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1. INTRODUCTION




1. INTRODUCTION

In the four years of my PhD | was involved in ajpob concerning the search for
genetics variations contributing to Isolated Growtbrmone Deficiency (IGHD). All the
patients, most of which sporadic, recruited inlds ten years by the laboratory of Human
Genetics and the Unit of Pediatrics were analysethe presence of causal variations in
candidates genes (i.e. the GH1 and GHRHR genes).

As high penetrance mutations have been detecteg wnlone familial case we
hypothesized that IGHD in sporadic cases has afauttirial origin.

The here presented work shows the results obtdmed the screening of the GH1 gene
and from the association study performed on canelidagion (i.e. the GH1 gene
promoter). All the identified variations have baewestigated from the functional point of

view.

1.1 HUMAN GROWTH HORMONE (hGH)

Growth Hormone (GH), the main regulator of longihal growth in mammalsi]
is a pleiotropic cytokine efficiently synthesizég the somatotropic cells of the anterior
pituitary. It promotes the postnatal growth of gital and soft tissue, as well as acting as an
important regulator of carbohydrate, lipid, nitragend mineral metabolism [2, 3]. It also
stimulates differentiation and mitogenesis in aetgrof cell types in different tissues [4],
it is important in the maintenance of the immunstemy [5], heart development [6] and can
act on the brain to modulate emotion, stress respand behavior [7].
The Growth hormone GH is secreted in a pulsatilameaunder the concerted regulation
of the hypothalamic hormones growth hormone retfgasiormone (GHRH), which is a
positive regulator, and somatostatin (SS), which segative regulator [8]. Once released
into the plasma GH binds to growth hormone bindprgtein (GHBP), which is a
proteolytic fragment of the GH receptor. The priynate of GH action is the liver, where

it stimulates insulin-like growth factor-1 (IGF-production. Many of the effects of GH are



mediated through the actions of this peptide, whacts through its own receptor to
enhance the proliferation and maturation of masgus, including bone, cartilage and
skeletal muscle. GH also has direct effects onralbau of tissues, including bone and the
epiphyseal growth-plate [9].

Responsiveness to GH in target cells is primadyehdent upon the expression of the GH
receptor (GHR) [10]. GHR is a single membrane-spannoell surface protein member of
the Class | cytokine receptor superfamily [11]. d.isther members of the family, GHR
lacks intrinsic kinase activity and signal trandolut is mediated by Janus Kinase 2
(JAK2), a cytoplasmic tyrosine kinase that assesiato the so-called box 1 in the
membrane proximal region of the GHR cytoplasmic dom[12, 13]. A single GH
molecule contains two GH receptor (GHR)-bindingesitand these bind two GHR
molecules sequentially, binding first at site 1 atheén at site 2, inducing receptor
dimerization and hence activation [14, 15]. Dimatian is believed to be necessary for the
signal transduction which is associated with theacellular tyrosine kinase JAK-2.
Interaction of the dimerized GHR with JAK-2 leads ghosphorylation of downstream
signal transduction molecules, induction of signansducers and activators of
transcription (STAT proteins). Activated STATS imnslocated to the nucleus where it
transactivates a series of GH-responsive genes Mdgen-Activated Protein Kinases
(MAPK), Insulin Receptor Substrate 1 (IRS-1), Foéalhesion Kinase (FAK), Protein
Kinase C (PKC), Ras-like GTPases and the Signalnsthacer and Activator of
Transcription (STATs) family of transcription facso[17]. The contribution of each of
these pathways to the physiological actions of @Mains unclear, as many of them are
also activated by several additional growth factmd 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, nugdef 191-amino acids (22
kDa). X-ray crystallographic studies have shownt t@dd comprises a core of four
antiparallel a-helices separated by connecting dp@sranged in an up-up-down-down
fashion and stabilised by two intramolecular diside linkages (Cys53—-Cys165, Cys182—



Cys189) [18]. GH is encoded by the GH-1 gene, Etan the long arm of chromosome
17 (17922-24). It includes 5 exons and 4 intronsafdotal of 1600 bp, within a 66 Kb
cluster comprehending five highly homologous (9249&enes: {GH-1)-(hCSHP-)-
(hCSH-2-(hGH-2-(hCSH-3 [19, 20] (Fig.1). Despite this high degree of wece
homology, each of these genes is expressed selgctiv a tissue-specific fashion: the
hGH-1gene exclusively in somatotrope cells of the aatepituitary gland, and theCSH-

1, hCSH-2andhGH-2 genes in the placental syncytiotrophoblast celtslen the control
of a downstream tissuespecific enhancer [21]. W@SHP-1was initially classified as a
non-expressed pseudogene its expression in humacenth was subsequently
demonstrated.

In non-primates, GH is encoded by a single genelufion of the GH gene cluster has
taken place over the last 15 million years and graseeded via a process of duplication
and divergence [22, 23]. The first event was thoughbe the duplication of a single
ancestral GH gene to generate pre-GH and pre-C8elsgeerhaps about 15 million years
ago [24] followed by the duplication of the newliseated gene pair to yield GH1, CSH1,
GH2 and CSH2. Finally, the CSH1 gene was duplicateidrm two genes, one of which
(CSHP1) became inactivated through mutation. Thegéhe cluster contains some 48 Alu
sequences in both orientations within 70 kb genddNe [23]. Some of these repeats are
thought to have mediated the recombination evesgpansible for the gene duplication
events by unequal exchange between homologousoyetilalic Alu sequences [24]. On
the other hand, some of the Alu sequences havedg®icated along with their associated
genes during the duplication process. One consequeinthe evolutionary history of the
GH gene cluster is that multiple sequence homaosogiel internal repetitions occur within
it.

All five genes show the same transcriptional oaénh and are separated by intergenic
regions of 6 to 13 kb in length. They share a va&milar structure, with five exons
interrupted at identical positions by short intro856 bp, 209 bp, 93 bp and 253 bp in
length in the case of GH1 [24-27]. Exon 1 of the IGHene contains 60 bp of 5’
untranslated sequence and the first nucleotidedbr -23 corresponding to the start of the
26-amino acid leader sequence. Exon 2 encodegsh@frthe leader peptide and the first
31 amino acids of mature GH. Exons 3-5 encode amoms 32—-71, 72-126 and 127-
191, respectively. Exon 5 also encodes 112 bp Baoslated sequence culminating in the

polyadenylation site. An Alu repetitive sequencenatnt is present 100 bp 3’ to the GH1



polyadenylation site. Although the five related gerare highly homologous throughout
their 5’ flanking and coding regions, they divergeheir 3’ flanking regions.

The GH1 and GH2 genes differ with respect to theRNA splicing patterns. As noted
above, in 9% of GH1 transcripts, exon 2 is splitedn alternative acceptor splice site 45
bp into exon 3 to generate a 20 kDa isoform instdatie normal 22 kDa protein [28-30].
The GH2 gene is not alternatively spliced in tlashion [31]. A third 17.5 kDa variant,
which lacks the 40 amino acids encoded by exon@Hi, has also been reported [32].
The CSH1 and CSH2 loci encode proteins of idensegluence and are 93% homologous
to the GH1 sequence at the DNA level. The CSH gegeences compared to the CSHP1
pseudogene contains 25 nucleotide substitutiortsmits “exons” plus a ©A transition

in the obligate +1 position of the donor splice sif intron 2 which partially inactivates its
expression [27, 33].

The sequencing of cDNA and genomic clones fromraeaof different vertebrates has
allowed the determination of the amino acid seqesraf the corresponding GH proteins
as well as the exon/intron structure of the genesoding them. By pinpointing
evolutionarily conserved regions in the GH molecthe methodical comparison of coding
sequences can aid in the identification of funalbn significant residues [34]. Such
knowledge will be invaluable for the assessmenthef likely authenticity of missense
mutations found in the GH1 gene and critical fardgs of the relationship between
structure and function of the GH molecule. The ielatton of the structures of GH genes
from several vertebrate species has revealed adeigtee of conservation in the 5 and 3’
non-coding regions [35] but exon number [36] artdoim size [37] vary between species.

The level of expression of the GH1 gene in theifaity is quite high, as judged by
the proportion (3%) of pituitaryderived cDNA clonesrresponding to GH1 [23]. There is,
however, some evidence for expression of the GHik ge extra-pituitary tissues such as
the hypothalamus [38], the thymus [39] and neutilep[#0]. Intriguingly, GH gene
transcription has been observed at the morula stagdhe mouse [41], raising the
possibility that GH has an important role in eagiybryonic development. Cell culture
experiments using either rat or human cells hawwviged evidence that glucocorticoid
hormone [42], retinoic acid [43] and GHRH up-regel&H1 gene expression whereas
thyroid hormone [44], insulin-like growth factorg§and insulin [46] down-regulate it.
Glucocorticoids also exert their effects post-taipgionally by enhancing the stability of
GH1 mRNA [47].



The regulation ofhGH-1 gene transcription is considered to be exerted fmciBc
interactions of tissue-specific and other more uibdms regulatory proteingransfactors)
which bind specific DNA sequencesigelements) located mainly within the immediate
5’-flanking promoter region. Different types ofs—transcoupling are thought to allow
both tissue-specific expression and also hormondudgtion or inhibition of gene
transcription.

Various cis-acting regulatory sequences have nosn héentified in the proximal GH1
gene promoter which are responsible for these ingrior repressive effects on GH1 gene
expression [48, 49]. Basal expression is contrdiggeveral general tissue factors that can
act both positively and negatively. These include IN(binding site at—-286 to—274) [50],
Spl (136 to-127) [51], Zn-15 (=110 to—-95) [52]tAmin D receptor (-60 to —46 and
—-37 to —31) [53] and CREB, a protein that interagithi CAMP-responsive elements (=187
to—183 and—-99 to-95) [54]. The pituitary restriceegression is mainly controlled by the
pituitary specific factor Pit-1 [55], a POU homeadkn protein binding to two highly
conserved elements in the GH1 proximal promoteattedt between —87/-72 (proximal Pit-
1 binding site) and —127/-107 (distal Pit-1 bindsitg). Several studies demonstrated that
Pit-1 binding sites are critical for GH1 promotetiaty both by cell free transcription
experiments [56] and transient transfection inésue cultured cells [57]. However studies
of human GH expression in transgenic mice demaestridnat binding of Pit-1 to the two
Pit-1 sites in the GH1 promoter are not sufficiéat high level tissue-specific GH
expression in vivo [58]. Three further Pit-1 binglisites in a locus control region (LCR)
located between 14.5 kb and 32 kb upstream the @dieé are necessary to confer high
level somatotropic-specific GH expression [59]. ThéR contains multiple DNase |
hypersensitive sites and is required for the atitmeaof the genes of the GH gene cluster in

both pituitary and placenta [60].



Fig. 1. GH1 cluster, located on the long arm of clumosome 17 (17922-24).
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1.3 ISOLATED GROWTH HORMONE DEFICIENCY (IGHD).

Isolated growth hormone deficiency (IGHD) refersctmditions of GH deficiency
that are associated with childhood growth failutee do lack of growth hormone (GH)
action, and not necessarily associated with othaitgry hormone deficiencies or with an
organic lesion other than a congenital structubedoamality. The incidence of IGHD is
estimated to be 1/3,480-1/10,000 live births [@lthough most cases are sporadic and
are believed to result from environmental insultslevelopmental abnormalities, 3—30%
of the cases reported have an affected first-deggled¢ive, suggesting that a significant
proportion of the cases with GHD are in fact faati[i62]. While the majority of IGHD
cases are sporadic and thought to be caused lignn, matal or postnatal hypothalamic or
pituitary insults, anatomic abnormalities are foumanly 12% of such patients examined
by magnetic resonance imaging (MRI) [63]. In thejority of children with IGHD no
cause can be identified; this group is often refirto as idiopathic GH deficiency or
idiopathic IGHD. Clinical features associated withopathic IGHD are variable, and
include breech position at birth, neonatal or earlget hypoglycemia, prolonged or severe



neonatal jaundice, micropenis, and single centradisor [64, 65]. Recent MRI
observations in children with idiopathic GHD suggelsa positive relationship between
the volume of the adenohypophysis and secretoryc@pdcity [66]. However, within this
group of idiopathic cases, there is increasing geitimn of associated genetic defects.
General clinical findings in patients with IGHD mayclude frontal bossing, immature
facies for chronological age, poor developmenthw hasal bridge, delayed secondary
dentition, and a high-pitched voice [67]. In infardosure of the anterior fontanel may be
delayed and male infants may present with micrapePiiberty may be delayed until the
late teens, but eventual sexual maturation antitiegre usually normal.

Mutations in the GH1 gene have been detected intalih5% of familial and 10%
of sporadic IGHD and include deletions of the eniene and nonsense mutations in the
most severe forms, and splicing mutations in thieleniforms [68]. These mutations cause
different types of IGHD, which has been classifeadthe basis of clinical characteristics,
including inheritance patterns and GH secretiotg, three types (tab.1).

IGHD type 1, characterized by autosomal recessive transmissidarther separated into
sub-types la and bGHD type 1A is the most severe form of IGHD. Patients with [GH
type 1A typically present early and profound grovidhure [60], neonatal hypoglycemia,
prolonged jaundice associated with severe postigatalth retardation and characteristic
facies that can be apparent by 6 months of ag&f%Ratients with IGHD type 1A lack
detectable serum GH, or extremely low levels orvpecation testing. They show a strong
initial response to therapy with GH, but often depeanti-GH neutralizing antibodies with
continued exogenous hGH treatment, resulting inagkedly decreased final height as an
adult. The characteristic facial appearance of GiMih mid-facial hypoplasia, delayed
dentition and frontal bossing is well recognizetiedisorder is inherited in an autosomal
recessive manner and all reported families to dadeconsanguineous. The majority of
patients with type IA isolated GHD have large deles (6/7— 45 kb) within the GH-1 gene
[64]. However, microdeletions such as that of aleirbase pair at codon 10 leading to an
altered reading frame with premature terminatiortrafslation and an ensuing truncated
protein have also been described. The exact pres@lef this disorder is unclear. Sporadic
cases may go unrecognized, and possibly accourthéoapparent low incidence of this
disorder. A prevalence of 9—-38% for GH-1 gene dmhstin markedly short (height less
than -4 standard deviations) individuals has beeggested [65]. There is marked
heterogeneity in the phenotype of these patientaddition to considerable variability in

antibody formation and response to hGH treatmerdn evithin families with the same



deletions. Recombinant IGF-1 has also been useaticydarly in patients with a poor
initial response to hGH treatment and formation lgh antibody titres. With
improvements in recombinant technology, purer fooh&H can now be produced that
alleviate the problem of antibody formation to soeméent.

IGHD type 1B is also associated with a prenatal onset of GHR,tbhe phenotype is
milder than that of IGHD type 1a and mid-facial bpfasia and a microphallus are not
common features of the phenotype. Serum GH leVtds grovocative stimuli are low, but
detectable. Affected individuals usually respondlwe GH therapy and do not develop
neutralizing antibodies. The condition is inheritessdlan autosomal recessive trait. Children
present with marked short stature and a poor grovelocity, and the condition is
characteristically associated with a good respdasexogenous hGH treatment with no
formation of GH antibodies [60].

IGHD type IB is due to either homozygous splice situtations within the GH-1 gene or
mutations within the gene encoding the GHRH reaefBHRHR) [66,67]. The human
GHRHR gene spans approximately 15 kb, maps to aobsome 7pl5, and encodes a
protein containing 423 aa. The receptor is a Ggmetoupled receptor characterized by
seven transmembrane domains withigh binding affinity for GHRH. GHRHR is also
required for proliferation of somatotrophs and éfere plays an important role in anterior
pituitary development.

IGHD type 2 is characterized by short stature due to dominaggttive mutations of the
human growth hormone gen@Kl1). These individuals show variably reduced plasrmia G
levels and growth rates but usually respond pagitito exogenous GH treatment [67].
IGHDII is most commonly caused by mutations wittlihre first 6 bp of intervening
sequences 3 (5'1VS-3), which lead to the productidntwo alternatively spliced GH
molecules, 20 kDa and 17-5 kDa hGH. This produatius to the skipping and the
subsequent loss of exon 3 (E3), producing a huntar{i&H) variant which lacks aa 32—
71, representing the entire loop that connectselnd helix 2 in the tertiary structure of
hGH [18]. The loss of exon 3 deletes the linker dombetween the first two helices of
GH, disrupting an internal disulfide bridge, aneriéby overall protein structure. Trace
amounts of severely truncated 11.3- and 7.4-kDfaiists, encoded by transcripts that skip
exons 3—4 or exons 2—-4, have also been detectaatimal human pituitary [19]. Skipping
of exon 3 caused by GH-1 gene alterations other thase at the donor splice site in
5’'IVS-3 has also been reported in other patients W&HD II. These include mutations in
exon splice enhancer (ESE) [ESE1 in E3] (E3 +1GESE1m1; E3 + 54 G: ESE1m?2)

10



and within suggested intron splice enhancer (I®&p3+28 G->A: ISEm; IVS-3del+28—
45: ISEm2) sequences. Such mutations lie withiningarich sequences and cause
increased levels of E3-skipped transcripts, sugygshat the usage of the normal splicing
elements (ESE1 at the 5’ end of exon 3 as welS&sih intron 3) may be disrupted [68].
The first seven nucleotides in E3 (ESE1) are ctdoiathe splicing of GH mRNA such
that some nonsense mutations might cause skipdirme or even more exons during
MRNA splicing in the nucleus. This phenomenon iedanonsense-mediated altered
splicing; its underlying mechanisms are still umkmo In addition to the abovedescribed
splice site mutations that result in the productdrGH product lacking aa 32—71 , three
other mutations within the GH-1 gene (missense tituis) are reported to be responsible
for IGHDII, namely the substitution of leucine f@roline, histidine for arginine, and
phenylalanine for valine at aa positions 89 (P8983 (R183H), and 110 (V110F),
respectively [69,70]. At the functional level, ti&.5-kDa variant exhibits a dominant-
negative effect on the secretion of the 22-kDaaosuob in both tissue cultures and
transgenic animals. The 17.5-kDa variant is iditiagétained in the endoplasmic reticulum,
disrupts the Golgi apparatus, impairs both GH atietrohormonal trafficking [71], and
partially reduces the stability of the 22-kDa igofio[72]. Furthermore, transgenic mice
overexpressing the 17.5-kDa variant exhibit a defledhe maturation of GH secretory
vesicles and anterior pituitary gland hypoplasiee do a loss of the majority of
somatotropes. Trace amounts of the 17.5-kDa varfawever, are found present at the
MRNA in normal pituitaries [74].

From a clinical point of view, severe short stat[#el.5 sd score (SDS)] is not present in
all affected individuals, indicating that in somarhs growth failure in IGHD 1l is less
severe than one might expect. It has been hypatebghat children with splice site
mutations may be younger and shorter at diagnbais their counterparts with missense
mutations[75]. Furthermore, more recent in vitral aanimal data suggest that both a
quantitative and qualitative difference in phenetypay result from variable splice site
mutations, causing differing degrees of E3 skippif@gsummarize, the variable phenotype
of autosomal dominant GH deficiency (GHD) may reffle threshold and a dosedependent
effect of the amount of 17.5-kDa relative to 22-kib@H. Specifically, this has a variable
impact on pituitary size and onset and severityGéfD, and, unexpectedly, the most
severe, rapid onset forms of GHD might be subsd@uassociated with the evolution of

other pituitary hormone deficiencies.
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IGHD type 3 has an X-linked mode of inheritance with a higklriable phenotype.
Affected individuals in some kindreds have an asded X-linked agammaglobulinemia.
This suggests that a contiguous gene deletionaiksaf Xg21.3 + g22 may occur in some
cases. Interestingly, other cases of IGHD have bm&md to have an interstitial deletion of
Xp22.3 or duplication of Xql13.3 + g21.2, suggestihgt multiple loci may cause IGHD
1l [61].

The clinical classification system for IGHD may kalimited future utility since there is
increasing recognition of identifiable causes f&HD. About 5-30% of patients with
IGHD are found to have affected first-degree retsj suggesting genetic causes [62]. As
described already, defects in the gene for grovalmbne releasing hormone receptor
(GHRH-R) or in the GH1 gene have been identifiednrincreasing number of individuals
with IGHD.

Table 1. Classification of IGHD.

IGHD Associsted gene defects Reported inher tance patterns GH levels Phenaty pe
Type la GHE mutations Autosomal recessive Absent Severe shart stature
Dieletions, micmdeletions, Nentralizing ant-GH antibodies often
nonsense mutalions develop during GH replacement
therapy
Type 1h GH T mutations Autosomal recessive Low Height =3 513 below the mean

GHEHE mutations
Splice site mutations
Type 2 GHT mutations Autsomal dominant Low Shirt statune
Splice site mutations, intron Al least ome affected parent
and exon splice
enhancer, missense

mutations
Variahle phenotype
Good respanse o GH therpy
Type 3 Mane to-date H-linked recessive Low Associated with X-linked
aggamaglobulinemia in some
individuals
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A Novel Deletion in the GHI Gene Including the IVS3

Branch Site Responsible for Autosomal Dominant
Isolated Growth Hormone Deficiency

Danisla ¥ivenza, Loura Guazzorotti, Michels Godi, Doniela Frosen, Berarde di Matale,
Patricia Momigliono-Richiardi, Gionni Bonn, and Mara Giordemo

A 2-yr-old child and her mother affected by IGHDthvisevere growth failure at
diagnosis (-5.8 and -6.9 SD score, respectively) law response to GH secretion stimuli
were investigated for the presence of GH1 mutatid®equencing of the GH1 gene
revealed the presence of a heterozygous 22-bpiateleh IVS3. This mutation
encompasses the branch point sequence (BPS) looategen -20 and -25 upstream of
the intron 3/exon 4 junction, generating at leaste aberrant isoforms.

To test weather this mutation could affect RNA @sging, lymphocytes RNA has been
extracted from the two patients and a transcriptyais was performed on cDNA.

The splicing pattern showed by the proband andrtagher revealed two principal mMRNA
species approximately in equal amount, namely tileldhgth mRNA, encoded by the
normal allele, and an aberrant splicing produchlie skipping of exon 3 encoded by the
mutant allele.

To assess whether the skipping of exon 3 was theaterrant product generated by the
del+56—77 mutation, we also performed ianvitro analysis with the transcripts of the
mutated allele. To this purpose, we transfected GH4at pituitary cells with an
expression vector containing either the normal GHdle (wt-GH1) or the GHL1 allele with
the IVS3 del+56—77 mutation (del-GH1). In additionthe product corresponding to exon
3 skipped mRNA, we detected two other aberrantlicep isoforms, in experimental
conditions that excluded the exon 3 skipped mRNinfthe possible targets. One isoform,
showed complete skipping of exon 4 and encodes fputative mature peptide lacking
amino acids 72-126. The other was an mRNA devottiefirst 86 bases of exon 4, and it

causes a frameshift leading to a putative protéferthg from the wild type from amino
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acid 72 and prematurely truncated at residue 7@. dflesence of this isoform could be
attributable to the use of a cryptic acceptorcgpsiite at position 85-86 of exon 4, whose
recognition might be mediated by the presence pétative cryptic BPS (CGCCAACQC),
matching six of the seven bases of the consensugesee, located between nt 78 and 84
of exon 4.

The mutation described in this paper is differeatrf other intronic mutations detected in
IGHD Il families because it leaves intact the spljanctions and the splicing enhancers
(namely ISE and ESE, respectively), whereas it detaly removes the BPS. The two
aberrant splicing events involving exon 4 are thiead consequence of the missing BPS,
as demonstrated by a mutagenized construct lackkotusively the 7 bp of the BPS
consensus. Conversely, the high content of the eéxakipped isoform remains to be
explained. It was recently demonstrated that theradlvsize of IVS3 is crucial for exon 3
inclusion in the mRNA. Deletions of 12—14 bp midiet thus sufficient to increase exon 3
skipping. We can thus speculate that the main eféécthe 22-bp deletion (i.e. the
increased exon 3 skipping with production of thél[&lI-specific pathological amount of
the 17.5-kDa isoform) is the consequence of thearkably decreased size of IVS3 that
overwhelms the effect caused by the BPS deletion.

In conclusion, despite the absence of the canoBie8, the exon 3 skipped is the principal
transcript and the cause of IGHD Il in our patiefiisus, the new mutation described, i.e.
the 22-bp deletion, has a greater phenotypic inffeethan the BPS mutation itself. It is
unlikely that the two isoforms with an aberrantigply of exon 4 also contribute to the
IGHD Il phenotype because they are presumably paotpressed. In fact he content of
this abnormal mRNA lacking exon 4, or a part ofwgs likely very low in the patients’
lymphocytes compared with the normal-sized andhéoeixon 3 skipped mRNA and could
therefore be visualized only under specific experntal conditions. One of the reasons for
the low content, at least for the prematurely tatad isoform, might be its rapid
degradation owing to nonsense-mediated mRNA decay.
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2.2 PAPER 2.

A Functional Common Polymorphism in the
Vitamin D-Responsive Element of the GHT Promoter
Contributes to Isolated Growth Hormone Deficiency

Mara Giordano, Michela Godi, Simona Mallone, Antonella Petri, Danigla Vivenza, Luigi Tiradani,
Yan Carlomagno, Daniela Ferante, Teresa Amigo, Ginevra Corneli, Simonatta Bellone,
Francesca Giacopell, Claudio Santoro, Gianni Bona, and Patricia Mormiglianc-Richiardi

Department of Medical Sclences and Interdisciplinary Research Center of Autoimmune Diseases (M.GI, M.Gao, 5.M,, LT, Y.C,, .,
C.5, PM.-R), and Unit of Pediamcs (AP, DV, G.C, 5.8., G.B.), Department of Medical Sciences, Univarsity of Eastem Fledmaont,
28100 Movara, Italy; Department of Pediatrics (T.A.), University of Messina, 98100 Messina, taly; and Laboratory of Molecular Genetics
(F.G.}, Institute . Gadinl and Department of Pediatrics and Center of Excallence for Blomedical Research, University of Genowva, 16100
Genova, ltaly

Because causal mutations have been detected imaityiof IGHD patients, we
tested the hypothesis that low penetrance genatiations with a quantitative effect on
GH1 transcription might contribute to IGHD. We thperformed a case-control study
between GH1 polymorphisms and IGHD in the Italiaspydation. We included 118
sporadic IGHD patients showing a “non-severe” phym® (height -4SDS/-1SDS and
partial GH deficiency) and two control groups, natmatature (N=200) and short stature
individuals with normal GH secretion (N=113).

We identified a variation in the promoter of GH1nge within the vitamin D receptor
binding element (VDRE), showing a significant pogt association with our IGHD
patients.

The functional role of this polymorphism was thssessed through an vitro analysis,
after transfection in the mammary adenocarcinomaFKCell line, a human lineage
expressing both GH and VDR and largely utilised aasnodel to study GH1 gene
expression. At first we tested the functional ralese of this variation through its capacity
of modulating the expression of a luciferase-reggrogene, subsequently confirmed by
EMSA (Electrophoretic Mobility Shift Assay) experemts.

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

associated allele localized within Gh1 promoter &dsgh binding affinity for the vitamin
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D receptor and VDR is expressed in GH producingitaity cells, the gene encoding the
VDR is an interesting further candidate gene faragie studies of stature.

The human 1,25-dihydroxyvitamin D3 receptor (hVDR) a member of the
superfamily of ligand-inducible transcription facgpwhich include the steroid and nuclear
receptors [76]. It plays an important role not oimmyskeletal metabolism, but also in other
metabolic pathways, such as those involved in astleotis and in the immune response.
Many allelic variants within this gene have beetedid in the human population [77].
Their expression associates with different pathelmgsuch as decreased bone density,
propensity to hyperparathyroidism, resistance tmmin D therapy, susceptibility to
infections, autoimmune diseases, and cancer [76].
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2.3 PAPER 3.

ELSEVIER Molecnlor and Cellular Endecrinalagy 249§ 2006) 51-57

A variation in a Pit-1 site in the growth hormone gene (GHI)
promoter induces a differential transcriptional activity

Mara Giordano®*, Michela Godi ®, Francesca Giacopelli ", Monica Lessi®, Simona Mellone®,
Roberta Paracchini©, Antonella Petri®, Jaele Bellone?, Roberto Ravazzolo”,
Gianni Bona ®, Patricia Momigliano-Richiardi®
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The association study on the GH1 SNPs showedthigajppromoter variation -
75A/G was not associated to IGHD. However it falighin the proximal binding site for
the transcription factor Pit-1. In the present gtud demonstrated the potential functional
role of this variation.

Pituitary transcription factor-1 (Pit-1), a memloérthe POU domain factor family (Pit-1,
Oct-1, and Unc-86), plays a key role in cell difetiation during organogenesis of the
anterior pituitary in mammals [55] and as a traipgimmal activator for pituitary gene
transcription (i.e. transcription of the genesdoowth hormone, prolactin, and Pit-1 itself)
[56,57]. Pit-1 contains two protein domains, nanfeby-specific (POUs) and POU-homeo
(POUNh), both necessary for DNAbinding. They areated within GH1 proximal promoter
located between —87/-72 (proximal Pit-1 binding)sénd —127/-107 (distal Pit-1 binding
site) [55]. It generally binds as a dimer to itgeate recognition elements. Each of these
elements consists of a core motif including a high#inity 5’ consensus sequence,
ATGNATA followed at the 3’ by an adjacent lower iaffy A/T rich sequence. One Pit-1
monomer binds to the 5’ higher affinity sequenced @he second monomer binds
cooperatively to the 3’ lower affinity region [55The —75A/G polymorphism is located at
the 3’ end of the lower affinity region. Severaldies demonstrated that Pit-1 binding sites
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are critical for GH1 promoter activity both by cdtee transcription experiments and
transient transfection into tissue cultured ceflewever binding of Pit-1 to this two sites
in the GH1 promoter are not sufficient for highdétissue-specific GH expression in vivo
[57]. Three further Pit-1 binding sites in a loamntrol region (LCR) located between 14.5
kb and 32 kb upstream the GH1 gene are necessagnfer high level somatotropic-
specific GH expression [60].

In order to test the functional role of the -75AV@riation, luciferase-reporter assay were
performed through transient transfections in thepitaitary cell line GH4C1. The binding
affinity of Pit-1 peptide to its binding site indtpresence of either allele A or allele G was
further tested by EMSA. As the-75G promoter vaoatdisplayed a relevant effent
vitro, we investigated the possibility that it exertssimilar effectin vivo through an
association study between the polymorphism andatedl growth hormone deficiency
(IGHD). We genotyped one hundred and forty-five [Hatients and 168 normal stature
controls were for the —75A/G polymorphism. Our teswshowed that the allele and
genotype frequencies were not significantly différeetween patients and controls.

In spite of the lack of association with IGHD, wancnot exclude a potential effect of the
variation on the level of GH secretion vivo. Since GH secretion is regulated by the
balanced interaction of several factors the eftdcthe —75G variationn vivo might be
hidden by the overall effect of the complex reguiptGH secretion network. Moreover,
we tested selected populations of individuals sitbrt stature in which we cannot exclude
the presence of other unknown genetic variationgh wai stronger effect on Growth

Hormone production.
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Context: The majority of mutations responsible for solated GH typa
11 daficiency (IGHD [1) lead to dominant negative deleteriously in-
cransed kvels of the GH{ exon & skipped transcripts.

Ohjectiver The sim of this stody was the characterization of tha
mwaleru lar defect cousing & familial case of IGHD TL

Potients: A Z.yr-old child and her mother with sevare growth failare
at dingnosis (— 5.8 and —6.9 8D seors, respectively ) and IGHD wera
irrvestigoted for the presence of GH1 mutations.

Resalts: Wa dontified anovel Z2-bp delation in I'VES (1VES del+56—
77} removing the putative branch point sequencs {BPSL Analysis of
patients’ hmphocyte mBEMA showed an sxcess exon 2 skipping. The
mwitated allels transfected mto rat pituitary colls produced foar dif-

ferently spliced products: the exon 2 skipped mENA as the mamn
preduct and kwer amounts of the full-length DA and of two movel
mBMA aberrant isoforms, ons with the first 66 basesof exon 4 deleted
and the other lacking the entire cxon 4. 4 mutagonized constnact
lacking exelasively the 7 bp of the BPS anly generated the awon 4
shipped and the full-length isoforms. The presenes of the full-langth
transeript n the abesnes of the canonical BPS points to an s bamative
BPS in [V23,

Conclusion The I¥E2 dal+56 77 mutation, cousing [GHD [ in this
family, has two separote affects on mBNA processing: 1) exon 2 slip.
ping. snalogous to most deseribed oascs of IGHD 11, an effect likely
canasd by the reduction in size of the TVE3, snd 2 partia] ar total sxon
4skipping. as o result of the remoral of the BPS. i Olin Endecrinal
Metab 91: 950 268, HHE)

FPROXIMATELY 75% OF the circulating GH i=s a 191-
arminc-acid peptide with a moleciilar mass of 22 kDa.
Altemative splicing of the criginal transcript gives rise to
mincr amownts of several smaller ischorms. The most rep-
resented of these alternative spliced transcripts lacks the first
45 bp of exon 3 through activation of an in-frame cryptic
splice site and produces a X-kDa peptide missing amino
acids 32-46 (1), Complete skipping of exon 3, accounting for
1-5% of the total CHI trarscripts, results ina 17.5-kDa form
lacking aminc acids 32-71. Two isoforms lacking exons 3-4
and exors 2-4 and encoding 11.3- and 7.4-kDa pepticdes have
also been detected (2).

Mutatiors in the GHI gene have been identified both in
type | (autosomal recessive) and type I (autcsomal domi-
nant) familial isclated GH deficiency (IGHD) (2, 3). IGHD I
is catised mainly by mutations affectng CH mBEMNA splicing,
falling within the first six bases of the IV53 5" donor splice
site (4-8) or disruptng splicing enhancer elements. The lat-
ter includes two mutations in an exon 2 splicing enhancer,
ESEml + 1G—=T (%) and ESEm2 + LhA—G (10), and two

First Published Online December 20, 3005,

Abbreviations: BPE, Branch point sequence: IGHD, isolated GH de-
ficiency: S0E, so score.
JCEM ia published manthly by The Endocrineg Society (httpeiwane.
endo-society.ongl, the foremeat profesional society serving the en-
docrine community.

mutations in an IV52 splicing enhancer, [ISEml(IVS2 + 28
G—=A) and ISEm2(TV53A28-45) (11, 12). All the reported
splicing mutations lead o deletericusly increased levels of
the exon 2 skipped transcripts encoding the 175-kDa iso-
foren. This isofcrm lacks the protein linker domain between
helix 1 and helix 2 of the mature GH and a cysteine residue,
Cys™, involved in the interaction between heltx 1 and belix
4(13). Thus, without the amine acids encoded by the third
exon, the molecule cannot fold mocmally. This altered GH
structure exhibits a dominant negative effect on secretion of
the 22-kDha iscform. The 17.5-kDa isoform is initially retained
in the endoplasmic reticulum, distupts the Golgi apparatus,
impairs both GH and other hormonal trafficking (14), and
decreases the intracellular stability of the wild-type GH{15).
Moreover, the 17.5-kDa isoform causes a dose-dependent
distuption of GH secretory vesicles when expressed in GC
cells and transgenic mice {16).

In additicn to the above cited splicing mutations, dhree
missense mutations, V110F, PAIL, and R183H, are reported
05, 17, 18).

We here describe a novel splicing mutaticn in an IGHD T
famnily, a 22-bp deleticn in the IVE2 of dhe CHI gene encoimn-
passing 4 branch point sequence (EPS) (11). This mutation
generates atleast three aberrant isoforms: the more abundant
exon 3 skipped isofomm and two minor isoforms lacking the
first 86 nuclectides of exon 4 and the entire exon 4,
respectively.
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Vivenzaof ol = A Delation in GH1-1V32 Causas IGHD T

Buhjects and Methods
Subpcts

Tha proband, a Z-yr-old girl, came to our observation for severs
growth failure at the age of 7 months 5he was bom by spontaneous
delivery after a normal pregrancy at 35 wk gestation with a weight of
700 g (25th percentile] and a kength of 3 cm (3rd percentile)} Her
pherotype had the 1IGHD characteristic featumes: slow hut hammonious
body development with regular segment proportions, prominent frontal
bones, and saddle moss. After bicchemical evalustions that sxcluded
arganic diseases, teo stimulabion tests for GH secrotion study ware
performed showing a complete GH deficency (immuncradiometric as-
say; DiaSorin, Stillwater, MM} confinmed by the DGF-I desage (chami-
lumirkseent enzyms-labeled immunometric assay; Medical System, Leos
Argeles, CA) (Table 11 Analysis of TSH (electrochemiluminesoencs
immunoassay; Roche, Indianap olis, BN} and cortisol (RL&; Adaltis, Mon-
treal, Canada) excluded other anterior pituitary hommone deficiencies
{Takla 1). The magnatic resanance imaging of the pituitary region par-
formied with narrow scanning and gadolinium injection reported & mor-
mual anatamy of the region with the sagittal T1 images showing a mild
hypoplasia of the pituitary gland with a height at —20 eo score (50E)
for age (21} Therapy with human mcombinamt GH, staried at the age
of ¥ months at the dose of 0033 mp/kg-d, Fislded avery good responss;
the growth welocity reached 20 cm/yr (Takla 13

The proband’s mother, now 3% ¥rold, arrived formedical chsarvation
for sevare groweth failure at the ageof 4.6 yr. She was borm after 1 normal
pregrancy and delivery, but no irformation is svailable about her
wuight and length at birth. Har clinical and hommonal charactenistics are
shown in Table 1. She was treated  in a noncontimeous way, with human
pituitary-derived GH until the age of 16 y1 with a final height of 146 am,
which was her target height {mother's height, 145 cm; father’s height, 160
e After GH suspension atthe age of 16, she devedoped severe obesity.
A rew test for hypophnvssal bormonas at the age of 38 confirmed com-
plete GH deficiency, wheroas the other pituitary hormones were i the
normal ranga (Table 11 She has now resumed sxogsnous GH tharapy,
and her waight is decressing, The magnetic resonance of the pitaitary
regiom, not previoushy performed, was done with narrow scanning and
gadolirium inscton, showing a normal anatomy and size of the ade-
nohypophysis for age and sex [—05 S05) (Z2ZL A written irdormed
consent was chiained from the proband’s mather for harsslf and her
daughter and from all the tested family membsrs.

PCR amplification and ssguencing of the GHI gens
Gemomic DA was amplified by PCR using primses flanking the GHI
gorw and a procfreading Ta pohmerass (Finreymes, Espoo, Finland).

TABLE 1. Clinical and hormonal data of the tee TEHD [1 patients
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The resulting 27-kb product was used as template for a sories of nested
PC s using internal primers far the prosimal prometer, the fire soons,
the four introns, and the uniranslated regions of the GHI gene. PCR
conditions and primor sequences are available upon request,

The resulting PICR products were visualized on a 2% agarcse gel,
purified from the gel using a Perfectprep Gol Cleanup systemn (Eppen-
dort, Hamburg, Germany) and used a= emplate for sequencing inboth
sarses with the Big-dye erminator cycle sequencing reaction kit { Ap-
plied Biosystems, Foster City, CA) and an ABL 3100 automated
squUerer.

Tha PCR preduct containing the 1VS3 deletion in the hetarozygous
state was then dored by the pMOSRhe T-vector kit { Amsrsham Bia-
scien<es, Litile Chalfont, UE) following the manufactures’s instructions,
and the teo allekes were separatehr saquenced.

Synthesis and amplification of GH cDNA

Tatal BINA was axtracted from lymphecytos by RNAwiz (Ambion,
Autin, TX) cDINA was ebbsined by RT-PCR using the RETRCecript Eit
{Ambicn] and amplified with three different couples of primers de-
signed to amplify different parts of the wild-type cC8A (Fig 11

The products were extracted from a 2% agarese gel and directly
saquarcad.

Flasmid preparation and cell trangfaction

Tho 270-bp PCR product encompassing the entire SHI, obtained
fram the proband’s genomic DMA, was claned into the pMOG plazmid
{pMOSBlue T-wector kit Ammrsham) Two clonss contaiming the wild-
typ= and the mutated allele, respectively, ware selected by sequencing.
A fragmant of 2 kb contyining the whole GHI sequence was released by
digestion with BamHI, purified from gel by the Qiaquick PCE purifi-
cation. kit (QUAGEN, Hidsn, Germany), and inserted into the
prOAL L+ socpression wector (Invitrogen, Chatsworth, CA) previ-
oualy digested with amHL

Tha iw titro mutagenized mutAT was generated from the wild-tvpe
CHI-camrying plasmid by the QuikChangs Site-Dhirected Mutagenesis
Fit iStratagene, La Jolla, CAl wsing bwve mismabch complemontacy
aligemuackotides.

DHINIF competent colls wers then transformed with the different
constructs and grown on LB/ ampicillin media.

Flazmid DA was extracted (Flasmid Midiprep; QLAGEM], =e-
quemced, and wsed for transient transfection of the rat pituitan GHAC]
cullline (American Type Culture Collection, Bockwille, MO0, Calls woro
Erown o approximatehy B0 conflience in 35-mm dishos and trams-
focted with 2 ug of each comstruct using the Fugene 6 transfection

By (GH pank 1GF.I [GF.I BOS Froa T, TEH Cortisel
gﬁ? HEDE i m.g;EJ mg'ml) ing'ml] ipgml ¥l gl
Child
I N1 —24 00
h 042 -4 -7
A 058 -5.4 -08 0.4%00.4* <15 =50 11.5 282 TEE
B 1.6 -2 -21 Ha B0 =25 124 (] S02
Mother
k 2.0 —5.0
A 4.8 -4 -4 209367 HA HA Ha HA 1064
B 5.6 —5.6 —-1.2 HA HA HA Ha HA Ha
c 16 —aa0 4.1 HA Ha HA 14.5 42 Ha
1] a8 —a7 &7 054 i —4.0 154 1.5 1432
E a8 —a7 BT HA 16k —10 8.2 1.3 HA

HA, Hot available; BMI S0S, body mass index Shscore calealatod {rem BT Eolland-Cachera charts in pediatrio age (189) and fron BMI charts
from Amsricun Maticnal Health snd Nutrition Survey dato in sdalthosd age (207 HS0S, height S0 scorsg b, historical data; A, diagnosis; B,
aftor 1 1 of GH treatment: O, stop of GH; [ restart of GH; E, after 1 yr of GH restart. Hormal ranges: poak GH above 10 gg'ml, IGF.I 85227
(01 yr), 51508 (12 yr), 100 284 (3540 yr), Froo Ty 11-20 (01 yr), 817 (1-6 yrl, 8.317 (>18yrk TSH 1.35-8.8(0-1 yr). O.B5-6.5(1-6

wrl, 02742 (=18 yrr cortisal S0-Z50 laarly moming L
L .‘Lr.guunn atimmlation test.
* [eaamatazona stimulation test.
* Insulin stimnlotion teat.
# GHRH + argmine stimulation teat.
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s J— —
AT-FOR3 = e -

Fig. 1. Schema of GH | premFMA eplicing showmg the full-longth mBNA snd the RT-PCR proadoncte. RT-POR1 performad with primers GH1
(5L.TTOOCAADCATTODCTTATO-2') and GHE (B'.TOTTOCAGOOTCCOCATCAGS-2) amplifies parl of axon 2, sxon 3, ond exon 4 allowing
datection of sxon 3 skippod products. KT-PORE performed with primems GHE 5 -TACCAGGACGTT TEAAGAACCA and GH21 (5. TCCAGGOC-

CAGOAGAGGOACTO GO0 amplifies exon 8, eaxon 4, mnd exon 5 allwing detection of sxon 4 sk

ucts. KT-PCRE performed with

primers GHZ G COTCTGOACCAGC TGO OCTTT-2" and GHT (5. AAGCCACACC TECOOTOCACAGA-2") amplifies part of exon 2, sxon 3, exon.
4, and part of exon & allowing detaclion of both exon 2 and axon 4 skipped producta.

reagent { Roche), fallowing the manufacturer’s instructions. Total B:A
was purified from rat cells 48 h after transfection by Rieasy Mini Eit
ISTAGENT and reverss transcribsd.

Results
Seguencing of the GH1 gene

Sequencing of the GHI gene in the proband of an IGHD
I family revealed the presence of a heterozygous 22-bp de-
letion in W53 (Fig. 2). The deletion i= Hanked by a stretch of
five Ce (nk 5357 of the IV52) at the 5" side and of three Cs
(it 577} at the 3" side. Because three of these Cs are retained
in the deleted allele, it is not possible o exactly define the
limits of the deleticn. We arbitrarily named the mutation as
V52 del+56-77. The deletion includes 4w IW53 BFS, which
extends from nt 67 to nt 72 of IWS3 (between —25 and —20
fooin the 37 splice site) (11}, The same deleton was detected
in the proband’s mother (subject 11-2, Fig: 3A4), whereas itwas
absent in all the tested unaffected family members.

Te identify the origin of the deleton, all the family mem-
bers were typed for previously described promoter poly-
morphismes (23, 24), and GHI haplotype transmission was
deduced from family segregaton (Fig 3A). The 22bp dele-
ticn was cacried by a GHI haplotype (— ZF8T/ -7 A/ —5AG/
—6G /+3G) that subject I1-2 inherited from her father (1-1).
The same hapl was transmiteed without the deleton
from 1-1 o [1-3, II-E, and H-6. Thus, IVS2 del+56-77 is a de
nope midtation in -2

EXON 3

Analyaiz of GHI franscripts in lvmphocyies

Ectopic transcript analysis was performed on cDMA from
lymphocyte mEMNA of all the family members. Two couples
of primers were specibically designed to detect an aberrant
splicing involving either exon 2 (ET-PCEL) or exon 4 (RT-
PCER2), immediatehy 5 and 3° of the intron with the deletion
{Fig 1)

Eﬁ&l’ amplification with RT-PCE1 primers (Fig. 3E), a
band of 380 bp corresponding to the wild-type fill-length
cDMA was detected in all the individuals. In additon, the
affected subjects III-1 and [1-2 showed a smaller band of 269
bp with approsimately the same intensity of the full-leng i
band. This 269-bp band was scarcely detectable in the nor-
mial-height members and comesponded to the 175-kDa f=o-
form lacking the entire exon 2, A faint 344-bp band, corre-
sponding to the 20-kDa dsoform, was visible in all the
subjects,

hiost of the previously reported BPS mutations in humars
lead to edther the partal or total skipping of the exon that
follomws the mutated intron (25-28) or to the retenton of the
intron camying the mutated BP'S (29). The presence of aber-
rant splicing products irvolving exon 4 was thersfore inves-
tigated by RT-PCRZ (Fig. 3C) A unique band of 548 bp,
corresponding to the full-length transceipt, was detected
both in the affected and unaffected members.

Thiss, the information derving from lymphooyee mBMNA

(e
ISE = P

CABCESBARTE '_]FIgay_g;algtch:l: OO () O i e ) g :hc_llaglr.lqagcr.l:::n:qggc FRTEEE e TRl el

Fui. 2. Sequence of GH1 WS mnd of
part of exens 2 and 4. The ntron splic-
ing enhancer {15E1 ond tha BFS are m
hald. The pulative cryplic splice aite is
haxed. [n IVE3 snd cxon 4, tha eryptic
BPSs areunderiimed.

EXoh«

ap=

l.1|l-u:‘.°ﬂ'-"-'- THBAGCT L TC LR ATETCCOTGLTECTCAT CCAR T GT G ECTRRAGCCLGTRCAGTICCTRAG

GAGTETCT TLECEmE P TEETEr MEGEEC

Cayphe
Aphin wle
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U1}

R RT-PCRI
Full lengel 389 bp

Eron 3 skipped 269 bp

i RT- PCR2

Frull length 548 bp

= 500 oy

Fro. 2. A Pedigres of tha [IGHD I family. Black symios indieats affocted individunls. For cach mem bor ara indieated the staturs {erpresecd
in centimeters; only in unaflected individaak), the GH1 promoter haplotypes resulting, from top to bottom, from the allelic combinstiors of
aingle-mmclestide polrmorphiams —2TAGT, -T5AG, —ETTVE, —BAMD, +20G°7, and the I'VE sequenies (wi, wild-iyrpe; dal, 1VE2 dal+56-77
mutation . From fomily segregation, it was poseible to reconstract both GHY haplotypes i mdicated with o broker line) for the decessed individuas]

[-1. The haplotype in which thede move mutation cecurred is boved . The probond s indicated by on erroer. B, RT-PCER1 parformad on lym

iphbeccyts

mBMA O, BRT-PORZ performed on Ivmphocyte mBNA. The gal lanss are positionsd undar the comresponding individual All the visible bands

wore axirocted from the gal snd sequenced.

analysis was that the IVS3 deletion induces the producton
of a remarkable amount of mEMNA lacking exon 3.

In wifre expressdon of the GHI allele harbortng the IVS3
del+58-T7 mutation

T assess whether the ski of exon 3 was the only
aberrant product generated by the del+56-77 mutation, we
analyzed the transcripts of the mutated allele in pituitacy
cells fn miree To this purpose, we transfected GHACL rat
pituitary cells withan expression vechor con either the
normal GHT allele (w-GH1) or the GHI allele witdh the TV53
del +56-T7 mutaton (del-GHI1). Because the two corstructs
wereindependently transfected, this analysis alsoallowed us
o discriminate the products of the matant and of the wild-
type allele, which were coamplified in the lymphooyte
cDMA.

The mEMA&s from tansfected cells were reverse tran-
scribed and amplified with RT-FCRL and RT-PCR2 primers.

These are specitic for the human SHI and did notameplify the
rat mBEMA from untrarsfecesd GHACL cells (Fig. 4, lans 2).

ET-PCR1L on the we-GH1 mEMNA yielded three bands cor-
responding w0 three CHI wanscripts (Fig. 44, lare 3) also
detected in the lymphooytes of normal subjects, ie the main
22-kDa full-length eranscript (289 bpy, the 20-kDa isoform
{244 bp), and the 17.5-kDa iscborm (269 bp). Cn the contrary,
the del-GHI1 construct generated exclusively cne intense
band corresponding to the exon 2 skipped (17 5-kDa) tran-
script (Fig, 44, lane 4).

When amplified with BT-PCR2 primers (Fig, 4B8), which do
it anceal to the exon 3 skipped duict, the cDMA from
cells transfected with wi-GHI only contained the full-length
trapseript (lane 2), whereas del-GHI gererated three ditfer-
ently spliced mEMAs (lane 4§ corresponding w0 1) the full-
length mEMA (548 bph, 21 & 462-bp transcript in which the
first 86 bp of the exon 4 were deleted, and 3 a 382-bp tran-
seript in which the 165 bp of exon 4 were absent. Thus, in
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A

RTPCR1

500 bp —

Fig. 4. ET-PCE performed on the mBEMHA ax-
troctad from GH4O1 pitoitary eells untrons-
fected (rot cDNA; lane 21, tronsfected with the
wild-typa G § gene (wi.GH1: lone 3, transfacted
with the GHI alkle harboring the IVSE2
del +50 77 mutatim (del-CH1; lane 43, snd
transfected with the muisgenized &5 gene har-
baring the T-bp BFS deletion {muatAT: lane 5). The
RT-PCOR was parformed with the thres couples of
primsrs of KT-PCEL (A), ET-PCR2 (B), and ET-
PORE{C) Each POR product was eluted from tha
gel ond charactorized by pequancing. The result is
outlmed on the rgght of cach band *, Hetero.
dupler malerulea formed by minpairmg of the 396
omd 223 bp fragimend.

B RTPCR2

C RT-PCRS

600 bp —

pituitary cells trarsfected with the deleted allele, it was pos-
sible to detect two novel abercantly spliced ischorms irmeolv-
ing exon 4 that were not visible in the patients’ lymphocytes
and in pituitary cells transfected with the wild-type allele.
Morecver, the RT-PCEZ primers showed that the mutant
allele also produces a emall amoudit of the full-length mERA.

To investigate which of the above described alternatively
spliced fragments was the direct consequence of the BPS
deletion, the wi-CHI plasmid was mutagenized to obtain a
sequence lacking exclusively the 7 bp of the BPS corsensus
[mutA7). The cDMA produced by mutAT showed only the
aberrant excn 4 skipped fragments as expected for a BPS
mutation (Fig. 4, A and B). As observed for del-GHI, the
it AT construct also produced a wisible ameount of the Full-
length cDMA.

A third set of primers (ET-PCE2) located within exons 1-2
and excn & was designed to amplify all the isoforms in the
same reaction (Fig. 1), Because we did not pertorm a quan-
titative PCR, we can only roughly estimate the relative
amownt of the ditferent iscforms, with the limitatlon #hat
smaller fragments are in any case preferentially amplified.
Four fragments were visible on a 2% agarose gel in corre-
spondence of the deleted allele (Fig, 4, lane 4). The two
bands of higher intersity corresponded to the 17.5-kDa iso-
porm (298 bpi and to a smaller trarseript lacking both exors
2 and 4 (233 bp), encoding the normal 11.3-kDa isoform (2).
The latter is detectable cnly under the ET-PCR2 conditions
(Fig. 1) and was visible with a sirmdlar dntersity also among
the wt-GCHI transcrpts (Fig. 4C, lane 3). The two fainter
bands corresponded to hetercduplex molecules formed by
mispairing of the 398 and 233-bp fragments. The full-length
cDMA and the trarscripts with abercant excn 4 skipping

500 bp
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were not visible in this PCE. The wt allele (Pig. 4C, lane 2}
yiglded, besides the 223-bp fragment, a strong band corre-
sponding to the full-length DA and two fainker bands
corresponding to the 17.5- and 20-kDa isoforms.

Discussion

Mutators i the CHI splicing elements that result in an
increazed level of exon 3 skipped transcripts encoding the
175-kDa fsoform are a common cause of autosomal domi-
nant type 0 IGHD and severs growth failure (4-12)

Here we report a new mutation, consisting of a 2-bp
deletion in the IVS3 (IVE3 del +56-77) causing IGHD Ilin a
child and her mother. The deleton completely removes the
reported BFS (AGOCAAT) (11) located betwesn — 20 and
—25 upstrearn of the intron 3/ excn 4 juncticn (Fig. 2) match-
ing five of the seven residues of the weakly defined main-
malian BFS (Ye MY 10 TarFay Ao Yoy where ¥ represents py-
rimicine, B represents purine, and N represents any base)
{20, The & at position —21 {undsdlined) likely represents the
highly conserved adenine involved in the lariat formation
with e donor splice zite.

Lympheoyte mBEMNA analysis showed that this mutation
induced a splicing pattern analogous to that observed in
most cases of IZHD I the proband and her mother showed
two  principal mRMA species approwimately in equal
amount, namely the full-length mEMNA (encoded by the noc-
mal allele) and an aberrant splicing product with the skip-
ping of exon 3 {encoded by the mutant allele) (Fig. 3E).

Accordingly, the climical phenotype determined by the
22-bp IVS2 deletion correlated with fhat observed in other
ISHD [T patients harboring splice site mutations. The phe-
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notype of ICHD 1T patients is hetercgenecus, On average,
patients cacrying splice site mutations show earlier age of
onset of the growth failure that is progressive and more
severe than patients canying missense mutations (8, 31, 22
Hewever, phenotype vadability is present also among af-
fected members of dhe same famdly (8, 31, 32) showing dhat
the GH-dependent growth during childhood is individually
different and moditied by several factors, most of them stll
unkoown. Both cur patent showed an early postnatal onset
of the grow th Failure that was progressive and severe. Patient
[[1-1 showed an amrest of growth at the age of 4 months and
was diagnosed at 7 months (—58 S0S); her mother was
diagnosed at 46 yr (—65 5D5) and showed a height of —5
SD5 at the age of 2 yr{no informaticon is available at ansarlier
age. The clinical phenctyps was somewhat less severe in the
mother; GH secretion after provocative test, completely ab-
sent in the daughter, was seversly but nor compleeely re-
duced in the mother at the childbood age diagnosis, and the
size of 4 pituitary gland was normal in the mother at the
adult age, whereas it was at the lower lenit sdze in the child
When retested in adulthood, the mother had no GH response
o the stiong GHEH plus arginine stimulaticn test, suggest-
ing an exhausted funcHonof the somatotropic cells along the
years. Conversely, she did not develop other pituitary hoc-
more deficiencies as described in some adult ICHD 11 pa-
tents (32).

The mutation describec here is different from cther in-
tronide mutations detected in IGHD 11 famidlies (4 —12 ) because
it leaves intact the splice junctons and the enhancers,
whereas it completely removes the BFS. On the basis of what
has been obzerved in other bivman diseases (26207, we pre-
dicted that a mutation irwvelving the BPS would induce the
wtal or partial skipping of excn 4. However, Iymphocyte
mBMA analysis as well as analysis on the mRMA extracted
foom rat pitwitary cells transfected with del-GHI revealed
that the major transcript was the exon 3 skipped. Two ab-
errantly spliced iscforms expected for a BPS mutation were
detectable exclusively in experimental conditions where the
exon 2 shipped mBEMA was excluded from the possible tar-
gets (Fig, 4B, lare 4). The first ischorm, lacking the entire exon
4, encodes for a putative mature peptde depleted of amino
aclds 72126 The other was an mRM A devodd of the frst 86
bases of excon 4, and it causes a frameshift leading to a
putative protein differing from the wild type from amino
acid 72 and prematurely truncated at resicdue 77, It likely
results froem the use of a cryptc acceptor splice site at position
-85 of exon 4 The recognition of thds splice site mdght be
mediated by the presence of a putative cryptic BES (OG-
CAAC), marching six of the seven bases of the corsensus
saquence, located betwesn nt 78 and 84 of exon 4 (Fig. 2.

The conterit of the abnormal mEMA lacking exon 4, or a
part of it, is likely very low in the patients” lymphocytes
compared with the normal-sized and b the exon 3 skipped
mEMNA and can therefore be visualized only under specific
experimental conditions. Chne of the reasons tor the low con-
tenit, at least for the prematurely truncated isoform, might be
its rapid degradation cwing o nonserce-mediated mENA
decay (34).

The two abemant splicing events involving excon 4 are the
direct corssquence of the missing BFS, as demonstrated by

J Clin Endeerined Matab, March 2006, 013820 088 195

the mutagenized construct lacking exclusively the 7 bp of the
BPS consensus (Fig. 4B, lane 5. Conversely, the high content
of the exon 3 skipped ischorm remains w0 be explained. Inoa
recent report, Ryther and colleagues (25) demonstiated dhat
the overall size of [V52 s crucial for exon 3 inclusion in the
mEMA& and showed that deletions of 12-14 bp are sufficlent
b0 increase exon 3 skipping. They suggested that this is be-
cause the decreased IVS2 size rather than the deletion of
specitic sequences. We can thus speculate that the main effect
of the 22-bp deletion, ir. the increased exon 2 skipping with
production of the [CHD H-specific pathological amount of
the 17.5-kDa isofommn, is the consequence of the remarkably
decreased size of V53 that cverwhelms the effect caused by
the BFS delsticn.

However, in the deletion mutants reported by Eyther o al,
(35], the TV5S3 BEPS was unakered and mediated the ladat
formnation with the IVS2 donor splice site. In our case, itis not
clear how the two mutants lacking the IVS3 branch site
tnamely the del+56-77 allele and the mutagenized mutd?)
can correctly prooess the IVES splicing necessary for the exon
2skipped and the full-length mENA (363 A similar situation
wag reported for other disease-causing BPS mitations where
the mutated allele also produced the wild-type isclorm in
addition to the ischorm with an aberrant splicing (29, 37, 28)
An obvious explanation for these observations is the use of
an alternative BFS elsewhere in the IVS3 efficiently replacing
the deleted cne. Two sequences located between —d0/ —46
and —&1/—&7 foom the GHI-IVS3 acceptor splice site in the
deleted allels, within a distance compatible with a BPS func-
tion (39), match the corsersus more than others. However,
the del-GHI plasmid mutagenized at the highly corserved
A of either or both of these vwo eryptic BPSs yielded the same
splicing pattern (data not shown) as the ronmutagenized
construct (Fig. 43, 1tis s conceivable that other sequences
with less homology o the corsensis might act a5 a cryptic
BFS. In fact, although several reported BPS mutations cause
severe phenctypes, it has also been demomstrated that a
mutatec] BPS can be replaced by a cryptic BPS with no re-
semblance to the corsersus branch site, apart from the A
residue necessary for $e lariat focmation (400

In conclusion, despite the absence of the canonical BFS, the
exon 3 ekipped is the principal trarscript and e cause of
ICHD I iy oir patdents. Thiis, the coneect in which the BFS
mnutation is located, fe. the 22-bp deletion, has a greater
phenotypic influence than the BFS mutation itself. It is un-
likely that the bwo isoforms with an aberrant splicing of exon
4 also contribute to the IGHD 11 phenotyps because they are
presumably poody expressad.
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ORIGINAL ARTICLE

Endocrine Ressarch

A Functional Common Polymeorphism in the
Vitamin D-Responsive Element of the GH1 Promoter
Contributes to Isolated Growth Hormone Deficiency

Mara Glordano, Michels Godl, Simona Mellone, Antonella Petrd, Daniels Vivenza, Luigl Tirsdani,
Yari Calomagno, Danlela Ferranta, Teresa Arrigo, Girewra Correll, Smonetta Balone,

Francesca Glacopelll, Claudio Santoro, Glarnl Bona, and Patida Momlgliano-Richiard|

Deparimant of Medical Erienams and inbsrdisd plinary Resaarch Carder of Avisimmons Dieaes (MGL MSo, BM LT, Y2 DF,
C.5., FM <R}, ard Unit of Fedigbics (&P, DuV., G.C, 5B, GEJ, Daparimant of Madical Sdences, Uniersty of Easern Pedmon,

TR D0 Wrvars, by Deparimant of Paatmics (TA), Universiy of Mesing, D100 Marsing, i=: and Labodiony of Molsoutar Ganais
IF.Gp, Inetriuka G- Gasdini and Depantmant of Fadiainics and Carksr of Badiance for Bomedical Fesearch, Unkarsiy of Ganoss, 16100
Garave, Raly

Context: Causal mutations have been detected only In a minortty of lsolated GH deficlency (IGHD)
patrents. 1dlopathhc 1IGHD might b= the resultof the Interaction beteween saveral |ow-penetrance
genetic factors and the emdronmment.

“Objactive: The'alm of this stuckywasto test thecontribution to IGHD of genstic varlations In the
GH1 gena regulatary regloms.

Deslgn and Patlents: A cass-control assoclation studywas performed Including 118 sporadic IGHD
patlents with & nonsevere phenotype (helght —4/~1 o score and partlal GH deficency) and two
control groups, normal stature (n = 200) and short-stature individuals with normal GH secretlon
{n =113}, Seven sngle-nuclectide polyrorphisms Inthe GHT promater, one inthe WS4 raglon, and
e Inthis locus contral region were analyzad.

Results: The —57T allele within the vitamin D-responsive elemant showed a positive significant
msoclationwhen comparing patientswith normal (P= 0.008) orshort stature (P = 0.6011) controls
The genotype — S5TTT showed an odds ratio of 2,93 (1.44-5.99) and 2,99 {1.42-6.31), respactively.
The functional relevance of the — 57 varlation was demonstrated by the hucferass assay In the
preserce of vitamin 0. Thevitamin D-ind uced inhibitlon of lucifarass acthvity was significantly (P =
0.012) stronger for the promoter haplotype carrying the sssoclated varlation —57T [haplotyps #1
(hp#1]] with respect to hp#2, bearing —57G. Replacement of the T with a G at —57 on hp#1
abalishad the reprassion, demorstrating that the T at postion —57 b necessary to determine the
greatervitamin D-induced Inhibitory effect of hps1, EMSA experiments showed a differant band-
shift pattarn of the T and G sequences.

Concluslon: The common -57G—T polymerphism contributes to 1GHD suscaptiblity, Indicating
that It may have a multifactorial etlology. 0 in Endooinel Metab 93: 10051012, 2008)

igh-porctrance rutations in the GHT gene have boon found
H in sovere and in familial forms of isolated GH deficiency
(IGHDN (1, 2i. However, mese IGHD subjeces prosont with a
noreovere GH defiaency (GHDY 33, no family history, and no
d:lnf]'i.\.'ﬁuﬂ mulﬂ.ﬁﬂnl i.ﬂ ﬂr GHI Cﬂdin‘s xqmm o i.ﬂ er'lfl

002 1-BTIC VNS00
Frimied in U.5.A

Copyrigh B 3008 Iy Tha Erderring Socity

i 1012 104 2007- 1915 Receivad Sugued 17, 2007, Arcepisd Decombar 18, 2007
First Pusiizh a4 Cniing Discomicar 16, 2007

1 Clin Erdzeringd Medah, March 2008, 233k i0as-1012

<Zjesi0, 11>
<zshortitle= A Fumnctional Comam on Polymorpidsm in Sie Vitamin D-Respensie Blementol the GH1 Promoter Centribautes o ks slated

«Zjsg= =

genes knowen to be involved in GH production (ep. GHRHR)
{4}. The pathogenic mechanisms for this idicpathic [GHD have
not as ver been dacificd. In the present paper, we considered the
hypathesis that [GHL, cspecially when cwcluding cxctreme phe-
notypes, can be dercrmined by the intcraction of several low-

Abbroviztons O, Confidares Inksival; GHD, GH &fdmnny: hpk, hapizhes #1; 15HD,
Isodgiad GHE; LCR, loous coniiod mgion: LD, linkage dbequilinum; | 280H, Dy, 1,285
drworcogpwiamin Oy MF-1, mudear factod-1; OF, oods rabe: 305, 5500rs ShP, ingle-
rudaniids pa ymomtism: VOR, wiamin O resphon, YDAE, YDR-inding samant: WDRE
o, WORE conmarele sequena: YORE mut, YDRE mutnk ssquente

jmmandojpumrakong 1005

Grewth Hermone Deflclency

36



Fi

AR

[ baltt jzeg-jeamizeg-jeamizegEilizen5 654 -08a | schweing | 5=0 | 224/08 | 047 [ Ark: 07-1048 | Input-lc ]

1% Glondasnoera.  SHP N the GHT Pomoder VDFE Coribuies o IGHD

penctrance genctic factors and the covironment rather than by
the presence of a major-cfect muration, thus behaving as a mul-
rifactorial teait.

GH sccretion is depondent on a complor netwerds of mvtra-
cellular and cxtraccllular signals that regulate the homicre syo-
thesis and releasc. The regulation of GHYI gene expression has
been charactenzed in detail, and both ubiquitous and pirvitary-
specific cisltrams clements havve been identificd in the GHI prose-
imal promoter (Fig. 1), Transenprional factos controlling the
HI basal expression inchide nuclear factor-1 (MF-1) 131, specific
pretcin-1 Spl 6, Zr-15 (7}, vitamin [} recepror, (81, and cAMP
resporse clement-binding protein CREB. a protoin that nceracts
with cAMP-responave clonenes (2). The pinaitary-resericeed GHI
cxpresston s mmainby controdle d by the pitvirary spocific fucror Mie-1
{10}, a POLkhemeosdomain protein, which binds to tua highly
comscrved clements i the GHI prosamal promorer. Three ad-
ditional Pie-1 binding sitcs in a locos control region (LCR) lo-
cated 14,5 kb upstream the GHI gene arc necessary vo confer
high-lorel somatorrepic-apeeifie GH couprossion (11 ).

The GHI proscima] promaoner is highly polynaocphic, weith 13
smgk-rmcleotide po kanerphieme (SHP< o the 500 bpupseocam
of the rranscription tination siee (12, 13), giving risc 1o a koast
41 ditterene haplarypic combinations (14

Functional srudics suggese that the ©5H1 promioter polymor-
phisms might influcnee the circulating GH level through theur
cffect on transcription regalation. [o has boon shown that the
dithcrcnt promoter haplotypos induce a1 2+keld range of copres-
sion level inarcporter genc assay (145, We recently demonstrated

LCR GH PRONIMALFROMOTER _ GHIGENE
| L Y R

YDRE
P a5

Pir1

FRE MR TS dY -1TR TS -1

AG. 1. Lecatlon and palreviss LD valuss of the 543 In the GHT gene and
tha 14.5kb upstream LCR terted for asoclation whh 1GHE. Tha promoter
ENFs an rumbered corsldering +1 the fint trarecribed nudaectide and
he IVE4 SNP I the [vE4 S0th nudsotids (according to the mquanca with
sosaslon numbser M1 23438, hitprfasasarchinlmribgosd. The LZR

SHFs an rumbered acording to the sequence AFC10280. The position of
the binding stes for transcdptl onal factors bs shown. Raported L values
wara cakeulatad In nomnal taturs conkrals. 0 walues are shown In the
bowas, OF values = 100 ara Irdicbed s ampry bosas, Tha r¥vakue b
rdicabad by tha baw codor tnsans'ty.

1Clin Endoorinel Matah, Manch 1008, 330310051011

that the GHI promaoter vanation —7 54— within the pros-
mal Pit-1 binding sitc, influmces the transcription s vitro, al-
though it is not associared with a pathalogically decrcascd GH
scorction m oo 130

The iovelvemene of GHI polymorphisms has boon invest-
gatcd and found i scveral pathological conditions, including
brease and colarecral cancer (16 =20), accekrated bone loss (21,
by portcnsion and seroke (22, Comverscly, the only reported as-
saciation study berweoen GHI polymorphisms and IGHD was
performed in a small cohear of Japancse paticnts with mild GH
deticiency in which the A alkle of the inerenic SMP
W54+ 904 —T was significant by increased with respece to indi-
viduals wirh nomoal GH secrerion (231,

Here we report the fist systanatic asseciation study with
GHI SMPs in o Cavcascad population of idio pathic sporadic
IGHL paticnts and matched controls. The sclecred cases pre-
sentcd with a nonscvere form of IGHD A significant associarion
with [GHD of a polymorphism within the vicamin [ rocepeor
(VDR Fbinding cherene (VDRE) was derececd. Puncrional anal-
ysis demonstearcd thar this variation has o significant influcnce
on the rrarecnpeional activiey of the GHYI promoter.

subjects and Methods

Subjects |

& rocal of 112 sporadic patiencs wich 1GHD. 113 shor-searure indi-
widuals with normal GH szcretion [pormmal shori ), and 200 normal-stat-
ure individuals, all blanging to'the [talian population, were induded in
the genetic assodation anatvsis, The WGHD patientsand normal-scature
controls in pare overlap with thowe included in a previous work (15),

The short-stacune subjzcts were refecred roche clinical cencers because
they had a heighe less than or equal o — 2 50 score {S005) (24) and'ora
heighr welocity over 1 yr of less than — 1.5 06, Pariznm with 2 known
postratal cause of acquired bypopituirarizm were excluded. Skeleral
maturation was estimared as bone age [radius, vloa, and shom bonel (25)
by ao auxclogist. The clinical, auxological, and radiological characrer-
istics of the included subjects are shown in Table 1. They were all eval-
uated for GH serum level either after two consecurive clissical provioc-
atiwe tests (with arginine or cloniding or insulin] or after onz douhle
stimulus with GHREH plus arginine (2&]. Tradivionally, a diagnosis of
GHI is supponed by GH peaks less than 10ng'ml afrer both comsecutive
stimuli | 27 ) or Jess than 20 ng'ml afrer the double provocative cest (26).
O chiz bagis, 118 mibjeas were disgrosed a5 GHD and 113 as shart-
stacure individuals with normal CH s2cretion (normal shore, The short
starure in the lareer was classifisd as familial shoee sarurce (o= 31},
idioparhic shortstature (n = 7 3L and constiturional delay of growth [n=
). The GHD parients had o mean secretion peak of 4.2 = 2.2 ng'ml afrer
the single stimuli [n = 103} or .2 = 5.7 ngdml afrer the double prove-
ative test (n = 15). Wormal shom individuals displiyed a GH peak of
more than 10 ng'm]l after stimulus with either arginine or clonidine or
inzulin or more thian 20 ng'ml afrec che CHRH +arginine esar, 4 passible
miscategorization of parients with a bordedine phenoorpe cannot be
excluded.

Mone of the GHD patienn was deficient for other piniany hor-
momes, had a decumented family histary of the ditzase or consanguin-
eous parents, or carried deletsrious murations in the SH! and SHRAR

Fifty-six IGHD parienms under#ene picuitacy magnetic resonance im-
aging. and 33 of chem had an abnormal finding (most of che image:
revealed piritary hypoplazia and some ectopic posterior pintary).
None of the normal short undervent MEL because of laick of aoy clinical
indicarion.
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TABLE 1. Clinical characteristics of the patients at the time of diagnosis
Malas Famialis
KEHD shart stture ISHE short stahure

(ri= a2 =52 [ n = 35) n =51} P
Frepubent inl [ 34 QWS 31 31 [T
Fubrial i 15 Fi} 5 m
Maan aga = m BI =43 10z =135 A0 74 =30 5 =34 DoE
Maan & W' DE=m =15 =12 =11 =13 ar =14 =143 —0F = 1.1 ooE
Wazn height S0 = o (mnge) ~IA =030-43m-100 -23 =063 100 a3 -26 2 15(-60k-10) 24 =08-410-07% 05
Helght 505 = —4 In) 3 o ams t 1 ooe
Helght 508 = -2 In} 50 45 A ” EH oo
Maan tagat comsded hetght® 505 = -7 =12 -10 =08 an -12 =14 -02 =08 o2
Wazn growth velockhy 505 = 203 £ Z1 =23:=11 a3 =13 =24 -18 =12 e

? Diifarerioa behwazn tha chronalogical age and the bone age at dlagnals.
 Targat talght cakzubated from the parnits’ stabors,
“over 1 yr.

The normal-ararure coneeol individuals inchided university and has-
pital staff and medical students and were nor tesced for GH secretion
lewels,

Awritten informed consent was obmingd from the pariznrs’ parents
and from the normal-scature controls;

PCR amplification and sequancing

A L.7-kb specific GHI fragment wasamplified from genomic DNA
with primers 5 CCAGCAATCCTCAGGGAAAG-3  (forward) and 5'-
TETCCCACCGOTTGOOCATOCCCAGGTAGDC- 3" (reverss] and
used a1 termplite tor a nesced PCR with peimers 5-TTAAACAT-
GCGGLCACGAR-T' fforward) and 3-COCCOCCTOCCATOTA-
CAGGT-3 (reverse) thar amplify the GHL gene from —357 o + 142
feonsidering +1 rhe franscripeion initiation; ssqusnce M13438,
Jn'l:p::'-‘nw'r.ucth]m..u.Lh.w!.

The LCR was amplified wich prinsecs 5 - TCAATATTITCTGOGG-
TACAGG-2' [forward) and S-CTAGGOCTOGGACCTGATA-S' [re-
verzs) from nucleotides 913-1593 of the soquence AFOLO280 (28,

The promoter and LCE. fragments were directly sequenced using an
automated ABL PRISM 3100 sequencer (Applied Riosyirems, Foscer
City, CAL

The V34 fragment was amplified with primers 5-CCCACT-
GACTTTGAGAGCTG-3 and 3' CATGTOCTTCCTCAAGCAGT -3
from the 2.7-kb amplicon and the W54 +580A—T polmorphism was
genoiyped by denaruring HILC hetercduplex anahvsis on a Trans-
geromic HFLC Instrument | 2% ata column temperacure of 323 Cwith
a4 58 —e8% gradient of buffer B {23% acetonicrile, 01 M triechylamine
acerare supplisd by Tranygenomic, Cmaka, ME).

ST 00— A and 1144A—Cin che LCR were genotyped by the
SMaFshot mechod (Applied Biosystems) following che manufacurers’
instrucrions using the intemal primer S -ATTTCTGAGATTT T AGC.5"
and §'GCACACGTET TIGTOLGGGGS ', respectively. The reacrions
were vismlized on the ancomared ARTPRISM 3100 sequencer [Applisd
Biosystems|.

Plasmid construction and transfection

GHI promorer haplovpes §1 and 2 [hp#l and £2) were cloned imo
the luciferase reparter victor plGL3 basic {Promega, Madizan, W) az
previously described (15). The construct bearing hp#l was used as the
templace incowhichthe T ar — 57 was substituesd witha G (hp#1-34UT1)
and the G ar — 275 was substinured wich a T |hp#l-3UT2) nsing the
CuikChange Sit=-Dirscted Murtagenesis Kit (Straragens, La Jalla, CAL

The baplotyps aceivicy was evalumed by cransfection in che MCET
human breast adenccarcinoma cell ling |American Type Culture Collec-
tion, Rockville, M0, & totalaf 1.5 = 107 cells prown in DMEM [Life
Technologies, Inc., Rockville, MO | supplementsd wich 1 0% feral borine
serum, 100 Ufml penicillin, and 100 pg'ml serepromycin were sesded ineo
six-well tissue culrure places in 2.0 ml medium and allowed ro amach
overnight. Transienr cransfecions wers carried our using 1 wg of each
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conseruct wick Fugene £ | Boche Diagncerics, Indianapalis, [N Twenry-
four hours after camfeaion, the cells were washed with PES and cul-
wired in serum-free medium supplemenced wich 500 nsd 125 diby-
drexyvicamin Iy [ 1L25(0H], 1] (Sgma-Aldrich, 5t. Lowis, 300 or an
equal volumeofvehicls (erhanol). Afrer4£ b, the cells were bsed with the
bufteraf the Luciferase Assay Sysvern [Fromega). The luciferase acriviries
were measured using a luminomerer (Anchos Lucy L: BioTek, Winooski,
WT) and normalized with respect o procein concencration [Badiord
assay; Bio-Rad, Hercules, CA]L

EMSA

HMuclear excraas were prepared from MOFF cells groeen for 43 bin
s2rum-fres medium conaining 500 ned-1 250 0H ], Dy using che Muclear
Exctrace Kir {Active Mauf, Rixensarr, Belgium).

Double-stranded oligonudectides were labeled wich 3 [“FJATE us-

‘ing a T4 polrnudeotide kinase {Fromegal and purifisd oo a Microspin

G-25 column. Five micrograms of riclear exerace were incubarsd 30 min
in- binding buffer [20 mss HEPES [pH 7.2, 0.2 ms EDTA, 1 md di-
thiothreicol, 50 mM KCL 2 ug polp/dldC), 10% gheerol, 0.5 ms phe-
mylmmec byl lion g fluocide] with 15 fmol of the *Plabelzd probes. The
reaction mixrures wers nin on 8 5% nondenamring palyacrylamide gel
119:1 acrylamide co biracrdamids] ma 0. 25 Tris-boric acid running
bufferar 100 Vfor 2.5 b,

Statistical analysis

The associarion analysis was performed by binary logistic regression
adjusted for sex. The sirengrh of the association was evaluated by the
adds ratio (OR] with #3% coofidence intervals (L1 Scaristical signifi-
cance was asseszed by the likeelihood rario cear. When ot spacifisd, the
reported P values were nor corrected for che number of comparisons.
Amnalyses were carried out using 5A5 version 8.0 ] and STAT A version 8.

Pairwise linkage disequilibria (1T berwreen S were caboulated by
[ and r* using che Haploview program vendon 3.2, The same softw are
was used o estimare che haplotype servicrures and their frequencies from
unphased gerocype dara.

The ¢ resr was used to compare che diseribution of age. heighr 300G,
bome age 505, mrger correctad height S0D%, and mean growth velacity
5D betwesn IGHD and normal shoct.

The transfection experiment data are repeesened as the mean = 50,
All values are expressed as a percentage of the hpfl mean walue. The
Mann-Whirney LM eear was uted ro compare the relative luciferase acrivity
betwrzen oo groups.

Results

Association between GHT SNPs and 1GHD
The GHI cgion including the proximal premorcr, the 5'-
untrarslated region, and exen 1 were scquencedin 11 8 uniclarcd

A H
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TABLE 2. Comparison of genctype frequencies of associated GHT SNPs in 1GHD patients and normal-staturs and normal short

cantroks
IGHD Mornal stabaa Mormal short
n= 1180 In = 2001 oR" = 113 off
SHF Garitypa n (%] n (%] Pt fa5% Q) ni%d fass a) [ -
T — i 120161 47235 1 irdfamna) FRT | irefarnad)
a7 43141 5 oo 112 582300 5101} 127 ipEz-261)
GG SOAT A 53265 2154108430 T | 0B -A55
ool 03a
~EG—=T G T el 77 RS 1 inafamna 540075 | irafarnm
GT 44415 102510 038 [0sT-LES 43138.7) 1,800 10 - 3271
hid 310263 AR 153 (1445350 16114.1) 159 NAz-E.31
0.0 Bl
WEA+90 Ar T B 124153 gz 1 iafamna) 26 (23:0) | {ofanag
AT 520441 108 (530 0,96 (04310 - 183 4R (2.5 1 54075318
1'r A=i407) Letal A v 195 (8 4 — 4,080 39(34.5) 1B {38 — 154
felin] 036

* 1GHD vx. namal statur.
# \iHD vs. nonmal short

shart-sratore indwiduals wich IGHD, 200 pormal-stature indi-
viduals, and 113 shorr-statore individuals with normal GH sc-
crerien (normal shortl. Fourmeen SMPs were detecred, namely
—308G—T irs1811081), - 201G =Tim20 11732, - 274T—G
(200517 1), —168G—T (27273381, —T5A—G sl 1565828),
—5TG=T (2005178, —3idelG (ed1 299067, —BA—1G
(=6 171, — 1A—T—LC (w695, =30—0 (=6175), ~1oa—0G
(282059, +28A—C (W6171), +5%A—C [mfl73L and
The3 Ala i ra 2001 345], comcsponding to those alicady describe d m
this region (12-14, 16, 300, ATl the individuals wrorcalse genonped
for the [V54 polymorphism V54904 —T (m2665502).

Dby SHPs with minar allele frequency higher than 2% were
corsidered (Fig. 1). Their pasrwess LD valucs arc shown in Fig,
1. Because an almost pecfoct LD was cbscrved botwoon poly-
morphisms ar — 308 and =301, (D' = 098 = = .21, coly onc
of them, namcly 3080 —T, was rested for asseciation.

Allck trequencics ot the cight scleceed SMT's wore comparcd
bectweoen IGHD, normal-stature ; and normal shoor individuals.
Four alleles (-278G, = 57T, — 1A, IVE4+20T) showed a nom-
inally significant positive assaciation with [GHD when compar-
ing paticnts with noma bstatare indriduaks, OF these, only the
dﬂﬂc"ulinn “-'ilh I:l'll: —51T ﬂ"flc lfmﬂ.in'.'d 5isﬂi['il.-ﬂnl “’hm P
valucs were corrccted for the number of analyzed SMPs (0= 8;
cormected P = (.048), Theamoaanonwith — 57T was confirmed
{corccted P = 0.008) when the paticnts were comparcd with

nonmal short individuaks, which represcnr an independene podi-
arric contral group matched for stavare (Table 15,

Genotype Frequencics were corseront with these crpocted
from Hardy-Wein berg cquilibriom for all the rested SHPs inthe
three pancle. The overall genotype distribution was significantby
dikam bm'f'.'n ]l_Jl']D Qnd |.'|DJT.|'|.I1I—J'L:II|JJ‘.- CDHIIDIJ .FDI
—XAT—G, =570 —T, and [V54+ 504 —T (Tablc 2. An OR
valuc higher than 1 was cbserved only for the hemanpgous ge-
notypes — 27860 (DR = X158l =57TT (OR = 253, and
IVE4L20TT (DR = 1.9%), suggesting a reccssive offoct of the
assaciared variariores Oinly the association wich = 37 was con-
firmcd when comparing the IGHD gonetype distriburion with
thar of normal shar conrrels i Tahle 25,

When considering the haplotypic  combinations of the
= 278T—=G, =576—=T and IW54+50A—T SHPs, the GTT
cornbimation (hp#l: Table 31 was the commonest in the paticnes
(42.9%) and the sccond mest common in both control groups
(294 and 26.5%). Motably, this haplorype was mone signifi-
cantly asscciated with IGHD than the allcle = 57T when con-
paring the paricns both with normal-stature (B = 6.5 » 104
and with normal shore (= 3.6 % 1077 controbs. The homozy-
gous diplotype #1111 was prescor in 22,0 % 1GHD ¢2. 6.5% nor-
malstature (= 2.0 2 107 OR = 4.07: 95% C] = 1.90-8_80)
and 8.8% normal short individuala (P = 9.8 % |_|:.—s‘_ OR =291
5% CI = 1.26-6.86).

TABLE 3. Comparison of haplotype frequencies in [5GHD patients and normal-stature and nomnal short conitrals

Hormal Monral
Haplotypa IGHD statura Rt shart ORE
ni. ~2THT—G  —5FG—T IWS4+804—T (n = 118) (n = 2000 [ (=55 a) Ir= 1131 P (954 )
1 G T T C.az3 0234 SSxI6T 181(.28-2571 0265 AE«10° T 2,000 F0-312)
2 T G & £ [FELH ECE)
3 G G T G1E5 .50 0214
4 T ] T oo o051 0058
5 = T A =YiEr o.eas 0055
£ = ] & comz c.oar 0017
7 T T A C.m7 oozl ag
B u T T o ool 0010

anly sathtialy significant £ and OR values are indicied.
* 1GHD ws. narmal statun.
# 1GHD ¥ normal shart
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hipdt

AG. 2. Rapomer gane amay of pala-hpal and pﬁljhl?z consiructs and of paL3-hpkl
mutaganized at postion =57 hpd1-MUT1) or =278 thpet MUTZ) trarefocted into MCFT calls,
parformied In the premnca of 1,2500HI,0; (hleok Aetogramsl or sthanal (geay histogramsl On
the laft are raported the posttlons atowhidh ibe promoder haplobypes differ. The mutaganlzad
nudectide on hpst MUTT and Fp#T-MUTZ Is indicatad a5 = fifed rectangie. Thetrarmcriptionsl
vy of the reporter coratruds [snamaized to that of hp21 Intha absence of 1,2500H), Oy,
Figuras ars the mean = = of the normalized actiwity from four wipsdments done In tAplicata,

Association betwean LCR SNPs and IGHD

Provious reporrs show that LDV o the GHY gene cxrends o the
LCR lecated 14.5 kb upstrcam to GHT (Fig. 1) (14, 200, To vest
whcther the asscciation with the =376—T SHP was sccondary
toan mwiﬂ.tiﬂn \\-ilh i Cﬂ.uﬂﬂ.l \'Mi-ﬂliﬂﬂ i|'| lh'.' LCR. wﬂﬂmd
50 IGHD paticnes, incloding 15 hp#1/1 homozygores, and 20
(klelakh] I‘ﬂﬂtur‘: [t} uﬂlﬁ .F\Jr acquenco '\'ﬂrialiﬂnﬁ il'l lhf LCR &"
twocnnuclootides 911 and 1393 including the three Pit-1 binding
sites., We detocted three common 5MPs already described in this
regron, namch #9006 —A, 1144A—C and 1194C—T {14}, and
two ram vanations |1497C—T in enc paticoe and 14986 —Cin
ore controll, nonc of which fall within Pie-1 sices. The polymor-
Phiﬂlﬂﬁ ar Pﬂﬁiliﬂﬂﬂ 1. 1‘1‘4 ﬁnd 1]\:I4 wore iﬂ FIEFCI L[‘I, as &.—"
seribed (14, 205 All the I'GHD paticnrs and the reo control
panck were thus genotyped for 990G —4& and 11444 —C Mo
association with IGHD was detccred, cither considenng allele or
genotype frequoncics oo their haplotypic combinations. LI val-
vcs of the two LCR with the GH1 SMPs arc shown o Fig. 1. A
serong LY was detected botwoon the GHIT hp#Fl and the LCR
haplotype 990G, 11444 (D' = 0,95 ¢* = 0,381, The inclusion of
1.+x LCR SNEE- dld mot i|.1cn'.-‘|5€ th!.- 5:Wﬂslh C\f Tlx ﬂﬁrﬂf‘uliﬂﬂ
with hp#l orthe #1711 diplooype.

Functional analysis of the GHT promoter haplotypes

TI'.V: .I:unftiﬂnal n:-|l.'\'-.\|:|c-.' QE Eh'.' -'lﬂ-ﬂc‘ull':d hﬂplﬂ:}'?_‘ was
tosted throogh s capacity of modulatng the cxpression of a
reparter gone (lucifcrase) aftcr transfoction in the mammary ad-
enccarcinoma MCFT cell linc. Thisisa human lincage cxpressing
both GH and VDR and largely used as a model ro study GHT
genc oxpression (8, 31), Twe pGL3-bascd plasmids were con-
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srructed harboring either the [GHD-as=o-
ciatcd hp#l orthe hp#2 haplorypes. Theee
haplotypes ditter at posttions — 278, - 57,
and —& (Fig. 2}. The polymorphism at
—278 lics in a WF-1 targee clement nceded
for transactivation (31, whercas the — 57
palymorphism lics in a sequence bound by
the VDR and inveolved in the vitamin D-
dependent repression of GH expression
(8). The VIR binds toits DIMA cognare sitc
akter actvarion by its ligand, the metabo-
lite of vitamin [}, 1. 25(0H),D;. Thus, we
analyzed the transcription acoiviey of the
two constructs both in the presence and
absenee of 1,25(0H) [, Vitamin D treat-
ment repressed the activity of both GHI
promoters (Fig. 21, confirming the dircot
invalvement of activatcd VDR in the con-

FelLOaal

trol of GHI gene cxprossion. However, the
promater carrying the [GHD-associated
hp#l was significantly (P = 0.012) and
consistently more repressed than hp#d. Be-
causc the differcnce was obscrved only in
the preseneg of 1,250 0HL I ;e hypath-
czized thar this was duc ta the SHI - 57
within the WVDERE: To validate this bypoch-
czis, hp#l was muragenized by replacing
the — 37T wich a G (hp#l-MUT 1), and che activity of this i
vitro ercated haplotype, which differed from hp#l only at
positian — 37, was comparcd with thar of hp#l (Fig. 2i. Asa
coneral, the same comparison was donc with hp#l mo-
tagenized anly at position =278 by roplacing the G witha T
(hp#1-MUT2). In the absence of 1.25(0H),D,, boch muo-
tagenized promorers showed an acriviey comparable to that of
hp#l. Convcrscly, in the prescnce of 1,2510H, Dy, hp#l-
MUT1 was no longer inhibited, whorcas hp#1-8MUT2 did qot
difter from hp#l.

These resuls clearly domonstrate that the T ar position
— 57 1s noocssary tor the vitamin D-induccd reduction of the
transcriptional aceivity in the hp#l conrext and conscquently
is responsible tor the grearcr, vitamin DHindoced inhibatory
cttect of this haplotype.

EMSA

To dercrmine whether the SMIP ar — 57 affoces the binding of
VIR eo the GH1 VDRE sitc we performed EMSA using vitamin
[D-trcated MCFT nuclear cxtraces and probes corresponding to
the GHI VDRE scquence containing cither the T or the G at
position — 57 1= 57T and —57G chigos, respectvely; Fig. 30, As
Cﬂmlﬁh\. wo L'lxd a thh'ﬂtElﬂln‘ 1IT|RE CONSCOSUS 5CqUICmT
(VDRE cona) and a relared sequence modificd at conserved po-
sitians [ VDR E mutane sequence (VDRE mutl].

Three complexes (C1-3) were obscrved with the VORE cons
probe (Fig. 3, lanc 2. C1 and C2 arc likcly nonspecific com-
plexca. In face, €2 bound both the VDRE cons and the VDRE
mut probes (Fig. 3. lancs 1 and 2), and both complexcs wene

similach titrated by the VDRE cons and VIVRE mur comperitors

P2
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{lare 221, indicaring thar this complex might
ako contain VDR, but ina form binding the

33
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GHI VDRE clemene wich a lower affiniey
{e.g s a betcrodimer complewe d with ocher
tactars].
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Discusskon

Cavsal murations have boen detocted inami-
nority of IGHD paticnes (32). We tested the

u-:|.|:|.1.uu:|.-:

VIORE cons E AT

AG. 3. EM3A parformmed with nudear extract from MCF? calls grown Inthe presence ofuitamin
D, Labalad probes wad for the EME A are Indkcated In the dowar part of the figura, Thay Induda
tha tweo allalic sequencas spanning position —57 (- 577, §'-AGGTEGEGEGTCAGCASTSEGEAY, and
=576, §'-AEETEEEEECAACAETEEEA-") and tao comirol sequences, namely a consansus VDR
bindireg sequance SVDRE cons oligo: 5'-4 GCTTCAGGTCALSEASETC AGAGAGC-3') and a VORE
mutant aligonudactida WORE mi allgo: 5'-AGCTTC AGAACAMSEAGEAC BEAGAGI-3'). For
compatitlon axpedments, the radlolabaled probeswars ncubatad with Increaing ameounts of
the unlabalad probes. The cold aliges used a5 compstitors and thalr malar sxcesswdth respeci to
thes | sbisl s probas are Indicated In the wpper part of tha figura. Tha complaaes farmed by the
labzled probas are Irdicated 22 1, C2, dnd 3. Renalis suogest that VDR Is kel contained In the
mars dowly migrating €2 complax In fad, the €3 complen wias formed I tha presence of the
WORE cons probe Jane 21 but not of wDAE mut lare 1) ared binding to the WC*RE cons probe was
wifidantly compated by VORE cons flanes 2 65 but rat by WDRE mut {lanes 7-100. When the
nuclaar axtractwas incubatad with the twe llalic sequances at position =57, the C2 complex
was formed In the pmmm-uf 23T darne A2h but nok of —E75 {lana 12). Whan BHrding 1o the
—S7T proba was challanged with compatior Dadas, tha 3 complaxwas affidently compatsd by
the ~57T Nlanss 1315} and tha VDRE cons (anas 20-221 oligos but not by —576 lanes 16-18)

and VDRE mut (lanss 33-25)

cnly at a high molar cxcess I:F'Lg 3, lance 6 and T-100 In
contrast, comphoc CF was specifical by competed by VIMRE cons
but not by YORE mut cold oliges (Fige 3, lancs 3-6 and 7-104,
indicating that chis shifted band results froam specific binding of
the VDR prescnt inche MOCF? coll exerace. Thiree comploxcs wich
the same cloctrophoretic mao bility as C1-C3 were obscneod with
the — 57T probo (Fig. 3, lanc 121 Mortably, che slower migrating
L:B-]ikf Ocm:iph::t WS Oor d.l.'l:l:cl:l:l bIL- '“"ilh lhf = STG Plﬂbc iFi's
3 lanc 19}. The binding properticsof these comple xcswerc char-
acterized by compenition. Binding of the C3 comploe to the
— 57T probe wascthcionthy c ompered by the — 57T (lanes 13-15)
b met by the — 576 cald aligo (lancs 16 <18), orcn in the pres-
cnce of a 200-to ld cxcess of — 576 competivor { data not shawnl.
[n contrast, 'n:l ﬂnd Cz. CDL'HPJERS WICIC ot liuﬂlfd b?’ fi:hcl
comperitor DA, suggesting that they arc cither nonspecific
bindin&fﬂmpﬂ:ﬁ‘i or CDlTlPI'.'I'.'l q‘h.+| a IQ“-' ﬂEEl ﬂ'i::tr EDI.' lh'.' GH.!
VDRE sequence isce belowi. To conbirm that the ©3 complex
contains WOR activity, we challenged s binding to the —57T
prabe by VDRE cons or VDRE mut comperitor DM As (Fig. 3,
lames 20-25). The C3 complex was ctficicntdy and spocibically
compoed by the VDRE cons DMA, demonstrating that the
WRE oS ﬂ.nd lbl.' —S.-'I'T D|Ig\:u blﬂd lhc BT Prwin! i|'| Thiﬁ
complor. However, the VDRE cons binding atbinicy was higher
than that of the —57T scquence as indicarcd by the differont
me lar cxccss ofthe VDRE cons competitor nceded to abolish the
123 complex fomoed by the VINRE cors and — 37T probes (Fig 3,
lares 4 and 22, respectivelyl. In addition, it must be noted that
the binding of complex T2 to the — 37T probe was compered by
a elatively low amount of the high-athinicy VDRE cons aligo

hypothesis that low-pencrance genctic vari-
atiore with a quantitative cffcer on GHI
transcripticn might coneribure o IGHD. We
thus perfomcd an association study be-
twoen GHI polvmorphisms and [GHD
the alian populaton. The included IGHD
paticrts were all sporadic, and most o fthom
prescntcd with a partial GHDY.

We detocbed a positive asscciation with
IGHD afthe =37T allcle and of rwo allckes,
namcly — 278G and TW54+ 50T, in strong
LI with it Contrary te cur results, o signif-
icamt assaciation was doecred nethe: Japa-
e population with the IVE+ 90 alkele A,
that the authors described to be in complote
LD with the allckes = 278T and =37G (230,
Thus,inthe Iralian and Japa nese population,
the assocation with IGHD concarned diffcrent hapletypes, cor-
responding to our hp#l and #1, respecively (Tabk 30, The
discecpant resules obrained in the Japancse population could be
dr.n'm b}' ‘l.'lﬂlhl.-f Cﬂml \'ﬂ.r‘ulinn, il.'l LD wi:h tI'.E ]wq—qu
allek A, which arcse ndcpendently in the Japancss population.

57T

Heworer, it muse ako be considercd chae the Japancse paricnt
cohort was small (43 parcnes) and was recnaeed warh less seoin-
g inflmiﬂn CIiﬂ.—Iiﬂ. l'hﬂ.n oL,

Olar results, both from the assocanion analysis and from func-
tional cxperiments, point toa primary imvohrement of the =377
scquence inthe VDRE for the low GH production ot the IGHD
paticnits.

The VDRE in the human GHI promoter aces as a megative
regulator of GHI transcripeion (8). Itis an mperfeer diroct pe-
peat [GGG({TIGICAACAGTGGGA] sparared by throc bascs
that binds to a homodimeric VDR complex (8], The —57 SHP
corrcspondsto position 4 obthe 5 halt-site, which is sccupied by
a T in the majarity of the VDEREs m difberene huoman gere pro-
maters | 331, This highly comscrved base forms a hydrogen bond
with Gludl in the activarcd VIR, as indicatcd by cryscallo-
graphic studics of the VDR comiplexcd tothe YIRE inthe mousc
cstoo pontin promoter (thathas a 3' halb-sitc very similar ta that
ot the human GH1) 340 The detenmining role of position — 57
il.'l :hf GHI Promorcr WRE .B.".'lcriﬂﬂ i5 &:lﬂﬂmtmﬁd b':[' our
data shewing the higher viramin D-induccd inhibion of the
transcripricnal activiey in the presenocofthe T s the G scquence
in this site (Fig. 2. Acoually, the substiturion by sitc-specific
muragenesis of the T with a G ar position — 57 on the hp#l
contcxt complercly abolished the vitamin D-induccd inhibitory
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resporec of thie haplotype (Fig. 2). The hancrional lovance of
the — 57 scquenor was ako indicated by EMSA (Fig. 3) showing
that the T and the G allcks had a differene protoin-binding
atfinicy.

According to tuncnonal data, the — 57T allele was mgnibi-
cant by associated with IGHD when comparcd both with nemal-
sraturcand with nomal sher contra k. Individuak hemozygous
Forthe — 57T allele had an almose 3-fold increascd nsk of IGHD
{Takk 1). The rick was samewhar increased when we further
comidered homarygosity for all the alleles that arcin LIV weith
= 57T |diplotype #1/1). The apparcatly seronger cftoct of the
haplotypic combination has two possible cxplanations. 1) The
hp#l is in LD with another causal vanation. However, this pu-
tarve variane must lic cutside the GH region bocavse no further
associated vanation was derocred when scquencing the promorer
and the corire gene (introns and cxons) m all the paticnes (data
not shownl. Morcover, a possibk causal vanaton wasnot tound
within the Pit-1 binding sites in the LCR when scquencing pa-
ticnes carrying diplocype 8110 Adthough oo now variation was
detocted in this cogion. the prescnce of ather funcrional poly-
morphisms berween the ECR and the GHT genc cannct be -
cluded. 21 The associared variaticne interactively contribure to
IGHD suscepebilicy. & bine thae this might be the casc comes
from the cxperiments of luciberass inducrion showing that the
prescnce of — 57T soemis o bocroaal for the vitamin D-induccd
inhibition only in the contexr of hp#l (Fig. 2i. o fact, hp#l
narurally carrving =570, B amyway able ro induce inhibition,
although ar a significantly lower lovel than hp# 1 (Fig. 31, ind-
caring that the fanking scquences contmibure to increase the por
s lowr binding affinity af =576,

In conclusion, we have identificd a common po bmerphism n
the GHI promoter contributing to the TGHD phenotype, thus
supparting the hypeothesis thar in mcer sporadic pancors, GHIY
hasa multifactorial crialogy. Bocauss the asscciated allck has a
high binding attinity for the VDR and VDR & cxpresscd in GH-
producing piruitary colls (351, the gene cocoding the VIR is an
obvious additional candidare,
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A variation in a Pit-1 site in the growth hormone gene (GHI1)
promoter induces a differential transcriptional activity
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Ahbstroct

The proximal prometer of the human groscth bormone gene (GH1 ) is highly polymorphic, We tested if promoter haplotypes differing at possibly
functicnal sites, mamely —278TA0 (in the MF1 binding sitey, — 75440 (in the proximal Pit-1 binding sit2) and —570T {in the VDR binding site),
induced a different luciferme activity when transfectzd in a mt pitwitary cellline. The presence of a G mstead of an A at positon —75 induced a
more than rwe-fald reduced sctvity (p < 000010, [n sccordance with this findings the electropharets mobility shift mesy demorstrated & reduoced
affinity of the —750 for the pihitary transeripton factor Pit-1. Despite the strong effect of this polymorphism in vitro, the —T50 vanation was

mot mscciated to an impaimment of the GH secretion in wivo
© 20065 Elsevier Ireland Lod. All nighis reserved.

Krywoads: Polymarphism; Growih hormone gens; Fit-1; Luciferce wsay

1. Inmtroduction

The human growth hormone (GH) gene (GH 1) is efficiently
synthesized by the somatotropic cells of the anterior pituitory.
The regulation of GHIL tanzcription has been characterzed in
detail and both whigquitous and pimitary-specific cisfrrans ele-
ments have been identified in the GH1 proximal promoter. Basal
expression is controllad by several general lissue Factors that can
act bath positively and negatively. These include NF-1 (binding
site at —286 to —274: Courtois etal.. 19900, Spli— 1360 —127;
Lemaigre et al.. 19895, Fn-15 (— | 1000 —95; Lipkin et al., 1993),
Wilamin [ ecepror (—60 to —46 and —37 to —31; Seonne et al.,
2002) and CRER. a protein that interacts with c AMP-responsive
elements — 187 0 — 1 8% and — 9% 1o —95; Shepard etal.. 15994,
The pituitary resiricted expression is mainly contmlled by the
pituitary spacific factor Pit-1 (Ingraham et al, [988), a POU

* Corresponding suthar o Dipartimento di Scienze Mediche, Via Solaroli 17.
2BL00 Movara, Haly, Tel.: +39 D321 660604, fax: +39 0321 620421,
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homeodomain protein binding to two highly conserved elements
inthe GH1 proximal prometer located between —87/—72 1§ prox-
imal Pit-1 binding site) and —127/—107 (distal Fit-1 binding
site). Several studies demonstrated that Pit-1 binding sites ame
critical for GH1 promober activity both by cell free transcription
experiments { Bodner and Karin, 1987 and transient transfection
into tigssue culiured cells (Lefevie et al. 1987 However stud-
iex of human GOH expression in tansgenic mice demonsiratad
that binding of Pit-1 to the two Pit-1 sites in the GH] promoter
are not sufficient for high level tissue-specific GH expression in
vivio (Jones et al., 1995 Three further Fit-1 binding sites in a
tozus contml egion (LOR) located [4.5 kb upstream the GHI
gene are necessary o confer high level somatotropic-specific
GH expression iShewchuk et al., 2002 ).

The GHI proximal promioter is characterized by an extemely
high level of palymomphism. with 15 single nucleotide polymor-
phisms { 5MFPs) cccuming in the S00bp upsiream the transcnp-
ticn initiation site (Giordano et al, 1997 Wagner et al.. 1997,
These polymorphisms give fise to ol least 40 different haploty pic
combinations (Homn et al., 2003) displaying a great variability
in their in vito transcriptional activity, with a 10-fold differ
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ence betwean the highest and the lowest elficiency haplotype.
Acoordingly, it was evaluated that polymorphism in the GHIL
promoter conlributes for at least 3.3% of the total vadation in
adult height.

The aim of the present study was to explore the invalve-
ment in GH expression of three GHI promoter polymorphisms
located within binding sites for ranscriptional factors, nomely
positions —278 {in tha MF1 binding siter, —75 {in the proximal
Pit-1 binding sited and —37 {in the VDR hinding site).

L Materisls and methad=

i PCR amplification and sequencing of the GHI proxima
promaoier

The entire GH1 gere af three previously sequenced individuals, which
ware hateromygon: for the GHI promater haplotypes, was first amplifisd
from genomic [NA with primers GHI2 (5. OCAGCAATGCTC AGGGAAG.
3 from —608 e —589) and GH3J (5.-TOTOCCACOSGTIGGGCAT G-
GUAGGTAGCC.S; from m 2091 mo oo 2061} inombering relative to the
ranscription initiation e ot +1; GeanBank acceasion MI343E) that amplife
a ZTkb specific GHl fragment and do not amplify ihe odwr homola-
gous genzs of the GH cluster. This amplicon was ured o template for o
nesled POR with primers GHT (forward; 3 -AATAGGTACC DCAGCAATGCT-
CAGGGAAA R From —608 o —589) and primer GHE (paverse; 5.
CATCAAGCTTICGCTAGGTGAGCTETCCAC ALY from +40 bo +550 that
included the proximal promoter. A& noo-templaie rastriclion sndonuckeass recog -
nition szquence was added to e 5 end of both primens (underlined above):
KEpol (GH7) ood Hind[ «GHEY. The PCR reactions wers performed using a
proofreading Tag pelymerse (DeMAzyme™ DNA polymerase, Finnzymes ),

The —75 geoctype was determined by ssquencing with the Big-dye ter-
miinator cycle sequencing reaction kit (Applied Bicsysizmsy and an ARL 3100
aulomiizd sequencer.

L L Constrecrion of laciferase repomer pens expression veolen

The PCR product, coniaiming the iwo promoter haploiypes from 2ach
indiicual, were cloned into the ph40E plasmid | pA0S Blue T-vecoor kit, Amer-
sham) and anabyzed by DFA sequencing bocheck for polymerase-induced ermars.
The pramoizr fragment wers releassd from p-MOS by dooble dipestion with
KEpnl and Hird1[l and purified from gel with Ciaguick PCR purification kit
{Qlingen). The purified fragments were then inserte d into the Luciferass raporier
wechor pGLY basic (Promega), digesied with the same endonuckzases and el
purified.

Transformed IM 102 competent czlls were grown on LBfampicillin media.
Flawmid DNA wu exiracied (Plasmid Midiprep, Qiagen) and the insarc
sequenaed.

L4, Sife direcied mulapemesis

The pGL3 plasmid bearing haplocspe $a (pGL-GH Thapa) was used as
the templaie inic which the & o —75 was substilnied with a G by siie direcied
mutagenssis. & PCE reaction was carrisd ot usiog primer GHY (forward: 5 -
AGTGEOOOTATGOAT AAATCTLCACAGAAACAG. Y, fram —63 1o —26
ini the GH1 promoter; e position =75 to mutagenize & — G is in boldd ond
primer GHA (reveme; see above). Bolh primers were designed to include a
unigue mesiriction fragment sile on the template, o MNsil resiriction site in the
upstream primer and a Hindl11 site in the dowrstne am peimer respactively (both
sites are underlined in the primer saquence). Amplification wm performed
using J0ng of te template plasmid in a final volume of 50l containing
20pm of each primer, 200 pMof each dNTFs and 1 U of the proofreadiog Tag
polymermee (OyNAzyma™ DNA polymerass, Finrmymes). The PCR product
and the PGLIGGHL-hapda were digesied with Nsil and Hind[TL The moia-
genized —735G PCR fragment was subatiiuied 1o the wild-type —75A in the

templaie.

24, Cell culture and framsyfecrion

The transcriptional activity of the differemi GH1 promowr haplocypes
wiz evilumied by transfaciicn experiments after insertion of the appropri-
ale sequences in the promoterbess ucifersss expression plasmid pGL3-Basic
{Fromega). Since 4 human pituitary cell lice is oot available, we used the rat
pitmitary GHAC] cell line (ATCC) oultored in Ham's F-10 {Giboo, BRL sup-
plemenizd with 15% barse serum and 2.5% calf serum in & homidifisd 5%
OO incobator i 37 *C. The day bafore transfaction 107 calls wars ssedad
ioeo siz-well tissue culture plaes in 1.5 ml medium and grown to ~80% con-
fluznce. Transieni wansfections were camied ool using the polyethwlenimine
{PEL catinnic palymer, a5 previonsly described (Parone ot al, 1997). Cells
were codramsdected with 2 g of the lociferass reporier constroos and 200 o
of the cantrol plasmid pRL-ACMY (Pramega) expressing the Benilla huciferase
gene. A mansfection mixiure containing te two plasmids in 75 pl of serume-fres
medinm with 7.5 pl of 10 mAd PE1{ Sigma- Aldrichi was preparsd for sach can-
stnuct, imcubaizd ai room femparaiors for 15 min and added io ihe cxlls inside
each corresponding well in a totl amountof 730 pl of fresh compleis mediom.
Afier an incubation of 3b at 37°C in 5% CO,, te PE] containing soluticn
wr substibed with 2 ml of complele medium. Afier furcher 48 h incubation at
37°C, cells were lysed with the lysis buffer provided with the Doal-lcifsrass
Reporier Assay Svstem (Fromega). Firefly and Benilla reniformis luciferase
activities were sequentially deiermiced in the same sample of call lysale with
the Dioal luciferase kit maay ona lominomeier microplade. The adtivity of Renilla
lnziferase, expressed from the pRL-CMY plasmid provided an inbarnal control
o monitor transfection sfficizncy. The firsfly luciferme activity was thos nor-
malized on the hasis of Renilla luciferase acivity.

L5, Exirac preparcfion ard elecirphorciic mokiline sFft arsay

Preparation of the auclaar sxirace fram the GHAC] cell line was performed
accarding to Dignam et al. (1983). The EMSA oliponucleotides {comespond-
iog to ot =23 1 —62 in the GHI promeier) inchiding the poaition —75
[T 5 GOCOCATGCATAAATGTACACAGAAACAGG.] and —755 5 -
GOOCCATGCATAAATC TECACACA AATAGG.Y | were ssmibesized in boih
sense and antisenss orientation as single-sirandsd malzcules. The complemen-
tary oligeoucleotides were first incubaied a 83 °C in the amealing buffer and
tten graduoally cocled 1045 °C 1o paoerate dooble strandad DMNA moleoules.
Two douhle siranded commercial oligonuclectides (Genzla Bivedwclogy:
were used o conirols: a Pikl wild type cligonocleotide cormesponding to
a Fit-1 comeensus binding sequence (5 -CCTGATTATATATATATTCATGAA-
') as positive cantrol (Fil-1 corpensus olige) and a Fi-1 muiant olipono-
clectide (F.OCTOATECOOTATCTECATCATCAA ') as nagalive conirel
{Muot-olige]). The 5’2o of the double siranded cligoruclectides were labzll=d
with [+**P]ATT uzing o T4 palynuclectide kinase (Promega) and used a probes
in EMSA axparimenis.

GHAC L cell nuclear exiraci ¢ 1 5-4.0 g of proisin’ s incubabed 20 min ai
room temperature with 15 fmcl of the **P labelled probes in L0 mM Hepes, pH
T2, 0.1 mM EDTA, 05 mM dihiotheeial DTT, 30 mM ECI, | pg of poly(dl-
dCj, 10% glyceral and 13 prolease inhibitor cockrail (Boche Molecular Bio-
chemicalsi. For supenhift experimenis 2 pl of an antiPii-1 rabhii palyclamal
anibedy (Genska Bictachnalogy and 2 pl of the rabbit polyclomal antibedy
anli-BEGRZ {Santa Cruz Biolzchnelogy) were added o the reaclion mixture acd
incubabsd Smin inice. Then tbe lobelled probe was addesd and incubaied far
additicmal 20 min at room temperaiurs.

For the competition stndies a 506, 1000 and 250-fold excess of unlabzlizd
oner the radiclabelled cliponocleotide, ware added to the binding reaction.

The reaction mixtures were then subjected 0 elecirophoresis on a 5%
non-dematuring polyscrylamide g2l (19: 1 scrylamide:hisserylamide ), and 2l
rophorssed in o025 « tris—ghycine boffer ot 150 ¥ for 1.5h. The gel was drisd
cn Whatman 3 mm paper and subjecied io mroradiography with Kodok Biomax
flm.

LA Subjects

Oz bundred and fory-fve sporadic Italian patients with isclaied, hypo-
hyseal GH deficiency (IGHIN. 43 shori stamre individoak with normal GH

45
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sescrztion {normal thortl and 168 poenml siaiore individuals wers incloded in
the genstic wsociation anal ysiz. Mone of the IGHD patients carried mutaticas in
the GHI and GHRHR gznes. GH secretion wie determined afier zither bwe coo-
secutive pros cafive bects with anginine or clonidioe or insoline {113 [IGTHD and
18 normal short individuals § or one double stimohos with GHEH + arginine {12
I5GHD and 25 pormal short). A disgnosis of IGHD was given when the GH peak
was lower than 10 ng'ml afier both the zingle simuli oo lower than 200z ml afizr
the doubles provocative vest (Ghign st al . 1996). The normal siatone indiwiduals
ware pok tzsied for GH secration levels,

7. Statintcal amalysis

The iransfection experiment data were represcnied os the mean = standard
dawiation of the mean (5.0.). All dw values are expressad as o paroeniage of the
haplatyps 2 mean value, The i-iest was uzed 1o compars the relaiive lucifarms
activity beiwezen two goups. Allels and genobype frequencies wene analyzed
wilh the 3* t234; corralalion between GH secretion peaks and genotypes @t —73
was evalusied by the MMann-Whitney nesi.

3. Results
3.1 Lyciferase in vitm assay

In order to test the functicnal role of the three polymomphic
variations at —278, —75 and —57 falling in the binding =ite
af MF1, Pit-1 and Y DR mespectively, different GHI prosimal
promoter haploty pic combinations (Fig. 1) were tested for their
ahility to induce luciferase synthesis in vitro, In pevious shadies
haploty pe thpi #a was found to be the most frequent bothin the
Ttalian { Giordano et al., 2001} and in the British { Horan et ol
2003) populations and was thus considerad as the wild type
reference haploty pa,

Thiree haplotypes #b. d ond &) differing from hp#a in at
least one of the three potentially m=levant positions (Fig. 1) wer
selected from a panel of previously sequenced samples. Pro-
moter fragments containing the selected hps #a, #b, 84 and #e
were cloned and fused to lucifemse mporter constiucts, which
were then transiently transfected into the rat pituitary cell line
GHAC . Each constrict was tested in triplicale in at least three
independent transfection ex periments,

The highest activity was exhibited by hp#d. differng from
hps#a al position —278. which directed luciferase synthesis o
a 116% higher level than hp#a (Fig. 2a), This difference had

o barderline statistical significance (p=0.051 not holding the
Bonfermoni comection for the number of comparisons (N =6).
Hp#h. differing From hpdfa at positions —278 and — 57, induced
o luciferass activity identical to that of hpfa. Comversely, hpse
show ed a gignificantly decreasad promoter activity with respect
to all the other tested fragments (Fig. 2a). The lnciferase expres-
sion directed by hp#e was 42% that of hpsfa (p < 00001 ),

Considering the three positicns included in the transcrp-
tiomal binding sites {—278, —75, —57). hp#e differs from the
other three for a G instead of an A at =75, Thiz fAinding sug-
gested thal the presence of o Goal —75 in the binding site of
Fit-1 might bz msponsible for the decreased activity of hpde,
However, hpfe also differed from all the ather tested haplo-
types at position —308 and from hpfFa ot position —57. To
test whether —T50 was the only variation directly responsi-
bl for the observed decreased activity of hp#e, the reference
hp#fa was mutagenized al position —75 by eplacing the A
with a 3. This in vitro created haplotype (hp#mmia)., which
differed from hpsta only at —75, induced a 45% luciferase activ-
ity mspect to that induced by hp#a. similady to what observed
for hpde (Fig. 2b). Thus —75G is the polymorphism respon-
sible for the decreased activity of hp#e in our experimental
conditions.

31 EMSA

The capacity of —750 to decrease the affinity of Pit-1 to itz
hinding zite was tested by an electiophoretic mobility shift azsay,

Tat pituitary cells (GH4C 1) were used as a source of nuclear
protein. The test was performed using 30mer labelled oligonu-
cleotides comesponding tothe promoter region from —93 to —62
containing either A or G ot position =75 (=T73A and —750
oligos, respectively), Two commercial oligonucleotides corre-
sponding to a Pit-1 consensus sequence ( Pit-J oligo) and to the
same saquence mu agenizad for the Pit-1 site { Muroligo) served
as positive and negative controls, respectively.

Two shifted complexes (indicated with amows in Fig. 3a)
were observed with the Pil-1 consensus and the =754 labelled
probes (Fig. 3. lanes | and 2, respactively) whilz only one shified
band, corresponding to the complex 2, was detectable with the
—T50 sequence (Fig. 3a. lane 3). A faint band with the same

b | Pi-1
s am ant -a78 75 o - t
R N S —
e T 3 C F} a :
R . i £33 £ I
5 - I b G fiie =]
muk, = "‘ £33 £34 £ A "

Fig. |. Proximal promoter haplotypas psad in the loci ferase reeay. The palymorphic positions are indicated from — 308 1o — L. The mu<lestide at poly marphiz poeiticns
in the NF-1. Pit-1 and VDR bindirg sites is marked wih o circle if corresponding 1o that present in haplotyps #a o with o square if diff=ring. Haplooypss #a and
#= we naturally ccouring haplotypes and comespond respactively bo hps ¥1 and £32 described by Horao =t al. (2003), Haplotypes b and & are cewly identifed
haplatypes. Haplotype $emsta wia obtained from baplotype &a by site direoeed motagenesis of position =75
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Fig. 2. Comparizon of the GH promoter aclivity among haplotype promoter conswrucis $a, £b, §d and #e 12) and beiwesn baplotspe $a and $ewga (b, The resulis
ane expressed relative to that of baploiype 0. Bos sbow the mzan and 5.0, of o lzast thres sepamaiz experiment: sach performed in triplicate. Significant g values

ane shown.

electrophoretic mobility as complex 2 was present with the mw
oligo.

Ty vrify whether the retarded complexes includad the ran-
sciption factor Pit- 1, amobility shift experiment was performed
in the presence of the specific anti-Fitl antibody (Fig. 3b). An
intense supershifted band was detected in comespondence of the
—T5A pobe, while only aweak supershift was present with the
—T75G probe. The supershift was not induced by o non-specific
antibody ¢Fig. 3b, lanes 2 and 3). When the — T34 and —750
oligos were used oz cold competitors atincreasing molar excess,
the —75Aoligo showed an evident higher affinity (Fig. 3 ibeing

woitigkat —y
com@pkel ——w

ik

able to compete asignificant part of binding to the labelled probe
al the lowest (5050 compet itor amount

2.3, Cormelmtion berween GH secretion and the —7F5AAG
varaion in vivo

Asthe =750 promoter variation displayed arelevant effect in
vitro, we investigated the possibility that it exerts asimilar effect
invivo through an association study between the polymorphism
and isolated growth homone deficiency (IGHDN. One hundred
and Forty-five IGHD patientz and 168 normal stohire contmls

{5
F5A probe

12 3 4 6 BT

Fig. 3. The elzcwropharetic mobi lity shifi azsay (EMEA b in prasence of GHACL nuelear exiract. §ab Two differant camplexes (1 and 23 ware ween with the 754 and
camergus probes ; the — 750 and the Mut oligos displayed only the shifted complex 2. (b A supershifi wirs induzed by amanti-Pit- 1 antbody. A non-specific antibady
{onki-EGRZ) was used a3 o negative comiral. (o) Competition with a 50, 1000 and 230-fold excsss of unlabelled —754 and —75G ower the —75A radiclabzlled

olipanmclentide.
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Tahlz 1
Association sindies
Genotype ol =73 Genatype fraquency Maan £5.0. of GH peaks ing/mli
IGHD ({N= 145) Normal sttues (V= 165 IGHD (M= 1135 Manmual shoet AT N = 15 Normal short B® (W= 25
AA 0731 (106 07264122} S 1&22086) 123 £ 47(125 461 £ 18618
AG 0.262038) 0244 0410 E4£25(26) 125 £ B.8 i5) 6l.2 £ 265 (%)
GG QAT L) 003 (5) 2201 450 = 7042

The cumbers in parenthzses indicale the numbers of subjecis smdied.

* For the calculation of GH pesk means we considered only the 113 1GHD patienis, out of 145, tal were diagnosed by two stimuli with arginie or clomidine or

insuline,
" GH peaks determined afier two stimuli with anginine o clonidine or irouline.
# GH peaks d=termined afier one double stimulus with GHEH +argininz.

were genobypad For the — 75400 polymorphizm: the allele and
genobype frequencies were not significantly different between
patients and controls (frequency of the —755 allele: 138% in
patients versus 15.1% in controls; Table 1)

Thiz lack of associotion with the diseass does not exclude o
potential efect of the variation on the level of GH secretion in
vivir, We evaluated the mean of GH secretion peaks after stim-
ulation in patients with severs growth failuce coused by IGHD
and in nopmal short individuals with no defect in GH secretion.
The mean level of the GH peaks was not significantly differ
ent between A A homozygous and AG heterozygous individuals
in both IOHD and normal shod patients (Tabke 1) The GO
homoeygous individuals were too few to perfiorm any statistical
analysis.

4. DMscussion

In the present study we investigated the potential functonal
role of GHI promoler polymorphisms folling within three fran-
scrptional factor binding sites: =278 T/G in the MF1 binding
site, =75 AJG in the procimal Pit-1 binding site and — 57 G/ T in
the ¥DR binding site. Promoter haplotypes that differed for at
least one of these positicns foom the reference hp#a (Fig. 1) wer
compared in ransient transfaclion experiments by the in vitro
licifersse assay. Hoaplotypes differing af positions —278 and
—57 did not induce a significantly different luciferase activity.
We therefore conclude that these two variations do not influ-
ence the level of GH transcription, at least in our experimental
conditions.

Comverszly, the presence of o G instead of an A in the Pit-1
recognition site at position —75 induced a more than two-Fald
reduced luciferase activity (Fig. 2al This result was displayed
both by the natarally oc cuming hpsfe and by an in vitro mutage-
nized sequence obtained fom hps#a by eplacing the A witha G
al position —75. Thus the different activity between hps #a and
#e was totully dependent upon the genetic vanation at position
—75

The mduction of the GH transcrptional activity displeryed by
the — 755 sequence was explained by the EMS A resulis showing
that: (1) the G probe formed only one of the two shifted com-
plexes formed both by the A and by the Pit-1 consensus probes
(Fig. 3ay (2) a supershifted band complexed with an anti-Pitl
antibody (Fig. 3b) was strongly evident with the —75A pmbe
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while it was faint with the —7 50 probe in the same experimental
conditions, Thus a sirong supershift induced by the anti-Fit-1
antibody was eesociated o the presence of complex 13 (3 a
higher nmount of the G than of the A cold oligo was required o
compete binding of the labelled A probe. These results suggest
that: { 1} the large st amount of the Fitl protein is included incom-
plex 1; i2) the G probe does not bind Pit- 1 inits “complex 1 form
while it binds a small amount of Fit- 1 in ivs “complex 27 form;
(3) the G probe has a lower affinity than the A probe for the A
binding molecules): (4) the & probe mainly binds unchameles
ized moleculers) presentincomplex 2. The latker might represzent
o complex, not sensitivie o the base change of =75, formed by
the interaction between Fil-1 and other co-factors imoalved in
the synergistic activation of the GH gene transcriplion (e.g. the
retinoid X recepton the retinoid acid receptor and the thyroid
hormone receptor; Schaufele et al, 1992; Chang et al., 1996,
Palomino et al.. 1998).

Pit-1 contains two potein domains, namely Pou-specific
(PO, ) and POU-homeo { PO, 3, both necessary for DNAbind-
ing. It generally binds as a dimer to ils cognate recognition
elements. Each of thess elements consists of a core motif inc lud-
ing ahigher affinity ¥ consensus sequence, ATGRATA followed
at the 3' by an adjacent lower affinity A'T rich saquence. One
Pii-l monomer binds o the 5 higher affinity sequence und
the second monomer binds cooperatively to the 3° lower affin-
ity mgion (Elsholiz et al.. 1990; Ingraham et al,, 1990), The
—T3ASG polymorphism is located at the 3" end o fthe lower affin-
ity region. The presence of a G instead of an A in the AT rich
region could destabilize the PIT-1 binding to DNA as a dimer,
which is normally provided by this region after one monomer
has bound to the high affinity region ¢ Hollowsery et al., 1965),
Thus, the reduced binding of the —750 saquence ta Pit-1 might
be addressed o modifications of the Pil-1 molzcule conforma-
tion induced by the bese change. In turn, the decreasad binding
ol the Pit-1 dimer to its site in the GHI proximal promoter is
likely mesponsible for the reduction of the transcriptional activity
observed in transfection ex periments.

The first 200 bp aof the pmximal promoter of the GH gens
encompassing the two Pit-1 binding sites are highly conserved
among mammals. Remarkably, the position comesponding o
the human —75 is always occupied by an A in the 12 species
analyzed (Krawcrak et al, 19995 Thanks 1o this high homol-
ogy, crystallog raphic data on the rat Pit-1 bound to its proximal
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binding site on fGH promoter{ Scully etal.. 20000 allow us to fur-
ther speculate about the functional relevance of the — 754 — G
change, The A nucleotide at the pozilion homaologous o the
human —75 in the GH promoter contacts the Asn 51 residus of
the POUy domain in the DMA major groove, This aminoacid is
responsible together with other three esidues for the specificity
afthe protein—-DMA interaction in the AT/rich region. Indead. it
would be very inberesting to evaluate the effect induced by the
—T5A — G change on the crystallographic stmcture of Pit-1
bound DRMAL

The hiclogical relevance of the interaction between Pit-1 and
the mrget promoter sequences for pituitary hormone production
iz well documented by the observation that genstic mutations in
the Pit-1 gene, leading to loss of Pit-1 activity, cause combined
pituitary hormone (GH. FRL and TSH) deficiency in animals
and] humans (Cohen and Radovick, 20020, In addition, o muta-
tion in the proximal Pit-1 binding site in the promoter of the
GHRHE gene. markedly reducing Pit-1 binding. was reported
in an j=solated growth hormone deficiency (IGHD) compound
heterozygous patient i Salvatori etal., 20023, Wi there fore tested
the association of the —75G in the GH | promoter with areduced
GH synthesis. Our results demonstrate that the —75 polymor-
phism is not imvolved in IGHD. Moreover the presence of a G at
position —75 had no detectable effect on GH serum levels after
provocative tests in vivo, Unfortunately, we do not have suffi-
cient data om the GH serum levels of individuals carrying two
—75 0 alleles as the GG genotype is rare in our population (the
estimated homozygous frequency is about 2% ) and serological
dala on the five homoxygous normal stature control individuals
are not availablo.

Thus the strong effect of —75G seen in vio on GH tran-
sorplion is pot visible in vive on OH secretion. However, since
GH secretion is regulated by the balanced interaction of many
factors (Giustina and Veldhuis, 1998) the effect of the =730
varation in vivo might be hidden by the overll effect of the
complex regulatory GH secretion network. Moreowver, we tested
selected populations of individuals with shon stature in which
we cannol exclude the presence of unknown genetic varations
with a stronger effect on GH production.
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surnmary

Dhjectives, The sim of this stody is bo increase the awareness of a probably onder-diag-
nosed syndrome. Clinical recognition of the syndrome in infants and children with and
withost HSCR is important for the selsction of patients for cytogenetic and molecular
anakyses.

Methods, The clinical features of four lalian patients are reported. FISH and mutational
anabyses were performed. Evaluation of psychomator development woe perdformed vsing
the Denwer Developmental Screeming Test [[ {DDTS M.

Resalis All four patients presented with nutabors of the ZFHX! S gene: patienis 1.3 and
4 showed novel mutations, pever previously described. The clinical features of our patients
were compared with those of the litemture, The most frequent malformations wers HSCR
(62.8%), congenital heart disesses (50.7% 1 agenesis of the corpus callosurn (45.6%). Hy-
pospadias were present in 48.2% of the patents. Seizures were very frequent (75.0%).
Conclusions. Mowat-Wilson syndrome is well recognizable, like classical genetic syn-
dromes, for the disting facial phemotype, the macciated malformations, seimres, micro-
cephaly and severs mental retardation. The confirmation of the diagnesis by the presence
of mutations in the ZFHXI!E gene is important for genetic counnselling since oll patients
thus far meparted have been sporadic findings, even if the possibility of gonadal mesaicism
cannot be excloded.

REssLUnNLo

Obisitivd, Lo scopt di quesie studio & & diffondere le comoscehze s guesta Huova gin-
drime probabilmente sxto-diagrosticata, Il sospetfo clifico i erd neonatale e Relle erd
slicoassive iR bambiti coR 0 sefza HSCR & importafite per sefegionare § pazisnti da sot-
raporre alle analin citogenietiche ¢ molecolant

MuiodE. Verigone sferiti | dari cfinic relativi a guatire pagiensi faliand ai guall somo
state effettuate la FISH « 'analisi mitagionale Lo seiluppo pricomotosio & stard valu-
faie con il Denver Developmemiadl Screensing Test I {DOTS I

Risultad. In rurd o guanr { pagemi daliahi soro sare idensfrare mutaziont del gene
ZFHXIE, I pagient I, 3 ¢ 4 presorfavano Muove murasioni, A0R precedentomeiie
dascrine. Le caratteristicke clintc e dei mostsi pariens mmo sate confrontare com guelle
dei pagienti della letrerartiva, Le malformazion pil freguerti somo risultare la HSCR
(62.8%) le cardiopatic covigerite (30,75 ) ['agetiesia del corpo calloso (45658 L'-
pospadia era prerevae el 46,25 Mol froguens risitavans le orisd convulsive (75,000
Conelusionl. La sirdrome di Mowar-Wilson & ben rconoscibile cliticamenie come le
sindromi geRetiche classicle por il caratiefistico fenoripo facciale, le malformarion asso-
ciate, e convilsiond, la microcefalia « if grave ritards mentale. La comferma delia diag-
mor, medigite la dimostrazione di ke mutarione del gene ZFHX1E, & imporante per
la comsdefiza getetica i guantd i ¢ parient fmo ad ora segnalar sore casl spo-
radici, anche s la possibilitd di mosaicd o gonadico Hom pud essere esclisa,
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Introduction

In 1998 Mowat et al. ! delineated a new syndrmome in six
palients with Hirschsprung disease (HSCR), micro-
cephaly, mental retardation and characteristic facial
features, and identified a locus on chromosome 2q21-
q23. In 2001 Wakamatsu et al. ? identified mutations in
the ZFHX1B gens in a patient with a translocation
L 2:30g22:g22) and in three other patients. Indepen-
dently Cacheux et al. ¥ jdentified mutations in the
ZFHX 1B gene in two patients of Kidridinen et al. 4, one
af them with a translocation 12;111(g22.2:g21), and in
three patients of Mowat et al. !, All these patients pre-
sented “syndromic HSCR™. Subsequently Yamada el
al. ¥ reported ZFHX IB mutation in patients with com-
plex developmental disorder, and Amiel et al, ® in pa-
tientz with syndromic HSCR. Zweler et al. in 2002
found the ZFHX 1B mutation in four patients with typ-
ical facial gestall, two with and two without HSCR 7,
The authors concluded that HSCR was not an obligato-
ry symptom but one of the multiple variable anomalies
of the gsyndrome, for which they proposed the name of
“Mowat-Wil=on Syndrome™ (MWS), Garavelli et al. ®
reported the first Italian patient with ZFHX/E mutation
and confirmed the clinical peculiarity of the MWS.
Cermti Mainardi et al. * reparted a detailed description
aof two new Italian patients and a review of the litera-
ture. So far 70 patients with MWS mutation/dele-
tion'translocation of the ZFHXIY gene have been re-
ferred 7, of whom a new Italian patient recently de-
scribed by Garavelliet al. Y, with particular attention to
the genitourinary ancinalies in this gy ndrome. Howev-
erit seems likely that the syndrome is under-diagnosed,
particularly in patients without HSCR. Therefore we
think it is nseful to report the clinical picture of the four
Italian patients with MWS and mutations in the
ZFHEIR gene, three with and ane without HSCR. The
clinical recognition is essential in the selection of pa-
tient=s for cytogenetic and molecular analysis.

Clinical reports

Pamemr 1

The boy was the first of two children of healthy, unre-
lated parents. The sister was healthy. The mother’s sis-
ter had Moonan syndrome. Prenatal ultrasound at 15
weeks gestation showed bilateral mild dilatation of the
renal pelvis, There were poor fetal movements. He was
born at 40 weeks gestation by vaginal delivery with a
birth weight of 3750 g (75" centile). length of 51 cm
1507 and head circumference of M cm (2535500 AP-
GAR scores were 9 and 10 at 1 and 5 minutes, respec-
tively. At two days of age the baby underwent surgery
for HECHR. He had hypotonia and global developmental
delay with involuntary nodding of the bead and exag-
gerated reaction o acoustic stimulus. At 17 months he
developed recurrent seizures (partial complex epilep-
s¥), which responded o anticonvulsants. At 18 months

mnr
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hiz head circumference was 46 cm (10" centile ), height
B35 cm (30M-T30 and weight 100160 kg (10 at 3
years and 3 months his head circumference was 47 cm
(39, height 96 cm (30%-T5%) and weight 14,500 g (255
S0y, He had fine blond hair, high forehead. froncal
bossing, prominent supracrhital ridges, deep st eyes,
small nose with a bulbous tip, mouth held open, “M-
shaped™ upper lip, pointed chin, posterior angulation of
ears, uplifted ear lobes (Fig. 1 Fu fetal finger pads,
deep palmar and plantar creases. long halluces, penils
hypospadias and undescended right testis. Dermato-
glyphics showed 8'10 vlnar loops on the fingertips.
Lactate. ammonium, FQ banded karyotype al 650
band resolution. molecular analysis for fragile X syn-
drome were normal. Skeletal survey showed wormian
hones, hypoplasia of the distal phalanges of the fingers
and hypoplazia of the middle and distal phalanges of
the 2=, 3® 48 30 joes and long and hyperirophic first
ray of the feet. Cranial CT demonstrated enlarged sub-
arachnoid spaces in the frontal region, and MRI of the
brain showed bilateral mild symmetrical accentuation
of the apex of temporal horns. Abdominal ultrasounds
were normal. As the clinical picture was typical of
Mowat-Wilson syndrome, the ZFHXIB mutational
analysis was performed.

PamienT 2

This boy was the fira child of healthy, unrelated par-
enls. The sister was healthy. He wasg born at 41 weeks
gestation with a birth weight of 3200 g ( 10%-25% cen-
tiled, a length of 48 cm ( 10* centile), and a head cir-
cumference of 33 om (3-10® centile). HSCR was diag-
nosed on day 2, colostomy was caried out on day 3 and
closed at 8 months, He had severe constipation since the
first months of life. High degree vescicoureteral reflux
was clinically observed. Al 14 months, he was diag-
nossd with hypotonia and global developmental delay.
He developed seirures at 16 months, confirmed by
EEG. and sodinm valproate was started. ©On examina-
ton at 5 years of age. the boy had geveral minor facial
anomalies, fine hair, high forehead. frontal bossing,
broad nasal bridge, medially flaring thick eyebrows,
downward slanting palpebral fissures, hypertelonsm,
epicanthus, desp set blue eyes, small nose with promi-
nent columella, open mouth, triangular jaw, prominent
chin, posterior low set ears with uplified lobes (Fig. 1 A,
Bi. He also had high arched palate, penoscrotal hy-
pospadias with penis recurvation (surgical treatment at
4 years 5'12), right cryptorchidism with non-palpable
testiz, pes planus with calcanecvalgus, mild pectus ex-
cavatum, long tapered fingers. single mansverse palmar
creases, microcephaly (48.5 cm. < 3% centile) and se-
vere psychomotor retardation. The Denver Test
showed that he “grasped™ at 15 months, walked alone at
3 years and atill had not developed speech at 5 years of
age. The child was affectionate and smiling. A cardiac
systolic murmur was present. ECG was  normal,
echocardiography showed mild fibrosis of the anterior
tricuspid leaflet with slight valvular insufficiency.
Seizures remained frequent despite treatment. MEI of
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Flg. 1. Patient 2 at age 2 years (4, 5 years (69 and 13 years ard B monthe (2, () Fatint 3 & aga 3 yaars snd 5 months, @ Pabent 4 at age
2 yaars. IFJ Paniant 1: LpIFted 2ar lobe.

the brain showed marked hypoplasia of the corpus cal-
losum with namow lateral ventricles. Oeular fundos ex-
amination showed a grey pigmentary halo in the right
optic papilla whereas the left eye was normal. The an-
diometric examination was normal. Standard karyotype
wag normal, and FRAXNA muotation. Angelman syn-
drome, and metabolic discases were excluded. On the
last examination at 13 years and & months weight was
29 kg (= 37, height 138 om (< 3 (target = 10%), and
head circumfere noe 50 cm (< 3. Long face, horzontal
palpebral fissures. less evident epicanthic folds were
observed. The other facial anomalies were unchanged
(Fig. 1 C). Thinness was present. Pubertal development
was advanced. Mo seizures had ocourred since the age
of & years; the EEG showed non-specific anomalies.
The severe paye homotor and mental retardation persisi-

ed: he was able to run and climb stairs at age 6 years and
to drink alone at 8 years: he was toilet trained with help
at & years and still had no speech. As the clinical picture
was typical of the Mowat-Wilson syndrome, ZFHEIR
mutational analysis was performed.

PamienT 3

The gidl was the first child of healthy, vnrelated par-
ents, A younger brother was healthy. She was born at
41 wesks gestation with a birth weight of 3700 g
(75, length 51 cm (75%), head circumference 32 cm
(3™ Cyancsis and cardiac systolic murmur were pre-
senl at birth, and the echocardiogram showed the tetral-
ogy of Fallot, with absence of the pulmonary valve.
Diysmorphism was observed but the karyotype was nor-
mal. At 20 days she presented with vomiting and ab-
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Flig. 2. Schame of tha ZFea B exons and comesponding profein STucure adaptad from Zweker etal. ’, snowing the position of the mu-
tations preseritad. MEF, M-terming zinc finger clster; C2F, C-rminal 2ns fnger duster; SEO, Smad binding doman; HD, homeodomain-

1k SEQmErt.
ZFHX1B
P Db, L = -] =
Exons: 1 & 3 4 34 7 3 ] 1d
iy -
o T B S

s u H E Fdseaaw L4 g . e

' : [ |'| AT I S

||"'III I'I.||I. | !III.‘I.ﬁ-irh:I Illllr||lll |"-.'.' "|r|- I':I 5 i

C (14l 1 | yur (L S L T i
Il_ }l"!._ J”I I!.l.; 'II-._HIE-'I:‘;: !l'.. :f _III I ':!llh f 'I I'”.“'
YETIR LD 1msIaTK FREREK Ly2TX
{pat 3 {jpat. 1) {pat. 2} (pal 4)
Tab. |. Mowat-#ison syndrome, Clinlcal characieristcs on 70 patients.
Clinical characteristics MWS patients % of todal Prasent study
1 2 3 4
SEx M F M )| F ]
4624

Faoiaf phenotyps
Sparsadfine hair 10/14° M4 + + - +
High, brosd forehesdsfrontsl bossing 212 =0 + + + -
Medially flaring thick eysbrows IB34 100.0 + + - -
Hypartelorizm AE/43 56.0 - + + -
Srrabismus 20:24 T4 - - - -
D=ep set eyes 3734 grd + + + -
Epicanthus 15 E0.D - + - +
Dowriward slanting palpebra fissuras 117 E4.T - - - -
Broad naszl bridgessaddls nose 45045 j=ril:3 - + - +
cmial nse, nounded nesal tpsprorminznt colurmsllz 2873 = - + + -
Op=n mauth 2529 BEG.2 + + + +
Prorinent pointed chinstriangular joa 42742 100.0 - + - +
Posterior low set ears with uplifisd lobes 36,39 100,00 + + - +
Otfer cinical festurss
HCR 4470 EZ.B * + + !
Seimres 31464 7.0 + T + -
Congenital heart disease 35768 0.7 - - - -
Agenesis/ypoplasia of corpus callosum 26457 456 - + + -
Fena anomalizs 11450 b ] + + - -
Hypospadias B30 247 452 + + 1 +
Cryprerchidism 177440 124% 425 - + 1 -
Cleft submucous palateshigh arched palate 11/34 24 - + + -
Cermataglyphics anomaliss B0 EO.D - + - "
Tapared fingars 16413 B2 - - - -
Pes planus with calcaneovagus 12417 TO.E + + - -
Mental rardation 70070 100.0 + + + +
Microcephaly 1< 3rd centile! last folloa-up 58/E3 5.5 - + - -
Hypotonia 283 =5 - + - +
Short stature < 3rd canitiled dasc folow up) 16440 45.0 - + - -
Happy, sffectionate personalty 26/78 SE.E + + + +
Sporadic FOT0 100.0 + + + +

1, petiere 1, 2, petlert 2: 3, patient 3; 4, petient & " rumbar of the petients far wham the dats wene svasliEbee: ° N0t rRievant: ¥ not avalzie

e
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Tab. Il Mowac-#dzon syrdrome. Cinlcal data on 70 patients and mutation daetonrarsiocation of the ZFHRNE gene. fconthuec

Reference  Patient Sex  Age Gestation  Birth weight  Birth Length Birth cc Micro- Facial
(1] L1} igh, © fcmi, © fom), © cephaly  Features
iLi IFFR
M3 4 1 M 3 4z 2450 F5th == grth 35.5 50th Zrd +
Z Lo 412 : 3700 75ch 50 50th 33 3rd-10ch Ird +
3 F 3 ' AR20 #3Tth 52 aoch-g7th 24 z5th-S0th <3rd +
4 M 312 3 2400 50th 48.5 25th 335 10th < 3rd +
5 M 2] 3 1380 25th 43 25th 30.5 25th < 3rd +
[ F 4 3B 3360 Fith 52 aith-97th 34.5 75th 3rd +
101 T M 212 37 4325 aoth . o < 3rd +
2,5 12" B F 1] an 3000 25th % 315 < 3rd + +
] F e a1 2045 1och-25th i I3 1oth + +
10 M b} 1 7820 25th ! 31.53nd + +
" M s} 38 %200 25th-50th % 3 <3rd + +
1z M 23 4z I570 25th-50th ! ' + +
13 M 0 an Za50 aith =5 arch =3 3rd-10ch + +
14 L 5 an 2410 5oth 50 25th-Soth 33 Srd-10th + +
15 Lh 7 38 5260 50ch 48 Joch-25th 33 1ch + +
16 F L] 3E 2580 50th 46,5 25th 50th 30.5 3rd-1oth + +
7 M 3 E1 2960 25th 47 1oth 323rd + +
L 1=} M ! y . % : + t+
19 1] N I & " 3 + -
20 F * ' * ' ' + +
a1 £ " ¥ " . " 5 :
22 1] ' ' " ' ' - -
23 F ) ! : ! ! 3 +
24 F 3 5 b . 'y + +
25 F " 2 3 & ? + -
7 26 LE A an Za40 aoth 54 aoth 7 0th +
a7 M E8mo a0 Z500 S0ch 54 90th ? < 3rd +
28 M E12mo an 2570 10th 47 3rd 32« 3rd =3rd +
29 M 1Emo 7 810 40th 45 soth 32225th  25th-50th +
31 30 M 4 ; E k : ard +
3 L ' ' * ' ' < 3rd +
32 Lh : ' b ! ; 3rd +
I3 M ' ' * ' ' 3rd +
34 F 2 : ? 7 3 <« 3 +
35 E 4 i . . : 10th-25th +
36 M : ; i " - << 3rd -
37 M * ' * ' ' ard +
38 F : i : E ; 25th +
33 M ) ' : ! ! =rd +
an M ’ ! : ! ! 25th +
a1 M S 7 b . : < 3rd +
az M ! : - z ! = 3rd +
4z F " 3 I i ¥ < 3rd +
ER3 M : ! h ! ' < 3 +
1%

56



MWETWLEON EYNORONE

HSCR Seizures  Heart  Callosum Genital Reral W MR Exon
Defects  agenesis anornalies anormalies Mutation  mutated
+ + - + Hypospadas + - +  deligzz-qim &l
Bifid saroturn
+ + - - - + - + s2ndels a
+ + - - i - - + saddels &
+ + + - Cryphonchidism - - + 142Nz a
+ - - + Hypospadas - ] +  Translocation ine2
+ + + - 1 - : + 1218delac a
+ + + : - - : + debigr-qzm &l
+ + + - ! ' - + Deletion &ll
4 + + + ! . IEma  + RS a
+ + - ) ! ' 3 + RE35K a
+ + + - ' - 53mz  + 1173delaaca a
1 + - - ! ' ] + REEEK a
1 + - - Cryptorchidism ' 4 + RE3EK a
* + - - ' - 28mo + RESSK a
- + - - ! ' 2 + TEOINECA &
- - - + 1 - 4Ema  + 272delc 3
1 - - HCC ! ' - + 2q7edelTT a
+ : + Hypospadas . : + e35dell a
+ + - + Cryptorchidism VUR ) + 1805dala a
+ + + - i - ' + Deletion &ll
+ + + ! ' ) + Deletion &ll
+ + + + Hypospadas ' ) + Deletion &ll
Cryptanchidism
+ - + - 1 Hydronephrosis ) + 2453insT 8
+ + + + 1 . : + Deletion &l
1 + - + ! - ) + LEE2X a
+ - - - Cryptorchidism + - +  3EETINSCC 0
+ + + ' - - SEMT  + 1azedala a
- + + + Cryptonchidism - 5 + SE3NrETo 5
- + - Hypospadas - + SEE2K a
Crypronchidism
+ - + - Hypospadas VUR Hydronephrosis + SESEK a
+ + - . Hypospadas : . +  E15-616diC &
+ - + - Hypospadas - ' +  951-852delce 7
+ - + Cryponchidizm VLR . + 2kl E]
webbed paniz
+ - ) ! ' ) + 3350dalC 10
- + - - 1 : . +  2osT-EsdeloT 9
+ + + - - - ) + 219inEC E
- + - : webbed paniz - : + 13EEINsT L}
- + - + ! - ) + S142% 5
- + + ) Hypospadas WUR ) + RE3EK a
Cryptonchidism
+ + - ) - ' ) + CAETE a
- + + : Crypronchidism Eilaterd PUJ : + RIATX 8
Hooded prapucs
+ - + + Hypospadas - ) + 2335daly &
- + + - i - ' + 1EsEdelaacs a
- - - - - ' ) + W32 +10-4 inc 2

i
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Tab. Il. Mowac-#Wison syndrome. Cinlcal data on 70 patients and mutationsdaetonsransiocation of e FHYIE Qene. [Foipwe

Reference  Patient  Sex  Age Gestation  Birth Weight  Birth Length Birth c Micro- Facial
(A ] g, © fern, © i, © cephaly  Features
iL iFFi

14, 181 45 F AT ' Soth i < 3rd + +
a6 M 2| 34 260 Soth-aoth 4% och-Soth 28,5 10th-5oth + +
a7 M Swks ' &irh sth 20th + +
a8 kA 13 gxh aoth " - +

M5 a3 F * " * " " + +

[1E] 50 F 14mo 3E 2700 5och 51 arch 33 soch-75th T +

M7 31 L =] ! ) : ' T +
5 E M E 2 : H + -
53 7] 1a ! ! ) ' + +
54 A 7 13 | 2 H + +
33 7] P ' ' " " - +
56 ] 4 3 A o H + +
57 L 1] ' ' " " + +
58 M 2 ! ! i i ! +
59 E 3 " * " " + =
20 F 3 a1 2320 25th-50th i 31.E 3rd < 3rd +
Loy L 3 iB %333 50th-75th : 33 q0th-25th <& +
&2 1] 13 an 2720 3rd i 23 3rd-10th <3rd +
L] 7] 17 an 314a 25th : 32 <3rd < 3rd +
a4 F 3 36 1263 3rd-10th 4 7.2 < 5rd <5 +
&5 F 1 3B 343 25th " Fz210th-25th <3rd +
6 F 25 a1 Z200 25th " Z2 3rd = 3rd

Fresent study &7 Mo 18mo an 5750 75th 51 50th 24 25cth A0th +
€8 M 1ZEmo a1 200 1oth-25th a5 1oth 23 3rd-10ch <3 +
[==] F 35mo a1 I700 75th 51 75th 32 3rd << 3rd +
0 Mo 29 40 I580 50th-75th 49 10ch-25th 34.5 25th50th = +

F: famake; M: maia: +, presence of dinlcl skgn; — absence of cinkzl sign;: * not avalBe: 1 noe reievane: & years: G: wasks; 00 aanie droumferenca

lemi; C: cerdlles: L centla at [ast Folkow-up: FF: fadal fasturas ac described by
Tul'h."tbl'l':ltli‘.l'l.ll:‘ﬂl:ﬂ:'ﬁ': walking 39 yearsl: WR: mereal etion; *:

va3io0-Ureeric refluy: PLUY: paikustaic
as

Wowat ekl ' - oon n: HCC: ypoplesh of corpus @llosum: VLR:

dats proviced by lsninar et

dominal distension. HSCR was diagnosed and a
colostomy was carried out on day 22, At 5 months
surgery for Fallot's tetralogy was performed, agenesis
of the pulmonary valve and severe dilation of pual-
monary  branches were present. At 1L months the
colostomy was closed. At 1 year she developed recur-
rent seizures. The EEG showed slow widespread anom-
alies of the frontotemporal bilateral derivations. and
phenobarbital therapy was started. Ultrasound of the
brain showed hypoplasia of the corpus callosam. Dur-
ing the first year of life hypotonia and psychomotor re-
tardation were observed. At the last examination at 3
vears and 5 months weight was 11,300 kg (< 3™,
length 93 cm (258, head circumference 43 cm (< 3™,

She had fine hair, high forchead, frontal bossing,
prominent suopracrhital ridges, medially flaring eye-
brows, hypertelorism, deep set eyes, small nose with
prominent columella, short philtrum, open mouth, “h-
shaped™ wpper lip, prominent chin, posterior low set
ears with uplifted lobes (Fig. 1 D). She also presented
high arched palate. long tapered fingers, single incom-
plete transverse palmar creases. and pes planus with
calcaneovalgus, Seizures were recurmrent. Cranial MRI
confirmed corpus callosum hypoplasia, The Denver
test evidenced that she “sat head steady™ at | year, did
not sit without support, “grasped™ at 2 years and 6
months, “turned to vaice™ at 2 years and had no speech.
As the clinical picture was typical of the Mowat-Wil-
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HSCR Seizures  Heart  Callosurn Genital Reral W MR Exton
Defects  agenesis anomalies anamalies Mutation  mutated
- - - - £ - [ - Deletion 5hib
- + - + Hypospadas - a - Deletion Foakb
Cryprorchidism
+ + + - Crypror hidism - - - Deletion 11Mb
Microphallas
+ - - + Hypospadas - 26ma  + Deletion 30akb
+ * " + ! " + 04K 3
- + - HED ! + + [t By 3
- - HIC + 1= = + 390Fs430 a
+ - + - Ed - 3 - AG5FEAGTE a8
1 + + + Cryptanchidism 1= L + 285F5293% T
+ - - x Cryptanchidism - 52ma + R3O 7
- + - ' - - 2 + Cae7x a
+ - + L Hypospadas - - - RZATE 8
- + - Hypospadas - - + RESEK a
+ + + HIC Hypospadiss Cryptomchidism - + REZEN 8
- + - - Septumn of vaging - - + RE3EK a
+ - - - 1 - IAma o+ Celetion 1-2
+ - - HCG - - - + Deletion &ll
y + + - - - 7 + Cletion &l
- + - - - - - + Deletion &l
+ - + + i - - - Deletion 1-4
1 - - - 1 - - - Deletion &l
+ - - - L - A5mz o+ Celetion 310
+ - - - Hypospadias Cryptonchidism - - - sadels 7
- - - + Hypospadias Cryprorchidism WUR 3 - REZEK a
+ + ! - - + Y2IZIX 7
- - - - Hypospadas - 11mo + L7237 a

son syndrome, the ZFHXIB mutational analysis was
performed.

Pamierm 4

He was born at 40 week=s gestation after an ureventful
pregnancy, with a weight of 3580 g (50%-75%), a length
of 49 cm (25" and o head circumference of 34,5 cm
(25850 centile). The family history was unremark-
able. He has a healthy brother. APGAR scores were 7
and 9 at 1 and 5 minutes, respectively. He had hypoto-
nia and delayed milestones: he sat without sappornt al
12 monthz, walked at 23 monthe and could not yet
speak at 25 months. He had repetitive stereotyped hand
movemenis. He is an affectionate. happy boy. At &

123

months of age he had surgical correction of penoscro-
tal hypospadias and chorda. At 25 months of age. his
height was 85.7 cm (50* centile ), weight 11.6 kg (10®
centile), head circumference 46 cm (10 centile). He
had dolichocephaly, sparse hair, sparse eyebrows in the
middle part, medial flared eyebrows, epicanthic folds,
up-slanting palpebral fissures. “M-shaped™ upper lip.
short philtam, pointed chin, thickened helix and up-
lifted ear lobes, supemumerary nipples, and shawl
scrotum (Fig, 1 E). He did not have constipation. QFQ
banded karyotype at 550 band rezolution, FISH telom-
eres. cholesterol, 7-dehydrocholesterol, thyroid func-
tion, testosteron, DHEA-5, Delta~4 Androstendion, and
lactate were all normal. Brain CT, EEG. echocardiog-
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raphy. X-Rays of the spine and abdominal ultrasounds
were all normal. As the clinical picture was typical of
the Mowal-Wilson syndrome. the ZFHELER mutaticnal
analysis was performed.

Methods and results

FISH analysis for exclusion of whole gene deletion was
performed as previously described ¥ with normal re-
sults in all patients. Sequencing of the complete coding
sequence of the ZFHXIE pene " showed a de novo het-
erogygous exon 7 frameshift mutation 90 1delC in pa-
tient 1 ®, The analysis in patient 2 * showed a de novo
heterozygous exon & stop muotation pE2O0S3C0T
(RED5X) and & de novo heterorygous exon 7 stop mu-
tation ntE79T/G (Y2093X) in patient 3 % The analysis in
patient4 '* showed a de novo heterozygousexon 8 stop
mutation n2]1 80T/A (L72TX ) (Fig. 2).

Evaluation of psychomotor development was per-
formed uwsing the Denver Developmental Screening
Test 11 (DTS 10 7. The clinical and molecular data of
our four patients are summarized in Tables I and 11, and
compared with those of patients reported in the litera-
ture, presenting with mutation. deletion or transloca-
tion.

Discussion

The Mowat-Wilson syndrome is a well defined clinical
entity recognizable like classical genetic syndromes,
that finds its confirmation in the ZFHXIEF gene muta-
tion. The clinical features of the four Italian patients are
very typical and, when recognised. they are enough fo
supges the diagnosis. Particularly important is the fa-
cial “gestali™ *, characterised by medially flaring thick
eyebrows, deep sel eyes, hypertelorism, strabismus,
downward slanting palpebral fissures, small nose with
prominent columella, open mouth. prominent pointed
chin, low set ears with uplified lobes. Mot all features
are specific. but their combination is very typical (Fig.
1 &-Fu The “"M" shape of the upper lip, centrally full,
laterally thin with prominent philtral pillars is frequent
in childhood M and present in our four patienis (Fig. 1
A, B, D, Eu In children with blue irides, dark patches
af iris pigment are present and suggest a heterochromia
of the irides ¥ (Fig. 1 A-C). The facial features change
with age: the face becomes long with prognathism and
the palpebral fissures horizontal, the epicanthal folds
tecome less evident. the nasal profile “aguiline™ ® 22
(Fig. 1 Ch

HSCR. when present, is a strong cross reference mark-
er, particularly in the neonatal age, but it is not constant
i34 our patients). It is noteworthy that as the number
of patients described rizes, the percentage of patients
with HSCR decreases: 70.05% of 30 patients %, 63.85%
of 47 patients Y B2.8% of 7O patients in present study
(Tab, Iy It iz obvious that this oumber will decrease
again as the diagnosis on patients without HSCR rises

(bias of ascertainmenti. Also the male preponderance
of HECR in general populations (4:13 = can cavse a
hias of ascenainment and explain the male excess in
MWS L In fact the male'female ratio decreases from
2.13/1 on 47 patients (MF 32/153 7 1o 1.92/1 on 70 pa-
tients (WF 4624 (Tab. I The manifestation of HSCR
iz not influenced by deletion size Y, and ZFHXIR
knockout mice do not exhibit HSCR . Other frequent
clinical anomalies are congenital heart defect (50.7%
of the total). present only in one patient out of the four
here reported. but this girl had tetralogy of Fallot with
absent pulmonary valve., A rare anomaly, pulmonary
artery stenosis, was identificd in one patient 7. Agene-
sis of the corpus callosum {45.6% ) was present in 2 of
the 4 patients. Hypospadias (46.2% ) was present in all
three male patients. The presence of genitourinary
anomalies, in particular hypospadias, contributes to the
diagnosis in patients with typical facial dysmorphizm
and mental retardation ', Morcover midline defects
such as vaginal septum (one patient) 7 and piloric
stenosis, have been reported (7 patients) * 2207, Other
minor malformations (dermatoglyphics anomalies
B0L0%, lapered fingers 84 2%, pes planus T0,6%) werns
frequent, but not invariably reported. Seizures are very
frequent (75.0%), and were present in 3 of our patients.
Repeated vomiting attacks suggestive of epilepsy were
observed in five cases 7, Mental retardation. uswally
gevere, was constanl. Our four patients presented hypo-
tonia, severe psychomotor and mental retardation and
had no speech. A happy affectionate personality was re-
ported in 9%6.6% of palients,

Clinical features in MWS suggest that the ZFHXIR
gene, coding for Smad interacting protein-1 (57P 1), is
involved in neural cells and neural crest development
{enteric nervous system and craniofacial mesecto-
derm) as well as in midline development (corpus cal-
losum agenesie. genitourinary anomalies and pyloric
stenosis) * 7 7, Since patients 2 and 3 showed the same
severe phenotype as patients with large 2q2 2 deletions,
we pointed out that MWS is not a contigunous gene syn-
drome, and that truncating mutations of one allele of
the ZFHXIE gene resulted in this complex phenotype *.
Then the haploinsufficiency is likely the undedying
mechanizm * ¥, Two studies aboul genotype-phenotype
analysis * I have shown that phenotype spectrum was
similar in patients with deletion and in patients with
tuncating mutations, except for patients with wvery
large deletions. In particular, one patient with the 11Mb
deletion presented seizures in the neonatal age and
marked hypoplazia of the big toes; he died in early in-
fancy ¥, On the other hand. an atypical phenotype with
late adult onset, severs constipation and mild mental
retardation in the absence of specific facial anomalies,
seizures, and other malformations caused by non-trun-
cating mutations, was desoribed in a patient with a 3bp
in frame deletion *. Patient 1, 3 and 4 described here
showed a povel hetercaygous stop mutation, Patient 2
presented with the REO3X muotation already reporied in
other & patients 2% 27, The comparison of the clinical
dala concerning the associated malformations (HSCR,
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congenital heart defect, agenesis of the corpus callo-
surm) demonstrates some phenotypic variability resoli-
ing from a single mutation in the Mowal-Wilson syn-
drome ¥, The origin of the deleted chromosome is pa-
ternal in all & patients examined thus far 2 #37,

In conclusion, we wish to highlight the importance of
the clinical detection of this syndrome in infants and
children with typical facial gestalt and mental retarda-
tion, with and without HSCR. The diagnosis is impor-
tant for the families, who are grateful for the informa-
tion provided, despite the prognosis. The differential
diagnoszis with other types of syndromic HSCR such as
the Goldberg-Shprintzen syndrome is important for ge-
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Alstract

The aim of this repart is to provide an update on the mtual history of the Cn du Chat Syndmme by
means af the Ialan Regimter (LR} Two humndred twenty paients wem diagnosed by standerd oytoge
netic methads aml 112 of these were abio chancertied by molecularoyiogenetc mvestgaton (FISHL
FIEH maly=iz showed imerstitial deletions, short termmal deletions mnd other rare reamangements nat
previously comectly dignmed by stndard oviogenetics. The diagmosss was made m the Grst month of
lifie in 42% and within first year m 52% of cases. The remamng 15% were dizgnosed = an age mnging
from 13 mumths to £7 years. At the last follow-up, patent age ranged from & months to §1 years. Mor
tality, already low, ha deoeased over time as it & lower between 19842002 compared o 19651985
Morality wa higher in patients with unbalmced tanslocatioms ssulting m Sp deletoms. Chr data om
firm that the cat-hke oy and pecubar dmire of voloe mre the most typical agns of te syndrome, not
anly at birth but zlso latker and these are the only signs which might suggest he diagnosis m patents
with small deletions and mild clmical picture. A cyiogenstc and climal variahility must be underlined.
Cardiac, ceretmal, remal and gastomiestmal malformatons were more frequent m the patents with unba
lamged tramlbations zsultng in 5p deleions. Sucking and fesding dificultes and sspimiory mioctions
are Irequent in the firt months or years of life. Intubaton difficolties Imbed to lryme anomalies must be
oomsilerad . Paychomotor development 15 delayed in all patients ot there 15 2 varnmhity relyed to dde
tion size and tpe as well as oter geneto and envirmmentz] faciom. However, the resuls showed an
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improvement in te aoquisition af the develpment skills and progress in sociz]l mioducton which
should encourage caregivers and paren®s to work fogether in camrymg out the rehahilitative md sduca
tinnal miervenboms.

O 20046 Elsevier Massom SAS. All rights mserved.

Kavworde On da Cha svmadrome; (i du Chat svndmome pasaral bimory; 3p delesion; FISH; Menul resrdasion

1. Tmtroduct om

The Cridu Chat Syndrome (CACS), first described by Lejeune et al. [30] in 1963, is a chro-
mosemal disorder resulting from the deletion of the short arm of chromosome 5. The size of
the deletion ranges from the entire shost ann to fwe region Spl53 (540 Mb) [39,47]. Hall-
mark clinical features include a high-pitched cat-lke cry, microcephaly, a distinct facial phemo-
type and severe paychomotor and mentsl retardstion The incidence is low, ranging from
115, 0ed [27] t 1:50, 0060 [37] live-bom infimts, but it is probably the most conmon autosn-
mal deletion syndrome in humans [46]. Following the description of e syndrome, several
clinical and cyipgenctic studies in patients were reported [6,7,20,21,35-38,51]. Afier these in-
itial reports, few sdies have boen published, principally because of the rarity of the smdrome
and most of these were on isolaied cases presenting clinical or cytogenetic peculiarities.

Muolecular-cytogenetic analysiz by fluorescent in situ hybridisation (FISH) has renewed the
interest in this syndrome and allowed a molecular and phenotypic map of 5p i be defined [12,
13,25,26,39]. Two genes, Semaphorine F (SEMAF) [48] and S-cainine (CTRNNDZ) [34],
mapped i the “critical regions™, and are potentially involved in cerebral development and thus
their deletion may he asapcisted with mental retardation. Recently the telomerase reverse tran-
seripas (RTERT) gene has been localized in Spl533 and its deletion might contribute & tfhe
phenotypic changes in CACS children [55].

A clinical and molecular characterisation of B0 Imlisn patient in order to perform a pheno-
type- genotype commelation revealad clinical and cytogenetic variahility. The identification of
phenotype subsets msociated with specific size and type of deletion is of diagnostic and prog-
noatic relevance and allows a more personalised evaluation of sach patient [ 10]. Early data on
paychomotor development in institionalised patients were discouraging [3,37]. Swdies on
home-reared patients who underwent early educationsal treatments demmstrate a better prog-
nosis [5,15,17,50]. A specific psychomotor development chart on the Italian patients [9] and
growth chars by a multi-centre intenational stody [33] have been elaborated A review on
CdCS was also published [11]. FISH analysis with BAC clones in a patient without fypical
CdC8 festures, permitted a correlation of cat-like ory and mild mental retardation with a dele-
tiom in 5pl5.31 at 8.5 Mb from the short amm telomere [45]. A recent genotype-phenaype re-
lationship study using arrsy conparative genome hybridisation enablad a refinement of the cri-
tical regions and confirmed fhe incresse of mental retardation with the deletion size and type
[56]. Anofer study by quantitative PCR allowed a further namowing of the critical region for
the cat-like cry and the characerisation of three candidate genes [53].

The aim of this paper i to further report on fhe natural history of CACS in a large sevies of
patient from fve hospital-based Italisn Register (L) of the syndrome. The LE., set up in the
#0s (PCM), currently oollacts information on over 220 patients. Up to date clinical dats in-
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creases our knowledge of this syndrome and may be helpful in implementing guidelines to
hetter assist the patients.

2. Material and methods
2.1 Patients and methods

The data of 220 patients of fe CACS L B up o June 2002 were analysed. The data in-
cluded information provided by cyibgenetic laboratories, genetic counselling services and pas-
diafric units and the Ialian Cri do Chat Children's Associstion. The information was collected
by means of an ad hoc form that includes demographic and anthropometric dats st birth and af
later follow-up, clinical featres of childhood and adult age, major and minor mal formations
and ofher medical problems, the institute where the diagnosis was made and cyigenstic re-
pors. Moreover lboratory analyses, clinical documens and photos were available. Mot all
questionnaires provided information of all sections; there fore the total number of patients for
which dats were recorded is sapecified in each section of the resuls (text and tshles) The pa-
tients were selocted on the basis of clinical suspicion, confirmed by cyipgenctic examination.
They were included in the LR, even if their personal and clinical dats were incomplete because
the inclusion criterion was a cybbgenctic diagnosis. OF 137 patients in active follow-up, 123
wene followed by the same clinician (PCM) and 14 by other doctors.

Two hundred twenty patients were diagnosad by standard cyipgenctic methods and 112 of
these were also charscierised by FISH, 85 using phage probes [10] and 27 using YAC probes,
previouwsly mapped i Sp [3241]. YAC DNAs were labelled by nick-translation with biotin-16
dUTP {Bochringe r-Mannheim). FISH was performed as deseribed by Lichier and Cremer [31].
Slides were counterstained with 4, 6-diamidine-2-phenylindole (DAPT) (200 ngiml) and ana-
Iysed and photographed by Power Gene BRGO (PSI, UK

The patients with unbalanced translocations resulting in 5p deletions were stdied sepa-
rately from those with kolated deletions with regard to familial and neonatal data, survival,
mal formations, medical problens and peychomotor development in order to verify the greater
severity reporied in a previous sudy [51].

Clinical data were available for 185 patients: 159 with an isched deletion (150 with a
terminal deletion, one with a terminal deletion resulting from a paternal inermion, me witha
terminal deletion with patmal mosaician and seven wifh interstitial deletions), all showing ty-
pical CdCS facial festures, and 26 patients with an unbalanced translocation resulting in a Sp
deletion. The later were excluded from fhe evalustion of the facial dysmorphism becamse of
the possible phenotypic effect of the asspciated partial trisomy of another chromosome. Like-
wise, three patients with mosaicism that were previously reported [40] and one patient with a
ring chromosome were excluded from fhe clinical analysis because of the misleading effect of
these complex rearrangements on the phenotypes.

Evalation of psychomotor development was performed using the Denver Developmental
Screening Tea 11 {DDTS 1) [24]. The detailed method was previowly reported [97. All clini-
cal, penctic and developmental dats were collecied in a datshese and statistical analysis was
performed using the 3 test with Yates" cosrection.

Informed consent was obtined for all e individuak and their parent. Publication of fhe
material inclded in this work has been anthorised according to the terms of the Ttalian privacy
law 1903,
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3. Results

3.1 Age and sex distribution

The disribution of 220 patients for age, year of hirth, sex and vital status is reported in Ta-
hle 1. Sex ratio M:F af diagnosis was (082, The sex ratio decreased from 0.89 for patients di-
agnosed in e period 1965-1983 (period 1) to 075 in the perod 19842002 {period IT). The
age ranged from & months to 6] years at the last follow-up or at death. One hundred thinty-
three patients out of 137 in active follow-up were home-reared, four were institutionalized.
The number of patients in our Register bom in period [ was %9 compared i an expecied num-
ber of 274 (hased on an estimated incidence of 150,000 live births) while in period 1T it was
10 {expected valoe = 205) (P < 0.05)

3.2 Oyeegeneric and molecsular-cytogenetc analyses

The results of cytogenetic and molecular-cytogenetic analyses performed in 220 patients ane
sumimarised in Table 2. All 220 patient are deleted for at lesst fhe CACS critical region in
Spl5.2 [39]). The size of deletion ranged from Spl5.2 to Spll (Fig. 1

3.3 Age of the diagnosis

The precise age at disgnosis was available for 193 patients and was within fhe first month
of life in 82 (425%) (including one prenatal disgnosis for advanced maternal age), before
three monts of age in 114 {59.1%) and between the fourth and 126 month in 44 (22.8%)
In wptal, 158 patiens (B1.9%) were diagnosed in the first year of life, 35 (18.1%) at an age
ranging from 13 months to 47 years. In the period 19842002 the percentage of diagnosis in
the first month of life was higher than in fe peried 1965-1983 (P -<0.05) (Taklke 3).

Takbbe 1

1R for CA05. Age grouping, period of b, sex dis et ion and vital states for 200 petiesds as af 2000
Age groupg Yerof by Toml S M F Lead Pt m actve
{venrs} folkovar-um
=] ok 159 17 7 ] E] 1 16

L] 19571993 k-] 159 B 3 a 4
10-14 192 195E 1 173 w | 1 33
1519 19ET- 1983 P-4 125 B 13 1 17
T 15521578 4 1y ] 12 2 n
oy 19771572 kL] 177 © 7 2 15
3034 19721968 [ &2 w0 ] 3 2

kLSl ] 15T 153 17 13 9 i 1 4

din 45 19621553 2 ag 2 ] 1 1

05 19821543 L] ! o e} L] o

[ 121931 1 a% o 1 L] 1

Dam pot mvailale 1 as 1 a a ]

Temlks prii] W kel 11 14 137
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Table 3
1R for CACH. Age of disgrosis for 193 patenss * i the period 19682000
Age of dingeoss Mz of T Pancds of dagroais

s IMA-19E1 % 1942 %
In e fimt enomdh. 52 424 F=] EFI] 4 o
212 monds 6 ELE ) k] 414 4 Ex]
13 moedsd yam 36 115 17 00 ] aat
wer & vears ;] 47 4 47 3 4
Tl 151 1000 i 1000 10E 1000

* Paterss wik prac e dugeosts age muailable (1546 wish termnimal delatons, seven with maemtial delmicns, 26wk
szwmm oA deletions, three Wit mosaicism and one Wit rng daromnosome).
F=0od

4. Family and neonatal dara

In the period 1965-1983 the mean matmal and paternal age af hirth, available for 46 pa-
tients with isplated deletions, was respectively 27 years and W12 (standard deviation (S1D.) =
+ 5 years and 2/12) and 32 years and &/12 (S0, =+ § years and 1W12). In the period 1984
22 fhe age for the 74 patients with isplated deletions was respectively 29 years and 7412
(8D.=+ 5 years and 2/12) and 33 years and 11/12 (8D, =+ 7 years and 2'12). The mean
gestational age for 126 patients with isolaied deletions was 38 wodks and 5 days (SD.=
+ 2 weeks and | day). The mean hirth weight, for 151 patients with isplated deletions was
2614 g (S.D. =+ 483 g), the mean length was 46,9 cm (S0, =+ 3.5 cm) in 92 patients with
isplated deletions and the mean head circumference at hirth was 318 cm (S.D. =+ 2.1 cm) in
86 patients with deletions There were no significant differences for the 27 patients with unha-
lanced translcations resulting in Sp deletions.

A5 Burvival

The desth of 14 patients out of 220 has been reposted (6.4%, seven males and seven
females) (Table 4). Nine patients had & ®mninal deletion and five had an unbalanced translocs-
tion resulting in & 5p deletion (fhree familial, two de nove) Morality was higher in patients
with unbalanced translocstions resulting in Sp deletions (527 = 18.5%) than in those with
terminal deletions (W89 = 4.8%) (P < 0.05). Eleven cut of 106 patients (10.4%) disgnoeed
in fhe period 1965-1983 died compared to only three out of the 114 (2.6%) diagnosed in fhe
period 19842002 (P < 0.05).

3.6 Ninieal @atires T and I

Table 5 reports the facial dysmorphism and other typical festures observed at diagnosis in
159 patients with isplaied deletions, for which fhe dat were available Included are
follow-up data in 49 out of 159 patients Changes in clinical feabures with age are reporied in
Tabla 6.
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" Lomgiadical stndy o 49 oot of 139 pasests (47 with tamizal deletions and fwo with insssia] delerices) for
whick it bas bemn poasible to evalmie de prrestmce of te dinicl fames @i
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Table &
1R for CACS. Clmical farues (11}
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Poerramee grevieg 144 ELTY
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* Mdolescent and adul pasenss (45 wih ermimal delesons and two wih mrarsal deletions) for whom e dra
wem avallable. These prionts e hode te 49 pasents of Table 5.

3.7 (inieal asires T

A malformation was present in 185 patients (159 with isplated deletions and 26 with unba-
lanced ranslocafions resulting in Sp deletions) (Table 7). Bofth maximal and minimal percen-
tages were always higher in patients with unhalanced translocations resulting in Sp deletions
than in those with an isolated deletion; for fbe minimal percentage fhe difference was signifi-
cant for cardiac, cerchral and renal anomalies (P < 0.05). The frequency of cardiac, cercheal,
renal and gastrointesting] amomalies observed in all patients, independently of e type of dele-
tion, was 19% in fe period 19651983 and 6% in the period 19842002 (P<000010

3.8 Meadical probloms

[rata shout medical problems, surgical operations and hospitalisation are reported in Table 8.
One hundred fifty-nine patients with isolated deletions, for which dats were available, were
evaluated. There were no significant differences for 26 patients with unhalanced translocations
resulting in 5p deletions.

1.8, Prych develog

The evaluation of fe psychomotr development (Demver Test 11 [24,42]) was performed
separately in 103 patients with an isolated deletion and in 13 with an unhalanced translocation.
The results for 103 patients with isolated deletions are reported in Fig. 2. The youmgest re-
ported age of independent walking was 15 months, the median age was 3 years and all chil-
dren leamed 0 walk, Forty-four patients out of 103 (42.7%) wene able to form sentences, the
firat at 18 months, 25% at 4.5 years, fhe modian age was 5.5 years and 86.4% by 10 years of
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age. Wit megard to sutonomy, the youngest ape by which a child leamed to eat by himss]f
was 1B moenths, the median age was 4 years, The youngest age fivr dressing onesell was
3 years, median age was 7 yvears. The number of patients with an unhalanced translocstion
who achioved the milesiones below the 254 centile was lower conpared to fwse with isclaed
deletions for 17/24 skills but de difference never reached smtistical sipnificance. TF fhe size of
the sample were twice as big, safisfical significamee would be eached for “sis alone™ and
“walks alowe™ (P < (UE).

The comelation between the bepinning of phyriotherapy and the achievement of develop-
mental skillk was eovalesied in 95 patients with an isolted deletion. Most patients started ther-
apy hofore the age of one year = 1 year (G895 = T16%), 1-3 years (2195 = 221%), > 3 years
(65 = 63%), OF 95 patients, 28 {29.5%) wore bom in the period 19651983 and 67 {70.5%)
in the period 19842002, Only 14 out of the 28 patients (50.0%) bom in the pesiod 16—
1983 started physiotherapy before one year, while 54 of 67 patients (B06%) bom in the period
19842002 (P<0L01) did g0, Patients who attsined the skills below the 25h centile (eg. a
child who mlled over befome B months, achieved the milesione below e 25th centile (Fig. I
wene e frequent m the group who staried te derapy < | year of life than in the group who
staried the theapy = | year fior only 11 of 24 skills and the difference never reached statistical
significance.
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4. IMscussion

This study on 220 Jtalisn patients enshled us to confinm and to expand the likerstore dat on
this rare disesse. Cytogenetic and molecular-cytogenetic analyses showed a large variability of
the deletions with breakpoing ranging from 5pl5.2 @ Spll (Fig. 1) This stedy confirmed fhe
high percentage of terminal deletions (B1.8%; about 80% in Nichuhr [37] data). A lower per-
centage (T7.7%) was present in 112 out of 220 patients stodied with FISH analysis, which en-
abled the identification of five interstitial deletions, one de nove unbalanced translocation and
one moszicism not correcily diagnosed by standard cytopenetics. Therefore the impostance of
FISH for a comect diagnosis of S5p deletions nmust be underined, as it allows the breakpoint to
be catablished with greater procision, and this is useful for a more personalised evaluation of
the patient [10,32].

The number of patients included in the TR. is lower than that expected because our LR is
hospital-based and not population-hased. However, it should be pointed oot that for the period
19842002 the number is much closer to the expected value (53.2%) than in the period 1965—
1983 (36.1%) and this difference is significant. This may be partly due to diffusion of knowl-
edge about the syndrome, home-rearing and i the Ialisn Cri du Chat Children's Association.

In moat cases, the diagnosis was made in fhe first year of life (81.9%) but only 9.1% within
the fira 3 months, while for 1B 1% (35 patients) the diagnosis was made at an age ranging
from 13 months & 47 years. As foreseeable, in the period 19842002 the number of dia gnoses
made in the first mont of life was higher than in the period 1965- 1983 (P < 0.05). Neverthe-
less, even in the more recent period, still 14 patients out of 35 were disgnosed after the first
year of life. In two cases a Sp deletion failed o be identified at prenatal disgnosis for ad-
vanced mabernal age. In these st cases, it is possible fat the chromesomal anomalies were
not identified bocause of a anall terminal deletion in one case (hreakpoint in Spl5.1) and a
familial unbalanced translocation resulting in 5p deletion in the other, which “apparendy™ did
not modify the morphology of the involved chromosomes.

Of the 35 patients disgnosed after the first year of life, 10 were born shortly after the syn-
drome had been described, four wene instituionalized (free bom in e period 1965-1983
{period T}, ome in the period 1984-2002 (period IT)), five had an unbalanced translocation re-
sulting in Sp deletion (fowr 1, one IO, five a small terminal deletion in Spls (wo L, three TI),
two an inkerstitial deletion (1), two had other asspciated pathologies (two I me a severe pre-
maturity, one a West syndrome), for free, preliminary karyotype results appeared to be nor-
mal {two L one [T). For four other patients (IT) there is not enough dats to explain the delay
in disgnosis. These observations show the imporance of knowing the clinical festures at hirth
and their changes in time in order i perform karyotype analysis more ofien and, in dowhtful
cases perform FISH analysis. Early diagnosis i important for a commoct evalumtion of medical
problens (e.g. posible intubation difficulties in the early months of life because of larynx
anoamalies) and for genetic counselling on the reproductive risk, more particularly @ identify
patient with a deletion caused by familial rearrangements which have a higher recurrence risk
[8,22]). Moreover, late diagnosis prevents the carly access to adeguate information and payeho-
logical support, increasing fe bewilderment of the family.

Mean maternal age at birth {peried I) overlapped with data reported by Nichuhr [37] and
that of the Italisn general popuolation (27 years) of the same period. In the scond period ma-
ternal age at hirth increased, like that of Ialian general population (29 years) reflecting the pre-
sent rend to conceive later. The neonatal parsmeters {gestational age, weight, length and head
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circumference) ane similar to fose reported by Nichuhr [37]. Mortality, already guite low in
previous studies, has decreased in fime: 267% in 1978 [37], 8.75% in 1983 [51], and 6.36%
in the present study. In the series from MNiehuhr [37] 75% of deaths occurred in dwe first month
and W in the first year of life. In e present study this decreased & 35.7% (P<0.05) and
64.3%, mespectively (almost stafistically significant). Montality in patients with unbalanced
translocations resulting in Sp deletions was higher than in thae with &olated deletions
(P=0.05) as already observed by Wilkins [51]. The number of deaths in period T {10.4%)
was four times greater than fhat in period 1T (2.6%) (P < 0,05). This reduction can probahly
be ascribed to improvements in neonatal and peediatric care,

The examination of clinical festures confirms that the cat-like oy represents the most fypi-
cal sign of fhe syndmme, not only at hirth and in the first years of life, but also later, The tim-
bre of the voice (shrill, sometimes hoarse) remaing abnormal in most adolescents and aduls [5,
T,30,37,43 49). Kjaer and Michuhs [29] recendy suppesied that e developmental connection
between fhe malformations in the rhomboencephalic cranial base-brainstem region and the lar-
yngeal region responsible for the oy in CdC patients is related to fhe course of migrmation of
the newrons to the larnyny, The main facial features are not apecific, but their combination pro-
duces a well recognisable facial gestal [37,52] (Figs. 3 and 43 A longitndingl study caried
out in 49 patients showed that fwe round face gencrally disappeared, prominent metopic bos-
sing became less evident, palpehral fissures frequently became horizontal. The ofher featres
pemisted in most patients and fhe short philtrum became more evident. Changes of facial dys
maorphism in adoleacent and adult age have been described [3,7,20,35,49]; the present stody
indicates the presence of a narow face, long coame nose, full lower lip, denta]l malocclusion
{open hite), short metacarpak and metatarsals. However, the phenotype remains recognisable
in moat patients (Fige 3 and 4). The muscle hypotonda, present in infancy, is replaced by hy-
pertonia, evidenced by a hyperactive pakellar reflex [7,37]). Premature greying was already seen
after 15 years, nommal sexual development was olserved in most patients. Hyperactivity was
present in 66.7% of patients from 10 & 15 years and in 38.3% of patiens over 15 years; hoth
percentages were lower than those reporied in previous stodies B0% in Dykens and Clarke
[23] (age range 2-40 years, mean age 12 years), W% in Comish et al. [16] {age range 4—
16 years, mean age 7.6 years), lkely because of different age range of patients considerad.
This finding can also be due to the decrease of hyperactivity with age, s already suggested
[19], and it iz of prognostic relevance. However, precocious educational interventions can im-
prove the behaviour of CdC children [50] considering that hyperactivity is the most striking
problem in CdCS [5,23,50]. Hyperactivity and distractibility are considered specific character-
istics of this syndrome in comparizon to others & Prader—Willi and Smith—Magenis syndrome
[14).

The clinical features are present in most patients who had a deletion involving the critical
region in Spl5.2 [39], but there i a variahility of frequency and expression related to size and
type of fe deletion [10]. The facial dysmorphism is particulady mild in patients with a dele-
tion in Spl5.1 and in 5pl15.2 (Figs. 3 and 4). Moreowver, the patients with intemstitial deletions
which dio mot include the critical regions for the oy [39) or the language [12,13], have not the
typical cry or have a betier development of fee language, respactively [10, 12, 13, 39, 53, 58]
In fhe patients with unbalanced translocations resulting in Sp deletions {not evaluated in the
examination of fhe facial fesbures) the phenotype may be influenced by the partial trisomy of
the other chromoesome invelved [B,39,51], and a different phenotype can be present in dhe pa-
tients with more rare resrrangements. Two patient, one with an interstitial deletion and one
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Fig. 1 (A} Pasend 1020 af age 10 monds, (B} Tyears, (C) 14 vears. Dageoaks o § monds, de¥N{pid 1) (0§ Pagenz 111
ataged vews, (£} 4 venm, (F} & venrs. Diagroas ar 2 moeds, ded Sxp A 1L (0} Pasens 104 = age 1 weaz, (H) 10 vews,
{1} 28 vemma. Dhagmoss @ 13 vaum, delS pl it Adlche patenss show e inal delenoss.

with & small terminal deletion neither of which included the critical region in 5pl5.2 [39, had
mild facial dysmorphism {not typical of CdCS) and mild mental retardation. The pafient with a
amall terminal deletion had the typical cry because he loat the more disal cat-like oy critical
region. Thes two patients were mof included in the present study and they confirm that mot all
the 5p deletions can be considered CaCs [1,210,12,13, 1825 2639 45, 53.56]. This varizhility
must be kept in mind for 3 precscious dingnosis and in order o pormit a2 more precise prog-
noatic evalieation.

Asregands inajor malformations, many patients, in particular the oldest ones, did not onder-
o ingtrunentsl investigations. Available dats shows fhat congenitsl heant disesses were fhe
most froguent, followed by coreheal, remal and gastrointesting] anomalies, The most prevalent
cardiac defects were venticular and atrial septal defects and patent ductus anteripsus, Thee
was one cage of eralogy of Fallot. In addiion © microcephaly, hrmin anonalies such & hy-
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Fig 4. (A} Patsens 156 at age 4 monsts (B, O) M vears. Diagoosis @ 4 wears, del A pl82) {13) Pasent &5 ot age I years,
(E, Fj &3 venms Dhageos s at 14 monds, X3 ipid 2 (0 Potiens 100 ® age I vears omd & monss, (H, 1} 30 years.
Dingmosis at birg, Sel{%jipid. 1) (J} Padems T1 o age T years, (K, L} 28 vears. Diingmosis of bk, dalf 3)(pid 1) Al e
patends dhow temvmal deletioes
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poplasia or agenesis of the corpus callosum, cenchral atrophy and cerchellar hypoplasia or ato-
phy were recorded. Renal anomalies included renal agenesis or hypoplasia, renal ectopia,
horseshoe kidney and hydronephrosis. Three cases of congenital megacolon were reponted.
Anomalies of foot, hand and muscle-skeletal, were frequent. Among the other mal formations
preauricular tags or fistulae were not rare. In a previous sudy Wilkins et al. [51] found a
higher frequency of malformations in patients with unbalanced translocations resulting in Sp
deletions than in tose with a simple deletion; our sdy confirms this for cardiae, cenchral
and renal anomalies (P < 0.05). The evaluation of the frequency of cardiac, cerebral, renal
and gastrointestinal malformations in the peried 19651983 {190%) and 19842002 (66, 0%,
without distinction between patients with isplated deletions and those with unbalanced translo-
cations resulting in Sp deletions, showed a significant increase in the second pericd (P < 001},
probably due i the more frequent and detailed instrumental investigations in recent years.

A previous collabomative study [33] ahout growth confirmed the existence of pre- and post-
natal growth retardation of weight, height and head circumference. Difficulties in foeding, fre-
quentdy reported during the first years of life, can be fhe came of the low weight But reduced
weight in adolescent and adult patients may alo be explained by constitntional factors relaed
to fhe syndrome [7,38]. Microcephaly was not present in all patiens &t hirth. In our previous
study [10] microcephaly at birth was shown to be correlated to deletion size, therefore this data
iz of prognostic relevance. Almost all patients became microcephalic with age, but the most
severe microcephaly was found in patiens with largest deletions. Specific growth chars for
CdC8 [33] are useful for a correct evaluation of development compared with a population of
CdC8 children and 0 avoid unnecessary interventions.

In 159 patients with solated deletions, the most frequent medical problems in neonatal age
were mphyxia‘cyanosis and difficulties in feeding, ususlly resolved in regular noonataly ward
and only occasionally requiring admission to a neonata] intensive care unit. Feading difficul-
ties may persist during the first months or year of life. There were difficulties (but alse fow
atienpts) in hreast-feeding. In recent years the number of newboms receiving hreast milk is
increasing, helping to eatsblish a good mother-child relationship. A cofrect communication of
the diagnosisz is inportant a8 a paychological support to the families, & is information shout
physiotheraphy which should be started right from fhe first weeks of life (to improve suction
and swallowing). Even though genetic counselling indicates that the risk of recurrence is no
higher than that of the general population, some couples do not wish additional children be-
cause of the heavy psychoogical impact

In noonatal age and in the first montds of life it is important to highlight the sk of fhe
anacathetic problems (difficulties in inwhation), linked to larynx and epiglottiz shnormalities.
This problem was previously reporied for four patiens [4,54]: a newbom and three patients
agad T weeks, 33 months and 48 months, respectively (one died, three survived). Two patients
in this stwdy aged | mont and 3 months needed a tracheotomy afier intubation. At an older
age a considerable number of our patients have undergone total ansssthesia for surgery with-
out problems, Surgery was usually for congenital heart defocs, inguinal hernia, arypiose hidism
and strabismms. Respiratory infections  (hronchitis and bronco-pneumonis) were  frequent
(52.2%) but only in the first years of life. Neither clinical nor semological evidence of a higher
senaihility @ infoctions are reporied [44]. All compulaory and recommended vaccinations are
advised.

Gastroesophageal reflux and vomiting are frequently reported in fhe first year of life, and
constipation is often present later. Examinations for oculsr and onthopasdic problens are re-
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commmended. Strahismus is frequent and wually divergent, and has heen surgically reated with
suceess in four patients Seizures are rare af all ages even if more frequent in this stody
(15.7%) than in the Niebuhr [37] series (2.M%) (P <0.05). Dental malooclusion {open bite)
was present in 36 8% of children and adolescents; dental and orthodontic treatments are possi-
hle. Hospitalisations were moa frequently for surpery, respiratory and gastrointestinal infec-
tions. A higher frequency of hospitalisation for acute illness (respiratory infections) and sur-
gery, noticed by Wilkins et al. [51] in patients with mbalanced translocations resulting in Sp
deletions was not observed in this stody.

Paychomodor delay was present in all patients. Nevertheless our data confirm a betier prog-
nosis in home-reared patients [5,9,15,17,50]. The comparison between patiens with isolated
deletions and those with unbalanced translocations resulting in Sp deletions showed that fhe
latter achieved developmental skills kier, confirming the report by Wilkins et al. [50], even
though the difference did mot reach stafistical significance bocause of fhe small sample size.
Patients with &olabed deletims achieved developmental milestones earlier than observed by
Wilkins et al. [50], (36% of patients walked alone at age 3 [50] and 50% in the present study)
and all children learned to walk unlike previous studies [37,50]. Language delay was severe in
maost patients, but 27% managed to form sentences before age 10 in Wilkins et al. [50], com-
pared i B5% in the present study (P < 001).

‘With regard to e impontance of early physiotherapy, Wilkins et al. [50], reponted that most
patients started foe therapy ahove age 3, while in fe present study most patients, born mostly
in the period 1984-2002, staned the therapy within fwe first year. Stanting physiotherapy early
centainly contributed to the better results, even fvough there was no significant difference be-
tween the two groups in the timing of achievement of skillk. This finding shows fhe existence
of varighility also for paychomoinr development. In our previous genotype-phenotype study in
patient with deletions [10], we found that the severity of paychomoinr retardation was relaied
to the size of the deletion, a5 noticed by others [18,29.51]. In the present study we found a
more severe clinical pictwre in patients with unhalanced translocations resulting in 5p dele-
tions. Recently Fhang et al. [56] in a large sudy using array CGH analysis confirmed a come-
lation hetween mental retardation and size and type of deletion. Therefore several genetic and
environmenta] factors can influence the paychomotor development. However, our results
showed an inprovement in comparison with fhe past In addition to the facirs previously cm-
sidered (home-rearing, ecarly starting of physiotherapy), early education, the e of information
technoleey and spost (Fig. 4), have certainly contribuied to this result, also improving social
inserfion. The collecied data shows a less pessimistic picture than in the past which ought to
encourage caregivers and parents to work together in order to improve the quality of life of
children and fheir familics

Electronic datmbase information Online Mendelian Inheritance in man (OMIM]): hitpe?
www.nchinlmnih, gov/Omim.
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