter activity both by cell free transcription experiments and 

transient transfection into tissue cultured cells. However binding of Pit-1 to this two sites 

in the GH1 promoter are not sufficient for high level tissue-specific GH expression in vivo 

[57]. Three further Pit-1 binding sites in a locus control region (LCR) located between 14.5 

kb and 32 kb upstream the GH1 gene are necessary to confer high level somatotropic-

specific GH expression [60].   

In order to test the functional role of the -75A/G variation, luciferase-reporter assay were 

performed through transient transfections in the rat pituitary cell line GH4C1. The binding 

affinity of Pit-1 peptide to its binding site in the presence of either allele A or allele G was 

further tested by EMSA. As the−75G promoter variation displayed a relevant effect in 

vitro, we investigated the possibility that it exerts a similar effect in vivo through an 

association study between the polymorphism and isolated growth hormone deficiency 

(IGHD). We genotyped one hundred and forty-five IGHD patients and 168 normal stature 

controls were for the −75A/G polymorphism. Our results showed that the allele and 

genotype frequencies were not significantly different between patients and controls. 

In spite of the lack of association with IGHD, we can not exclude a potential effect of the 

variation on the level of GH secretion in vivo. Since GH secretion is regulated by the 

balanced interaction of several factors the effect of the −75G variation in vivo might be 

hidden by the overall effect of the complex regulatory GH secretion network. Moreover, 

we tested selected populations of individuals with short stature in which we cannot exclude 

the presence of other unknown genetic variations with a stronger effect on Growth 

Hormone  production. 
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During these four years of PhD I published three further papers concerning Cri du Chat 

Syndrome and Mowat Wilson Syndrome, in collaboration with Professor Paola Cerruti-

Mainardi. These papers were not included into my thesis.  
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