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ABSTRACT

The GH/IGF-1 axis plays an important role in the acquisition of longitudinal height but also in
regulating fat metabolism. GH exerts its effects through specific binding to its receptor, the
GH receptor (GHR), on target cells and activating multiple signaling pathways, leading to
changes in cell gene expression and function. Any dysregulation in this axis can lead to
pathophysiological consequences. For example, it is well known that a dysfunctional GHR
protein leads to the Laron syndrome, characterized by proportional short stature and increased

abdominal fat.

Idiopathic short stature (ISS), a less drastic phenotype, occurs in 1-2% of the human
population and is characterized by an average height >2 SD below the mean but a normal
endocrine profile. The etiology of this phenotype is still unknown; however, the fact that a
high percentage of these individuals have slightly elevated levels of serum GH and lower
IGF-1 suggests decreased GH sensitivity. Recent GWAS studies have shown an association
of the GHR gene as well as other members of the GH/IGF-1 axis with variation in height in
the Caucasian population but these studies have rarely included the extreme tails of height

distribution observed in ISS.

The GHR gene structure is characterized by a unique 5’ promoter organization. It comprises
thirteen different first exons that produce transcripts that are either ubiquitously expressed or
with a tissue- and developmental-specific expression pattern; however, all of the mRNAs code
for the same protein. Previous studies in our lab found transcription factor-related functional
mechanisms that regulate the expression of several of these transcripts. In addition, a GT
microsatellite, located in the promoter of one major GHR transcript was shown to be
polymorphic in the human population but its functional significance had not yet been

characterized.

For my PhD project, | hypothesized that different genetic variants within the GHR gene - a set
of SNPs and the GT microsatellite — would be associated with ISS and SS phenotypes and that
these associations would be influenced by adiposity indices, such as body mass index (BMI). |

also hypothesized that the variants would have a regulatory effect on GHR transcription.

XX



Through a series of logistic regression analyses, | found sex-related associations of specific
GT repeat genotypes and one SNP in intron 2 with Caucasian ISS pediatric cohorts (Chapter
I1). Moreover, by including BMI and other adiposity indices as covariates in my analysis of an
adult control and SS cohort, | showed that they had confounding effects on the associations
with short stature; a set of six SNPs exclusively located in the promoter region of the GHR
gene and a specific GT genotype were strongly associated with female SS (Chapter I11). Using
three different experimental approaches (luciferase reporter constructs carrying different
lengths of the GT repeat, allele-specific expression assays of GHR and quantitative PCR of
GH-IGF1 axis genes), | was able to show that the GT microsatellite acts, in a context- and
sex-specific manner, as a cis regulator of GHR expression and potentially exerts trans effects
on IGF1 and BCL2 (Chapter V).

These studies have shown the relevance of examining different types of genetic variants in the
GHR gene for sex-specific associations with severe short stature and obesity and shed new

light on the mechanisms regulating GHR expression.
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RESUME

L’axe GH/IGF-1 joue un role important dans I’acquisition de la taille longitudinale mais aussi
dans la régulation du métabolisme lipidique. La GH exerce ses effets par la liaison spécifique
a son récepteur, le récepteur a I’hormone de croissance (GHR), sur les cellules cibles et par
I’activation de multiples voies de signalisation, aboutissant a des changements au niveau de
I’expression et de la fonction des geénes de la cellule. Par exemple, il est bien connu que la
protéine GHR dysfonctionnelle entraine le syndrome de Laron, caractérisé par une petite taille

proportionnelle ainsi qu’une augmentation de 1’adiposité abdominale.

La petite taille idiopathique (ISS), un phénotype moins extréme, se retrouve dans 1-2% de la
population humaine et est caractérisée par une taille moyenne >2DS au-dessous de la
moyenne présentant néanmoins un profil endocrinien normal. L’étiologie de ce phénotype est
encore inconnue; cependant, la présence d’un fort pourcentage d’individus présentant des taux
sériques de GH légérement élevés et d’IGF-1 légérement bas suggerent une diminution de
sensibilité¢ & I’hormone de croissance. De récentes études GWAS ont montré une association
du géne GHR ainsi que d’autres membres de 1’axe GH/IGF-1 avec la variation de taille dans
la population caucasienne mais ces études n’incluent que rarement les extrémes de la

distribution staturale tel qu’observé dans ISS.

La structure du géne GHR est caractérisée par une organisation unique du promoteur en 5°. Il
comprend 13 différents premiers exons qui produisent des transcrits ubiquitaires ou présentant
un profil d’expression spécifique au tissu ou encore au stade de développement; cependant,
tous les ARNm codent pour la méme protéine. De précédentes études dans notre laboratoire
ont montré que des mécanismes fonctionnels mettant en jeu des facteurs de transcription
régulent I’expression de plusieurs de ces transcrits. De plus, un microsatellite GT, situé¢ dans
le promoteur d’un transcrit majeur de GHR, a été montré comme étant polymorphique dans la

population humaine mais sa fonction n’a pas été encore élucidée.

Pour mon projet doctoral, j’ai émis 1’hypothése que différentes variations génétiques au sein
du géne GHR- comprenant un ensemble de SNPs et un microsatellite GT- pourraient étre

associees aux phénotypes ISS et SS et que ces associations pourraient étre influencées par des
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indices d’adiposit¢ comme I’indice de masse corporelle (IMC). En utilisant des mod¢les de
régression logistiques, j’ai trouvé des associations spécifiques et liées au sexe, de certains
génotypes de la répétition GT ainsi que d’un SNP situé dans I’intron 2 avec les cohortes
pédiatriques caucasiennes ISS (Chapitre Il). De plus, en incluant 'IMC et d’autres indices
d’adiposité comme covariables dans mon analyse d’une cohorte d’adultes contréle et de petite
taille, j’ai démontré que ces indices avaient des effets confondants sur les associations avec la
petite taille; un ensemble de 6 SNPs situé exclusivement dans le promoteur du gene GHR
ainsi qu’un génotype spécifique de la répétition GT ont montré une forte association chez la
femme de petite taille (Chapitre I11). En utilisant trois approches expérimentales différentes
(vecteurs comprenant le géne rapporteur Luc ainsi que des longueurs variables de la répétition
GT, tests d’expression allélique de GHR et analyse de I’expression des génes de 1’axe
GH/IGF-1 par PCR quantitative), j’ai pu montrer que le microsatellite GT agit de facon
spécifique selon le contexte et le sexe et constitue un régulateur en cis de 1’expression de GHR
tout en exercant potentiellement des effets en trans sur les génes IGF-1 et BCL-2 (Chapitre
V).

Ces ¢tudes ont montré I’importance d’examiner les différents types de variations génétiques
dans le géne GHR et leurs associations avec la petite taille sévere et I’obésité et ouvrent de

nouvelles perspectives sur les mécanismes régulant I’expression de GHR.
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CHAPTER I

GENERAL INTRODUCTION AND LITERATURE REVIEW

1. The GH/IGF-1 axis: physiological and pathophysiological implications
A. From the anterior pituitary to the target organs
a) Human GH: synthesis, secretion and regulation

(i) GH is a heterogeneous protein: GH is a peptide hormone also called somatotropin that is
found mainly in two isoforms in humans: the major bioactive form of 22kDa (191aa) that
represents ~90-95% of the circulating hormone and a minor form of 20kDa (176 aa)
representing ~5-10% (Baumann 2009). The human GH gene produces a family of proteins:
its single genetic locus contains a cluster of five highly related genes (~94% of sequence
homology) on chromosome 17 that originated from gene duplication events during primate
evolution (Baumann 1991; Baumann 2009; Chen et al. 1989). The first gene, GH-N (GH1), is
expressed primarily by somatotroph cells in the anterior pituitary and encodes both the 20 and
22kDa GH forms by alternative splicing. GH-V (the GH-variant gene or GH2) codes for the
placental 22kDa and glycosylated 25kDa GH isoforms (Newbern and Freemark 2011). Two
other genes, CS-A and CS-B are chorionic somatomammotropins or placental lactogens
(PLs). The fifth gene, CS-L (CS-like gene) is a pseudogene. The four placental GH/CS genes
are strictly produced and released by the placental villus syncytiotrophoblast cells and are,
thus, expressed solely during pregnancy (Hoshina et al. 1982). GH-V is found exclusively in
the maternal serum from the sixth week; by mid-gestation it has totally replaced the maternal
pituitary GH. CS-A and CS-B are secreted into both maternal and fetal circulations
(Baumann 2009; Frankenne et al. 1987; Newbern and Freemark 2011). GH-V and the CS
hormones have differential affinities for the GH receptor (GHR): GH-V has high affinity for
GHR while CS-A and CS-B have low affinity for GHR and high affinity for the prolactin
receptor (PRL-R) (Newbern and Freemark 2011). Using mouse lines that carry a transgene
containing the human GH locus, it has been shown that the human GH gene cluster is under
the control of a complex locus control region (LCR) located 14-32kb upstream of GH-N



(Vakili et al. 2011). The LCR is comprised of five DNAse hypersensitive sites (HS), with
HSI and HSII being pituitary-specific while HSIII-V are involved in placental-specific
regulation (Jones et al. 1995). Three pituitary-specific POU homeodomain factor Pit-1
binding elements co-localizing in HSI were shown to be necessary for in vivo GH-N
activation (Ho et al. 2004; Shewchuk et al. 2002). Combinations of local and remote
regulatory regions at the GH/CS locus have been shown to control tissue specific expression
through epigenetic changes and long range DNA interactions (Cattini et al. 2006; Ho et al.
2004; Jin et al. 2018).

(i) A pulsatile and sex-specific secretory pattern for GH-N: In humans, pituitary GH shows
a pulsatile secretion with peaks occurring between 7 to 10 times in a 24h period, with a major
nocturnal surge shortly after sleep onset during the REM phase (Sassin et al. 1969; Takahashi
et al. 1968; Van Cauter et al. 2004). GH has a short half-life in serum (~20min) and 50% is
bound to the GH binding protein (GHBP). The highest levels of serum GH occur during
puberty: the growth spurt in both genders results from an interaction of the gonadal axis and
the GH/IGF-1 axis whereby increased levels of sex steroids stimulate GH production
(Christoforidis et al. 2005; Rogol 2010). In young adult men (<40y), the GH night pulse is
very large and accounts for most of the GH secreted during the 24h period (70%). In pre-
menopausal women, the amounts of total GH secreted in a day is similar to the men but the
daily pulses are more frequent with higher basal GH levels than in males; moreover, the GH
pulse at sleep onset accounts for less of the total GH than in men (Ho et al. 1987; Jaffe et al.
1998; Van Cauter et al. 2004). GH secretion decreases with age (somatopause) in both sexes,
gradually for males after the third decade and more drastically for females at the onset of
menopause due to decreased estrogen levels (Veldhuis 2008). The sex specificity of the GH
secretory pattern is more marked in rodents, with a pulsatile secretion in males with high
amplitude peaks every ~3 hours and undetectable GH levels during trough periods vs. a more
continuous secretion pattern marked by lower amplitude pulses in females (Lichanska and
Waters 2008a; MacLeod et al. 1991; Steyn et al. 2011; Tannenbaum and Martin 1976). The
secretory pattern of GH can by influenced by numerous factors, including other hormones
(e.g. thyroid hormones, glucocorticoids), body composition (glucose levels, fat mass),

nutrition, exercise, sleep and stress (see Figure I-1) (Steyn et al. 2016).

(iii) Regulation of GH release at the pituitary level: The expression and rhythmic release of
GH are regulated primarily by two antagonistic peptide hormones: Growth Hormone-

Releasing Hormone (GHRH) and Somatostatin (SST); both are secreted by hypothalamic



neurons into the median eminence portal vascular system supplying the anterior pituitary
(Lichanska and Waters 2008a). These two hormones show a synchronous and alternate pulse

of release that likely constitutes the driving force of pulsatile GH release (Cataldi et al. 1994).

GHRH is a 44 aa peptide that was first isolated from a human pancreatic tumor causing
acromegaly (Guillemin et al. 1982); it is the product of a 108 aa pro-hormone and GHRH
1-29 is the most bioactive fragment. GHRH is expressed primarily in the arcuate nucleus and
the ventromedial nucleus in the hypothalamus. It stimulates the production and release of GH
from the pituitary somatotroph cells by binding to a seven transmembrane domain G-protein
(Gas) coupled receptor, the GHRH-R, at the surface of the cells. The Gassubunit activates the
adenylate cyclase/PKA pathway which has a direct effect on GH gene transactivation and the
L-type Ca”* channels; the increased intracellular calcium concentration results in GH release.
Both the pulsatile pattern of GH in serum as well as the amplitude of the episodic peaks are

directly linked to the GHRH pulsatile stimulation.

Inactivating mutations in the GHRH-R cause GH deficiency leading to short stature and
metabolic disorders while activating mutations in the o subunit of the G-protein (Gas) cause
excess of GH synthesis and secretion leading to gigantism in children and acromegaly in
adults. The Gos activating mutations can also cause tumors of the anterior pituitary (Gadelha
etal. 2017).

Somatostatin, also known as somatotropin release-inhibiting factor (SRIF), was originally
isolated from the ovine hypothalamus (Brazeau et al. 1973; Schally et al. 1976). It is widely
distributed throughout the hypothalamus and the rest of the brain, as well as peripheral
nervous systems where it influences gastro-intestinal tissues and pancreatic islets. Two
peptides are produced from a 116aa prohormone: SST-14 and SST-28. SST-14 is the most
abundantly distributed active form in the brain while SST-28 is mostly found in the digestive
tract. It is an antagonist of GHRH (and Ghrelin) by directly inhibiting hypothalamic GHRH
release into the portal system and by inhibiting GH production and release from the
somatotroph cells. It also inhibits the synthesis and the release of other pituitary hormones
(TSH and PRL). Like GHRH, it binds a G-protein coupled type of receptor but with different

G-coupled proteins, Ga; (to inhibit adenylate cyclase) and Goyg (to inhibit Ca?* channels), that

results in suppression of GH release. There are 5 different genes encoding the different
subtypes of the somatostatin receptor (SSTR1-5). SSTR2 and 5 are predominant on the



pituitary somatotroph and selective agonists (e.g. octreotide) for these receptors are used to
treat GH overexpression disorders such as acromegaly.

There is a third major player in the regulation of GH secretion. Ghrelin, a 28aa peptide
octanoylated on serine 3, was cloned in 1999, 3 years after its receptor, the growth hormone
secretagogue (GHS) receptor (Goldenberg and Barkan 2007; Howard et al. 1996). The GHSR
IS a seven transmembrane G-protein coupled receptor (Gaas) linked to phospholipase C/PKC
pathways and is widely expressed in GHRH neurons and pituitary somatotrophs (Goldenberg
and Barkan 2007; Howard et al. 1996). Ghrelin is a peripheral hormone primarily expressed
in the stomach but it is also produced in neurons within the arcuate nucleus; it stimulates GH
secretion directly from the somatotroph or indirectly by increasing hypothalamic GHRH
release (Ariyasu et al. 2001; Goldenberg and Barkan 2007). Ghrelin also stimulates food
intake, appetite and fat deposition in humans and rodents and has been viewed as a promising
anti-obesity target although its physiological roles remain a debate in the human (Chanoine et
al. 2009; Murphy and Bloom 2006; Nakazato et al. 2001; Sun et al. 2003). However, mice
with a knockout of GHSR showed low IGF-1 and body weight and a resistance to diet-
induced obesity (Zigman et al. 2005). Moreover, missense mutations in the GHSR have been
associated with familial short stature (Pantel et al. 2006) while polymorphisms in the GHSR
have also been associated with variation in height (Lango Allen et al. 2010; Lanktree et al.
2011), constitutional growth delay (Pugliese-Pires et al. 2011) and obesity (Wang and Tao
2016).

(iv) Feedback regulation of GH release (Figure 1-1): GH secretion is regulated at multiple
levels. The pituitary somatotrophs are regulated by both GHRH stimulation and somatostatin
inhibition. There is an ‘ultrashort’ feedback loop involving somatostatin and GHRH neurons
at the hypothalamic level through axonal projections from the periventricular to the arcuate
nucleus. Once GH is released into the general blood circulation, it exerts a ‘short’ excitatory
feedback on somatostatin-producing neurons, resulting in inhibition of the somatotrophs. A
‘long’ negative feedback effect on GH and GHRH is exerted by peripheral IGF-1 produced
through GH binding to and stimulation of its target organs (e.g. liver). Numerous peripheral
regulatory factors also exert stimulatory or inhibitory effects on somatotrophs or the

neuroendocrine neurons producing GHRH and somatostatin.



b) GH actions on target organs

Since its isolation in 1944, GH has been known to have a central role in musculoskeletal
development in the child but also important regulatory effects on protein, carbohydrate and
lipid metabolism at all stages of life (Lichanska and Waters 2008a; Lichanska and Waters
2008b; Veldhuis et al. 2005) (Figure 1-2). By binding to its specific receptor, GH triggers a
cascade of signaling pathways conveying its biological actions within different cells and
tissues (Lichanska and Waters 2008b). GHR is widely expressed in the human body and is
found in significant levels in the liver, adipose tissue, kidney, heart, skeletal muscle,
lymphocytes, fibroblasts and prostate (Ballesteros et al. 2000a). GH can act on target cells
directly or indirectly by insulin-like growth factor 1 (IGF-1), the main mediator of GH actions
in the body. GH peak amplitude has been shown to correlate with serum IGF-1 concentration
and growth rates while there was no correlation observed with basal (interpulse) GH release
(Butler and Le Roith 2001; Maiter et al. 1988).

(i) IGF-1 as the GH messenger and the IGF-1 system: Most of the serum IGF-1
concentration is produced by the liver through GH stimulation (Liu and LeRoith 1999;
Roberts et al. 1987). In the 1950s, hepatic IGF-1 was thought to be the only endocrine
mediator of postnatal longitudinal growth and that concept was termed “the somatomedin
hypothesis”(Salmon and Daughaday 1957). In the 1980s, the discovery of ‘extra-pituitary’
production of GH and extra-hepatic production of IGF-1 challenged this hypothesis and led to
the dual effector theory in which GH exerts its effects through both direct and indirect effects
(mediated by IGF-1) (Green et al. 1985). Studies showed direct effects of GH on
chondrocytes (Isaksson et al. 1982; Schlechter et al. 1986) and on differentiation of
prechondrocytes (Ohlsson et al. 1992) leading to longitudinal growth at the epiphyseal growth
plate (Lindsey and Mohan 2016). Later, a conditional deletion of hepatic IGF-1 in mice
revealed an identical growth phenotype of the transgenic and wild type mice despite a drastic
reduction in serum IGF-1, providing evidence of a significant local autocrine/paracrine effect
of IGF-1 on growth (Le Roith et al. 2001; Yakar et al. 1999).

IGF-1 and IGF-2 are growth factors widely expressed throughout fetal and postnatal
development (Han et al. 1988; Roberts et al. 1987); their genes as well as the insulin gene are
derived from a common ancestral ‘insulin-like’ gene in vertebrates. Both IGFs bind to their
respective insulin-like receptors (IGF-1R and IGF-2R) but IGF-1R is the major receptor

mediating both IGF-1 and IGF-2 actions. IGF-1R is a transmembrane receptor tyrosine kinase



arranged in a 02B2 configuration which shares similarity with the insulin receptor. Upon IGF-
1 binding to its receptor, IGF-1R autophosphorylates and then recruits adaptor proteins,
mainly insulin-receptor substrate 1 (IRS-1). Both IGFs act as endocrine (with insulin-like
effects), paracrine and autocrine factors in the regulation of growth, development and
metabolism (Kadakia and Josefson 2016; Murray and Clayton 2013). The circulating IGFs are
coupled to high affinity IGF binding proteins (IGFBP1-6) that prolong IGF half-lives, by
protecting them from proteolytic degradation, and that do not bind insulin (Allard and Duan
2018; Bach 2018). IGFs are largely found in the circulation in a form of a high molecular
ternary complex (~150kDa) composed of IGFBP3 (less often IGFBP5) and a glycoprotein
called acid labile subunit (ALS); the added ALS prevents the crossing of the capillary barrier,
thus maintaining a reservoir of circulating IGFs and modifying tissue IGF-1 availability (Silha
et al. 2001). IGFBP3 is the predominant binding protein for IGF-1 and binds 75% of all the
IGFs. The IGFBPs are expressed by most of the GH target tissues and have important
regulatory roles as they bind to the IGFs with equal or more affinity than their receptors
(Allard and Duan 2018; Mohseni-Zadeh and Binoux 1997). Recently these BPs have also
been shown to exert IGF-independent actions, including modulation of other growth factor
pathways, nuclear translocation and transcription regulation (Allard and Duan 2018; Bach
2018). Hepatocytes express high levels of the ALS, IGF-1 and GHR transcripts while
IGFBP3 is expressed by the endothelial cells of the hepatic sinusoids; all are stimulated by
GH (Butler and Le Roith 2001; Chin et al. 1994).

Although GH has effects on many tissues, in this overview | will concentrate on bone and

adipose tissues as they are the major focus of Chapters 2 and 3.

(i) GH action on skeletal formation in growth: GH, IGF-1 and IGF-2 are key factors of
growth during development. 1GF-2 is especially critical during fetal development while GH
and IGF-1 are the main regulators of skeletal growth and maintenance during postnatal life.
IGF-1 null mice show severe growth retardation (~30% of wild type size) with decreased
chondrocyte proliferation and differentiation and decreased bone mineral density (BMD)
(Yakar et al. 2018).

In the healthy child, skeletal linear growth involves both chondrogenesis (cartilage formation)
and osteogenesis (bone formation); these processes are regulated by genetic, nutritional and
hormonal factors, with essential roles for GH, IGF-1 and thyroid hormones (Figure 1-3)

(Ohlsson et al. 1992; Yakar and Isaksson 2016). During puberty, increases in GH and



estrogen in both sexes result in a rise in serum IGF-1 and IGFBP3 levels as well as local
tissue IGF-1 levels, leading to enhanced chondrogenesis in the epiphyseal growth plate (long
bone growth) and bone mineralization (Christoforidis et al. 2005; Grumbach 2000). Skeletal
maturation involves the progressive ossification of the epiphyseal growth plate, leading to

epiphyseal fusion that ends the growth spurt and results in final adult height.

GH and IGF-1 also contribute to the acquisition of bone mass during childhood and puberty
and to the peak bone mass occurring by the average age of 16 years in girls and 17 years in
boys (Kasukawa et al. 2004; Lindsey and Mohan 2016). Once the skeleton has reached
maturity, bone is still actively maintained by constant remodeling; this involves a balance
between the formation of new bone by osteoblasts and removal of bone (resorption) by
osteoclasts, leading to complete replacement of the adult skeleton every 10 years (Manolagas
2000). An imbalance between these two cell type activities can lead to osteoporosis or
osteosclerosis. IGF-1 (from endocrine and local sources) has been shown to be an important
factor for coupling the two activities responsible for normal bone remodeling (Yakar and
Isaksson 2016).

(iif) GH actions on adipose tissue: Effects of GH on lipid metabolism have been extensively
studied in humans and rodents and there is a general consensus that GH levels negatively
correlate with adiposity (Chaves et al. 2013). In addition humans (Laron syndrome) or
transgenic mice with GHR deletions are severely decreased in height/length but also have
significantly higher percent body fat (%BF) throughout their life, marked by increased central
obesity and elevated cholesterol levels, decreased lean mass and smaller organs (Laron 2004b;
Troike et al. 2017)

Adipose tissue is complex and recognized as a dynamic endocrine organ as it secretes and
responds to a multitude of hormones and cytokines, including GH. It is found in discrete
locations in the human body in the form of depots. The white adipose tissue (WAT) is
associated with energy storage (triglycerides) and can be subcutaneous (gluteal, femoral,
subcutaneous superficial or deep) or intra-abdominal (mesenteric or omental, mostly lining
the internal organs) (Troike et al. 2017). There are also depot-specific differences in cell

morphology, composition, receptor abundance and secretory profile (Troike et al. 2017).

Mature adipocytes are not the major cell type in normal WAT depots; the non-adipocyte cells
include fibroblasts, preadipocytes, immune cells, neural cells and endothelial cells. Adipose

growth occurs through increase in size (hypertrophy) or in number (hyperplasia) of adipocytes



following maturation of pre-adipocytes (adipogenesis) (Troike et al. 2017); adipogenesis
occurs via stimulation of peroxisome proliferator activated receptor gamma (PPARY),
CCAAT/enhancer binding proteins (C/EBPs) (Lefterova et al. 2008) and hormones, including
GH. Our lab has reported an increase in GHR mRNA expression during pre-adipocyte
differentiation (Wei et al. 2006). In addition, Erman et al showed that lean women had higher
GHR mRNA levels in omental fat compared to subcutaneous. This depot-specific difference
was lost in obesity: total GHR expression for both depots was decreased compared to levels in

lean women (Erman et al. 2011a).

Through binding to GHR at the surface of the mature adipocytes, GH can modulate their
function by promoting lipolytic and anti-lipogenic effects. These effects lead to an acute rise
in serum free fatty acids (FFAs) and glycerol available for energy expenditure. Contrary to a
more indirect effect of GH through IGF-1 in bone, GH primarily exerts direct effects on the
catalytic activity of several enzymes in the adipose tissue. GH mediates its anti-lipogenic
effects by suppressing lipoprotein lipase (LPL) activity, which hydrolyses the triglycerides
from circulating very low density lipoproteins (VLDL) and chylomicrons into FFAS, thus
reducing their uptake and further storage in adipocytes (Moller and Jorgensen 2009; Ottosson
et al. 1995; Richelsen et al. 2000). GH exerts lipolytic effects through increasing hormone
sensitive lipase (HSL) activity, which hydrolyzes the stored triglycerides into FFAs and
glycerol. This stimulates FFA transport from adipose tissue to the liver and muscle where
they can be used as fuel. The glycerol is then taken up by the liver or the kidney and rejoins
the glycolysis or gluconeogenesis pathways, decreasing insulin sensitivity. The lipolytic
actions of GH in adipocytes are the result of an upregulation of B3-adrenergic receptor
expression; this is a G-coupled protein receptor stimulated by catecholamines that will
activate the HSL through the cAMP/PKA pathway (Dietz and Schwartz 1991; LeRoith and
Yakar 2007). While IGF-1 has been shown to play an important role in pre-adipocyte
differentiation, IGF-1R expression decreases during this process although mature adipocytes
still express IGF-1 (Scavo et al. 2004; Zizola et al. 2002).

c¢) Dysregulation of the GH/IGF-1 axis: human pathophysiology

(i) GH Deficiency and Insensitivity: In humans, genetic defects affecting members of the
GH/IGF-1 axis can lead to a spectrum of growth disorders ranging from severe growth
retardation (‘dwarfism’) to “short normal” stature. Before investigating the GH/IGF-1 axis,

pediatric endocrinologists have to rule out thyroid deficiency, excess glucocorticoids,



malnutrition, social deprivation, specific genetic syndromes, chronic diseases and intrauterine
growth retardation (IUGR) or other syndromes affecting growth. Short stature can be caused
by GH deficiency (GHD) or a resistance to the actions of GH, termed GH insensitivity (GHI).
The different types of defects involving genes in the GH/IGF-1 axis and disrupting linear
growth are presented in Table I-1 (Savage et al. 2011).

GHD occurs in ~1/4000-10 000 children and accounts for ~1% of children with short stature;
it can be a congenital or acquired condition. Between 3 to 30% of the cases have a genetic
origin and variants can affect the production, release and/or the functional activity of GH,
leading to isolated growth hormone deficiency (IGHD) or combined growth hormone
deficiency (CGHD) that is associated with other pituitary hormone deficiencies. CGHD
involves mutations in pituitary transcription factors, including (a) POU1F1 (Pit-1) that causes
deficiencies in GH, PRL and TSH, (b) PROP-1 (Prophet of Pit-1) that is associated with
deficiencies in GH, PRL, TSH, FSH, +/- ACTH, or (c) factors involved in embryonic
development of the anterior pituitary (e.g. HESX1, LHX3 and LHX4) (reviewed in (Wit et al.
2016). The majority of the mutations causing IGHD are related to GH-N and GHRH receptor
gene defects; these account for ~10% of the GHD individuals. No mutations have been found
in the GHRH gene to date. The children with congenital GHD have stunted growth, small
head circumference, delayed bone age and puberty, truncal obesity and are at higher risk for
hyperlipidemia. Acquired GHD usually results from hypopituitarism due to pituitary
adenomas or after pituitary surgery or radiation (Ayuk and Sheppard 2006; Smuel et al.
2015).

GHI is a heterogeneous disorder: the cases present with variable phenotypes resulting mostly
from defects in the GHR but also from defects in GHR signaling. These defects occur more
rarely than in GHD and affect only several hundred individuals worldwide (Savage et al.
2011). The first example of GHI, and the most extreme phenotype, was reported in 1966 by
Laron et al who described three siblings with symptoms resembling hypopituitarism but with
high levels of GH and the absence of binding of iodinated (***1)hGH to GHRs prepared from
liver membranes (Eshet et al. 1984; Laron et al. 1966). This ‘Laron syndrome’ is caused by
homozygous mutations or deletions in the GHR gene resulting in loss of GHR function
(Godowski et al. 1989). Patients are diagnosed soon after birth because of metabolic
instability and a rapid loss in growth rate, have extreme short stature, very low serum IGF-1,
IGFBP3, ALS and GHBP levels, increased BMI, musculoskeletal abnormalities and

hypoglycemia (Laron et al. 1966). Untreated patients with Laron syndrome have extremely



short stature, between 5-12 SD below the mean normal height, and can present with different

degrees of obesity associated with a decreased lean mass (Laron 2004b; Savage et al. 2006).

Around 70 mutations, homozygous or compound heterozygous, have been described in GHR
causing different degrees of GHI, including point mutations, missense, nonsense and splice
mutations, with mostly autosomal recessive inheritance (Savage et al. 2006; Savage et al.
2011). Mutations in the GHR extracellular domain can affect GH binding and can lead to
absent or extremely low levels of serum GHBP; mutations in the transmembrane domain can
modulate receptor dimerization and membrane anchorage; and mutations in the intracellular
domain may disrupt signal transduction (Savage et al. 2006; Savage et al. 2011). GHR
heterozygous mutations have been identified that result in truncated GHRs, due to aberrant
alternative splicing; these can have a dominant negative effect and will present with
abnormally high levels of GHBP (Ayling et al. 1997; lida et al. 1998). A point mutation
causing the inclusion of an intronic pseudoexon results in an additional 108nt between exons
6 and 7 and potential defects in receptor dimerization; this was associated with a milder GHI
phenotype (Metherell et al. 2001).

Mutations have also been found in members of the key GH-stimulated JAK2/STAT5b (signal
transducer and activator of transcription 5b)/IGF-1 intracellular pathway. Mutations in
STATS5b are very rare and cause GHR signaling defects that result in severe post-natal growth
retardation, complete GHI associated with severe IGF-1 deficiency, and moderate to severe
immunodeficiency. The combined impairment of the immune system comes from the
importance of STAT5b in the signaling of several cytokines (e.g. IL-2, IFNy). Seven
homozygous inactivating mutations have been described in 10 patients worldwide (Hwa
2016).

Lastly, defects in IGF-1 and IGF1-R have been reported but are the rarest involved in the GHI
syndrome, especially IGF-1 mutations. Homozygous and heterozygous IGF-1 mutations are
associated with a variable degree of pre- and post-natal growth failure, microcephaly, mental
retardation and sensorineural deafness. IGF-1 resistance has been found in some patients
presenting with IGF1-R mutations that are mainly heterozygous or compound heterozygous.
Haploinsufficiency of the IGF-1R gene is associated with impaired intrauterine and postnatal
growth (Domene and Fierro-Carrion 2018). Individuals with homozygous IGFALS (gene
coding for ALS) mutations present with severe deficiencies in circulating ALS and extreme

deficiency in IGF-1 and IGFBP3; this is caused by their increased clearance due to failure to
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form the ternary complex with ALS. Even with extremely low IGF-1 levels, these individuals
present with mild growth failure (2-3 SD below the mean) (Domene and Fierro-Carrion 2018;
Savage et al. 2011).

(ii) Partial GHI: Idiopathic Short Stature (ISS): ISS is more a clinical description than a
disorder because it has an undefined etiology and is based on a diagnostic by exclusion. The
ISS category represents a heterogeneous group of short stature individuals, including those
who are normal variants of short stature (e.g. familial short stature or constitutional growth
delay) (Wit et al. 2008). The clinical features of these children include a short stature of more
than 2 SD below the mean, low to low normal serum IGF-1, with a relatively high BMIbut with
no evidence of GH deficiency, hypothyroidism, malnutrition, intrauterine growth retardation
(IUGR), systemic disease or specific syndromes. These children are born with normal weights
and have a relatively normal growth velocity but at the lowest part of the growth curve, below
the 3" percentile on the growth curve. Half of the children with ISS will reach their genetic
potential for height at puberty and are re-diagnosed as having had a constitutional growth delay
due to a delay in their growth spurt (Wit et al. 2008).

Serum levels of GH binding protein, the product of enzymatic cleavage of cell-surface GHR, are
below the mean in 90% of the cases and 20% have levels >2 SD below, suggesting that tissue
levels of GHR are chronically low in many of these children. These findings indicate a partial
GHI and potential abnormalities affecting the GHR gene (Attie et al. 1995; Carlsson et al. 1994).
In ~5% of the ISS children, heterozygous and compound heterozygous mutations in GHR coding
exons have been identified, mostly in the extracellular domain region but there are conflicting
results concerning their functional relevance (Bonioli et al. 2005; Hujeirat et al. 2006). Post-
receptor mutations have been associated with some ISS cohorts: individuals presenting with
IGFALS haploinsufficiency have lower levels of ALS, IGF-1 and IGFBP3 than normal height
individuals, leading to 1 SD height loss compared to normal height, while homozygous or
compound heterozygosity mutations lead to a further loss of 1.0 to 1.5 SD suggesting a gene
dosage effect (Domene et al. 2013; Fofanova-Gambetti et al. 2010).

(iti) Over-stimulation of the GH/IGF-1 axis: Acromegaly and Cancer: Acromegaly is
caused by chronically elevated levels of pituitary GH synthesis and secretion leading to
increased levels of IGF-1. If excessive levels of GH and IGF-1 occur during childhood before
the fusion of the epiphyseal growth plate then there will be excessive growth leading to

gigantism if no treatment; for example, Robert Wadlow’s height at 22 years old was 2.72m
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(Carter-Su et al. 2016). It is a very rare disorder with 5-9 cases per 100,000 with 5% of the
cases being due to an over-secretion of GHRH caused by an ectopic or hypothalamic tumor
and 40% to a pituitary adenoma due to activating mutations in the somatotroph Gas proteins
(Capatina and Wass 2015). Acromegaly can also be a part of certain syndromes, like familial
isolated pituitary adenoma (FIPA) or multiple endocrine neoplasia (MEN1 and MEN4)
syndromes (Gadelha et al. 2017). The over-stimulation of the GH/IGF-1 pathway leads to
reduced fat mass, increased lean mass, impairments in glucose homeostasis resulting in
insulin resistance and type 2 diabetes, and increased risk of cancers (thyroid, breast, colon),
mortality and morbidity (Troike et al. 2017; Wolinski et al. 2017).

GH and IGF-1 promote the normal growth of tissues, through pro-proliferative, anti-apoptotic
and pro-angiogenic effects. These actions are critical during childhood growth, especially for
the long bones, but they are also important throughout life for those tissues where there is a
continual turnover of cells (e.g. intestinal villous epithelium). However, when either of these
growth-promoting factors or their receptors are chronically over-expressed they promote cell
hyperplasia and tumor progression, as seen in some acromegalic patients (Brooks and Waters
2010b; Lichanska and Waters 2008a; Lichanska and Waters 2008b; Perry et al. 2006;
Wolinski et al. 2017). The association of GH and IGF-1 with cancer has been shown in both
human and animal models. Several studies have shown that IGF-1 promotes tumor
proliferation, angiogenesis and metastasis and, with its receptor, has been a major focus for
developing new therapies (Bruchim et al. 2009). Elevated GHR transcripts and protein
expression have been reported in different tumors, including colorectal, breast and prostate
cancers (Bidosee et al. 2009; Gebre-Medhin et al. 2001; Wu et al. 2007). Moreover, Weiss-
Messer et al. observed a decrease in the ratio of the truncated/full length GHR mMRNAs in
prostate cancers suggesting that loss of the dominant negative receptor isoforms may also play
a role in tumor progression (Weiss-Messer et al. 2004). Although loss of function mutations
have been described in the GHR, as mentioned earlier, no activating mutations have been
identified (Brooks and Waters 2010b; Perry et al. 2006); however, polymorphisms in the
GHR gene have been associated with increased risk for lung and prostate cancer as well as
decreased breast cancer risk (McKay et al. 2007; Rudd et al. 2006; Van Dyke et al. 2009;
Wagner et al. 2006).

The cross-talk of the GH/IGF-1 axis with cancer is also supported by studies relating final
height with cancer incidence: a taller height (>175cm) has been associated with an increase in

breast, prostate and colorectal cancer relative to shorter people (<160cm) (Brooks and Waters
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2010b; Gunnell et al. 2001). The importance of the GHR in cancer has been demonstrated
through follow-up analysis of cohorts of Laron patients with dysfunctional GHRs that have
shown no evidence of a malignancy. Only one case of a non-lethal malignancy has been
reported from the two cohorts analyzed (~350 individuals) whereas 8 to 17% incidence of
malignancies was reported in their first to fourth degree relatives (Guevara-Aguirre et al.
2011; Steuerman et al. 2011). Parallel reports have shown a significant reduction in the
incidence of malignancies in the homozygous GHR knockout mouse as well as delayed

progression of non-neoplastic lesions (Ikeno et al. 2009; List et al. 2011).

(iv) Treatments of GH/IGF-1 axis pathophysiology: In the 1950s, the first treatment for
severe GH deficiency was carried out using extractions of GH from pituitaries of deceased
people. The limited supply, in addition to the subsequent discovery of cases of transmitted
Creuzfeldt-Jacob Disease through prion contamination, led to the discontinuation of its
extraction in 1985. At the same time, the first human recombinant GH (rGH) was synthesized
in E.coli by Genentech and approved for use in GHD children throughout North America. The
22kDa GH is given primarily by subcutaneous injections every day at night (to mimic the
nocturnal GH pulse) although more-long acting forms of GH are in clinical trials
(Christiansen et al. 2016). GHD children respond with an increase in height velocity and a
catch up of height in the normal percentiles while treatment for GHD in both children and
adults results in a reduction of fat mass, particularly abdominal fat mass, and an enhanced
quality of life (Chaves et al. 2013). Initially, treatment in children was usually stopped when
the gain in height was <2cm/year, but today it is recommended for life to maintain the
positive effects of GH on the metabolism (Reh and Geffner 2010). While GH treatments
significantly reduce body fat in the GH-deficient individuals, similar treatments of morbidly
obese individuals who are not GH-deficient are unsuccessful (Troike et al. 2017).

Although secondary effects of GH are limited, the long term safety of its continuous use is not
known and concerns have been raised concerning the potential risk of an increase of rare
cancers (Allen et al. 2016). The administration of rGH in GHD or GHI individuals requires a
tight follow-up of IGF-1 serum concentrations that should be kept under the normal upper
limit to minimize the risk of cancers. rIGF-1 has been synthesized since 1986 and treatment of
GHI became possible but only for a limited number of patients as it is not only a potent
mitogen but can also cause various secondary effects, including hypoglycemia in 40% of the
patients with GHI (controlled by administration with meals), hyperplasia of lymphoid tissue

and increases in fat mass and BMI (Rosenbloom 2009; Savage et al. 2006). rIGF-1 has a
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positive effect on height velocity but the final height obtained in GHI patients does not reach
the level obtained with rGH treatment in GHD patients (Guevara-Aguirre et al. 1997).

Treatment by GH for ISS children was approved in the US in 2003 and in Canada in 2006.
The effect of rGH in height gain in ISS is highly variable and fairly minimal (3.5-7.5cm after
4-7 years); it also depends on the dose of GH used as well as the IGF-1 deficit levels and age
at the onset of treatment (Savage et al. 2010; Wit et al. 2005). Few studies have reported on
the metabolic outcomes of ISS children treated with rGH: levels of IGF-1 and IGFBP-3
increase, there is an increase in insulin (transient insulin resistance) and a decrease in fat mass
and glucose levels (Dahlgren 2011). Ethical and social questions have been raised concerning
the treatment of ISS children by rtGH (Ambler et al. 2013).

The GH excess in acromegalic patients can be treated surgically (transphenoidal) or by
radiation or suppressed by dopaminergic and somatostatin analogs (e.g. octreotride). The
somatostatin analogs are the most efficient pharmaceutical reagent as they can normalize the
GH/IGF-1 levels in 70% of the cases and cause tumor shrinkage in 40% of the patients
(Dineen et al. 2017). There is also the option of using a GHR antagonist, pegvisomant
(G120K): this is a 22kDa GH with 9aa changes that can bind the receptor without activation
as it prevents proper GHR dimerization; the conjugation with polyethylene glycol chains
increases its half-life. It has a better effect in acromegalic patients than somatostatin analogs
in reducing the production of IGF-1 and has shown promising results as an anticancer agent.
It is more commonly used nowadays in conjunction with somatostatin analogues (Dineen et
al. 2017).

B. The growth hormone receptor: from structure to receptor activation
a) The GHR structure

The human GHR gene spans ~300kb on chromosome 5 in region p13.1-p12 (Barton et al.
1989a; Godowski et al. 1989). The coding region is defined as exons 2 to 10 that encode the
638 amino acid (aa) GHR peptide comprising the mature receptor of 620 aa plus an 18 aa
leader sequence. Exon 2 contains the translation start site and codes for the 18 aa signal
peptide as well as the first 5 aa of the extracellular domain (ECD). Exons 3-7 mostly encode
the 246 aa ECD. Exon 8 encodes the final 3 aa of the ECD, a 24 aa short hydrophobic
transmembrane domain (TMD) and 4 aa of the intracellular domain (ICD). Exons 9 and 10
encode the major part of the ICD of 346 aa as well as the 3 untranslated region (Figure 1-4).

14



The GHR is part of the Class | cytokine/hematopoietin receptor superfamily and its
extracellular domain was the first to be cloned and crystallized (in complex with the GHBP)
(de Vos et al. 1992; Leung et al. 1987). The structural resolution of the GHR ECD led to the
identification of related receptors based on limited amino acid homology (15-35%) in a
~210aa region. This family presently includes ~40 receptors, including those for prolactin
(PRL), erythropoietin (EPO), thrombopoietin (TPO) granulocyte-macrophage colony-
stimulating factor (GM-CSF), and many interleukins (Figure 1-5). Class Il cytokine receptors
(e.g. interferon-y (IFNy), IL-10) are similar to class | but lack the conserved WSXWS

sequence motif.

The ECD region in the GHR is composed of two fibronectin type Il f sandwich domains
connected by a short flexible linker; each domain contains a tryptophan residue crucial for
GH binding to its receptor through hydrophobic interactions (Brooks and Waters 2010a).
Class I cytokine receptors are characterized by the consensus WSXWS sequence in their ECD
just above the TMD, except for GHR which has a YGEFS motif (Argetsinger and Carter-Su
1996). Alanine mutational analysis of the GHR motif was shown to affect binding of GH and
signal transduction (Baumgartner et al. 1994); in addition, three mutations in the YGEFS have
been reported to result in Laron syndrome, showing the significance of this sequence for
normal GHR activity (Brooks and Waters 2010a). The ECD of cytokine receptors also
contains several conserved cysteine residues; GHR is the only member to contain seven, six
of which are paired by disulfide bonds. Mutational analysis showed that these residues are
critical for the interaction with GH (Bass et al. 1991). Finally, the GHR ECD contains five
potential N-linked glycosylation sites; changing the five sites by site-directed mutagenesis
did not block GH binding but resulted in a 20-fold reduced GH binding affinity (Harding et
al. 1994).

These cytokine receptors are also characterized by the absence of intrinsic tyrosine kinase
activity and the need to associate with non-receptor tyrosine kinases for signal transduction. A
conserved hydrophobic proline-rich domain called Box 1 has been identified in the ICD of all
the cytokine receptors; this lies just below the TMD (within 20 residues) and consists of eight
residues in mammals (Zhu et al. 2001). Box 1 constitutes the interaction domain for JAK2,
the cellular tyrosine kinase associated with GHR activation upon GH binding (Argetsinger et
al. 1993) and site-directed mutagenesis studies have shown that it is critical for GH signaling
(Wang and Wood 1995). Box 2 is a less conserved motif of 15 hydrophobic residues located
just below Box 1 and contains a ubiquitin motif critical for internalization of the GHR; it is
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thought to be required for full activation of JAK2 by GH. The GHR ICD also contains seven
tyrosine residues that have been shown to be substrates for JAK2 and docking sites for
STATS5 proteins (Colosi et al. 1993; Hansen et al. 1996; Wang and Wood 1995).

b) GHR activation mechanism

Previously, it was thought that the GH binding was causing the dimerization of the receptor
and its further activation. A revised model resulted from several studies showing that, in the
absence of GH, the majority of the GHRs on the cell surface are constitutively dimerized and
dimerization alone was not sufficient to initiate signaling (Dehkhoda et al. 2018; Ross et al.
2001; Rowlinson et al. 1998). The constitutive dimerization of the GHR is mediated
predominantly through interactions in the TMD; however, other regions, such as the
extracellular dimerization domain, may provide specificity to homodimer formation (Yang et
al. 2007). Using co-immunoprecipitation, fluorescence resonance energy transfer (FRET),
bioluminescence resonance energy transfer (BRET) and X-ray crystallography techniques, it
has been shown that GH, through its asymmetrical binding at the binding sites in the
preformed constitutive GHR dimers, induces a conformational change of the GHR
intracellular domains, including a rotation of one GHR subunit relative to the other, and a
locking together of the extracellular receptor-receptor interaction domains (Brooks and
Waters 2010a; Poger and Mark 2010). As a JAK2 peptide is bound to each of the two
intracellular GHR ICDs, the structural reorientation following GH binding is transmitted
through the TMD and results in a repositioning of the two JAK2s; the two kinase domains are
in closer proximity, enabling trans-phosphorylation of tyrosine residues in each kinase
domain and the activation of the JAK2s and associated signaling pathways (Brooks and
Waters 2010a).

¢) Signal transduction (Figure 1-6)

As stated earlier, the Class | cytokine receptors rely on associated tyrosine kinases for signal
transduction. Unlike other cytokine receptors, GHR associates primarily with JAK2 and, only
rarely, with the remaining three members of the JAK family of cytosolic kinases (JAK1, JAK
3 and TYK2) (Dehkhoda et al. 2018). JAK2 binds to Box 1 of each GHR receptor monomer
through its FERM (N-terminal 4.1, Ezrin, Radixin, Moesin) and Src homology 2 (SH2)
domains, both located at the N-terminal region of the kinase and necessary for the interaction
with the GHR ICD. The FERM domain has been shown to regulate JAK2 kinase activity and
recently the crystal structure of the JAK2 FERM-SH2 domain has been solved (McNally et al.
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2016). Activated JAK2s phosphorylate key tyrosine residues on the GHR ICD that act as
docking sites for SH2 domain-containing signaling proteins (Derr et al. 2011). The main
signaling pathways activated by GH involve the STATSs (Signal Transducers and Activators
of Transcription), the phosphoinositol 3’ kinase (PI3K) and the extracellular signal-regulated
kinase/mitogen-activated protein kinases (ERK/MAPK) (Carter-Su et al. 2016). The
differential activation of these pathways is dependent on the cell type, emphasizing the
pleiotropic roles of GH (Dehkhoda et al. 2018).

(i) The JAK-STAT pathway: This pathway constitutes the GH canonical activation pathway.
The STAT family comprises seven members (STAT1-4, 5a, 5b and 6) that all include an SH2
domain and a conserved tyrosine residue at their C-terminus. They are the best characterized
JAK targets and are implicated in the signaling of several cytokines. GH has been shown to
induce the phosphorylation of STATL, 3, 5a and 5b in several cell types through JAK2.
STAT5a and b are encoded by two highly homologous genes and have been shown to be
critical for metabolism, body growth, sexual dimorphism and stimulation of the expression of
IGF-1, ALS, SOCS2 (Suppressor of Cytokine Signaling 2) and CIS (Cytokine-Inducible SH2-
domain protein) genes (Chia et al. 2010; Woelfle and Rotwein 2004). STAT5b has been
reported to be the main mediator of GH actions as it is responsible for the GH-dependent
postnatal body growth (Carter-Su et al. 2016). STAT5b-deleted mice have severe growth
retardation, decreased IGF-1 levels and increased obesity, similar to what is observed in the
GHI syndrome (Udy et al. 1997). Upon GH binding, cytoplasmic inactive STAT5 monomers
are recruited to specific phosphorylated tyrosine containing regions in the GHR ICD through
their SH2 domain, which is required for their subsequent tyrosine phosphorylation by JAK2
(Rowland et al. 2005). Once activated STAT5 monomers dissociate from the receptor, they
form homodimers via their SH2 domains and translocate to the nucleus to regulate
transcription of several key genes through binding to STATS binding sites. STAT1 and
STAT3 can be activated directly through JAK2 without the requirement for receptor binding
and can also heterodimerize (Brooks and Waters 2010b; Carter-Su et al. 2016).

(i) The ERK/MAPK pathway: GH has been shown to activate this pathway by JAK2
phosphorylation of the SH2 domain of the Shc (Src homology 2 domain containing
transforming protein 1) adapter protein. Phosphorylated Shc then activates adaptor proteins
like Grb2 (Growth factor receptor-bound protein 2) and stimulates its association with the
guanine nucleotide exchange factor, Sos (Son of sevenless), resulting in activation of the

Ras/Raf/MEK pathway and the extracellular signal-regulated kinases, Erkl and 2. These
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effector kinases are involved in the phosphorylation of multiple substrates (on serine and
threonine residues) in all cellular compartments, including the nucleus where they translocate
and activate multiple transcription factors (e.g. Elk-1, C/EBPB, c-jun and STATS), other
kinases, cytoskeletal components and phospholipases (Carter-Su et al. 2016). It has been
shown that GH stimulates C/EBP transactivation via p44/42 MAPK (Erkl/2)
phosphorylation and regulates its nuclear relocalization (Piwien Pilipuk et al. 2003).

(i) The PI3K pathway: This pathway is involved in cell cycle, survival, metabolism, cell
motility and cancer metastasis (Wan et al. 2015). PI3K and the serine/threonine protein kinase
mTOR pathways are activated by JAK2 via phosphorylation of IRS1, 2 and 3 (Insulin
Receptor Substrate 1, 2 and 3), the same effectors involved in insulin and IGF-1 signaling.
The activation of the IRS proteins has been implicated in insulin regulation of lipid
metabolism and glucose transport and can explain the acute insulin-like effect of GH in the
transient increase of glucose transport in adipocytes (Bergan-Roller and Sheridan 2018).
Activated PI3K results in the generation of phosphoinositide products that act as second
messenger molecules and activate various targets, including the anti-apoptotic serine kinase
Akt (also called PKB). Activated Akt regulates different pro- and anti-apoptotic proteins
substrates, including Bcl2 (B Cell Lymphoma 2) family members (Bax (Bcl-2 associated X
protein) and Bad (Bcl-2 associated death promoter)), GSK-3, caspase 9 and NFkB. GH
prevented muscle cell apoptosis in rats with cardiac heart failure by increasing Bcl2

expression and reducing Bax and caspase levels (Dalla Libera et al. 2004).

(iv) The SRC pathway: There is evidence that activation of GHR pathways can occur
independent of JAK2 via activation of Src family kinases (SFKSs); the Lyn Src kinase has
been found bound to the membrane proximal part of the GHR and a deficiency in Lyn
activation results in impaired activation of Erkl and 2. The relative activation of SFKs is
dependent on the cell type (Rowlinson et al. 2008a).

d) Inhibitors of the GHR-JAK2-STAT pathway

Control of GH activation of the signaling pathways through GHR s of critical importance and
three main classes of negative regulators participate in maintaining this balance, as any

dysregulation of these proteins can lead to pathophysiological states.

(i) Suppressors of cytokine signaling (SOCS): This family is comprised of eight members,
SOCS 1-7 and CIS, and is part of a larger family of cytokine-inducible proteins known as
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STAT-induced STAT inhibitory proteins (SSI) (Wojcik et al. 2018). They are the most
important class in the negative regulation of cytokine receptor signaling, inhibiting the
activity of the JAK-STAT pathway by direct interaction with activated JAK proteins or the
cytokine receptors (Zhang et al. 1999). SOCS protein levels are constitutively low but
increase rapidly upon GH stimulation in vitro and in vivo (Greenhalgh et al. 2005; Wojcik et
al. 2018). Only SOCS1-3 and CIS are activated by GH; SOCS2 expression has been shown to
increase through binding of STAT5b to its response element in intron 1 (Vidal et al. 2007).
SOCS4-7 are more constitutively expressed and their precise biological roles are still unclear
(Linossi et al. 2013).

The activity of the SOCS proteins relies mainly on their central SH2 domain, a conserved
domain that interacts with phosphotyrosine containing peptides with high affinity, and a
conserved SOCS box located at their C-terminus. The latter domain can form, with other
proteins, the E3 ubiquitin ligase complex, enabling the bound proteins (JAKs, STATs and
GHRs) to be directed for ubiquitin-mediated proteasomal degradation (Linossi et al. 2013;
Zhang et al. 1999). SOCS2 and CIS can also exert actions via their SH2 domains, through
competition with STATS for the phosphotyrosines on the GHR ICD, thus blocking STAT5
phosphorylation. SOCS1 and 3 have very different effects: they contain a kinase inhibitory
region (KIR) at their N-termini which enables them to directly bind the JAK catalytic domain,
blocking its kinase activity and ability to phosphorylate its substrates (Greenhalgh et al. 2005;
Kershaw et al. 2013; Sasaki et al. 1999; Wojcik et al. 2018). The key role of SOCS2 in the
regulation of GHR signaling has been shown by the generation of knockout mice: only
SOCS2-deficient mice present with an ~40% increase in body growth compared to wild type
mice, mimicking the acromegalic/gigantism phenotype in humans (Linossi et al. 2013;
Metcalf et al. 2000). Recently, its role in controlling GHR signal duration has been shown to
be crucial: studies of a SNP in the GHR gene (found to be associated with lung cancer)
showed that the resultant amino acid change (P495T) in the GHR ICD caused a structural
change in a SOCS2 binding site, impairing GHR degradation (Chhabra et al. 2018).

(if) Protein Tyrosine Phosphatases (PTPs): Four PTPs have been shown to down-regulate
GH signaling by exclusively dephosphorylating phosphotyrosine residues: SHP1, SHP2, PTP-
1B and PTP-H1 (Dehkhoda et al. 2018). PTP-1B and PTP-H1 have been shown to
dephosphorylate GHR activated by GH (Pasquali et al. 2003). Mice lacking PTP-H1 show
increased weight compared to wild type as well as higher levels of IGF-1 mRNA in liver and

IGF-1 in serum (Pilecka et al. 2007). Mice lacking SHP1 and 2 are embryonic lethal but gain
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of function mutations in the PTPN11 gene (coding for SHP2) result in an excessive activity of
SHP2 in 50% of Noonan syndrome cases; these individuals are characterized by dysmorphic

facial features, heart disease and proportional short stature (Tartaglia et al. 2001).

(iii) Protein Inihibitor of Activated STATs (PIAS): Although these proteins (PIAS1-4) are
known as negative regulators of JAK-STAT signaling, their precise role in GH signaling is
still unclear. Upon binding to the STATS, they can act through several different mechanisms
to inhibit their activity: preventing STAT dimerization, blocking their DNA binding domain,
modulating the localisation of co-regulators, and STAT sumoylation (Linossi et al. 2013;
Woijcik et al. 2018).

C. Growth Hormone Receptor isoforms: identification and roles
a) The Growth Hormone Binding Protein (GHBP)

In several species, a substantial fraction of circulating GH is carried by a high affinity GHBP,
the structure of which corresponds to the GHR ECD (Baumann 1994). As the GHBP retains
its ability to bind specifically its ligand, it can compete with membrane receptors, thus
potentially acting as an antagonist. In addition, soluble cytokine receptors have been thought
to act as carrier proteins that increase the half-life of their respective cytokine by potentially
decreasing its metabolic clearance rate (Baumann 2001; Rose-John and Heinrich 1994). In
rodents, the GHBP is largely derived by translation of an alternatively spliced GHR mRNA
encoding only the receptor ECD and a hydrophilic tail allowing the protein to be secreted
instead of being retained at the plasma membrane (Baumbach et al. 1989). In humans and
rabbits, a member of the metalloprotease family (TACE: TNF-a converting enzyme also
called ADAM-17) cleaves the GHR ECD, releasing the GHBP into the extracellular space, a
process called “shedding” (Baumann 2001); thus, the GHBP has been used as an indirect
measure for GHR expression at the cell surface. Low levels of GHBP have been associated
with GH resistance in conditions such as malnutrition, uncontrolled diabetes, catabolic states,
renal failure and hypothyroidism (Baumann 2001). In the majority of the GHI patients, it is a
reliable clinical marker: for example, patients with Laron dwarfism have very low to
undetectable levels of GHBP (Schilbach and Bidlingmaier 2015). However, in certain
conditions, this relationship is not linear and some GHI patients present with normal to
elevated GHBP levels (Amit et al. 2000). A single mutation (D152H) in the extracellular

domain abolishing receptor homodimerization can result in both normal GH binding and
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GHBP levels while mutations causing alternative splicing of exon 8 or 9 result in the
generation of a truncated GHR and lead to abnormal elevated GHBP levels (described below).
Although these clinical observations are rare, they suggest that GHBP levels should not be an
isolated measure for assessment of GHR status (Amit et al. 2000; Baumann 2001; Schilbach
and Bidlingmaier 2015).

b) Truncated GHRs (GHRtr): GHR1-279 and GHR1-277

Two short GHR isoforms were first identified in human liver using RT-PCR: they showed
partial or complete skipping of exon 9 due to alternative splicing (Dastot et al. 1996; Ross et
al. 1997). GHR1-279 utilizes an alternative 3’-acceptor cryptic splice site within exon 9,
26bp downstream of the splice acceptor used for full length GHR (GHRfl). The predicted C-
terminal residues of GHR1-279 peptide are frame-shifted to end in an early stop codon within
exon 9. GHR1-277 skips all of exon 9 with exon 8 splicing directly to exon 10, resulting
again in a frame shift and an early stop codon in exon 10. As a result, these truncated forms
are still found in the cell membrane but lack >97% of their intracellular domains, including
Box 1 and Box 2 that are critical for GHR JAK2 association, and, thus, are unable to
transduce GH-JAK2 mediated actions. GHR1-279 and GHR1-277 are both naturally
produced isoforms of GHR but make up only a small proportion of the total GHR: GHR1-279
represents 1-10% and GHR1-277 less than 1%. Expression of mRNA for the three receptors,
GHRfl, GHR1-279 and GHR1-277, is highest in the major GH target tissues (liver, fat,
muscle and kidney) and the pattern of isoform expression varies widely among tissues,
implicating a tissue-specific putative role for those isoforms. It was shown that GHR1-279
levels in fetal liver were comparable to those in adult liver, whereas GHRfl and GHR1-277
were only half the levels found in adult liver, suggesting that the exon 9 alternative splicing

may also be regulated developmentally (Ballesteros et al. 2000b).
¢) GHR truncated forms act as dominant negative regulators

(i) In vitro studies: Immunoprecipitation and western blot experiments of cells co-transfected
with GHR1-279 and/or GHRfl revealed that they could form heterodimers (Ayling et al.
1997). Cells co-transfected with GHRfl and increasing amounts of GHR1-279 showed a dose-
dependent inhibition of GH activation of a STATS5 reporter vector (Ross et al. 1997). A 10:1

ratio of GHRfl to GHR1-279, similar to that observed in vivo in certain tissues, led to an
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inhibition of GH actions by up to 30%. A 1: 1 ratio decreased GH signal induction by 50%
while a 1:10 ratio completely blocked activity of the GHRI{l.

(if) In vivo studies: The importance of these truncated forms has also been shown in vivo.
Two research groups have described patients with severe short stature who have a
heterozygous mutation at the donor splice site of intron 9 of the GHR gene resulting in the
complete skipping of exon 9 from one allele and the production of GHR1-277 (Ayling et al.
1997; lida et al. 1998). As the mutations of GHR in these cases are heterozygous, three
different types of GHR dimerization can occur: homodimers of two GHRfl, heterodimers of
GHRfl and GHR-277 and homodimers of GHR-277. Homodimers of GHRfl can transduce
the GH-JAK2 signal. However, as GHR-277 lacks the Box1 motif, the heterodimers of GHR-
277 and GHRfl and the homodimers of GHR1-277 cannot.

(iif) GHR truncated forms show abnormal internalization: GHRfl has a half-life of around
1h and is continuously degraded even in the absence of GH (Gorin and Goodman 1985).
Both liganded and unoccupied GHRs are endocytosed via clathrin-coated vesicles and
subsequently transported via endosomes to lysosomes (Strous et al. 1996). Both endocytosis
and transport to lysosomes require an active ubiquitin conjugation system and a 10-amino
acid UbE-motif inside the conserved Box 2 region of the GHR ICD (van Kerkhof et al. 2001).
Truncated forms of GHR lack the essential internalization motif in the cytoplasmic domain
and, therefore, accumulate at the cell surface, available to heterodimerize with GHRfl and to
compete with the full-length receptor for GH binding, enhancing their dominant negative

effect.

There are two consequences of an impaired internalization. First, the truncated receptor
always demonstrates a greater level of receptor expression at the cell surface compared with
the full length receptor (Ross et al. 1997). Second, as the GHRtr isoform is sustained at the
cell surface, it becomes more susceptible to proteolytic cleavage and, thus, generates high
levels of soluble GHBP. The latter has been observed in patients with heterozygous
mutations generating GHR1-277 (lida et al. 1999; Ross et al. 1997).

d) The exon 3 deleted (3-) Growth Hormone Receptor isoform

Several groups have shown that both exon 3+ and exon 3- hGHR isoforms exist in the normal
population (Wickelgren et al. 1995; Zogopoulos et al. 1996b). Although it was initially

thought that the 3- hGHR isoform was caused by individual-specific alternative splicing
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mechanisms, Pantel et al. showed that it is more likely caused by a homologous
recombination event occurring between retroviral elements that surround exon 3 in the human
GHR gene (Pantel et al. 2000). The production of both full-length and 3- isoforms is a
species-specific event: other mammalian species (e.g. rabbits, rodents) express only the full
length GHR, whereas birds, bony fish, marsupials and amphibians express only a 3- GHR
form. Interestingly, the human PRL receptor, closely related to the human GHR, always lacks

a corresponding exon 3 (Pantel et al. 2000).

The lack of exon 3 results in a 22aa truncation of the extracellular domain near the N-
terminus of the mature receptor, a loss of one glycosylation site and the substitution of a
highly conserved aa leading to a change in charge, size and hydrophobicity of the receptor
domain. The GHR global folding of the ECD is supposed not to be altered but the crystal
structure of the 3- GHR isoform has not been modeled to date (Brooks and Waters 2010a;
Dos Santos et al. 2004). Therefore, the functional consequences of this N-terminal shortening

are still unknown.

The prevalence of the 3- allele in humans is quite high (approximately 25-30%) with a
homozygous frequency of 9-15% (Kenth et al. 2007). What is not clear is whether the 3-
GHR form has a special physiological role in regulating responsiveness to GH. There have
been controversies as to whether the 3- polymorphism is associated with a better growth
response to GH in short stature children. Some groups have reported significant differences in
height velocity between those with the 3+/3+ genotype vs. those with at least one 3- allele,
including patients who have been diagnosed as small for gestational age (SGA), GH deficient,
ISS or Turner syndrome (Binder et al. 2006; Dos Santos et al. 2004; Jorge et al. 2006;
Wassenaar et al. 2009). In contrast, other groups report no significant association between the
genotypes and response to GH therapy (Blum et al. 2006; Carrascosa et al. 2006; Pilotta et al.
2006). Recent reports have concluded that the better growth response to GH in patients with
at least one 3- allele is restricted only to the first 1-2 years of treatment and that it does not
alter final adult height (Dorr et al. 2011; Tauber et al. 2007).

The exon 3 deletion genotype is also reported to be associated with a lower Body Mass BMI
and significantly improved glucose tolerance in patients with acromegaly (Montefusco et al.
2010). The mechanism for increased hormone sensitivity is still unclear. One in vitro

transfection experiment has shown that the transduction of GH signaling through 3- GHR
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homo- or heterodimers was 30% higher than through full length GHR homodimers (Dos
Santos et al. 2004).

2. The GHR gene
A. GHR Gene Organization: a complex promoter
a) The human GHR gene

The human GHR gene spans ~300kb on the short arm of chromosome 5 close to the
centromere (Barton et al. 1989a; Godowski et al. 1989; Leung et al. 1987). The coding region
is defined by exons 2-10 where exon 2 contains the translation start site (Leung et al. 1987).
Using RT-PCR/Southern-Blot and immunohistochemical approaches, GHR mRNA and
protein have been detected in human tissues as early as the 9™ week of fetal life. Levels
increase gradually during gestation in a tissue-specific manner and, by mid-gestation, there is
a tissue distribution similar to that found in the adult. These changes in tissue GHR
expression, both pre- and post-natally, are due to developmental, hormonal, nutritional and
pathophysiological signals (Goodyer et al. 2001a; Hill et al. 1992; Simard et al. 1996; Wei et al.
2006; Zogopoulos et al. 1996a).

b) The human GHR 5’ untranslated region (5’UTR), first exons and mRNA variants

In 1992, Pekhletsky et al cloned the first eight GHR mRNA variants from adult human liver
tissue and named them V1 to V8 according to their relative abundance. Almost ten years later,
the V9 transcript was identified in the adult human heart with similar levels as V2 and V3 and
its first exon was mapped within the GHR 5’ untranslated region (5’UTR) (Goodyer et al.
2001c). To date, fourteen different GHR mRNAs encoding the full-length GHR have been
reported (Goodyer et al. 2001c; Orlovskii et al. 2004; Pekhletsky et al. 1992; Wei et al. 2006).
They each have a unique 5’UTR, derived from different first exons, but all splice into the
same site in exon 2, 11bp upstream from the ATG translation start site and, thus, code for the
same protein (Figure 1-7). The definition of the first exons through 5’RACE and
chromosomal mapping experiments showed that, while the majority are expressing GHR
MRNA ubiquitously, four show a similar tissue- and developmental-specific expression
pattern.
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Seven of the variant exons form two distinct clusters (Goodyer et al. 2001c). One distal
cluster (Module A), located ~140kb from exon 2, contains three of the exons (V2, V3, V9)
within a 1.6kb region; they transcribe ubiquitous GHR mRNAs from as early as the third month
of fetal life in all tissues examined. A proximal cluster (Module B), located ~18kb upstream of
exon 2 within a 2kb domain, contains four exons (V1, V4, V7, VV8); their mRNAs are expressed
only in normal hepatocytes and only beginning ~3-4 months after birth (Goodyer et al. 20014a;
Wei et al. 2006; Zogopoulos et al. 1996a). The factors responsible for the “switch” between the
absence of fetal liver-specific GHR mRNAs and their postnatal presence are not fully
understood. However, they likely explain the dramatic increase in total GHR mRNA (4 to 6
fold) and protein (4 fold increase in **I hGH binding) levels observed in the postnatal liver
(Goodyer et al. 2001a; Kenth et al. 2011). In contrast, a postnatal tissue-specific decrease in
GHR mRNA:s is observed in the lung, kidney and small intestine. The highest levels postnatally
are found in liver, kidney and adipose tissues (Goodyer et al. 2001a; Kenth et al. 2011).

The other exons expressing ubiquitous GHR mRNAs include Va.Vp and V3a/b/g, which are
located between Modules A and B, while V5 is adjacent to exon 2. V3 mRNA subvariants are
the product of alternative splicing of three separate exons in the GHR 5°UTR and show high
homology with Alu repeat elements (Goodyer et al. 2001b). V9 can also be alternatively spliced
(RB Wickelgren et al. unpublished data; UCSC Genome Browser AF 230801 V9b). V6 was
shown to be a 5’RACE artefact (Orlovskii et al. 2004).

c) GHR 5°UTRs in alternative animal species

Heterogeneity of the 5’UTR of the GHR gene is a common feature across different animal
species. Two major promoters and mMRNA expression patterns for the GHR gene have been
identified in the human, mouse, rat, ovine and bovine: one GHR mRNA is always specific for
postnatal liver while there is also at least one ubiquitously expressed mMRNA (Goodyer et al.
2001c; Heap et al. 1995; Menon et al. 2001; Moffat et al. 2000; Moffat et al. 1999; O'Mahoney
et al. 1994; Schwartzbauer and Menon 1998). The human “V2-like” exons are L2 in the
mouse, GHR2/V1 in the rat and 1B in the ovine and bovine. V9 and V3 homologues in other
species have also been identified in the mouse (L3-L5) and bovine (1C) (Jiang et al. 1999;
Moffat et al. 2000). The human hepatic specific “V1-like” exons are L1 in the mouse,
GHR1/V2 in the rat and 1A in the ovine and bovine. Although alternative variants in the mouse
(L3-L5) are located in the same L2 exon-containing cluster, their very low abundance in

different tissues makes it impractical to study their regulation (Moffat et al. 2000). Despite
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certain structural similarities in the GHR 5’ flanking region amongst various species, no readily
accessible animal model appears to be appropriate for investigating the complex regulation of the
human GHR (Goodyer et al. 2008; Kenth et al. 2011; Wei et al. 2009a; Wei et al. 2006).

B) Distinct regulatory mechanisms within the GHR 5°UTR

For the last decade, efforts have been made to delineate the physiological and cell-specific
factors that regulate GHR expression through interactions at the proximal regulatory domains
of Module A and B exons. The promoters of exons associated with ubiquitous GHR mRNAs
are important for influencing GH responsiveness in every cell in the body and, therefore, must
respond to numerous metabolic, hormonal and intracellular signals. Thus, any changes in
these regions (e.g. polymorphisms) could have more global effects. In contrast, the promoters
of exons linked to postnatal liver-specific GHR mRNAs are likely to be responsible for
translating postnatal hepatocyte-specific cues and are repressed during fetal liver development
as well as in all other tissues. To date, several members of our lab have conducted extensive
studies to characterize the different regulatory elements, using luciferase reporter vectors with
serial deletion constructs of the different promoters, site-directed mutagenesis, transient
transfections/co-transfections, EMS(S)A and ChIP assays. They have demonstrated the
functionality of putative response elements and shown that the GHR Module A vs. B exons are
regulated in unique ways (Erman et al. 2011b; Goodyer et al. 2008; Kenth et al. 2011; Wei et al.
2009a).

(a) Molecular mechanisms regulating ubiquitous GHR expression by Module A exons

(i) Common promoter regulation of Module A exons: The three Module A exon promoters
have two common regulatory elements, Sp1/Sp3 binding sites and CpG islands, both of which
are present in many ubiquitously expressed genes (G Kenth et al., unpublished data).
Interestingly, these elements are not present in Module B or the promoter regions of the other
ubiquitously expressing exons (V5, Va-Vp), suggesting that these represent Module A-

specific regulatory mechanisms.

Within the Sp family of zinc finger transcription factors, Sp1 and Sp3 are ubiquitously expressed
in mammalian cells and regulate the expression of a vast number of genes implicated in almost
all cellular processes (Li et al. 2004). They bind to GC-rich boxes that are commonly found in
promoters with CpG islands to regulate gene expression; TATA-less promoters have been shown

to be particularly regulated by Sp proteins. Like V2 in humans, the mouse L2 promoter is GC-
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rich and TATA-less. Interestingly, L2 transcription can be activated differentially by Sp1 (weak
activator) and Sp3 (strong activator) depending on their ratio during fetal and postnatal
development that could explain increases in postnatal GHR expression in certain murine tissues
(Yu et al. 1999). In addition, Spl and Sp3 cooperate with other factors but only Spl can
synergistically activate promoters by forming higher order complexes (e.g. by recruiting
chromatin remodelers such as the SWI/SNF family proteins or HDAC), showing the complexity
of their actions (Li et al. 2004).

(if) Specific regulation of V2 mRNA transcription: The three exons of Module A are not
equally active in human tissues: V2 is the most highly expressed transcript in all tissues
examined, especially adipocytes (Goodyer et al. 2001c; Wei et al. 2006). Wei et al have
determined that CHOP, C/EBPs and Ets1 significantly stimulate V2 expression through sites in
its proximal promoter (Wei et al. 2009b). In addition, they found an important role for ~160bp
of the V2 exon sequence immediately downstream of the start site in regulating basal, CHOP-
stimulated and Hesl-inhibited transcriptional activity. Finally, by using gRT-PCR assays, the
expression levels of these factors in adipocytes were quantified during differentiation, showing a

correlation of promoter findings with adipocyte biology (Wei et al. 2009a).

(iii) GH regulates GHR expression via GAGA boxes: GH is primarily known to enhance
gene expression through STATS signaling (Lanning and Carter-Su 2006; Woelfle and
Rotwein 2004). However, lab members could not detect a STATS5 response element in
proximal promoter regions of the Module A or B exons, either by in silico analyses or by
overexpressing STAT5B in transient transfection assays (S Puzhko et al, unpublished data).
Instead, multiple GAGA boxes, that have been found to function as GH response elements
(GHREsS) in several mammalian genes (Legraverend et al. 1996; Volpi et al. 2002; Wyse et al.
2000), are present: three GAGA elements are located in the V3 promoter and exon. Because
there is no known mammalian GAGA binding factor, Kenth et al used Drosophila GAGA
binding factor (GAF-519) to show that V3 promoter activity could be stimulated through the
GAGA boxes. Nuclear extracts from cells treated with GH (but not insulin or IGF-1) resulted
in a new EMSA complex forming with the GAGA element probe, suggesting that the V3
GAGA boxes do indeed function as a GHRE (Kenth et al. 2011).

(iv) Mechanisms of circadian regulation of GHR expression: Studies have shown that GHR
has a diurnal expression pattern in murine liver, bone and skeletal muscle (Itoh et al. 2004;

Zvonic et al. 2007). A member of our lab found that two transcription factors implicated in
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the regulation of several diurnally controlled genes, DBP (D-binding protein) and its repressor
E4,BP,4, bind to and significantly modulate V9 (as well as V1) promoter activity, suggesting
that these factors may be important for circadian regulation of human GHR expression (G
Kenth, unpublished data).

(v) Regulation of GHR expression by obesity-related factors: In 2011, Erman et al used
ChIP assays, site-directed mutagenesis and luciferase reporter constructs to characterize
functional response elements for HIF1l-a, NF«B (downstream TNF-a signaling) and
glucocorticoids in V9 and V3 exons. The findings showed differential effects of these factors
on GHR transcription regulation in adipocytes and HEK293 cells, suggesting mechanisms for

responses to hypoxic or inflammatory environments (Erman et al. 2011b).
b) Regulation of normal postnatal liver-specific GHR expression by Module B exons

(i) Common regulation of Module B exons: V1 is the most highly expressed GHR mRNA in
postnatal liver, likely because the promoter of exon V1 has two active TATA boxes, while the
other three exons have non-consensus TATA elements within their promoters (Goodyer et al.
2008; Goodyer et al. 2001c). Interestingly, the Module B promoter constructs are actively
repressed in all cell lines tested. These data suggest there is coordinated inhibitory control of
V1, V4, V7 and V8 that is likely to be important in all non-hepatic tissues as well as fetal
liver and hepatic tumors, since none of these tissues express Module B-derived GHR mRNASs
(Goodyer et al. 2001a; Goodyer et al. 2001c; Wei et al. 2006; Zogopoulos et al. 1996a).

(if) Regulation of V1: Adjacent GAGA and growth factor independence-1/1b (Gfi-1/1b)
response elements are present within the V1 exon region between the two TATA boxes. GAF-
519 stimulates V1 promoter activity while Gfi-1/1b is a strong repressor through their
respective sites, suggesting that liver-specific V1 transcription is tightly controlled by these
two elements. When co-transfected, Gfi-1/1b completely inhibited GAF activity, indicating
that Gfi-1/1b may be responsible for the lack of V1 expression in fetal liver, non-hepatic

tissues and hepatic tumors (Kenth et al. 2011).

(iii) Regulation of V1-derived GHR mRNAs by metabolic signals: Several putative binding
sites for liver-enriched transcription factors are present in Module B exon promoters,
including multiple HNF4 sites upstream of V1. Members of our lab showed that HNF-4a
regulates V1 GHR expression in the human hepatocyte in response to fatty acid metabolic
cues (Goodyer et al. 2008).

28



c) Potential epigenetic mechanisms regulating GHR expression

(i) Chromatin organization and histone modifications: In eukaryotic cells, the chromatin is
formed by DNA associated with proteins, mostly histones, organized in units called
nucleosomes. The predominant form of chromatin in the nucleus is the ‘beads on a string’
10nm fiber form seen in electron microscopy; the highest degree of chromatin condensation is
the chromosome. The spatial organization of the chromatin has been linked to transcriptional
regulation and led to the definition of two types of chromatin: the transcriptionally active
euchromatin (localized in distinct regions of the nucleus, less condensed, depleted in
nucleosomes as well as sensitive to DNAse | digestion, more accessible to transcription
factors) and the heterochromatin (highly condensed, nucleosome dense and resistant to
DNAse digestion, inaccessible to transcription factors). A nucleosome is formed by an
octamer of four types of core histones (H2A, H2, H3, H4) with 146 bp of DNA wrapped
around it. Histone N-terminal tails are prone to posttranslational modifications, such as
acetylation, methylation, phosphorylation or ubiquitylation, and have been shown to affect
chromatin organization, impacting all aspects of transcriptional regulation. For example,
H3K4me3 or H3K9ac are found at actively transcribed genes with H3K27me3 and H3K9m3
at silenced genes. The functional consequences of these histone marks are mediated by
chromatin remodeling enzyme complexes (e.g. SWI/SNF family) that can affect chromatin in
different ways, including nucleosome sliding, eviction or histone variant exchange. Defects in

these complexes have been linked to human pathologies (Tyagi et al. 2016).

(ii) Methylation: GHR Module A region is GC rich and contains two CpG islands: DNA
methylation is the most abundant epigenetic modification. It involves the placement of a
methyl group on carbon 5 of cytosine residues (5-methylcytosine) by DNA
methyltransferases (DNMT1, DNMT3a and b). This occurs primarily at CpG residues at the
5’ of the guanine without affecting base pairing and can alter gene regulation as it constitutes
a repressive mark of transcription by recruiting methyl binding proteins (MBPs) and by
promoting chromatin remodeling, silencing gene expression (Bernstein et al. 2007). Genomic
regions particularly enriched in CpG residues form CpG islands (~5-10 CpGs per 100 bp) and
are frequently found in promoters. 70% of annotated genes contain CpG islands in their
promoter which is a common feature of housekeeping genes and genes involved in
development while the majority of the tissue-specific gene promoters lack CpG islands and
TATA boxes (Deaton and Bird 2011; Zhu et al. 2008). The levels of methylation have been

inversely correlated with the density of CpGs: in the genome, the sparse CpGs are highly
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methylated while CpG islands located within promoters are mostly maintained in a
hypomethylated state. These latter regions are associated with transcriptional activity as they
co-localize with RNA polymerase Il and the recruitment of ubiquitous transcription factors
like Spl which has been shown to recruit TATA binding proteins (TBPS) to initiate
transcription in TATA-less promoter (Deaton and Bird 2011). This transcriptionally
permissive chromatin state is characterized by a key chromatin signature, the histone mark
H3K4me3 (for active chromatin state), that is still present even when the gene is inactive. The
influence on local chromatin organization is done through recruitment of CXXC finger
protein 1 (Cfpl) that specifically associates with non-methylated CpG sites and with the
H3K4 methyltransferase Setd1 (Thomson et al. 2010).

Differential methylation levels at CpG islands have been shown to be tissue specific,
especially in genes involved in developmental processes, and is frequent in certain cancers in
which tumor suppressor genes show aberrant promoter hypermethylation (lllingworth and
Bird 2009; Schilling and Rehli 2007). Methylation at CpGs is critical during embryonic
development and is dynamic, with usually symmetrical methylation between both alleles.
However, allelic asymmetry or allele-specific methylation occurs during X chromosome
inactivation in females, leading to monoallelically expressed genes, as well as in imprinted
genes with parent of origin (~100 genes in the human genome). Allele-specific methylation
has been shown to be frequent in the human genome and associated with cis regulatory SNPs
(meQTLs) (Tycko 2010). As mentioned earlier, GHR Module A is GC rich and contains CpG

islands; their potential regulatory mechanisms have not yet been explored.

(iii) MicroRNAs regulate GHR expression: MiRNAs are a class of small (19-22 nucleotides)
endogenous RNAs that are important regulators of gene expression, mostly through their
binding to the 3’UTRs of specific genes and targeting them for degradation or translation
inhibition (Friedman et al. 2009). The miRNAs are first transcribed as a primary miRNA (pri-
miRNAS) and then cleaved to a precursor pre-miRNA of 60-70nt with a hairpin structure by
the Drosha enzyme (RNA class 111 enzyme). In the cytoplasm, the pre-miRNA is cleaved by
Dicer, another RNA 111 enzyme, and matured into miRNA that will target genes in the form of
a ribonucleoprotein complex known as miRISCs (miRNA-induced silencing complex). The
miRNA field has expanded exponentially since their discovery, as they regulate a wide range
of biological processes and have been implicated in many disease etiologies. In 2014, Elzein
and Goodyer showed for the first time that miRNAs are potentially important regulators of

human GHR gene expression. Using co-transfection assays with luciferase reporter GHR-
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3’UTR constructs and miR mimics, followed by validation on endogenous GHR mMRNA
expression, they reported significant inhibitory effects of four miRNAs on both GHR mRNA
and protein expression in HEK293 and breast as well as prostate cancer cell lines (Elzein and
Goodyer 2014).

While all of the epigenetic regulatory processes discussed above can potentially regulate GHR

gene transcription, to date, only the one miRNA study has been reported.

C) Repeated elements and potential functional relevance for GHR expression

It has been known for decades that only a small fraction of eukaryotic genomes code for
proteins and that the genome is replete with non-coding and repetitive DNA (Britten and
Kohne 1968). Interspersed repeats are the predominant type of repeat and are derived from
the activity of transposable elements (sequences that can replicate and move within the
genome); they represent almost half of the human genome (Lander et al. 2001). These
elements are an important source of mutations and are recognized as a driving force in
vertebrate genome evolution. They influence the genomic structure via sequence-mediated
chromosomal rearrangements and can affect gene expression regulation and transcriptional

regulatory networks by insertion mechanisms (Bourgque 2009; Feschotte 2008).

Interspersed repeat elements are classified according to their replicative strategy which
involves RNA (class 1 or retrotransposon) or DNA (class 2 or DNA transposon)
intermediates. Class 1 repeats are divided into two subclasses, the long terminal repeat (LTR)
retrotransposons, which are inserted using retroviral-like integrase, or the non-LTR
retrotransposons, which include long and short interspersed elements (LINEs and SINES) and

use target-primed reverse transcription (Feschotte et al. 2009).
a) Class I interspersed repeat elements in GHR

Alu elements are primate-specific repeats and comprise 11% of the human genome (>1
million copies). They’re the largest family of the ubiquitous class of SINE elements and use
trans-factors from the LINE-1 retro-element for their amplification (Deininger 2011). They’ve
been shown to have a strong impact on primate genome evolution through insertional
mutagenesis and their enrichment in genes has linked them functionally to gene regulation
(Deininger 2011). In the GHR gene, most of the Alu sequences are located in introns although
a few have been found in exonic regions. One from the S; subfamily is located in its 3’UTR

in the antisense orientation and is flanked by direct repeats (Godowski et al. 1989). In
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addition, alternatively spliced variants of V3 mRNA have been reported to contain Alu-like
elements in their 5’UTR: the V3b exon contains Alu sequences from the S subfamily in the
sense direction while the VV3a/b Alu is from the J, subfamily in the antisense orientation
(Goodyer et al. 2001b). These Alu elements in GHR first exons have the potential to alter its
transcriptional regulation, alternative splicing and/or translation (Goodyer et al. 2001b). As
mentioned earlier, another class of repeated elements, LTRs of endogenous retroviruses, have
been implicated in the evolution of the GHR gene and explain the presence of two different
GHR alleles either including exon 3 or not (Pantel et al. 2003; Pantel et al. 2000).

b) Short Tandem Repeats (STRs) in GHR

Another common form of repetitive DNA sequences are the short tandem repeats (STRs) or
microsatellites which are tandem repeats of short (1-6bp) DNA motifs (Bagshaw 2017).
Mini-satellites are also tandem repeats but with a repeated motif of >6-10bp and <100bp
while extremely long repeated motifs (>100bp) are called DNA satellites or macrosatellites
(Bhargava and Fuentes 2010; Ellegren 2004). Microsatellites are ubiquitous in both
eukaryotic and prokaryotic genomes and represent ~1-3% of the human genome (Bhargava
and Fuentes 2010; Gymrek et al. 2016; Lander et al. 2001); their density differs amongst
species and tends to correlate with genome size, with a higher density in mammals (Ellegren
2004; Toth et al. 2000). Among the microsatellites, the dinucleotide repeats are the most
common with the (GT/CA), the most frequent followed by (AT),, (GA), and (GC),, the last
being rare (Ellegren 2004).

The main characteristic of the microsatellites is their polymorphic nature, with high levels of
heterozygosity attributed to strand-slippage during replication by the DNA polymerase; this
results from transient dissociation of the replicating DNA strands followed by misaligned re-
association (Ellegren 2004). They are highly mutable, up to 10 orders of magnitude greater
than point mutations, and their mutation rate generally increases with repeat number and
purity, with slippage contributing to their expansion and contraction (Bhargava and Fuentes
2010; Ellegren 2004; Gemayel et al. 2012). Because of their polymorphic nature they’ve
been widely used as markers for genetic mapping, for studying genomic instability in cancer,
parentage and forensic analysis, molecular anthropology and population genetics (Bhargava
and Fuentes 2010). Expansion in tandem repeat size has been associated with more than 40

diseases, mostly neurodegenerative and neuromuscular, including Huntington’s disease and
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the fragile-X syndrome. These diseases are due to tandem repeats with trinucleotides and are
called trinucleotide expansion diseases (Mirkin 2007; Paulson 2018).

Since their discovery in the early 1980s in the B-globin gene, these “ junk DNAs” have been
viewed as non-functional neutral markers with no phenotypic consequences (Orgel and Crick
1980), as they were found primarily in non-coding regions. Later on, however, they were
shown to be non-randomly distributed in the human genome, enriched in regulatory genes
encoding transcription factors, DNA-RNA binding proteins and chromatin modifiers, and
associated with specific properties depending on their location (Katti et al. 2001; Legendre et
al. 2007). As they represent a high genetic variability due to their multi-allelic nature, they
potentially provide more information than the bi-allelic SNPs and have been viewed as fine-
tuning regulators in different cellular processes (Bagshaw 2017; Gemayel et al. 2012).
Recently, more large-scale analyses of microsatellites in the human genome have been
undertaken to investigate their potential association with gene expression variation and
complex traits. In 2016, Gymrek et al. evaluated the contribution of STRS in gene expression
(eSTRs) in lymphoblastoid cell lines (LCLs) and showed that they explained 10-15% of the
cis-heritability attributed to common polymorphisms, with an enrichment in clinically
relevant phenotypes (Gymrek et al. 2016).

GHR contains 48 microsatellites scattered throughout the gene. In 2001, Hadjiyannakis et al.
reported that a GT dinucleotide repeat located 81bp upstream of the transcription start site of
one of the main first exons of GHR (V9) is a polymorphic microsatellite (Hadjiyannakis et al.
2001). In 2004, Orlovskii et al. found a second polymorphic GT microsatellite in intron 2
~1.8kb downstream of exon 2 (Orlovskii et al. 2004). As discussed below, these elements

have the potential to be involved in GHR gene regulation.
¢) Promoter microsatellites modulate gene expression

Analysis of the human genome has determined that a higher heterozygosity is found in the
cis-regulatory sites of genes than in coding regions, due to an overrepresentation of
polymorphic microsatellites, especially those with the GT/AC motif (Rockman and Wray
2002). In genome-wide studies, eSTRs have been shown to localize in conserved regions
near transcription start sites and predicted enhancers, with strong enrichment of histone
modifications (Gymrek et al. 2016). In human promoters, microsatellites near transcription
start sites have been shown to be often highly conserved, with the distance to the transcription

start site being a good predictor for its conservation score (Sawaya et al. 2012b). Their high
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conservation with low repeat variance between individuals suggests that microsatellite length
may be under stabilizing selection for cis-regulatory function and, interestingly, serve as a
source of genetic variation (Rockman and Wray 2002; Sawaya et al. 2012a; Sawaya et al.
2012b).

Changes in the repeat length of promoter microsatellites can have significant effects on
phenotypes by altering levels of gene expression. In humans, several studies have shown this
link with GT/AC regulatory microsatellites (Agarwal et al. 2000; Itokawa et al. 2003b; Ng et
al. 2009; Rife et al. 2009; Searle and Blackwell 1999; Shimajiri et al. 1999; Wang et al. 2005;
Yamada et al. 2000). Many of these studies found an enrichment of the microsatellites in
genes that regulate growth and development (Sawaya et al. 2012b). Several have reported
their functional roles in modulating gene expression through different mechanisms:
microsatellite repeat number and composition can alter chromatin remodeling and
accessibility by transcription factors, spacing between potential regulatory elements, and
chromatin organization and nucleosome positioning (Bagshaw 2017; Bayele et al. 2007; Chen
et al. 2016a; Liu et al. 2001; Taka et al. 2013). On a larger scale, a mechanistic link between
tandem repeat variation and local genome function has been suggested by the study of Quilez
and colleagues: they showed that genes containing polymorphic tandem repeats in their
promoters had a higher variance of gene expression and DNA methylation (eQTL/meQTL).
They identified >100 polymorphic tandem repeats associated with expression/methylation of
adjacent genes that were overlapping with transcription binding and DNAse hypersensitivity
sites (Quilez et al. 2016).

d) Promoter microsatellites can take alternative secondary structures: the Z-DNA helix

Under specific physiological conditions, most of the repetitive sequences, including promoter
microsatellites, have the potential to take alternative structures other than the canonical B-
DNA form. These secondary conformations (e.g. hairpins, cruciforms, triplexes, quadruplexes
and Z-DNA) have been linked to physiological and pathophysiological states as well as
genomic instability (Wells 2007). In 1979, Wang and al. reported the first single-crystal X-
ray structure of Z-DNA (Wang et al. 1979). The structural properties of this conformation are
characterized by a rotation of every other base around the N-glycosydic bond so that there is
an alternation of syn- and anti-conformations; this results in a zig-zagging arrangement of the
sugar-phosphate backbone instead of the smooth coil observed in B-DNA (Rich and Zhang
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2003). The most favorable sequence to take a Z-conformation is the rare CG-repeat while the
others follow this order: d(TG)=d(CA)n>d(TA)n (Rich et al. 1984).

In vivo, Z-DNA forms mostly during transcription as a consequence of negative supercoiling
accumulating behind the progressing RNA polymerase Il and then decreases due to the
relaxation by topoisomerase I, thus linking transient formation of Z-DNA and transcriptional
activity (Rich and Zhang 2003; Wittig et al. 1989; Wittig et al. 1991; Wittig et al. 1992; Wolfl
et al. 1995). Several genes have been shown to be modulated by a Z-DNA element in their
promoter acting as an enhancer or a repressor: e.g. the rat nucleolin gene (Rothenburg et al.
2001), the human colony stimulating factor 1 (CSF1) gene (Liu et al. 2001), the macrophage
immune response gene SLC11A1 (Bayele et al. 2007), the desintegrin and metalloproteinase
ADAM-12 gene (Ray et al. 2011) and the human heme-oxygenase HO-1 gene (Maruyama et
al. 2013). In the case of the GT repeat located in the CSF1 promoter, transcriptional
activation of the gene was dependent on Z-DNA formation through the action of chromatin

remodelers, emphasizing the role of Z-DNA in chromosomal remodeling (Liu et al. 2006).

Surveillance of the human genome for Z-DNA forming regions has been done primarily by in
silico analyses with the use of different algorithms. For example, in 1983, Ho and colleagues
developed Z-Hunt, the first algorithm that predicted a non-random distribution of Z-forming
sequences at the 5’ end of the human genes and highly concentrated near transcription start
sites (Schroth et al. 1992). Recently, Shin et al. used a combination of two Z-DNA binding
domains as a probe followed by ChIP sequencing to generate a map of Z-DNA forming
regions in HeLa cells. They found an accumulation in promoter domains that correlated with
an enrichment of RNA polymerase Il and histone marks associated with actively transcribed
genes (H3K4me3 and H3K9ac) (Shin et al. 2016).
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RATIONALE AND OBJECTIVE OF THE RESEARCH

Previous studies have shown the complexity of the GHR gene 5’ flanking region in terms of
organization and regulation, with multiple GHR mRNAs derived from 13 unique first exons.
Efforts have been made to understand the different mechanisms involved in the regulation of
the ubiquitous vs tissue specific GHR variant mMRNAs. Defects in this gene have implications
as extreme as the Laron syndrome, when the receptor is not functional, to tumor progression
when it is overexpressed. Milder phenotypes characterized by growth hormone insensitivity
show variable degrees of short stature and obesity. The potential association of genetic
variants with GHR activities and their possible implications in the etiology of complex traits
such as idiopathic short stature and obesity have not been investigated.

My working hypothesis is that there is less GHR mRNA and protein at the surface of GH
target cells in individuals with idiopathic short stature or obesity, resulting in GH
insensitivity. My goal has been to investigate the genetic contribution of a set of SNPs and a
GT polymorphic microsatellite in the GHR gene in these two complex traits by defining their
association with GHR expression and, thus, GH responsiveness.

The results of my PhD work are presented in the three following chapters that delineate the
different questions that were asked throughout the progress of my research: chapter Il focused
on whether there is a potential association of the different selected polymorphisms within
regulatory regions of the GHR gene with the short stature phenotype; in chapter I, |
investigated the effects of several adiposity indices in the association of GHR as well as other
height-related genes with short stature; finally, in chapter 1V, | examined the potential
functional significance of one significant polymorphism, the GT microsatellite located in the

promoter of a ubiquitously expressing GHR variant exon.
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Table I-1 Main defects of the GH/IGF-1 axis causing GHI

Gene Affected

Disorder, Phenotype

Clinical features

GHR
Extracellular mutations

Transmembrane mutations

Intracellular mutations

Laron syndrome
Variable height deficit and midfacial
hypoplasia

variable GHBP decrease
1GH

JIGF-1, IGFBP-3 and ALS

GHI with immunodeficiency

1GH

defects causing IGF-1 deficiency
bio-inactive IGF-1

SGA., microcephaly, deathess

STATSb Severe growth failure, midfacial hypoplasia,
mmmunodeticiency JIGF-1, IGFBP-3 and ALS
IGF-1 IGF-1 insensitivity 1GH and IGFBP-3

variable IGF-1

GH?
IGFALS Mild height deficit JIGF-1, IGFBP-3 and ALS
IGF-1 resistance
IGFI-R SGA, microcephaly 1 GH, IGF-1, and IGFBP-3

Adapted from (Savage et al. 2011; Wit et al. 2016)
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Figure I-1: Feedback regulation of GH release
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Figure I-2: GH main target organs and actions

Once released into the blood circulation, GH will bind with high affinity the GHR on target
organs. In the liver, GH stimulates the production of IGF-1 as well as ALS proteins of the
IGF-1 ternary complex. GH increases glucose levels in the context of hypoglycemia by
increasing hepatic glucose production via gluconeogenesis and glycogenolysis; GH also
regulates hepatic lipid metabolism via stimulation of triglyceride secretion (Fan et al. 2009).
GH has a central role in the acquisition of longitudinal growth through stimulation of the
chondrocytes, the cell unit of the growth plate, leading to their proliferation and maturation
and also stimulates the local production of IGF-1. In the adipose tissue, GH exerts mostly
direct effects via lipolytic and anti-lipogenic actions on adipocytes resulting in increased fatty
acid concentrations in the blood. In skeletal muscle, both GH and IGF-1 promote growth,
maintenance and regeneration of muscles through anabolic effects by increasing protein
synthesis and decreasing the rate of protein breakdown (Chikani and Ho 2014).
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Figure 1-3: Representation of endochondral ossification and GH/IGF-1 sites of action

Adapted from (Wolpert 2010)

Endochondral ossification is the process of mineralization undergone by most of the skeletal
bones which involves replacement of cartilage by bone tissue (Lindsey and Mohan 2016). The
cartilage is formed by the chondrocytes in the three zones of the growth plate representing
different states of differentiation: the resting/germinal zone contains progenitor cells (pre-
chondrocytes); the proliferating zone with dividing chondrocytes forming a column structure;
and the hypertrophic/maturing zone where differentiated chondrocytes enlarge and are
metabolically active and characterized by expression of the collagen X gene. These
hypertrophic chondrocytes end their life cycle by undergoing apoptosis, enabling the process
of osteogenesis to take place with calcification and the formation of new endochondral bone.
Chondrocytes have been shown to express GHR and IGF1-R and studies have shown an
indirect effect (through 1GF-1) of GH on bone elongation (Barnard et al. 1988; Oberbauer and
Peng 1995; Werther et al. 1993). IGF-1 then increases proliferation (clonal expansion) of the
chondrocytes through autocrine/paracrine stimulation which ultimately enhances linear
growth (Yakar and Isaksson 2016).
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Adapted from (Waters and Brooks 2015)
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Figure 1-4: (a) The GHR gene spans ~300kb on the short arm of chromosome 5. The coding
region is defined as exon 2 to 10 encoding a 638 aa protein that is divided into three domains:
an extracellular domain (ECD) consisting of two B-sandwich domains with a fibronectin type
Il topology encoded by exons 2-7; a single pass helical transmembrane domain (TMD)
mostly encoded by exon 8 and an intracellular domain (ICD) encoded by exons 9 and 10. (b)
Schematic of the crystal structure of GH and the GHR (adapted from (Waters and Brooks
2015). GH, which comprises a four helix bundle structure, binds the dimerized GHR through
asymmetrically positioned binding sites (site 1 and 2) stabilized by the extracellular receptor-
receptor dimerization domain (DM). The binding of GH results in the rotation of one subunit
of receptor relative to the other; this structural change is transmitted to the intracellular
domain (ICD) through the TMD which ultimately results in the repositioning of the associated
JAK2 to Box 1. JAK2 activation will lead to tyrosine phosphorylation (Y) on the intracellular

domain, initiating several signaling pathways.
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Adapted from (Waters and Brooks 2015)

A schematic of the cytokine receptor domain structure, including the disulphide bond-linked
cysteines (black thin lines) in the extracellular domains (three pairs for GHR and one free
cysteine); the conserved WSXWS motif adjacent to the transmembrane domain (YGEFS for
GHR); Box 1 and Box 2 sequences in the intracellular domain. The receptors of the class |
cytokine family can form homodimers or heterodimers and common subunits shared

by heteromeric receptors are indicated.
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Figure 1-6: Major signaling pathways of GH
Adapted from (Brooks and Waters 2010b)

Representation of the major signaling pathways in response to GH stimulation: the canonical
JAK2-STATS pathway as well as the PIBK-AKT, MAPK/ERK and the SRC pathways. The

relative activation of each pathway is dependent on the cell type.
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Figure I-7: GHR gene organisation

(a) Fourteen mRNAs for the full-length GHR are produced from the human GHR gene due to
multiple 5’UTR variant (V) exons and alternative splicing. They all splice into the same site
11bp upstream of the translation start site in exon 2 and, thus, code for the same protein. (b)
The GHR gene is located on the short arm of chromosome 5. Exons 2-10 code for the GHR
protein. Seven of the non-coding variant (V) exons are clustered in 2 small regions defined as
Module A (~1.6kb) and Module B (~2kb). VA-VD and V3a/b/VE exons are found between

the two Modules. V5 is adjacent to the first coding exon, exon 2. V6 was an artifact.
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CHAPTER I

Clinical studies have shown that the abnormal growth of children with Idiopathic Short
Stature is due to growth hormone insensitivity. Their endocrine profile suggests a lower
abundance of the GHR at the surface of target cells. In this chapter, | have conducted a case-
control study with pediatric and adult short stature to investigate if sequence variants in the

human GHR gene regulatory regions are associated with this phenotype.

(J Cell Mol Med 21(11): 2985-2999, 2017)
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1. ABSTRACT (250 words)

Background: GH plays an essential role in the growing child by binding to the GH receptor
(GHR) on target cells and regulating multiple growth promoting and metabolic effects.
Mutations in the GHR gene coding regions result in GH insensitivity (dwarfism) due to a
dysfunctional receptor protein. However, children with idiopathic short stature (ISS) show
growth impairment without GH or GHR defects. We hypothesized that decreased expression
of the GHR gene may be involved.

Aims: To investigate whether common genetic variants (microsatellites, SNPS) in regulatory
regions of the GHR gene region were associated with the ISS phenotype.

Methods/Results: Genotyping of a GT-repeat microsatellite in the GHR 5’UTR in a Montreal
ISS cohort (n=37 ISS, n=105 controls) revealed that the incidence of the long/short(L/S)
genotype was 3.3x higher in ISS children than controls (p=0.04, OR=3.85). In an Italian
replication cohort (n=143 ISS, n=282 controls), the medium/short(M/S) genotype was 1.9x
more frequent in the male ISS than controls (p=0.017, OR=2.26). In both ISS cohorts,
logistic regression analysis of 27 SNPs showed an association of ISS with rs4292454, while
haplotype analysis revealed specific risk haplotypes in the 3° haploblocks. In contrast, there
were no differences in GT genotype frequencies in a cohort of short stature (SS) adults vs.
controls (CARTaGENE: n=168 SS, n=207 controls) and the risk haplotype in the SS cohort
was located in the most 5° haploblock.

Conclusions: These data suggest that the variants identified are potentially genetic markers

specifically associated with the ISS phenotype.

KEY WORDS: Growth hormone receptor, ISS, short stature, GT microsatellite, SNPs,
haplotype.
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2. INTRODUCTION

The growth hormone (GH)-insulin-like growth factor 1(IGF-1) axis is recognized as a
key regulator of normal musculoskeletal development in the child. If any member of this axis
is defective, the result is a short stature phenotype (Wit and de Luca 2016). Loss-of-function
mutations in the GH receptor (GHR) gene are a prime example since the ability of GH to
exert its pleiotropic effects is contingent on the availability of its receptor at the surface of
target cells (David et al. 2011). Individuals with a dysfunctional GHR or loss of GHR do not
respond normally to GH: they are not only extremely short, they have decreased bone mineral
density and increased adiposity, with a greater risk of osteoporosis, lipid disorders and
cardiovascular disease (Bachrach et al. 1998; Benbassat et al. 2003; Savage et al. 2006).

However, in ~60-80% of childhood short stature cases (defined as a height z-score
below -2 SD) no etiology can be found; the children have normal birth length, are GH
sufficient and there is no evidence of systemic, endocrine, nutritional or chromosomal
abnormalities (Cohen et al. 2008; Oostdijk et al. 2009). These individuals are defined as
having idiopathic short stature (ISS). This is a heterogeneous population. Approximately
half will be subcategorized as having ‘constitutional growth delay’: their pubertal
development and growth spurt are delayed but, when they do occur, due to increased
production of sex steroids, average final height is achieved (Cohen et al. 2008; Wit and de
Luca 2016). A smaller percentage will be diagnosed with familial short stature as their
predicted final heights are within the expected range for parental target height. The remaining
children, who never achieve a “catch-up” growth and who have limited responsiveness to GH
therapy, represent ~1-2% of populations worldwide (Bryant et al. 2007; Collett-Solberg 2011;
Deodati and Cianfarani 2011).

One previous explanation for ISS was GHR haploinsufficiency. However, when the
GHR coding exons were examined for heterozygous deleterious mutations, only 2-5% of ISS
individuals were found to have coding sequence changes and most of these were not
functionally significant (Bonioli et al. 2005; Goddard et al. 1995; Hujeirat et al. 2006). On
the other hand, serum levels of GH binding protein, the product of enzymatic cleavage of cell-
surface GHR, are often low and ~20% of ISS children have levels >2 SD below the mean,
suggesting that tissue levels of GHR are chronically low. Additional evidence comes from
studies of the African Baka pygmies. These individuals, who have a similar phenotype and

endocrine profile as the ISS children, show a ~80% decrease of GHR mMRNA in their
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lymphocytes (Bozzola et al. 2009). Together these data suggest low transcription of the GHR
gene may be occurring.

Height is a complex polygenic trait with a high heritability estimate (h?~0.80-0.90)
(Perola et al. 2007; Silventoinen et al. 2003). Since 2007, an increasing number of gene
variants have been shown to be associated with height variation in the general population
(Gudbjartsson et al. 2008; Lango Allen et al. 2010; Lettre et al. 2008; Weedon et al. 2008;
Weedon et al. 2007; Wood et al. 2014). The most recent GWAS identified 697 common
variants that explain ~16% of the adult height variation and implicate many genes and
pathways important for skeletal growth (Wood et al. 2014). Surprisingly, the early reports,
including the initial study from the GIANT consortium, did not find any association of
common genetic variants in GH/IGF-1 axis genes with adult height variation (Lango Allen et
al. 2010; Lettre et al. 2007; Weedon et al. 2007). Only the later use of more dense gene-
centric arrays revealed significant associations with some axis members, including GHR: two
SNPs, rs17574650 in intron 1 (MAF<3%) and rs6180 in exon 10, were identified within the
GHR locus (Lanktree et al. 2011; Wood et al. 2014).

One explanation for the relative lack of detection of the GHR gene is that sampling of
population height in previous studies has generally excluded the extreme tails of the normal
distribution. In addition, most of the common variants identified through GWAS studies have
a small effect size and, thus, cannot explain all of the height variation. To understand this
‘missing heritability’, other classes and possible combinations of genetic variations need to be
explored, including microsatellites (Eichler et al. 2010; Hannan 2010). Microsatellite
polymorphisms are a ubiquitous class of simple repetitive DNA sequences (Kelkar et al.
2010). For example, the (GT), repeat is frequently observed in the human genome; population
studies show high mutability due to slippage, leading to complex polymorphic characteristics
(Bhargava and Fuentes 2010; Lee et al. 1999). Interestingly, the length of the GT repeat in
promoter regions has been shown to modulate flanking response elements in several genes
(Chen et al. 2016b; Gao et al. 2004; Hata et al. 2000; Itokawa et al. 2003b; Lapoumeroulie et
al. 1999; Searle and Blackwell 1999). We previously reported that the GT repeat in the GHR
V9 promoter region is a microsatellite polymorphism, with 19-32 repeats in the general
population (Hadjiyannakis et al. 2001).

In the present study, we have tested the hypothesis that GHR, because of its important
position within the GH/IGF-1 axis, has a role in the occurrence of ISS. To do this, we have
analyzed both the V9 microsatellite polymorphism as well as multiple SNPs within the GHR

locus in two ISS cohorts and a cohort of short stature (SS) adults, along with their respective
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controls, to determine if there is a GHR regulatory haplotype associated with the ISS
phenotype.

3. MATERIALS AND METHODS

A. Study populations

The Montreal ISS cohort was comprised of 37 ISS children recruited from the
Montreal Children’s Hospital (MCH) and I’Hoépital Ste-Justine (HSJ) from 2009 to 2010
(Table 11-1). The major ISS inclusion criterion was a height score (SDS or Z-score) < -2 SD
and normal stimulated (clonidine, arginine) GH levels (cut-off values of 5 [MCH] and 6.5
[HSJ] ug/L), with no evidence of organic disease, malnutrition, psychosocial issues,
intrauterine growth retardation (IUGR) or hypothyroidism. We also obtained genomic DNA
from 105 adults with normal final adult heights; these individuals were initially enrolled in the
Type | Diabetes Susceptibility Study but are non-diabetic. Exclusion criteria for the adults
included IUGR, small for gestational age (SGA), a childhood co-morbid disease or specific
syndromes.

Genomic DNA samples from the Novara cohort have been described elsewhere (Fusco
et al. 2016). Briefly, 143 ISS children, along with 282 normal stature healthy children
matched for age and sex, were recruited by the Unit of Paediatrics of the Department of
Health Sciences of Novara (Italy) (Table 11-1). Criteria for ISS diagnosis were similar to the
Montreal ISS cohort, including a height SDS < -2 and GH sufficiency (cut-off value of 8
Mg/L).

CARTaGENE is the largest population biobank in Quebec, with ~20,000 recruits aged
40-69 years at the time that our study was initiated (www.cartagene.qc.ca) (Awadalla et al.
2013); the participants represent a random selection of individuals residing in the
metropolitain areas of Quebec. Our CARTaGENE cohort consisted of 168 short stature (SS)
individuals with a final height corresponding to severe short stature (males: maximum height
of 159 cm, -2.4 SDS; females: maximum height of 147 cm, -2.47 SDS) and 207 controls of
average height (30™-70™ percentile [~+0.5 SDS]: males were 173-180 cm; females were 160-
167 cm) (Table 11-1). There were no data available on whether the SS individuals had ever
been diagnosed with ISS.

Recruitment of these patients was approved by local institutional review boards,
including the Azienda Ospedaliera Universitaria Maggiore della Carita for the Italian cohort,
the Research Ethics Committee of CHU Ste-Justine for CARTaGENE participants, and the
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Research Ethics Boards at both CHU Ste-Justine and the McGill University Health Centre for
the Montreal ISS cohort. In all cases, information on the recruits was anonymized prior to
receiving the DNA samples for analysis. The majority (>95%) of the subjects in the three
cohorts were from European ancestry. Asian, African and South American individuals were
excluded to minimize stratification of the genetic results.

Analyses were also carried out on a pool of the two ISS cohorts. In addition, we
created a pool of Montreal and CARTaGENE adult controls that conformed to the 30™-70™
height percentiles on the WHO Growth Charts for Canada (2014; www.whogrowthcharts.ca).

B. Microsatellite genotyping

The GT microsatellite from the GHR V9 promoter region (chr5:42424274-42424321
hgl9 Genome Assembly) was genotyped using fluorogenic probes followed by capillary
electrophoresis (ABI Genetic Analyzer 3730 XL, Life Technologies, Foster City, CA, USA)
to discriminate allele size (ABI GeneMapper Version 4.1). Primers were designed to amplify
a 155 bp fragment containing a 24 GT repeat that was used as reference; deviation from this
size allowed us to deduce the GT length of the different alleles (e.g. 157 bp = 25 repeats). The
primers (Forward: 5’-6-FAM-TCCTCCTTGCGAAGAAGTTG-3" and Reverse: 5’-
GTGTGATGGTTCGTCTGTCG-3’) were used in a PCR reaction with Phusion enzyme
(ThermoFisher Scientific, MA, USA) and 3% DMSO at an annealing temperature of 60°C.
Samples were then processed and analyzed at the Genotyping Platform at Génome Québec
(Montreal, QC, Canada).

We classified the alleles arbitrarily into 3 categories in order that the cut-offs fall at ~+
1SD around the median. Thus, the shortest (S) alleles were <24 repeats (representing ~16% of
the individuals), the medium (M) alleles were 24-28 repeats (~68%), and the longest (L)
alleles were >28 repeats (~16%) (Table 11-S1).

C. SNP selection

27 SNPs with minor allele frequencies >5% were selected to span the GHR gene
region from ~200kb upstream of the major GHR (V2) transcriptional start site to ~120kb
downstream of the 3’UTR (Tables 11-S3 and 11-S4). We prioritized SNPs previously shown
to be in association with height (de Graaff et al. 2013; Lettre et al. 2007; Wood et al. 2014),
transcription regulation (Verlaan et al. 2009) or disease risk (e.g. non-small cell lung cancer
(Van Dyke et al. 2009) or prostate cancer (McKay et al. 2007)).
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D. SNP genotyping and quality control

Genotyping was performed at Génome Québec using Sequenom iPLEX Gold
Technology and the MassARRAY system (Agena Biosciences, CA, USA). To assess
robustness of the technology ~20% of the total samples were replicated with 100% success
rate. Quality controls were conducted prior to the analysis: all variants used for association
analysis had a genotyping efficiency call rate >95% and showed no departure from Hardy-
Weinberg Equilibrium in combined controls and cases (p>0.001) and in controls and cases
separately. A table of the SNP probes is available on request.

E. Statistical analysis

Allelic frequency calculations of the GT polymorphisms were performed using
GraphPad Prism v7.0 software (La Jolla, CA, USA). Significance was calculated using 2 x 2
contingency tables and Fisher's exact tests to obtain p-values, odds ratios (ORs) and 95%
confidence intervals (95% ClIs) as well as two-tailed unpaired t-tests and 2-way ANOVA:s.
Bonferroni corrections were applied following Fisher exact tests to account for the multiple
testing of the GT genotype categories (p-corr <0.01 [0.05/5] and sex p-Corrsy <0.005).
ANOVA tests were followed by a Tukey post-hoc test; p<0.05 was considered significant.
For case-control single marker as well as haplotype logistic regressions, we used the PLINK
v1.07 software package (Barrett et al. 2005). Results of the logistic regression were adjusted
for sex but also calculated for each gender separately. The GT genotypes were also used as
covariates in the regression analysis after coding them as dummy (binary) variables. Two
genetic models were tested: additive and recessive (Bush and Moore 2012). Measures of
pairwise LD between SNPs (D’ and r°) and LD plots were computed using Haploview v4.2
(Broad Institute, Cambridge, MA, USA) and haplotype blocks were defined using the solid
spine algorithm of LD (D’>0.8). Because of strong LD between certain SNPs in our panel,
we used Haploview’s Tagger software with a pairwise approach (r* >0.8) to calculate that 18
SNPs represented the effective number of independent SNPs to use in the Bonferroni
correction method for multiple comparison. For single marker analysis, the significant p-value
after correction by the number of effective SNPs was p-corr <0.0028 (0.05/18). For

haplotype analysis, a permutation procedure was applied to correct for multiple comparisons.
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4. RESULTS

A. Specific GT microsatellite genotypes are associated with Idiopathic Short Stature.

The GHR gene spans ~300kb on chromosome 5 (Fig. 11-1A) (Barton et al. 1989b;
Godowski et al. 1989). The coding region is defined by exons 2-10 where exon 2 contains the
translation start site (Leung et al. 1987). Fourteen different GHR mRNAs encoding the full-
length GHR have been reported to date (Goodyer et al. 2001a; Orlovskii et al. 2004;
Pekhletsky et al. 1992; Wei et al. 2006). They each have a unique 5’UTR, derived from
different first exons, but all splice into the same site in exon 2, 11bp upstream from the ATG
translation start site and, thus, code for the same protein.

A (GT), repeat polymorphism is located in the proximal promoter of V9, one of the
major ubiquitously expressing GHR 5’UTR exons (Figs. 11-1C-D). This was genotyped in all
three of our cohorts (Fig. 11-2). The allelic distribution profile was similar across the cohorts
and showed a (GT) repeat number ranging from 15 to 37, with a median average at 26 and an
isolated peak at 19 (Figs. 11-2A-B, 11-2D-E, 11-2G-H). The repeat length cutoffs for allelic
categorization were defined arbitrarily as <24 repeats for the short (S) alleles, 24-28 for the
medium (M) and >28 for the long (L) alleles; there were no significant differences in the
frequencies of each category (S, M, L) amongst the three populations (Table 11-S1).
Following allele classification, we could attribute to each individual one of the six bi-allelic
genotypes: L/L, L/M, L/S, M/M, M/S or S/S. Genotype distribution frequencies are shown for
each cohort in Figs. 11-2C, 2F and 21 and Table S2.

The Montreal ISS children showed a nominally significant 3.3-fold increase in L/S
genotypes compared to their adult controls (Fig. 11-2C) (Fisher exact test: p=0.04, OR= 3.85,
95% CI=1.28-12.92). Interestingly, the Montreal ISS L/S genotype carriers had a
significantly lower average height z-score at diagnosis when compared to the non-L/S
children: -3.16 + 0.79 vs. -2.5 £ 0.37 (two-tailed unpaired t-test: p=0.0026) (Fig. 11-S1A).
The ISS individuals also showed an association between the GT genotypes and the height z-
score at diagnosis, with the L/S genotype carriers being the shortest and the S/S the tallest,
with a significant difference between the L/S and M/S carriers (one-way Anova and Tukey
post-hoc test: p=0.026) (Fig. 11-S1A). At the time of recruitment, the L/S genotype children
tended to remain clustered at the lowest part of the growth curves whereas the other genotype
categories showed a percentage of individuals showing catch-up growth (>3™ percentile) (Fig.
11-S1B). In the Novara replication ISS cohort, there were 1.5-fold more M/S genotype carriers
than in the normal height control children (Fig. 11-2F) (Fisher exact test: p=0.053, OR=1.64,
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95% CI=1.02-2.69). This difference was shown to be driven by the males (Fisher exact test:
p=0.017, OR=2.26, 95% CI=1.19-4.26) although this was only nominally significant after
correction for multiple comparisons and sex (Fig. 11-S2). There were no differences in
average height scores at the time of diagnosis between subjects of the M/S genotype
compared to non-M/S carriers; there was no information available on heights at the time of
recruitment.

To validate the significance of our results in the two ISS cohorts, and because of the
potential bias in the Montreal cohort due to a high proportion of female adult controls, we
performed an analysis using a pool of control adults (composed of the CARTaGENE controls
and a matching restricted set of Montreal adult controls [30"-70" percentile]). For the
Montreal ISS group, the result confirmed the L/S genotype as being significantly associated
with the ISS phenotype (Fisher exact test: p=0.004, OR=4.9, 95% CI1=1.88-13.39). For the
Novara ISS cohort, there were still more males presenting with the M/S genotype than in the
male controls (Fisher exact test: p=0.038, OR=2.1, 95% Cl=1.14-4.03) although this
difference was only nominally significant.

We subsequently pooled the two ISS groups and used the same control adult pool.
Again, there were more subjects with the M/S genotype in the ISS group (Fisher exact test:
p=0.055, OR=1.6, 95% CI=1.02-2.52) and this was driven by the males (Fisher exact test:
p=0.0265, OR=2.08, 95% CIl=1.14-3.96), similar to what we found in the original Novara ISS
cohort. Interestingly, there were 2.3 times more females presenting with the L/S genotype in
the pooled ISS cohorts compared to the pooled controls (9.8% vs. 4.3%, respectively) but this
result did not reach significance.

For the CARTaGENE SS cohort, no significant genotype frequency differences were
observed between the short stature adult group and their controls even when the sexes were
analyzed separately. It is noteworthy that the homozygous L/L and S/S genotype frequencies
were the lowest across all three cohorts; there were no significant differences between the
sexes (Figs. 11-2C, 11-2F, 11-21).

B. Common variants in the GHR gene region are associated with idiopathic short

stature.

To assess the association of common variants (MAF>5%) in the GHR gene region
with short stature, we selected a panel of 27 SNPs that were previously used in different
association studies (Tables 11-S3 and 11-S4) (de Graaff et al. 2013; Lettre et al. 2007; McKay
et al. 2007; Van Dyke et al. 2009; Verlaan et al. 2009; Wood et al. 2014). Logistic regression
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analyses were conducted using additive or recessive penetrance models within each of our
three cohorts and the most significant association results are shown in Tables 11-2 and 11-3 as
well as Fig. 11-3. Because height is sexually dimorphic in humans, we also analyzed male
and female groups separately.

In the Montreal ISS cohort, two SNPs showed the strongest association with the ISS
phenotype: (i) the A allele of rs4273617 in intron 5 (*p=0.0003, OR=4.8) and (ii) the T allele
of rs6873545 in intron 3 (*p=0.0025, OR=3.3); these remained significant after correction for
multiple comparisons (Table 11-2 and Fig. 11-3A). The latter SNP, rs6873545, has been used
to tag a common deletion that removes GHR exon 3 (Lettre et al. 2007). During evolution, a
homologous recombination event resulted in GHR alleles in ~35% of humans that differ by
the deletion of exon 3 (3-) (Pantel et al. 2000). In the present study, heterozygous (3+/3-)
individuals in the Montreal ISS cohort represented ~32% of the total cohort and no children
were homozygous for the exon 3 deletion; these results were confirmed by multiplex PCR
assays (data not shown).

When the Montreal ISS cohort was analyzed using the larger pool of control adults,
rs4273617 remained significant (A: *p=0.001, OR=3.2) and rs12153009 became significant,
with a recessive penetrance (A: *p=0.001, OR=7.1) (Table 11-3). These two SNPs delimit a
cluster of nominally significant SNPs spanning ~141kb, from ~12kb upstream of the V5
5’UTR exon to intron 5 of the GHR gene.

When we compared regression analyses for the Montreal and Novara ISS cohorts that
used the same pooled adult control group (Table 11-3), two SNPs were replicated. Not only
was there an increased risk associated specifically with the Novara males carrying the G allele
of rs12233949 (p=0.013, OR=2.1) but the Montreal ISS risk allele (C) was now nominally
significant (p=0.029, OR=1.9). In addition, rs4292454, also in intron 2, was significant for
both ISS cohorts: the major T allele in the Montreal group was the risk allele (p=0.015, OR
2.1) while the minor C allele was the risk allele in the Novara ISS (p=0.007, OR 2.0). When
the Montreal and Novara ISS cohorts were pooled and compared to the pooled adult controls
(Table 11-3), the risk C allele of rs4292454 remained significant in the recessive model
(p=0.027, OR=1.7). Thus, rs4292454 showed the strongest association with the ISS
phenotype.

In addition, in the Novara ISS cohort, four SNPs were nominally significant in the
recessive model; the same SNPs showed similar association strengths in the CARTaGENE SS
female cohort in the additive model (Table 11-2). However, the allelic effects were opposite:

minor alleles were protective in the Novara ISS cohort whereas major alleles were increasing
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the risk in the CARTaGENE SS female cohort. The first three SNPs are clustered in the V2-
V9-V3 region (Fig. 11-1C) whereas rs2972419 is located in intron 1 (Table 11-S3). This last
SNP has been associated with pygmy short stature, with a higher proportion of the ancestral
allele (G) in the pygmy population compared to non-pygmies, and with the derived allele (A)
associated with taller stature (Becker et al. 2013). In the Novara cohort, the minor allele A
showed a nominal association with the ISS phenotype but it had a protective odds ratio
(p=0.024, OR=0.2). We looked for an effect on increased height in the Novara ISS children
who were carrying the A allele (~45%), but did not observe a significant association with a
higher height z-score; in addition, there was no significant difference between the z-scores of
the three children with the AA genotype (-2.0 £0.11 [M£SD]) and those of the total ISS group
(-2.3+0.4). Thus, it is unlikely that this SNP is a major influence on the ISS phenotype.

For the CARTaGENE SS females, the major G allele of rs2972419 was associated
with an increased risk of being short (p=0.031, OR=2.0) (Table 11-2). However, the G allele
was not associated with a smaller height z-score in the female group. The most significant
SNP in the CARTaGENE SS cohort was rs666581 (A allele: p=0.024, OR=1.9) which is
located in the distal promoter ~200kb upstream of the GHR V2 transcription start site (Fig. I1-
3C, Table 11-S3), downstream of a IncCRNA.

In order to assess a possible GT-SNP combinatorial effect, we conducted an
independent set of logistic regression analyses adjusted for each GT genotype (data not
shown). Using the GT genotypes as covariates did not alter the association results indicating

that none of the GT genotypes have a significant effect in combination with our tested SNPs.

C. Haplotype variation in the GHR gene region and differences in the ISS and SS

cohorts.

The GHR gene region has a relatively simple haplotype structure comprised of several
large LD blocks (McKay et al. 2007). When we defined the LD structure of the GHR gene in
the three cohorts based on our 27 genotyped SNPs, each group displayed a specific
architecture, from 5 blocks in the Montreal and Novara ISS cohorts (Figs. 11-3A-B and 11-
4A-B) to 4 blocks in the CARTaGENE SS group (Figs. 11-3C and 11-4C). The first 2 blocks
span ~370kb of the GHR gene locus, comprising the distal promoter and 5’ untranslated
region. The third block (fourth for the Novara ISS cohort) contains the V5 promoter and V5
exon, exon 2 and intron 2. The last block (blocks 4 and 5 for Montreal ISS) starts from intron

3 and spans the remainder of the GHR coding region to downstream of the 3’UTR.
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The two ISS cohorts showed significant haplotype variations in the last blocks: 4 and
5 for the Montreal ISS and 5 for the Novara ISS (Figs. 11-4A-B). In the Montreal ISS cohort,
the most significant risk haplotype was in block 4 (Fig. 11-4A): the TTA haplotype (formed
by the major alleles of rs4292454, rs6873545 and rs6886047) represented half of the
haplotypes in block 4 and was associated with an increased risk of 2.5 times for the ISS
phenotype (p=0.0043, OR=2.5, 95% CI=1.33-4.72; p=0.04 after permutation test) ; it is
noteworthy that the rs4292454 and rs6873545 major T alleles were associated with the ISS
phenotype as single markers (Tables 11-2 and 11-3). A second risk haplotype in block 5,
AATT, was significantly associated with the 1SS phenotype (p=0.043, OR=2.0, 95% CI=1.02-
3.91) and included SNPs spanning from intron 5 (rs4273617) to ~120kb downstream of the
GHR 3'UTR. In the Novara ISS group, individuals presenting with the TAGAT haplotype in
block 5 showed a nominally increased risk for being ISS (p=0.038, OR=3.4; 95% CI=1.07-
11.04); this haplotype was rare, as the frequency was 0.9% in the controls and 2.8% in the ISS
group (Fig. 11-4B). In the CARTaGENE SS cohort, an at-risk promoter haplotype in block 1
was nominally significant (p=0.046, OR=1.8, 95% CI=1.01-3.13) with no difference between
the sexes (Fig. 11-4C).

5. DISCUSSION

Our study examined the possible association of two types of genetic variations within
the GHR gene locus, a GT microsatellite and SNPs, with the ISS phenotype. Our first goal
was to investigate the highly polymorphic GT repeat located in the core promoter of the V9
5’UTR in a small exploratory cohort of ISS children and control adults recruited in Montreal.
Genotyping demonstrated a high heterogeneity of the alleles, with lengths ranging from 15 to
37 repeats, confirming what we had previously shown in the general population
(Hadjiyannakis et al. 2001). In addition, we identified a specific L/S genotype as being
significantly more represented in the Montreal ISS cohort than adult controls. Interestingly,
we also found that L/S children were the shortest group at the time of diagnosis and that none
of the L/S children showed signs of catch-up growth compared to non L/S children at the time
of recruitment.

To validate these results, we examined the GT microsatellite in a larger cohort of ISS
children from Novara, Italy (Fusco et al. 2016), separately as well as in combination with our
Montreal ISS group. In the Novara cohort, there were 1.9 fold more M/S males within the

ISS group than in the control male children; when we combined the two ISS groups and
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compared them with adult controls, this result was confirmed but was only nominally
significant. In contrast, the L/S genotype was more frequent in the female ISS group,
although this result also did not reach significance. The absence of an association of a GT
genotype with short stature in the CARTaGENE adult cohort suggests a possible specificity
of this polymorphism for the ISS phenotype.

Although our study is the first to indicate potential sex-specific differences for
association of a microsatellite in GHR with the ISS phenotype, a CA repeat in the IGF-1 gene
promoter has previously been associated with short stature as well as constitutionally tall
stature in a sex-specific manner (Hendriks et al. 2011; Rietveld et al. 2004). In the future, it
would be of interest to investigate, in parallel, the GHR GT and the IGF-I CA repeat
polymorphisms (and potentially others within the GH-IGF-1 axis genes) to determine if there
are separate or combinatorial mechanisms regulating the growth of ISS children.

Microsatellites represent ~3% of the human genome, with AC/GT repeats the second
most common form. Promoter microsatellites, by expanding and contracting in length, are
often polymorphic, mainly due to slippage during DNA replication (Sawaya et al. 2012a).
They are found non-randomly distributed at a high density within promoters and, the more
proximal they are to the transcription start site, the more likely it is that they are conserved
(Sawaya et al. 2012b). Our V9 GT microsatellite is highly conserved in primates as well as
the cow, the rat, the mouse and even the opossum, although the number of GT repeats varies
across these species (UCSC browser).

Because their main location is within non-coding DNA, microsatellites have been
traditionally considered to be neutral markers. However, many recent reports have shown that
these polymorphic repeats can modulate gene transcriptional activity, particularly of genes
involved in the regulation of growth and development (e.g. PAX-6, COL1A2, gamma gene
IV52S) (Akai et al. 1999; Gemayel et al. 2012; Lapoumeroulie et al. 1999; Okladnova et al.
1998). Modulation of promoter activity by these microsatellites can ultimately lead to
phenotypic alteration and disease states (e.g. NRAMP1, COL1A2, GRIN2A, STAT6, heme-
oxygenase 1) (Chen et al. 2016b; Gao et al. 2004; Hata et al. 2000; Itokawa et al. 2003b;
Searle and Blackwell 1999). For example, specific GT genotypes in the promoter of the HO-1
(heme-oxygenase 1) gene have been linked to altered transcriptional activity (Chen et al.
2002; Hirai et al. 2003), due to modulation of flanking response elements (Chen et al. 2016b),
and are associated with increased risk for several different diseases (cardiovascular disease,
rheumatoid arthritis, type 2 diabetes mellitus, cancers) (Bao et al. 2010; Daenen et al. 2016;

Kikuchi et al. 2005; Rueda et al. 2007). The cis-regulatory effects may also be explained, in
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part, by the intrinsic property of the GT repeat sequences to form an alternative Z-DNA
structure, primarily due to the alternation of purine-pyrimidine nucleotides (Rich and Zhang
2003; Wang and Vasquez 2007). The left-handed Z-DNA motif has been found to modulate
promoter activity, likely due to the binding of specific Z-DNA binding proteins (Ray et al.
2011; Searle and Blackwell 1999). We are presently investigating the biological significance
of the V9 GT microsatellite and its potential impact on GHR expression.

Many investigations have examined the SNPs associated with variation in height,
primarily through GWAS studies of adults (Gudbjartsson et al. 2008; Lango Allen et al. 2010;
Lettre et al. 2008; Weedon et al. 2008; Weedon et al. 2007; Wood et al. 2014). In our study,
we focused on evaluating the possible contribution of common variants found within the GHR
locus in ISS children and SS adults at the extreme tail of the height distribution. We selected
a panel of 27 common SNPs (average MAF~27%) used in previous association studies that
showed a strong potential for having a functional impact on GHR gene regulation (de Graaff
et al. 2013; Lettre et al. 2007; McKay et al. 2007; Van Dyke et al. 2009; Verlaan et al. 2009).
Indeed, we found two, rs6873545 and rs4273617, for which the major alleles were
significantly associated with ISS in our Montreal cohort. Rs6873545 has been used as a tag
for exon 3 deletion in GHR; the minor 3- allele codes for a GHR that is missing 22 amino
acids in its extracellular domain, N-terminal to the GH binding domain (Pantel et al. 2000).
Although there have been controversies regarding the physiological role of the exon 3-
polymorphism, its major association appears to be restricted to an increased baseline height
and growth velocity during the first year of GH treatment in GH-deficient (GHD) children;
there was no relationship in non-GHD children, including ISS children (Wassenaar et al.
2009). Our study is in line with these results: the minor exon 3- allele was not associated with
the ISS phenotype in the Montreal or Novara children (even when they were combined) or the
SS phenotype in the CARTaGENE adults.

Interestingly, rs12233949 showed the same directional effect across the three different
cohorts, even though we saw the opposite risk allele in the Novara ISS cohort. Baas et al
(Baas et al. 2012) have reported similar opposite associations for three SLC2A1 SNPs in two
highly comparable populations. In addition, Lin et al (Lin et al. 2007) have observed what
they called a “flip-flop” phenomenon for SNPs in the COMT and GAPDH genes in two
different ethnic populations. This type of “flip-flop” association is difficult to explain but may
be due to different genetic backgrounds and haplotypes within each ethnic group (Lin et al.
2007).
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In addition, rs4292454 was consistently associated with ISS in the two ISS cohorts,
alone or combined, when compared to the pooled adult controls.  Both rs4292454 and
rs12233949 are located in intron 2 and are in low LD (r*~0.35 in the CEU population),
suggesting that this region could be a site of variation associated with ISS. GHR intron 2
spans ~63kb and contains multiple DNase | hypersensitive sites and ChlIP-validated binding
sites for transcription factors, including for CTCF, a polyfunctional regulator that can mediate
long-range chromatin looping and has been implicated in transcriptional regulation (Ong and
Corces 2014).

In order to investigate the possibility of a multiple marker effect associated with 1SS
and SS, we undertook a haplotype analysis in our three cohorts. Our results showed a
consistent association of the risk haplotypes located in the 3’ haploblocks of the GHR gene
with the ISS phenotype. These haplotypes encompass intron 2 to ~120kb downstream of the
GHR 3’UTR. In a previous haplotype-based analysis, the same region was shown to be
associated with prostate cancer risk in elderly men and with decreased BMI in the controls
(McKay et al. 2007). Interestingly, in the CARTaGENE cohort, the risk haplotype for the
adult SS phenotype showed a shift to the 5’ region of the GHR locus, >200kb upstream of V2.
The results of the haplotype analyses suggest distinct genetic variations for the ISS vs. SS
phenotype and potentially different mechanisms for regulating GHR expression.

CONCLUSION AND LIMITATIONS

The goal of the present study was to assess the potential role of the GHR gene in ISS
by examining two different types of genetic polymorphisms. Our case-control analysis
revealed a significant association of a GT microsatellite in the GHR promoter with ISS, while
SNP analysis showed a consistent direction of effect for one common variant in intron 2 of
GHR (rs4292454). There are two major limitations of this study: the size of the ISS cohorts
and the fact that the majority of our ISS participants were recruited before they had achieved
their final height. It is also important to recognize that, because the mean height of some of
our ISS individuals at diagnosis was <1 percentile, their short stature phenotype may not be
explained by only common variants in the GHR gene locus. When Chan et al. (Chan et al.
2011) examined cohorts of extreme short and tall stature, they found that common genetic
variants associated with height in the general population are also associated with height of
individuals at the ~1% percentile but are less predictive at the most extreme end (~0.25
percentile, <-2.8 SDS). Finally, even though the participants of our cohorts were unrelated

and the majority was from European ancestry, we cannot exclude the possibility of a certain
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level of stratification that was not taken into account in this analysis. These findings underline
the necessity to look in larger ISS cohorts for additional genetic contributors (e.g. rare
variants, additional tandem repeats, structural polymorphisms, gene-gene or gene-
environment interactions) to better define the association of the GHR gene with the idiopathic

short stature phenotype.
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Table 11-1: Baseline characteristics of study participants.

Montreal Cohort

Novara Cohort

CARTaGENE Cohort

ISS Controls Controls? ISS Controls SS Controls
Total number of individuals 37 105 57 143 282 168 207
Sex Males 23 36 16 76 159 92 108
Females 14 69 41 67 123 76 99
Age® (years) Median [range] | 9.91[2.5, 14.5] 4328, 60] 42528, 58] 10.9 (5.1,17.8)¢ 50.34[41.1,69.5] 57.85 [40.3, 70.1]
Height z-score? (SDS) Median [range] | -2.49 [-4.56,-1.84]  -0.02[-1.83,1.57]  0.01 [-0.55, 0.57] -2.2[-46,-15] nla -2.675 [-3.83, -2.4] 0.01 [-0.49, 0.59]
Males -2.41[-3.81,-1.84]  -0.085[-1.36,1.57]  -0.01 [-0.55, 0.49] -2.2[-35,-1.5] nla -2.615 [-3.83, -2.4] -0.08[-0.49, 0.47]
Females -2.8 [-4.56,-2.09] -0.02[-1.83,1.38]  0.02 [-0.54, 0.57] -2.2[-46,-1.8] nla -2.49[-3.8, -2.47] 0.08 [-0.48, 0.59]

@

o

d

Montreal adult control group restricted to heights matching the CARTaGENE adult controls (30" -70™ percentile).

Age at diagnosis for the two ISS cohorts and age at enrolment for the CARTaGENE cohort.

Median (range) age for Novara ISS and control groups (age-matched controls) (34).

Height z-scores (Standard Deviation Scores) were calculated using the World Health Organization Growth Charts for Canada (2014). Height z-scores were established at the time of diagnosis

for the two ISS pediatric cohorts and at enrolment for the CARTaGENE adult cohort. n/a: not available
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Table 11-2: SNP association analysis of short stature in three different cohorts

Montreal 1SS Novara 1SS CARTaGENE SS

SNP Risk allele® Model®  Sex Pvalue® OR® 95%CI" |Riskallele Model Sex Pvalue OR 95%Cl [Riskallele Model Sex P value OR 95%CI
rs666581 C A B 0.248 34 0.43-26.47 C A F 0.352 15 0.63-3.73 A A B 0.024 1.9 1.09-3.29
rs3764451 C A B 0.695 1.2 0.53-2.58 C A F 0.140 1.7 0.85-3.28 C A M 0.232 14 0.80-2.54
rs66487711 T A B 0.253 3.3 0.42-26.06 T A F 0549 1.3 0.52-3.43 C A B 0.048 1.7 1.0-2.97
rs2940927 G R F 0.106 27  0.81-8.99 A R F 0.255 0.7 0.32-1.36 G A F 0.184 1.3  0.88-1.99
rs1876790 o A M 0.330 16  0.62-41 C R B 0.035 0.3 0.11-0.92 T A F 0.053 1.8 1.0-3.35
rs7732059 G A B 0.129 1.8  0.85-37 G A B 0421 12 0.82-161 C R F 0.062 32 0.9-10.8
rs2972400 A A M 0.352 16  0.6-4.13 A R B 0.036 0.3 0.11-0.93 G A F 0.053 1.8  1.0-3.35
rs4642376 T A M 0.491 14 0.54-3.58 T R B 0.035 0.3 0.11-0.92 G A F 0.053 1.8 1.0-3.35
rs1509460 A R F 0.106 2.7 0.81-8.99 c R F 0231 0.6 0.31-1.33 A A F 0.146 1.4 0.9-2.06
rs13171720 T R F 0.253 52 0.31-89.05 c A F 0.622 11 0.67-1.94 T R F 0.260 2.7 0.48-15.12
rs13156541 G A F 0.106 2.1 0.83-7.02 C A F 0.627 1.1 0.71-1.78 G R B 0.081 2.1 0.91-4.70
rs11744988 C A B 0.220 3.6 0.46-28.53 C A B 0441 1.3 0.71-2.19 T A B 0.047 1.7 1.01-3.02
rs2972419 A R B 0.562 0.5 0.06-4.70 A R B 0.024 0.2 0.07-0.83 G A F 0.031 2.0 1.06-3.61
rs2972393 A R B 0.043 0.3 0.10-0.96 G A B 0.288 1.2 0.88-1.53 G A F 0.170 14 0.88-2.07
rs4509029 G A F 0.129 1.8 0.84-3.90 G R B 0.298 1.3 0.79-2.12 G A F 0.095 1.4 0.94-2.19
rs4129472 A A F 0.288 1.9 0.59-6.04 A A F 0233 14 0.8-2.46 G R F 0.260 2.7 0.48-15.12
rs12153009 A R F 0.101 5.6 0.72-43.54 A R B 0.229 05 0.16-1.54 A R B 0.025 31 1.15-8.15
rs7735889 A A B 0.019 2.3 1.15-4.61 A A F 0475 1.2 0.76-1.81 G R B 0.081 21 0.91-4.70
rs12233949 C A B 0.080 1.7 0.94-3.12 G A M 0.054 1.8 1.0-3.12 C R B 0.043 2.8 1.04-7.50
rs4866941 G A B 0.009 2.8 1.29-6.09 A A M 0421 1.2 0.77-1.86 A A B 0.208 1.2 0.89-1.75
rs4292454 T A B 0.01 2.3 1.22-4.48 C A B 0.383 1.1 0.85-1.51 C R M 0.06 21 0.95-4.58
rs6873545 T A B 0.0025" 3.3 1.52-6.98 o R M 0424 0.6 0.20-1.98 C R B 0.418 1.4 0.65-2.83
rs6886047 A A B 0.0061 29 1.35-6.12 T R M 0239 05 0.13-1.67 T R B 0.544 1.3 0.60-2.66
rs4273617 A A B 0.0003" 4.8 2.07-11.14 G A M 0.304 1.3 0.82-1.92 G R B 0.324 1.5 0.69-3.08
rs6180 C A B 0.069 1.7 0.96-3.08 A A M 0.660 1.1 0.74-1.61 A A B 0.189 1.2 0.91-1.65
rs1559286 G A M 0.197 2.3 0.64-8.47 G R B 0.689 0.6 0.06-6.12 T A B 0.255 14 0.77-2.62
rs6880056 A A B 0.054 19 0.99-3.71 A R M 0.685 15 0.24-89 T A M 0.192 14 0.85-2.25
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Table 11-2:

# Risk allele: major or minor allele.

b Genetic model: A additive, R recessive.
¢ Sex: B Both, M Males, F Females.

4 p values were calculated using logistic regression analysis. Highlighted in bold are tests nominally significant (p<0.05) and those with asterisks are tests
that remained significant after Bonferroni correction (p<0.0028).

¢ OR: Odds Ratio
f 95% CI: 95% Confidence Intervals
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Table 11-3: SNP association analysis of idiopathic short stature vs. pooled adult controls.

Montreal +
Montreal 1SS* Novara ISS* Novara ISS?

SNP  Risk allele® Model° Sex®  Pvalue® OR" 95%CI¢ [Riskallele Model Sex P value OR 95%Cl [Riskallele Model Sex P value OR  95%Cl
rs666581 C A B 0.128 4.8 0.64-35.75 A A M 0.180 1.8 0.77-4.04 A A F 0.299 1.6 0.67-3.61
rs3764451 A B 0.227 15 0.77-2.99 A B 0.352 1.2 0.80-1.87 C A B 0.216 1.3 0.86-1.92
rs66487711 T A B 0.121 4.9 0.66-36.91 C A M 0.215 1.7 0.73-3.98 T A B 0.555 12 0.67-2.11
rs2940927 G A B 0.2 14 0.84-2.30 A R F 0.373 0.7 0.35-1.48 A R F 0.373 0.7 0.38-1.44
rs1876790 C R B 0.365 0.4 0.05-3.02 C R M 0.136 0.3 0.07-01.45 C R B 0.100 0.4 0.15-1.18
rs7732059 G A B 0.064 1.9 0.96-3.69 G A F 0.221 14 0.83-2.27 G A F 0.097 1.5 0.93-2.40
rs2972400 A A F 0.417 15 0.58-3.71 A R M 0.193 0.4 0.07-1.69 A A F 0.167 14 0.87-2.31
rs4642376 T R B 0.409 0.4 0.05-3.30 T R B 0.183 0.5 0.15-01.43 T R B 0.137 0.5 0.16-1.28
rs1509460 A A B 0.137 15 0.89-2.43 C R M 0.321 14 0.72-2.70 C R F 0.373 0.7 0.38-1.44
rs13171720 T R F 0.291 35 0.34-36.23 T R M 0.125 0.2 0.02-1.58 T R M 0.132 0.3 0.06-1.44
rs13156541 C A B 0.09 1.7 0.92-3.18 C A F 0.323 1.3 0.79-2.05 C A F 0.161 14 0.88-2.17
rs11744988 C A B 0.119 5.0 0.66-37.13 C A F 0.228 1.7 0.71-4.11 C A F 0.159 1.8 0.79-4.18
rs2972419 A R B 0.361 0.4 0.05-3.0 A R M 0.074 0.2 0.02-01.2 A R B 0.056 0.3 0.11-1.03
rs2972393 A R M 0.068 0.1 0.02-1.15 A R M 0.501 1.3 0.65-2.40 G A B 0.486 11 0.84-1.43
rs4509029 G A B 0.118 15 0.90-2.47 G R M 0.466 1.3 0.65-2.58 G R M 0.292 14 0.75-2.66
rs4129472 A A F 0.363 1.7 0.55-5.21 A A F 0.233 1.3 0.91-1.96 A A F 0.119 15 0.90-2.57
rs12153009 A R B 0.001* 7.1 2.22-22.82 G A M 0.255 14 0.79-2.39 A R B 0.119 2.2 0.82-5.90
rs7735889 A A B 0.023 2.2 1.11-4.16 G R F 0.282 1.7 0.66-4.15 A A F 0.389 1.2 0.79-1.83
rs12233949 C A B 0.029 1.9 1.07-3.40 G A M 0.013 2.1 1.17-3.76 G A M  0.162 14 0.87-2.29
rs4866941 G A B 0.009 2.7 1.28-5.54 A A M 0.164 14 0.87-2.25 G A F 0.464 12 0.76-1.81
rs4292454 T A B 0.015 2.1 1.16-3.85 C R B 0.007 2.0 1.21-3.25 C R B 0.027 1.7 1.06-2.75
rs6873545 T A B 0.014 2.3 1.19-4.47 C R B 0.408 0.7 0.32-1.59 C R B 0.157 0.6 0.25-1.25
rs6886047 A A B 0.022 2.2 1.12-4.15 T R M 0.261 0.5 0.12-1.76 T R B 0.101 0.5 0.22-1.15
rs4273617 A A B 0.001* 3.2 1.57-6.66 G R B 0.381 0.7 0.30-1.59 G R B 0.150 0.5 0.23-1.25
rs6180 C A F 0.118 2.0 0.84-4.80 C A M 0.709 1.1 0.71-1.64 C R B 0.551 11 0.73-1.80
rs1559286 G A M 0.106 2.3 0.84-6.29 G A M 0.628 1.2 0.53-2.84 G A M 0.303 1.5 0.71-3.03
rs6880056 T A B 0.089 1.7 0.93-2.96 A A B 0.656 1.1 0.74-1.60 T R B 0.446 15 0.52-4.41
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Table 11-3:

® For this analysis of the 1SS groups separately as well as combined, the controls were a pool of Montreal adult controls with restricted height
(n=57) and the CARTaGENE adult controls (n=207) (30"-70" percentile).
b Risk allele: major or minor allele.

© Genetic model: A additive, R recessive.

4 Sex: B Both, M Males, F Females.

¢ P values were calculated using logistic regression analysis. Highlighted in bold are tests nominally significant (p<0.05) and those with asterisks are tests
that remained significant after Bonferroni correction (p<0.0028).

fOR: Odds Ratio and ¢

95%CI:95%Confidencelntervals.
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FIGURE LEGENDS

Figure 11-1: GT microsatellite localization in the GHR gene. (A) The GHR gene spans
~300kb on the short arm of chromosome 5 close to the centromere. (B) Fourteen different
GHR mRNAs encoding the full-length GHR have been reported to date (not all first exons are
shown here). The coding region is defined by exons 2-10 where exon 2 contains the
translation start site. (C) Three of the exons transcribing ubiquitous GHR mRNAs (V2, V9,
V3) are located within a 1.6kb region of the 5UTR. (D) A GT repeat lies within the V9

promoter and is polymorphic in the general population (Hadjiyannakis et al. 2001).

Figure 11-2: (GT)n satellite polymorphism allele distribution and genotype frequency in
three different cohorts. (A-C) Montreal ISS, (D-F) Novara ISS and (G-1) CARTaGENE SS
vs. normal height controls for each cohort. All cohorts displayed similar allelic distribution
profiles with a median of 26 GT repeats. The Montreal ISS children showed a 3.3-fold
increase in L/S genotypes compared to their adult controls (Fisher exact test: p = 0.04). The
Novara ISS cohort had 1.5-fold more M/S genotype carriers than their controls (Fisher exact
test: p=0.053).

Figure 11-3: Association plot results (additive model) with short stature and haploblock
structure of the GHR gene region in each cohort. Upper panels were generated using
Locus Zoom (Pruim et al. 2010), the 1000 Genomes LD European population (Nov 2014) and
the hgl9 genome build as references. Association results from logistic regression analysis
(additive model) are shown as —log,, p values on the left y-axis for the 27 SNPs genotyped.

The most significant SNP is indicated as a purple diamond and the others are color-coded

. . . . 2 _—
according to the strength of their LD relationship as measured by r . Local recombination
rates are shown (blue line, scale on the right y-axis). The intron—exon structures of local genes

are provided below with direction of transcription and genomic coordinates in Mb. (A) In the

Montreal ISS cohort, rs4273617 in intron 5 was the most significant (p:3x10'4). (B) For the
Novara cohort, rs12233949 in intron 2 was found to be the most significant (p=0.075). (C)
For the CARTaGENE cohort, rs666581 >200kb upstream of V2 was nominally significant
(p=0.0237). Lower panels: LD plots showing haplotype blocks for each of the populations.
The heat map, based on D’ values, was drawn using the SNP panel genotyped data with the

Haploview software v4.2 using the solid spine algorithm.
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Figure 11-4: Haplotype analysis at the GHR locus. The upper panels represent the
haplotype block structure in each of the populations studied. The haplotype blocks were
determined using the solid spine algorithm from the Haploview software v4.2. Major and
minor alleles are represented by blue and red squares, respectively. Frequency of each
haplotype in cases and in controls are shown to the right of each haplotype and the D’ value
(indicating the level of linkage disequilibrium between two blocks) is also provided.
Connections from one block to the next are shown for haplotypes of >10% frequency with
thick lines and >1% frequency with thin lines. Each cohort displayed a specific haplotype
block architecture in the GHR gene region, from 5 blocks in (A) Montreal 1SS and (B) Novara
ISS to 4 blocks in (C) CARTaGENE SS. The lower panels show p value, OR (odds ratio)
and 95% CI results from haplotype logistic regression analyses. Frequencies (F) of each
haplotype in cases and in controls are also provided. In the Montreal ISS cohort (A),
association of a common risk haplotype, TTA in block 4 (OR=2.5, p=0.0043), remained
significant after correction for multiple testing (*p<0.05 after permutation test).
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Figure 11-2: (GT)n satellite polymorphism allele distribution and genotype frequency in three different cohorts.
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Table 11-S1: Relative frequencies (%) for each GT allele category for each cohort

Controls Cases
S M L S M L
Montreal 18 65 17 27 55 18
Novara 15 67 18 17 64 19
CARTaGENE 13 68 19 15 65 20

There were no significant differences in the frequencies of each category (S. M. L) amongst the three populations.
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Table 11-S2: Number of individuals per cohort and GT genotype

Montreal Montreal (filtered) Novara * CARTaGENE **
GT genotype|  Cases Controls Controls Cases Controls Cases Controls

LL 0 0 0 4 10 7 g

LM 6 30 18 41 63 44 51

L/S 7 6 2 7 17 7 10
MM 13 43 18 55 136 72 9
M/S g 20 13 36 48 30 32

SIS 2 6 6 2 11 7 6
Total 37 105 57 145 287 167 207

* For the Novara cohort, 2 cases and 5 controls have been excluded from the SNP analysis (see Table 1).
** For the CARTaGENE cohort, 1 case failed GT genotyping.

82



Table 11-S3: SNP panel information

MAF (1000 Genomes

rsID dbSNP147 Major:Minor Allele Position in GRCh37 browser) Location inthe GHR gene region
(1000 Genomes) hgl9 assembly European

15666581 CA 42152335 A: 0.062 > 200kb upstream V2

153764451 T:C 42398465 C:0.16 > 25kb upstream V2

1566487711 TC 42421689 C:0.07 proximal V2 promoter

152940927 GA 42422389 A:048 proximal V2 promoter

1s1876790 TC 42422855 C:0.19 core V2 promoter

157732059 GC 42423472 C:029 core V2 promoter

152972400 GA 42425830 A: 019 downstream of V3

14642376 GT 42432739 T:0.19 intron 1

151509460 AC 42433819 C: 048 intron 1

1513171720 CT 42442715 T:024 intron 1

1s13156541 * CG 42461964 G: 034 intron 1

rs11744988 CT 42474696 T:0.07 intron 1

152972419 GA 42483877 A: 018 intron 1 (associated with short stature in Pygmy population)

52972393 GA 42496257 A: 046 intron 1

4509029 GA 42506775 A: 05 intron 1

154129472 AG 42523172 G: 022 intron 1

rs12153009 GA 42553879 A:029 intron 1

157735889 AG 42562199 G: 031 proximal V35 promoter

1512233949 GC 42607461 C: 027 intron 2

154866941 GA 42617492 A: 030 intron 2

154292454 TC 42623245 C: 046 intron 2

156873545 TC 42631264 C: 031 intron 3 (used as a tag to genotype the GHR d3/fl polymorphism)

156886047 AT 42643200 T:0.30 intron 3

rs4273617 AG 42695471 G: 032 intron 3

156180 AC 42719239 C: 042 exon 10

151559286 TG 42752037 G: 0.05 ~25kb downstream of GHR

156880056 * AT 42847750 T:0.22 ~120 kb downstream of GHR

* CEU population ( Utahresidents with Northern and Western European ancestry from the CEPH collection)
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Figure 11-S1: GT genotype association with height z-score in the Montreal ISS cohort.

(A) At diagnosis, the association between the GT genotypes and the mean height z-score
showed a significant difference between the L/S and the M/S genotypes (one-way Anova
with Tukey correction: p=0.026) and between the L/S vs non-L/S genotypes (two-tailed
unpaired t-test: p=0.0026). (SEM: standard error of the mean)

(B) At enrolment, the percentage of individuals showing catch-up growth by reaching the 3"
percentile. None of the L/S genotype carriers reached the 3™ percentile while carriers of the
L allele (35% of the Montreal ISS cohort) showed the fewest number of individuals with
height catch-up.
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the M/S genotype compared to the normal height male controls (Fisher exact test: p=0.017),
a difference not observed in the female cohort (B).
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CHAPTER Il

It is well known that GH acts not only in the acquisition of longitudinal height but also in fat
metabolism. Individuals with GHI can present with a variable degree of obesity depending on
their endocrine profile. To investigate whether an increased obesity is observed in a cohort of

short stature adults, | performed a comparative analysis of different adiposity indices with
short stature vs normal height individuals and further investigated if obesity was a

confounding factor in the association of GHR gene polymorphisms with short stature.
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1. ABSTRACT (240 words)

Human Growth Hormone (GH) and its receptor (GHR) have significant effects on
both the acquisition of height and fat metabolism, but little is known about their role at the
extreme tails of height distribution. In the present study, we investigated the associations of
polymorphisms (SNPs, microsatellite) in GHR and other growth-related genes (HMGAZ2,
GDF5, IGF1, IGF1R and IGFBP3) with obesity in severe short stature individuals (<1%
percentile). Using a Canadian cohort, we compared severe short stature males and females
with normal height controls. Surprisingly, the short stature females exhibited significantly
higher levels of several anthropometric traits of obesity (e.g. body mass index [BMI]; waist or
hip circumference/height) than their male counterparts or controls (p<0.0002). Six SNPs
located in the GHR promoter were more strongly associated with height following adjustment
with BMI, fat mass index (FMI) or body adiposity index (BAI) only in the short stature
women. In addition, the M/L genotype of the GHR GT repeat microsatellite polymorphism
was significantly associated with almost all adiposity indices primarily in the short stature
females (p<0.009-0.0001). Finally, HMGA2 and GDF5 SNPs showed significant associations
only with the short stature women, with FMI the strongest confounding factor (p<0.003 and
0.009, respectively). In summary, our investigations revealed an increased risk of obesity in
severe short stature women. In addition, we found that three major growth-related genes,
GHR, HMGA2 and GDFb5, share associations with both extreme short stature and obesity-

linked anthropometric traits in a sex-specific manner.
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2. INTRODUCTION

The increasing prevalence of obesity is a global health challenge. The dramatic rise
has been attributed to more sedentary lifestyles combined with changes in food consumption
towards high-fat, energy-dense diets (Caballero 2007). However, obesity, like stature, is a
complex trait with a strong genetic component. In 2007, the discovery of FTO (fat mass and
obesity-associated) as a major obesity-associated gene paved the way for several other
genome wide association studies that, to date, have identified >150 loci associated with
obesity-related phenotypes (Sandholt et al. 2015).

Several studies have investigated the prevalence of obesity across height percentiles in
different populations and showed similar results (Bosy-Westphal et al. 2009; Hermanussen et
al. 2005; Lara-Esqueda et al. 2004): for example, in 2009, Bosy-Westphal et al. reported that,
in a large cohort of German adults, the frequency of obesity (body mass index [BMI] >30
kg/m?) gradually increased with decreasing height in both sexes (Bosy-Westphal et al. 2009).
Given these findings, it is surprising that little attention has been paid to Growth Hormone
[GH] and its potential role in the short stature link with obesity: GH is essential for normal
musculoskeletal development but also has important regulatory effects on lipid metabolism at
all stages of life.

GH functions by binding to its high-affinity receptor (GHR) on target cells and
activating intracellular signaling pathways that lead to changes in gene expression.
Individuals with low GH or GHR levels or a dysfunctional GHR are not only short, they have
increased adiposity and a greater risk of lipid disorders and cardiovascular disease (Savage et
al. 2006). Conversely, individuals suffering from GH excess have reduced fat depots
(Bengtsson et al. 1989; Reyes-Vidal et al. 2015). Clinical and experimental studies have
clearly demonstrated that GH is a major regulator of adipocyte proliferation, differentiation
and function in utero as well as postnatally, with an important effect on lipolysis. GHR are
present on both preadipocytes and mature adipocytes, and a significant up-regulation of GHR
gene expression occurs during adipocyte differentiation (Nam and Lobie 2000; Wabitsch et al.
2001; Wei et al. 2006). GH- or GHR-deficient newborns have well-developed fat depots and
they progress to obesity with age (Laron 2004a). Finally, GH treatments significantly reduce
body fat in GH-deficient individuals (Beauregard et al. 2008; Boot et al. 1997; Kamel et al.
1995). Thus, GH and its receptor are closely linked to both human height and adiposity.
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However, previous population studies have not investigated these pleiotropic
relationships in individuals at the extreme tails of height distribution. In the present study, we
examined severe short stature, using a Canadian cohort to compare adiposity in adults below
the 1% percentile on the growth curve with normal height (30" — 70" percentile) adults. We
first explored the relevance of BMI for detecting obesity in these two groups, as BMI has been
used extensively as a marker of the obese state. However, because questions have been raised
about the ability of BMI to predict obesity at the extreme tails of the height distribution (Lara-
Esqueda et al. 2004), we also investigated the efficacy of several other adiposity indices. In
addition, we studied a previously unstudied genetic component of obesity in short stature,
looking at the potential effect of BMI and alternative adiposity indices on the association
between short stature and polymorphisms of the GHR as well as other height-related genes
(e.g. high mobility group AT-hook 2 [HMGAZ2]).

3. MATERIALS AND METHODS
A. The CARTaGENE Cohort.

The CARTaGENE Platform is the largest population-based cohort in Quebec, Canada,
with ~20,000 recruits aged 40-69 years at the time our study was initiated; the participants
represent a random selection of individuals residing in the metropolitan areas of Quebec
(Awadalla et al. 2013) (https://cartagene.qc.ca/). The Research Ethics Committee of CHU
Ste-Justine approved our access to the bio- and data-banks. Information on the recruits was
anonymized prior to our receiving the DNA samples and anthropometric data for analysis.
Our cohort consisted of 168 short stature individuals with a final height corresponding to
severe short stature (<1*' percentile: males: maximum height of 159 cm, —2.4 SDS; females:
maximum height of 147 cm, —2.47 SDS) and 207 controls of average height (30th—
70" percentile [~£0.5 SDS]: males were 173—180 cm; females were 160-167 cm) (Table 111-
1). SDS scores and percentiles were calculated according to the World Health Organization
(WHO) Growth Charts for Canada (2014 revision). The majority (>95%) of the participants
were from European ancestry. Asian, African and South American individuals were excluded

to minimize stratification of the genetic results.
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B. Anthropometric Variables.

Standing height was measured in centimeters (cm) with a portable stadiometer (SECA
214). Body weight (kg), fat mass (FM, in kg), body fat % (BF%) and fat free mass (FFM, in
kg) were obtained using bioelectrical impedance technology (TBF-310, TANITA). FM and
FFM indexes were calculated: FMI = FM(kg)/height(m)? and FFMI = FFM(kg)/height(m)>.
Waist and hip circumferences (WC and HC, in cm) were an average of two measurements
(SECA 200 circumference measuring tape). BMI was calculated as weight(kg)/height(m)?
while Body Adiposity Index (BAI) was calculated using the following formula: [HC(cm)/
(height(m)*height(m)] - 18.

C. Microsatellite Genotyping.

Detailed methodology was previously described (Dias et al. 2017). Briefly, the GT
microsatellite from the GHR V9 promoter region (chr5:42424274-42424321 hgl9 Genome
Assembly) was genotyped using fluorogenic probes followed by capillary electrophoresis
(ABI Genetic Analyzer 3730 XL; Life Technologies, Foster City, CA) to discriminate allele
size (ABI GeneMapper Version 4.1). Primers were designed to amplify a 155bp fragment
containing a 24 GT repeat that was used as reference; deviation from this size allowed us to
deduce the GT length of the different alleles. We then classified the alleles arbitrarily into
three categories in order that the cutoffs fall at ~+1S.D. around the median. Thus, the shortest

(S) alleles were <24 repeats (~16% of the individuals), the medium (M) alleles were 24-28
repeats (~68%), and the longest (L) alleles were >28 repeats (~16%). We then attributed one
of the six possible genotypes to each individual: S/S, S/IM, M/M, M/L, S/L or L/L.

D. Single nucleotide polymorphism (SNP) Selection and Genotyping.

At the GHR locus: Twenty-seven SNPs with minor allele frequencies >5% were
selected to span the GHR gene region from ~200 kb upstream of the major GHR (V2)
transcriptional start site to ~120 kb downstream of the 3'UTR (Supplemental Table 111-1).

At height-related gene loci: A set of five growth-related genes were chosen:
rs1042725 (HMGA2) (Weedon et al. 2007), rs224333 (growth differentiation factor 5
[GDF5]) (Shungin et al. 2015), rs4969035 (insulin-like growth factor 1 receptor [IGF1R])
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(Haataja et al. 2011), rs1019731(IGF1) (Lettre et al. 2007) and rs2854744 (IGF binding
protein 3 [IGFBP3]) (Patel et al. 2008) (Supplemental Table 111-2).

Genotyping: Genotyping was performed at Génome Québec (Montreal, QC) using
Sequenom iPLEX Gold Technology and the MassARRAY system (Agena Biosciences, San
Diego, CA). To assess the robustness of the technology, ~20% of the total samples were
replicated with 100% success rate. Quality controls were conducted prior to the analysis: all
variants used for association analysis had a genotyping efficiency call rate >95% and showed
no departure from Hardy—Weinberg equilibrium in combined controls and cases (p > 0.001)

and in controls and cases separately. A table of the SNP probes is available on request.

E. Statistical Analysis.

Demographic and anthropometric data differences between groups were analyzed
using the two-tailed Mann-Whitney test. Differences in frequencies of individuals were
calculated using a Fisher exact test. A p<0.05 for combined sex and a p<0.025 after
stratification were considered significant (Tables 1-3). Quantitative traits normalized for
height were compared between the short and normal stature groups for each GT genotype
using the two-tailed Mann-Whitney test (Table 4). Bonferroni corrections were applied to
account for the multiple testing of the GT genotype categories and the stratification by sex
(pcorr<0.00083 [0.05/60]); p<0.05 was considered nominally significant. Analyses were
conducted with the GraphPad Prism v7.0 software (La Jolla, CA).

For the case-control SNP binary logistic regressions (Tables I11-5 and 111-6), we used
the PLINK v1.07 software package and the SPSS statistical software v22.0 (Chicago, IL).
Results of unadjusted and adjusted logistic regressions in the additive or recessive model were
obtained for both sexes combined and for each gender separately. For the adjusted
regressions, BMI, BAI or FMI were added as covariates; age was adjusted for all. The B
regression coefficients of the different covariates are shown in Supplemental Table 111-3.
Because of strong LD between certain SNPs in the GHR locus, 18 SNPs represented the
effective number of independent SNPs to use in the Bonferroni correction for multiple
comparisons (Pcorr<0.0028 [0.05/18]) (Table I11-5). A Bonferroni correction was also applied
for the height-related genes: pcor<0.01 (0.05/5) was considered significant (Table I11-6).
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4. RESULTS

A. Demographics.

The total number of individuals in our CARTaGENE cohort was n=375, 46.6% of
which were female. The case group was composed of n=168 short stature adults with heights
below the 1% percentile of the growth curve (median SDS: -2.68). The control group had
n=207 normal height adults (30"-70" percentiles; median SDS: 0.01) (Table I11-1). Their
ages ranged from 40-70 years, with similar median ages for the males and females; 82.5 % of

the men and 80.6% of the women were >50 years old.
B. Anthropometric Measures.

We first examined a number of anthropometric variables to determine the differences
between our short stature and control height groups as well as any sex-related differences.
Body weights were significantly lower in the short stature males and females compared to
their normal height controls (p<0.0001 and p=0.0004, respectively). Interestingly, this
translated into a significantly higher BMI in the short stature females compared to their
controls (p=0.0002), whereas no differences were observed between the male groups (Table
I11-2). The short stature females still had a significantly higher BMI than controls after
removing the women presenting with morbid obesity (BMI>40; p=0.0045). When the BMI
data were stratified into three categories according to the WHO definition, the % of short
stature women in the non-obese (BMI1<25 kg/m?) category was significantly lower compared
to female controls (Fisher exact test: OR=3.4, 95% CI [1.67-7.03]; p=0.0006), with a
significant shift towards the obese class (Fisher exact test: OR=1.64, 95% CI [1.1-2.47];
p=0.0247) (Table 111-3a). In contrast, no significant differences were seen for the male
groups. It should be noted that the majority of individuals in the cohort were in the overweight
and obese BMI categories.

Analysis of the waist circumference (WC) and hip circumference (HC) data showed
significantly lower medians for men with short stature compared to their male controls
(p<0.0001) while there was no difference for the waist/hip ratios (WHR) (Table 111-2). These
data suggest proportional changes in the accumulation of fat in the short stature male. This

outcome is supported by the WC/height and HC/height data: the short stature men have
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slightly but significantly higher waist (p<0.037) and hip (p<0.024) circumferences when their
heights are taken into account. In contrast, the short stature and control females had similar
medians for WC, HC and WHR, indicating much higher levels of both central and gluteal
adiposity in the short stature women. Again, this is corroborated by the WC/height and
HC/height data: the short stature females have markedly higher ratios than their controls
(p<0.0001).

WC and WHR are well-recognized measures of abdominal obesity. The WHO
recommends the following obesity risk cut-offs for Caucasian populations: for males a
WC>102 cm and a WHR>1; and for females a WC>88 cm and a WHR>0.85 (2008). In our
cohort, more than 50% of both the short stature and control women were above these cut-offs
for both WC and WHR (Tables 111-3b and 111-3c). Surprisingly, when we compared the male
groups, there were almost twice as many control males above the WC cutoff compared to the
short stature males (Fisher exact test: OR=2.67, 95% CI [1.47-4.89]; p=0.0019), while there
was a similar proportion (~50%) of short stature and control males classified >1 for the WHR
data. More than 50% of the short stature women were above the WC cut-off compared to
~25% of the short stature men (Fisher exact test: OR=3.68, 95% CI [1.9-7.1]; p<0.0001).
Similar observations were noted for the WHR data: nearly 70% of the short stature women
were above the cut-off compared to 50% of the short stature men (Fisher exact test: OR=2.27,
95% CI [1.2-4.27]; p=0.016). In contrast, there were no significant differences between the
male and female control groups.

The Body Adiposity Index (BAI), based on hip circumference and height, has been
used as an alternative to BMI (Bergman et al. 2011). Our short stature males and females
both showed a significant increase in BAI compared to their respective controls (p<0.0001),
with a much larger increase for the women (Table 111-2). BAI is a measure of adiposity
normalized for height while body fat % (BF%) is not; therefore we were not able to compare
these two indices in the short stature groups. For the normal stature groups, BAI and BF%
gave similar medians of overall adiposity in the men while, in the women, BAI seemed to
underestimate the BF%. However, BAI and BF% correlated in both control groups (r?=0.77 in
men and r*=0.89 in women; Spearman test).

Measurements of fat mass (FM) and fat-free mass (FFM) were significantly lower in

the two short stature groups compared to their respective controls and this was more important
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in the males (Table Il1-2). In contrast, the BF% data did not show any significant
differences. There were also no differences in the percentage of individuals in the subgroups
when the BF% data were stratified for above the cut-off for obesity (>29% for men and >41%
for women, aged 40-70) (Table 111-3d) (Gallagher et al. 2000).

It has been suggested in previous studies that adiposity measurements, like FM and
FFM, do not adjust appropriately for body size unless stature is taken into account
(Heymsfield et al. 2011; Vanltallie et al. 1990). Therefore, we divided the FM and FFM data
by the square of height to obtain FM index (FMI) and FFM index (FFMI) results (Table I11-
2). The FMI medians were not significantly different between the groups. However, by
setting a cut-off for obesity above 9 kg/m? for men and 13 kg/m? for women (Kelly et al.
2009), we found that, for the females above this cut-off (25-30% of our cohort), short stature
individuals had an FMI median significantly higher than average height controls (17.1, 95%
CI[13.3, 29.6] vs. 15.35, 95% CI [13.1, 20]; p=0.0055); in contrast, there was no significant
difference for the males. The FFMI was increased significantly in short stature women
compared to female controls (p<0.0001) but, again, there were no differences for the men.

These data demonstrate major sex-related differences in our short stature cohort, with
the females exhibiting significantly stronger associations with most anthropometric traits of

obesity.

C. Association of the GHR Gene GT Microsatellite Polymorphism with Short Stature,
Different Anthropometric Traits Adjusted for Height, and Sex.

To assess the potential associations of the GHR gene with short stature and different
anthropometric measures, we first conducted a series of case-control studies comparing
different adiposity indices relative to the individual’s GT microsatellite genotype and sex.
Because of the stature differences in our case vs. control groups, each of the six GT genotypes
was examined with anthropometric indices adjusted for height using the Mann-Whitney test
(Table 111-4). A higher BMI was associated with short stature females vs. controls presenting
with the M/L (p=0.0087) or S/M (p=0.046) genotypes; no associations were noted for the
males. Interestingly, both short stature females and males presenting with the M/L genotype
had higher WC/Height and HC/Height ratios compared to their respective controls, with a
highly significant HC/Height increase for the females (p=0.0003). Several of the GT genotype
categories showed a significant association with a higher BAI, including M/L, M/M and S/M,
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for both the short stature females and males; the S/M genotype showed a stronger association
with BAI in the women (p=0.0003) than the men (p=0.01). The FMI data were negative for
each GT genotype and the two sexes; however, by setting a cut-off for obesity above 13 kg/m?
(Kelly et al. 2009), short stature females with the M/M genotype showed a higher FMI median
than their controls (17.1, 95% CI [14.3-21.2] vs. 14.1, 95% CI [13.6-16.2]; p=0.034). Finally,
short stature women with the M/L, the M/M and, to a lesser degree, the S/M genotype, were
associated with a significantly higher FFMI. In contrast, no significant associations were
observed for the male groups.

In summary, we observed a significant association of the M/L GHR GT genotype with

almost all of the anthropometric traits examined, primarily in short stature women.

D. Association of SNPs at the GHR Locus with Short Stature, Indices of Adiposity, and
Sex.

We previously tested the association of 27 common variants (MAF>5%) in the GHR
gene region with short stature in three different cohorts (Dias et al. 2017). In the present
study, we conducted a series of logistic regression analyses of the same SNP set in the
CARTaGENE cohort to examine possible associations following adjustment with three
adiposity indices: BMI, BAI and FMI. Table I11-5 shows only results for which the
associations had at least a nominal significance.

Of the 27 SNPs, six showed a significant change in the odds ratios after adjustment for
BMI, selectively in the female group: rs666581, rs7732059, rs1876790, rs2972400,
rs13156541 and rs2972419. Interestingly, the first five are located in the same linkage
disequilibrium (LD) block of the GHR gene that includes distal, proximal and core regulatory
elements, a small cluster of three first exons transcribing the most abundant and ubiquitous
GHR mRNAs (V2,V9,V3), and part of intron 1 (Supplemental Table I111-1). The sixth SNP,
rs2972419, is located further downstream in intron 1 and has been associated with pygmy
short stature (Becker et al. 2013). Parallel findings were obtained after adjustment for FMI
with most of the SNPs, except for the intron 1 SNP, rs12153009, for which the effect of FMI
was greater than for BMI, again in the females. BAI had no association with distal and
proximal promoter SNPs but strong ones with core promoter SNP rs1876790 (p=0.007),
intron 1 SNP rs2972400 (p=0.007) and the pygmy SNP rs2972419 (p=0.0049), all three
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showing increased protective odds only in the females. For the males, 2 SNPs showed a trend
of association with short stature that did not reach significance (rs66487711, rs11744988);
BMI, BAI and FMI had little effect. Within our initial SNP set, rs6873545 was used to tag a
common genomic deletion that signifies loss of exon 3 from the GHR gene (Lettre et al.
2007); no association was detected with either short stature or obesity traits in our cohort.
Thus, three different adiposity indices were associated with SNPs located primarily in

regulatory regions of the GHR gene selectively in the short stature females.

E. Association of SNPs in Height-related Genes with Short Stature, Indices of Adiposity,

and Sex.

To compare whether other height-related loci were also affected by adiposity markers
and sex in our cohort, we chose SNPs for 5 genes that are associated with variation in height
in the human population (Table 111-6, Supplemental Table 111-2) (Haataja et al. 2011; Lettre
et al. 2007; Patel et al. 2008; Shungin et al. 2015; Weedon et al. 2007). Interestingly, GDF5
and HMGA2 SNPs both showed a significant association only with short stature females
(p=0.012 and p=0.037, respectively), with protective odds ratios (0.55, 0.43), suggesting that
the minor alleles are associated with a taller stature specifically for women. For both of these
gene SNPs, all three adiposity indices had confounding effects specifically in the female
group, but FMI had the strongest (GDF5: p=0.0033; HMGAZ2: p=0.0092). Males presenting
with the T allele at rs4966035 in IGF1R showed a 58% increased risk of short stature
(p=0.034); adjustment by BMI, BAI and FMI had little effect. The SNPs for IGF1 and
IGFBP3 genes did not show any significant association with short stature in our cohort, under
unadjusted or adjusted conditions.

Our data show that variants in three major growth-related genes, GHR, HMGA2 and
GDF5, share associations with short stature as well as anthropometric traits linked to obesity

in a sex-specific fashion.
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5. DISCUSSION

According to the Canadian Community Health Survey, in 2015, 61.3% of Canadian
adults were overweight or obese while obese individuals represented 26.7% of the total
population (2015). Among individuals aged 45-64 years, 32% of men and 27.6% of women
were obese, which is in line with the proportions we observed in our control population
(Table I111-3a). The prevalence of obesity for that age range is higher than for both younger
adults and the elderly. Thus, although high BMI values were expected for our cohort, the
striking sex-specific increase in obesity in our female short stature group (44.7% vs. 27.3% for
control females and 27.8% for short stature males) was surprising and suggested a sex-
specific association between severe short stature and obesity phenotypes.

Previous studies have shown a positive association between adult short stature and
obesity (Bosy-Westphal et al. 2009; Hermanussen et al. 2005; Lara-Esqueda et al. 2004) with
a few reporting a higher prevalence in women (Asao et al. 2006; Guerrero-Igea et al. 2001).
Others have documented that short stature is a risk factor for women with very low incomes,
often in parallel with malnutrition as a child (Alvarez et al. 2013; Florencio et al. 2001;
Tyrrell et al. 2016).  Although we cannot exclude the possibility of some cases of short
stature due to childhood nutritional deficiency in our cohort, the CARTaGENE
socioeconomic/demographic data show that more than 80% of the participants have an
income >25,000%$/year and 2x more individuals have a university level of education than the
national average (Awadalla et al. 2013), making it unlikely to be a major confounding factor.

To better characterize the obesity phenotype in our female short stature group, we
investigated whether the high BMI was paralleled by other adiposity indices. Because BMI
does not discriminate between fat and lean body mass (Frankenfield et al. 2001; Peltz et al.
2010), it was important to determine these components separately. Calculating FMI and FFMI
enabled us to make a direct comparison with BMI and to interpret the differences inherent
only to the fat mass component regardless of height (\Vanltallie et al. 1990).

Women and men differ in the proportion of body fat: women have a higher total
percentage (reflected in FMI values) for all BMI categories (Power and Schulkin 2008). Body
fat distribution is also sex- and age specific. Premenopausal women show a gluteo-femoral
pattern while men tend to have greater abdominal adiposity due to more visceral fat (Pulit et

al. 2017). The majority of our female cohort is >50 years of age and, thus, likely to be

98



menopausal or post-menopausal; menopause transition has been associated with an increase in
visceral fat due to decreased levels of endogenous estradiol and reduction in energy
expenditure (Lovejoy et al. 2008). The elevated level of abdominal adiposity in our short
stature men and women was apparent through both WC/Height and WHR indices, although a
significant difference between the short and normal stature females was apparent only through
WC/Height. WHR is a proxy measure for central adiposity independent of height but gave
less information than WC/Height as both HC and WC seemed to increase proportionally in
the short stature group. On the other hand, a large HC relative to WC has been shown to be a
protective factor for a number of health endpoints (Heitmann et al. 2004). Thus, our data
suggest that it may be better to take HC and WC into account independently, rather than in a
ratio, to study obesity-related outcomes (Cameron et al. 2012) and that both WC/Height and
HC/Height are useful markers of obesity in a short stature cohort.

Our second goal for this study was to determine if BMI and alternative adiposity
indices may affect associations between short stature and polymorphisms in GHR as well as
other height-related genes. We first investigated a GHR gene microsatellite polymorphism, a
GT repeat located in a core promoter region of the GHR gene, upstream of the transcription
start site of one of the main ubiquitously expressing GHR first exons (V9) (Dias et al. 2017).
We previously showed associations of specific GT repeat genotypes (S/L, S/M) with
idiopathic short stature in two different pediatric cohorts, suggesting a potential functional
role of this microsatellite in regulating expression of the GHR gene. Microsatellites are found
throughout the human genome and represent ~3% of the entire genome (Subramanian et al.
2003); their distribution is non-random with a significant concentration in the non-coding
regions, particularly at promoter sites (Sawaya et al. 2013). They function as transcriptional
modulators for many genes (Sawaya et al. 2012a) but also are associated with regulation of
alternative splicing (Gabellini 2001).

Although no significant associations of the GT repeat with adult short stature were
observed in the CARTaGENE cohort in a previous study (Dias et al. 2017), we re-examined
the cohort in the context of both stature and obesity and found that the GHR GT repeat
polymorphism showed a much stronger association with adiposity indices than stature,
predominantly in the short stature females. Keeping the dichotomization of the height

distribution as short stature vs. normal height, each GT genotype was tested for association
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with each of the adiposity indices. When BMI was examined, we found that short stature
women presenting with the M/L genotype had a 5 kg/m? increase which translated into a BMI
class shift from overweight to obese (Table I11-4). As no associations were observed for the
M/M genotype, the L allele appeared to be the risk allele, selectively in the short stature
females. Moreover, the M/L genotype association was maintained across other adiposity
markers, including WC/height, HC/Height and BAI, suggesting a potential risk association of
this genotype with elevated levels of all of these adiposity markers. In two cases (HC/Height,
BAI), this was true for both females and males, but there was always a more significant
increase for the women. The sexual dimorphism that we have observed in the present study is
not unusual for this GHR microsatellite: our previous investigation showed a higher
prevalence of the S/M genotype in an Italian male idiopathic short stature pediatric cohort
(Dias et al. 2017).

Our analyses also aimed to capture a more complex relationship of SNPs in the GHR
(Dias et al. 2017) and other height-related genes (Lango Allen et al. 2010; Lanktree et al.
2011; Sanna et al. 2008; Weedon et al. 2007), by testing associations following adjustment for
different adiposity indices. Indeed, after adjustments for BMI, BAI and FMI, most of the
associations with GHR SNPs in the unadjusted model were strengthened in the short stature
females, highlighting the pleiotropic role of the GHR gene in regulating both height and
adiposity. To characterize these effects better, we would have to perform another stratification
(e.g. by BMI categories); however, we would need a much larger cohort to fully exploit this
question without an important loss of statistical power.

Interestingly, our study revealed that all six of the GHR SNPs associated with the sex-
specific extreme short stature phenotype and affected by the three adiposity markers were
located within or near potential functional regulatory elements that could affect transcriptional
activity of the GHR gene. Three are upstream of the initial cluster of three first exons (V2, V9,
V3). Rs666581 had a nominally significant risk odds ratio of 2.21 in association with female
short stature that increased slightly when BMI was adjusted as a covariate, even though it is
located ~250kb upstream of the initial promoter region of the GHR gene. In contrast, both
rs1876790 and rs7732059 are found in a core promoter region, only a few kb upstream of the
GHR first exon, V2. Rs1876790 showed markedly increased protective odds ratios for the

female short stature phenotype after adjustment for all three indices but especially BAI (0.33),
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while rs7732059 showed increased risk odds ratios with BMI (4.19) and FMI (3.88). It
should be noted that rs7732059 is found within a region enriched with transcription factor
binding sites validated through ChipSeq experiments (UCSC genome browser): these include
sites for CCCTC binding factor (CTCF) and two sub-units of the cohesin complex that often
co-localize in the human genome to regulate gene expression by chromatin looping and long
range DNA interactions (Wendt and Peters 2009).

The other three SNPs are found in intron 1, downstream of the initial first exon cluster
but upstream of several alternative first exons of the GHR gene (Dias et al. 2017; Goodyer et
al. 2008). Rs2972400 showed an important increase of the protective odds ratios in the short
stature females once adjusted for the adiposity indices, especially BAI (0.33), while
rs13156541 exhibited increased risk odds ratios (4.0); the latter SNP is found in a DNAse
hypersensitive region. The sixth SNP, rs2972419, has been specifically associated with
pygmy short stature: there is a higher proportion of the ancestral allele (G) in the pygmy
population vs. non-pygmies, while the derived allele (A) is associated with taller stature
(Becker et al. 2013). In the present study, the A allele showed a nominally significant
protective odds for the short stature phenotype in females (0.50) that was strengthened
considerably after adjustment for BMI (0.41) or BAI (0.31). Thus, several GHR gene SNPs
and microsatellite genotypes linked to the obese female short stature phenotype are located in
regulatory regions and could have functional relevance.

Previously, our laboratory reported significantly lower GHR mRNA levels in omental
and subcutaneous fat depots of obese vs. lean individuals (Erman et al. 2011a). Obesity-
related factors (tumor necrosis factor alpha [TNFa], hypoxia-inducible factor 1 alpha [HIF-
la], glucocorticoids) were also shown to regulate GHR mRNA expression in human
adipocytes by binding to specific response elements in core promoters (Wei et al. 2006).
Moreover, adipogenesis is a process tightly controlled by key transcription factors, including
CCAAT/enhancer-binding protein family members (Mota de Sa et al. 2017). The effects of
these transcription factors on GHR gene expression are currently under investigation in our
laboratory, including a study of a CCAAT box at the 5’ end of the GT repeat polymorphism in
the promoter region of V9.

We were also interested in comparing our results for the GHR gene with other genes

identified as being strongly associated with variations in human height. HMGA2 and GDF5
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were amongst the first such genes found by GWAS (Alyaqoub et al. 2012; Buysse et al. 2009;
Sanna et al. 2008; Weedon et al. 2007). In the present study, SNPs for both of these genes
showed a significant protective association with the short stature phenotype but only in the
females. In addition, all three adiposity index adjustments, but especially FMI, enhanced the
protective odds ratios, and again only in the women. These findings are surprising for two
reasons: HMGA2 has not been linked to sex-specific traits before and GDF5 has been reported
to demonstrate male-specificity in association with WHRadjBMI (Shungin et al. 2015) or
similarity in both sexes for WHR (Lango Allen et al. 2010; Sanna et al. 2008). The genes of
several members of the GH-IGF axis are also associated with variation in height (Lanktree et
al. 2011; Wood et al. 2014). Our analyses showed a small increased risk of short stature for
the IGF1IR SNP in males but no associations of the IGF1R, IGF1 or IGFBP3 SNPs with
female short stature or obesity indices.

Previous GWAS studies have reported strong sexual dimorphism in the genetic
regulation of fat distribution traits such as WHR and WHRadjBMI (Heid et al. 2010; Lindgren
et al. 2009; Randall et al. 2013; Shungin et al. 2015; Winkler et al. 2015) but not overall
obesity as assessed by BMI or total fat percentage (Pulit et al. 2017; Willer et al. 2009;
Winkler et al. 2016). Only one GWAS meta-analysis has focused on anthropometric traits in
populations within the lower 5™ percentiles of height (Berndt et al. 2013): the authors reported
similar loci as in the general population but with the caveat that their analysis “does not
necessarily extend to more extreme cutoffs, such as the ...bottom 1% percentile.” In addition
they did not separate the data by sex. Thus, the present study is the first to examine gene
associations with obesity in the <1% height percentile in both females and males, looking at
confounding effects of BMI and multiple anthropometric traits and indices.

In conclusion, our investigations have revealed an increased prevalence of obesity in
severe short stature women. Comparative analyses of different anthropometric traits suggest
the need to use indices normalized to height when investigating individuals at the tail of the
height distribution. In addition, we determined that variants in three major growth-related
genes, GHR, HMGA2 and GDFS5, share associations not only with short stature but also
anthropometric traits linked to obesity in a sex-specific fashion. Finally, performing sex-
specific analyses in health outcome studies is of importance as overall case/control

comparisons may mask critical sex-specific differences (Reusch et al. 2018).
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Table I111-1: Demographic characteristics of the CARTaGENE cohort

Sex' | SS Median (min, max) Controls Median (min, max) P value*
B 168 207
Total Number of Indviduals M 92 108
F 76 99
B 59.3 (41.1, 69.5) 57.9 (40.3,70.1) 0.27
Age (years) M 59.3 (41.9, 69.5) 59.6 (40.3, 69.6) 0.99
F 59.3 (41.1, 69.5) 56.4 (41.8, 70.1) 0.11
B 154.3 (138.3, 159) 173.1 (160, 180) <0.0001
Height (cm) M 157.5 (148.6, 159) 176 (173, 180) <0.0001
F 145.5 (138.3, 147) 163.7 (160, 167) <0.0001
B —2.68 (—3.83,-2.4) 0.01 (=0.49, 0.59) <0.0001
Height (SDS) M —2.62 (—3.83,-2.4) —0.08 (=0.49, 0.47) <0.0001
F —2.69 (-3.8, —2.47) 0.08 (-0.48, 0.59) <0.0001
B 65.61 (35.55. 114.1) 79.21 (45.85, 144.4) <0.0001
Weight (kg) M 66.85 (48.17, 108.3) 85.67 (67.91, 144.4) <0.0001
F 61.29 (35.55, 114.1) 69.22 (45.85, 110.2) 0.0004

* Sex: B Both, M Males, F Females.

*P values calculated using the two tailed Mann-Whitney test.
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Table 111-2: Anthropometric traits and indices of the CARTaGENE cohort

Sex | SS Median (min, max) Controls Median (min, max) P value*
4
B 27.9 (16.7,54.1) 27 (16.6, 44.8) 0.043
BMI (kg/mz) M 27.05(19.1,455) 27.7 (21.5, 44.8) 0.31
F 29.7 (16.7, 54.1) 25.7 (16.6, 41.6) 0.0002
B 92.15 (61.2, 127.8) 95.2(40.5, 135.4) 0.018
WC (cm) M 92.8 (75, 124.5) 101.4 (40.5, 135.4) <0.0001
F 90.1 (61.2, 127.8) 90.6 (62.7, 128.1) 0.86
B 96 (74.3, 152) 101.6(42.5, 182.3) <0.0001
HC (cm) M 93.5(82.8, 125.7) 101.8 (42.5, 137.9) <0.0001
F 100.8 (74.3, 152) 101.6 (84.3, 182.3) 0.50
B 0.95(0.72, 1.19) 0.94(0.51, 1.15) 0.27
WHR M 1.0 (0.89, 1.19) 1.0(0.81, 1.15) 0.52
F 0.88 (0.72,1.05) 0.88(0.51, 1.05) 0.37
B 0.61 (0.42, 0.88) 0.57 (0.23, 0.79) <0.0001
WC/Height M 0.6 (0.48, 0.8) 0.58 (0.23, 0.76) 0.037
F 0.62 (0.42, 0.88) 0.55 (0.39, 0.79) <0.0001
B 0.63[0.51, 1.05] 0.6 (0.24, 1.13) <0.0001
HC/Height | M 0.6(0.53, 0.81) 0.58 (0.24, 0.77) 0.024
F 0.69 (0.51, 1.05) 0.62 (0.51, 1.13) <0.0001
B 33.1(23.7,68.9) 27.7 (20.2,71) <0.0001
BAI M 29.8 (23.7,47.6 ) 25.9 (20.2, 39.3) <0.0001
F 39.4 (24.2, 68.9) 30.3 (21.5, 71) <0.0001
B 19.2(2, 62.4) 23.8 (8.8, 62.4) <0.0001
FM (kg) M 17.6 (5.4, 50.4) 22.5(11.4,62.4) <0.0001
F 22.6 (2.0, 62.4) 26.2(8.8, 54.2) 0.0373
B 8.3(0.9,29.6) 8.4 (3.2,20) 0.3
FMI (kg/mz) M 7.1(2.1,20.7) 7.35 (3.6, 19.4) 0.35
F 10.6 (0.9, 29.6) 9.9 (3.2, 20) 0.2
B 29.95(5.6, 54.9) 30.7(16.2,50.1) 0.43
Body Fat (%) M 26.1(11.3, 50.3) 25.9(16.2, 43) 0.78
F 37.0 (5.6, 54.9) 37.1(17.1, 50.1) 0.37
B 45.8 (31.6, 63.8) 56.8(35.8, 83.6) <0.0001
FFM (kg) M 49.6 (41.6, 63.8) 63.3 (54.6, 83.6) <0.0001
F 40.2 (31.6, 56.8) 43.8 (35.8, 61.4) <0.0001
B 19.75 (15.1, 26.4) 18.8 (13.3, 25.9) <0.0001
FFEMI ( kg/mz) M 20.1(16.7, 25.8) 20.4 (17.2, 25.9) 0.54
F 18.9 (15.1, 26.4) 16.4 (13.4, 22.9) <0.0001

f Sex: B Both, M Males, F Females.

P values calculated using the two tailed Mann-Whitney test.
BMI: Body Mass Index, WC: Waist circumference, HC: Hip circumference, WHR: Waist to Hip Ratio, BAI: Body
Adiposity Index, FM: Fat Mass, FMI: Fat Mass Index, FFM: Fat Free Mass, FFMI: Fat Free Mass Index
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Table I11-3:Frequencies of short stature vs. normal height control individuals for different anthropometric traits stratified by
sex and obesity cut-offs: for (a) BMI, (b) WC, (c) WHR and (d) Body Fat %

(a) Male Short Female Short
BMII Classification Controls Stature Controls Stature
N % N % N % N %
<25 normal weight 28 26.2 25 27.8 43 43.4 14 18.4
25-29.9 overweight 41 38.3 40 44.4 29 29.3 28 36.9
=30 obese 38 35.5 25 27.8 27 27.3 34 44.7
Total 107 100.0 S0 100.0 99 100.0 76 100.0
(b) WwC Male Short wcC Female Short
Classification | Controls Stature Classification | Controls Stature
N % N % N % N %
<102cm 56 51.9 66 74.2 <88cm 44 45.4 32 43.8
2102cm 52 48.1 23 25.8 288cm 53 54.6 41 56.2
Total 108 100.0 89 100.0 Total 97 100.0 73 100.0
() WHR Male Short WHR Female Short
Classification | Controls Stature Classification | Controls Stature
N % N % N % N %
<1 53 49.1 44 49.4 <0.85 37 38.1 22 30.1
21 55 50.9 45 50.6 20.85 60 61.9 51 69.9
Total 108 100.0 89 100.0 Total 97 100.0 73 100.0
(d) Body Fat % Male Short Body Fat % Female Short
Classification | Controls Stature Classification | Controls Stature
N % N % N % N %
<29% 69 69 55 67.9 <41% 63 67.7 52 71.2
229% 31 31 26 32.1 241% 30 32.3 21 28.8
Total 100 100.0 81 100.0 Total 93 100.0 73 100.0
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Table I111-4: GT genotype associations with short stature and different anthropometric traits

(a) Males
BMI WC/Height HC/Height WHR
NS | G SS# Controls # P 5SS Controls P SS Controls P SS Controls P
4/4 | S/S |32.0(18.3-41.6) 29.3(23.7-33.1) 0.34 | 0.68(0.45-0.84) 0.60(0.48-0.69) 0.49 |0.63(0.52-0.70) 0.58(0.54-0.62) 0.26 [1.02(0.87-1.14) 1.06(0.87-1.23) 0.49
16/15|S/M 25.1(23.8-27.8) 26.2(25.2-28.2) 0.38 [ 0.57(0.53-0.61) 0.54(0.53-0.59) 0.76 |0.57(0.56-0.60) 0.57(0.56-0.60) 0.73 |0.98(0.94-1.03) 0.95(0.94-1.01) 0.95
37/52 [M/M|26.9(26.1-28.8) 28.4{27.7-302) 0.13 | 0.60(0.58-0.62) 0.60{0.56-0.61) 0.72 |0.60{0.58-0.61) 0.60({0.58-0.61) 0.82 |1.0(0.98-1.03) 1.0(0.98-1.02) 0.82
28/25| M/L|26.6(26.4-30.1) 27.3{26.1-29.5) 0.81 | 0.58(0.58-0.65} 0.57(0.54-0.59) 0.026 |0.61{0.59-0.63) 0.57(0.56-0.59)0.0075|0.97(0.97-1.04) 1.0(0.95-1.02) 0.75
4/7 | S/L |30.5(20.0-46.8) 32.4(27.3-39.4)>0.99| 0.64(0.51-0.82) 0.63(0.57-0.69) 0.69 |0.62{0.50-0.81) 0.62({0.57-0.69) 0.68 |1.02(0.96-1.08) 1.02(0.95-1.05) 0.69
2/5 | /L [31.8(-45.7-109.3) 24.8(22.7-28.6) 0.38 [0.71 0.54{0.49-0.61) 0.095 [0.69 0.57{0.54-0.59) 0.57 | 1.05(0.09-2.0) 0.96(0.92-1.04) 0.38
(a) Females
BMI WC/Height HC/Height WHR
N G ) Controls P SS Controls P ) Controls P S5 Controls P
3/2 /5 |26.4{19.231.1)  23.85(18.119.6) 0.8 |0.53(0.41-0.69) 0.48(0.41-0.54) 0.2 [0.63(0.59-0.70) 0.60{0.28-0.91) 0.1 |0.80(0.61-1.09) 0.79(0.54-1.04) 0.8
14/16 S/M | 31.45{27.05-33.71) 25.1{23.6-29.02) 0.046 0.64(0.59-0.69) 0.55(0.51-0.61) 0.01 |0.70(0.66-0.76) 0.62({0.59-0.67) 0.01 |0.89(0.87-0.94) 0.90(0.85-0.94) 0.86
32/44 M/M|29.6(27.13-32.26) 26.9(25.87-29.24) 0.19 | 0.61(0.57-0.64) 0.56 (0.53-0.59) 0.053 | 0.68(0.66-0.72) 0.64({0.62-0.67) 0.017 |0.87(0.85-0.90) 0.88(0.85-0.90) 0.76
18/29 M/L | 30.95({28.53-36.94) 25.6(24.31-28.87)0.009 0.66(0.60-0.73) 0.53(0.52-0.58) 0.0013| 0.74(0.68-0.80) 0.61{0.60-0.69) 0.0003% | 0.88(0.85-0.93) 0.87(0.82-0.89) 0.33
3/4  S/L | 28.15(22.43-36.92) 25.2(16.41-36.34) 0.34 | 0.59({0.55-0.65) 0.54{0.48-0.59) 0.086 [ 0.65{0.45-0.95) 0.61(0.53-0.72) 0.22 [0.91(0.64-1.08) 0.87(0.80-0.92) 0.64
5/4  L/L [31.3{24.72-90.72) 26.1{23.51-30.64) 0.13 | 0.67(0.57-0.77) 0.54{0.47-0.64) 0.04 [0.72{0.64-0.87) 0.65(0.52-0.74) 0.04 |0.88(0.81-0.96) 0.89(0.72-1.06) >0.99
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(a) Males

BAI FMI FFMI
N§ Gt SSt Controlst P SS Controls P SS Controls p
a4 | s/s | 32.0(23.2-37.4)  25.9(23.2-283) 023 |10.7(2.1-16.3) 7.9(5.1-10.6) 0.49 |[21.1(15.9-255) 21.2(18.1-23.1) >0.99
16/15 |S/M | 27.3(26.8-29.9) 24.6{23.8-27.03) 0.01 [6.1(4.97.6)  6.1(5.6-7.5)  0.49 |20.3(19.321.0) 20.1({19.5-20.8) >0.99
37/52 |M/M| 29.7(28.5-30.5) 26.4{25.7-27.5) <0.0001%* 7.6(6.4-8.5)  7.8(7.3-9.1)  0.30 |19.9(19.6-20.9) 20.5({20.3-21.4) 0.16
28/25 | M/L [30.2(29.0-32.4) 24.6(23.9-26.0) <0.0001%* 6.7(6.39.4)  7.1(6.1-8.6)  0.81 |201(19.5212) 20.0{19.7-211) 0.99
4/7 | s/L |30.8(21.4-47.5) 28.5(25.033.6) 0.049 |8.9(0.85-21.6) 9.6({6.0-16.0) 0.91 |[22.2(18.8-254) 21.1(18.9-25.4) 0.61
2/5 UL |37.1(-97-171)  24.8(22.7-265) 010 |9.9(-33.3-53.1) 57(3.1-85 027 |21.9(-11.1-54.9) 19.4(17.5-213) 0.53

(b) Females

BAI FMI FFMI
N G SS Controls P SS Controls P SS Controls P
3/2 S/s | 34.4({30.939.7) 28.3(8.0-39.7) 0.2 6.3(3.11-11.03}) 7.7(-5.0-20.4) 0.8 18(12.5-23.7} 16.2(9.2-23.1) 0.4

14/16 | $/M|39.7(36.745.1)  30.2(28.2-34.2) 3E-04* | 12.3(9.4114.58) 9.1(7.76-11.85) 0.14 |19.0(17.7-20.0) 15.9(15.7-17.5) 0.0022
32/44 |M/M|39.1(36.541.9) 31.4{30.6-34.1) <0.0001* | 9.2(8.20-11.93)  10.8(9.44-11.96) 0.380 | 18.9(18.5-20.5) 16.4({16.2-17.3) <0.0001*

18/29 | M/L | 42.8(38.848.7)  29.4{28.7-35.6) <0.0001* | 12.2(10.11-16.67) 8.8(8.26-11.58) 0.079 | 19.8(18.921.0) 16.9({16.0-17.4 <0.0001*

4/a | /L | 42.7(-45.0-130.4) 29.1{23.1-381)  0.27 9.9(5.4-16.6} 8.9(2.51-16.14) 0.490 | 18.4(16.920.5) 16.3{13.8-20.2) 0.2

5/4 L/L | 42.2(35.3-54.6) 32.5(22.2-40.5) 0.032 |12.9(8.52-18.12) 10.05(8.71-12.14) 0.29 |18.3(16.2-22.9) 16.3{14.5-187) 0.11
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Table 111-4: For each anthropometric trait, the different GT genotypes were tested for their potential association with short stature
using the Mann-Whitney test: highlighted in bold are tests that are nominally significant while those with asterisks are tests that
remained significant after Bonferroni correction (p<0.0005). S = short (<24 repeats); M = medium (24-28 repeats); L = long (>28
repeats).

N® Number of individuals : Short stature (SS)/Controls’, G' Genotype class of the GT repeat, SS'and Controls’: Mann-Whitney test
results are presented as median (95%CI).
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Unadjusted Adjustedt Adjusted Adjusted
BMI BAI FMI
SNP As | Mmr | Sext OR 95% Cl P value? OR 95%Cl Pvalue| OR 95%Cl  Pvalue* OR 95%Cl  Pvalue?
5666581 A A B 1.84 1.06-3.2 0.031 1.89 1.08-2.20 0.026 1.62  0.89-2.97 0.12 1.86 1.04-3.31  0.036
M 1.62 0.74-3.53 0.23 1.66 0.76-3.62 0.21 147  0.58-3.72 0.42 1.63 0.72-3.72 0.24
F 211 0.96-4.62 0.064 2.36 1.05-5.32 0.038 242 0.97-6.05 0.059 2.21 0.97-5.03 0.058
rs66487711 | C A B 1.70 0.99-2.93 0.054 1.76 1.02-3.06 0.043 1.66  0.92-2.99 0.093 1.77 1.0-3.12 0.046
M 1.99 0.93-4.26 0.078 2.04 0.95-4.38 0.069 2.00  0.80-4.96 0.14 2.05 0.92-4.55 0.08
F 1.44 0.66-3.14 0.37 1.65 0.73-3.71 0.23 1.81  0.74-4.56 0.21 1.59 0.71-3.56 0.26
rs1876790 C A B 0.73 0.51-1.03 0.076 0.71 0.49-1.02 0.06 0.71  0.47-1.05 0.088 0.74 0.51-1.06 0.097
M 0.83 0.53-1.29 0.40 0.87 0.56-1.26 0.55 0.72  0.411.25 0.25 0.88 0.56-1.28 0.57
F 0.54 0.29-1.0 0.05 0.44 0.23-0.85 0.015 033 0.14-0.74 0.007 0.49 0.25-0.92 0.028
rs7732059 C R B 1.94 0.84-4.43 0.12 2.10 0.91-4.86 0.082 1.75  0.70-4.38 0.23 2.06 0.89-4.74 0.091
M 1.18 0.37-3.80 0.78 117 0.36-3.78 0.79 123 0.28-5.36 0.78 1.26 0.39-4.06 0.70
F 3.38 0.99-11.57 0.052 4.19 1.19-14.7 0.025 359 0.91-14.1 0.067 3.88 1.11-13.56  0.034
52972400 A A B 0.74 0.52-1.06 0.1 0.72 0.50-1.04 0.080 0.72  0.48-1.07 0.1 0.75 0.52-1.0 0.13
M 0.87 0.55-1.35 0.52 0.91 0.58-1.43 0.68 0.75  0.28-0.43 0.21 0.92 0.58-1.45 0.71
F 0.54 0.29-1.0 0.05 0.44 0.23-0.85 0.015 033 0.14-0.74 0.007 0.49 0.25-0.92 0.028
rs13156541 | G R B 211 0.93-4.80 0.074 237 1.03-5.45 0.042 240 0.99-583 0.054 2.29 1.0-5.26 0.050
M 1.62 0.54-4.84 0.29 1.57 0.52-4.74 0.43 251 0.67-9.39 0.17 1.72 0.57-5.20 0.24
F 3.25 0.92-11.47 0.067 4.03 1.1-14.71 0.035 404  1.03-15.9 0.046 3.77 1.04-13.68  0.044
511744988 | T A B 172 0.99-2.97 0.054 1.78 1.02-3.10 0.043 163  0.90-2.97 0.11 1.79 1.00-3.16 0.047
M 2.04 0.93-4.48 0.076 2.09 0.95-4.60 0.067 206 0.80-5.32 0.13 2.10 0.92-4.79 0.08
F 1.44 0.66-3.14 0.37 1.65 0.73-3.71 0.23 1.81  0.72-4.56 0.21 1.59 0.71-3.56 0.26
52972419 A A B 0.70 0.49-1.0 0.049 0.68 0.48-0.98 0.037 0.68  0.46-1.01 0.059 0.72 0.50-1.04 0.077
M 0.82 0.53-1.28 0.39 0.87 0.56-1.36 0.53 0.68  0.39-1.18 0.17 0.87 0.55-1.37 0.56
F 0.50 0.27-0.92 0.026 0.41 0.21-0.80  0.0083| 031  014-0.70  0.0049 0.47 0.24-0.89 0.02
rs12153009 | A A B 1.41 1.0-1.98 0.052 1.42 1.00-2.00 0.05 134  0.91-1.96 0.13 1.50 1.05-2.13 0.026
M 1.22 0.76-1.95 0.42 1.24 0.77-1.99 0.37 127 0.74-2.19 0.39 1.29 0.79-2.10 0.21
F 1.65 1.0-2.75 0.052 1.68 0.99-2.86 0.055 171 0.92-3.15 0.088 1.77 1.05-2.99 0.033
rs12233949 | R B 2.79 1.04-7.52 0.043 277 1.02-7.52 0.045 272 0.94-7.81 0.064 2.87 1.06-7.76 0.038
M 2.48 0.72-8.52 0.15 2.61 0.75-9.04 0.13 1.81  0.46-7.04 0.29 2.64 0.76-9.12 0.12
F 323 0.61-17.22 0.17 3.71 0.66-20.84 0.14 1.65  0.87-3.11 0.12 3.30 0.61-17.9 0.17

Table I11-5: Logistic regression analysis of SNPs at the GHR locus with short stature and markers of adiposity
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Table I11-5: OR: odds ratio, 95% CI: 95% confidence intervals. $ A : Minor allele, 'M: Genetic Model : A Additive, R Recessive
Sex: B Both, M Males, F Females, * p value calculated from binary logistic regression analyses in additive or recessive genetic models
with short stature as a dependent variable. 1 Adjusted: refers to a binary logistic regression analysis with BMI, BAI or FFMI as a

covariate; age has been adjusted for all. Highlighted in bold are tests that are nominally significant (p<0.05); tests significant after
Bonferroni correction would be p<0.0028.
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Unadjusted Adjustedt Adjusted Adjusted

BMI BAI FMI
SNP Gene |[A%|Mr|Sext| OR 95%Cl Pvalue* | OR 95%Cl P value OR 95%Cl  Pvalue| OR 95%Cl P value
rs224333  GDFS | A [ A | B | 0.64  0.46-0.87 0.0053* 0.63  0.45-0.86  0.0042*% 0.57 0.40-0.81  0.0018%| 0.61 0.44-0.85 0.0039*
M 0.74 0.48-1.13 0.16 0.76 0.49-1.17 0.21 0.60 0.36-1.00 0.053 0.77 0.49-1.21 0.25
F 0.53 0.32-0.85 0.0086% 0.51 0.31-0.83 0.0073* 0.52 0.30-0.93 0.026 0.47 0.28-0.78 0.0033*
51042725 HMGA2 | C [ R | B | 051  0.20-0.87 0.013 0.50  0.29-0.87 0.013 0.48 0.26-0.88 0.017 | 0.40 0.22-0.71 0.0018%
M | 059 029123 0.16 0.60  0.291.23 0.16 0.71 0.30-1.69 044 | 047 0.22-1.03 0.059
F | 043  0.19-0.95 0.038 038  0.16-0.87 0.022 0.38 0.15-0.97 0.043 | 0.31 0.13-0.75 0.0092%
rs4966035 IGFIR | T [ A | B | 1.29 095176 012 122 0.89-1.68 0.22 113 0.80-1.61 049 | 119 0.86-1.64 0.29
M | 1.58  1.04-2.41 0.034 151 0.99-2.32 0.058 1.58 0.96-2.58 0.071 | 1.40 0.91-2.16 0.13
F 1.0 0.62-1.60 0.99 085  0.521.41 0.54 0.62 0.33-1.16 013 | 095 0.59-1.55 0.84
rs1019731  1GF1 alal B | 083 055127 0.40 081  0.53-1.24 0.32 0.84 0.53-1.35 0.48 | 0.90 0.58-1.39 0.62
M | 0.84  0.46-1.52 0.56 081  0.441.49 0.50 0.95 0.49-1.85 089 | 086 0.47-1.60 0.64
F | 085  0.46-1.55 0.59 081  0.43-152 0.50 0.78 0.36-1.69 053 | 0.94 0.51-1.75 0.85
rs2854744  IGFBP3| T [ A | B | 0.94  0.70-1.26 0.68 097 072130 0.83 0.89 0.65-1.24 050 | 098 0.72-1.33 0.91
M | 0.86  0.58-1.27 0.45 093  0.62-1.38 0.71 0.68 0.43-1.09 011 | 0.92 0.60-1.39 0.68
F | 1.03  0.66-1.60 0.91 112 0.70-1.78 0.64 1.32 0.77-2.28 032 | 1.07 0.67-1.69 0.79

Table I111-6: Logistic regression analysis of height-related gene SNPs with short stature and markers of adiposity

OR: odds ratio, 95% CI: 95% confidence intervals. 3 A : Minor allele, 'M: Genetic Model : A Additive, R Recessive ' Sex: B Both, M
Males, F Females, * p value calculated from binary logistic regression analyses in additive or recessive genetic models with short
stature as a dependent variable. 1 Adjusted: refers to a binary logistic regression analysis with BMI, BAI or FFMI as covariates; age
has been adjusted for all. Highlighted in bold are tests that are nominally significant (p<0.05); those with asterisks are tests that

remained significant after Bonferroni correction (p<0.01).
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Supplemental Table 111-1: GHR SNP panel information

MAF
s ID Major:Minor Positionin GRCh37 MAF CARTaGENE cohort Location inthe GHR generegion
dbSNP147 Allele hg19 assembly European (controls+cases)
15666581 C:A 42152335 A:0.062 A:0.08 > 200kb upstream V2
rs3764451 T:C 42398465 C:0.16 C:0.12 > 25kb upstream V2
1566487711 T:C 42421689 C:0.07 C:0.08 proximal V2 promoter
152940927 G:A 42422389 A: 048 A:0.46 proximal V2 promoter
6790 T:C 42422855 C:0.19 :0.20 core V2 promoter
2059 G:C 42423472 C:0.29 C:0.26 core V2 promoter
2972400 G:A 42425830 A:0.19 A0.20 downstream of V3
14642376 G:T 42432739 T:0.19 T:0.20 mtron 1
11509460 AC 42433819 C: 048 C:0.46 intron 1
1513171720 CT 42442715 T:0.24 T:0.20 mtron 1
rsl3156541 * .G 42461964 G:0.34 G:0.28 mtron 1
1511744988 C:T 42474696 T:0.07 T:0.08 mtron 1
182972419 G:A 42483877 A:0.18 A:0.21 intron 1 (associated with shoit stature in Pyamy population)
12972393 GA 42496257 A 0406 A045 intron 1
14509029 G:A 42506775 A 05 A:0.49 mtron 1
rs4129472 AG 42523172 G:0.22 G:0.19 intron 1
1512153009 G:A 42553879 A:0.29 A:0.25 mtron 1
17735889 AG 42562199 G:0.31 G:0.27 proximal V5 promoter
1512233949 G:C 42607461 C:0.27 C:0.24 mtron 2
154866941 G:A 42617492 A0.30 A:0.26 mtron 2
14292454 T:C 42623245 C: 0406 C:10.43 mtron 2
180873545 T:C 426312064 C:0.31 C:0.28 intron 3 (used as a tag to genotype the GHR d3/f1 polymorphisim)
136886047 AT 42643200 T:0.30 T:0.26 itron 3
rs4273617 AG 42695471 G:0.32 G:0.29 mtron 5
rs6180 A:C 42719239 C: 042 C:10.48 exon 10
151559286 T:G 42752037 G:0.05 G 0.07 ~ 25kb downstream of GHR
6330056 * AT 42847750 T:0.22 T:0.23 ~120kb downstream of GHR

“ CEU population ( Utah residents with Northern and Western European ancestry from the CEPH collection)

MAF: Minor Allele Frequency in the European population (1000 Genomes database). SNPs highlighted in blue are shown in the results section.
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Supplemental Table 111-2: Height-related gene SNP panel information

rsID Gene ID Major:Minor  Peositionin GRCh37 MAF MAF CARTaGENE cohort
dh SINP147 Allele hgl19 assembly European (controls+cases)
rs224333 GDF5 G:A Chr20:34023962 A:0.37 A:0.36
rs1042725 HMGA?2 T:C Chr12:66358347 C:0.46 C:0.44
14966035 IGFIR G:A Chrl5:99429462 A:0.306 A 031
rs1019731 IGF] C:A Chr12:102864425 A:0.13 A 014
rs2854744 IGFBP3 G:T Chr7:45961075 T:0.46 T:0.48

MAF: Minor Allele Frequency in the European population (1000 Genomes database).
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Supplemental Table 111-3: Regression coefficients of the adiposity markers adjusted for height

Variable P Coefficient Significance OR 95% C1
Males
BMI -.025 042 0.98 0.97-1.04
BAI 0.329 000 1.39 1.25-1.55
FMI -.006 0.89 0.99 0.91-1.09
FFMI -.052 0.532 95 0.81-1.12
WHR 0.026 0.21 1.03 0.99-1.07
Females
BMI 0.092 0.001 1.10 1.04-1.16
BAI 0.186 000 1.21 1.13-1.28
FMI 0.047 0.20 1.05 0.98-1.13
FFMI 0.71 000 2.03 1.61-2.65
WHR 0.021 0.3 1.02 0.98-1.06

OR: odds ratio. 95% CI: 95% confidence intervals
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CHAPTER IV

My previous two studies showed significant associations of the GT microsatellite with short

stature linked with obesity.

To explore the biological significance of this microsatellite, I conducted a series of functional
studies to compare the effects of the length of the GT repeat in modulating GHR transcriptional

activity.
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1. ABSTRACT (250 words)

Growth hormone (GH) binding to its specific receptor (GHR) at the surface of target cells
activates multiple signaling pathways, leading to changes in gene expression and function.
Dysregulation of GHRs can lead to pathophysiological states that most commonly affect height
and body composition. We previously showed the association of a polymorphic (n=15-37) GT
microsatellite in the GHR gene promoter with short stature and obesity in a sex-specific manner.
In the present study we evaluated the functional relevance of this microsatellite in regulating
GHR expression. Using luc-reporter constructs containing different GT repeat lengths, we
observed a significant GT allelic effect following HIF-1a stimulation and characterized a
repressor role following C/EBPp stimulation that was independent of GT length. We evaluated
the effect of microsatellite length on GHR expression in vivo using a panel of 41 CEPH
lymphoblastoid cell lines. Using a novel digital PCR assay to measure GHR allelic imbalance
(Al), we showed a high prevalence of Al at rs6180 (~86%), a higher degree of Al in males
(p=0.0045) and a nominal effect of the long (L: >28GT) allele in males (p=0.047). Total GHR
expression analysis revealed significantly lower GHR expression in cells carrying medium (M:
24-28GT) alleles vs. cells with short (S: <24GT) or L alleles in females (p=0.029). Finally, L/M
genotype cells showed significantly lower expression of IGF1 in males and BCL2 in females,
suggesting a potential trans-acting effect. Our data suggest that this microsatellite may act as a

fine-tuning modulator of GHR expression in a context- and sex-specific manner.

125



2. INTRODUCTION

Growth Hormone (GH) is essential for normal musculoskeletal development in children but also
has important regulatory effects on protein, carbohydrate and lipid metabolism at all stages of
life . It functions by binding to a dimer of its high-affinity receptor (GHR), activating multiple
intracellular signaling pathways and modulating cellular gene expression and function (Brooks
and Waters 2010b; Rowlinson et al. 2008b).

The ability of GH to exert its pleiotropic effects is contingent on the availability of its receptor at the
surface of the target cell. Individuals with low GHR levels or a dysfunctional GHR do not respond
normally to GH: they are not only short, but also have decreased bone mineral density and increased
adiposity, leading to a greater risk of developing osteoporosis, lipid disorders and cardiovascular
disease (Savage et al. 2006). Persons with an enhanced GH response, due to increased GH
secretion or increased tissue levels of GHR, exhibit excessive growth and abnormal protein, lipid
and carbohydrate metabolism, leading to an increased incidence of cardiomyopathies, hypertension,
diabetes and several types of cancers (Ben-Shlomo and Melmed 2008). Therefore, the GHR has a
central position within the GH-IGF1 axis and dysregulation of its expression can lead to
significant pathophysiological consequences.

The human GHR gene spans ~300kb on chromosome 5 (Barton et al. 1989b; Godowski et al.
1989). The coding region is defined by exons 2-10 where exon 2 contains the translation start
site (Figure 1V-1a). The GHR gene has a complex promoter region that produces fourteen
different GHR mRNAs with unique 5’UTRs derived from thirteen different first exons. These
variant mRNAs all splice into the same site in exon 2, 11bp upstream from the ATG translation
start site, and thus encode the same protein (Goodyer et al. 2001c; Orlovskii et al. 2004;
Pekhletsky et al. 1992; Wei et al. 2006). Four of the variant mRNAs are tightly regulated and
are expressed only in normal postnatal liver; while the other transcripts are present in all fetal
and postnatal tissues (Goodyer et al. 2001c; Wei et al. 2006). The four exons responsible for
postnatal liver-specific GHR mRNAs (V1, V4, V7, V8) are present in a 2kb domain (Module B)
located ~18kb upstream of exon 2, while the three major exons transcribing ubiquitous GHR
MRNAs (V2, V3, V9) are located within a 1.6kb region ~100kb further upstream (Module A)
(Figure 1V-1a).
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Our lab has previously reported the presence of a GT repeat microsatellite polymorphism in the
V9 promoter region, with a range of 15-37 (median 26) repeats (Figure 1V-1b) (Dias et al. 2017;
Hadjiyannakis et al. 2001). In addition, we have described several functional transcription factor
binding sites (DBP [D site binding protein], C/EBPR [CCAAT enhancer-binding protein ],
HIF1lo [hypoxia-inducible factor-la]) flanking the GT repeat sequence (Erman et al. 2011b;
Kenth et al. 2008). More recently, we have shown that this polymorphic microsatellite is
associated with two different complex traits, short stature (Dias et al. 2017) and obesity
(Chapter I11), with marked sex specificity differences.

The aim of the present study has been to better understand the functional relevance of the GT
repeat polymorphism in Module A of the GHR gene. Polymorphic dinucleotide repeats are
common throughout the human genome and widely used as genetic markers. Population studies
have found that high mutability due to slippage can lead to complex polymorphic characteristics
(Bhargava and Fuentes 2010). The length of the GT repeat in promoter regions has also been
shown to modulate the effects of flanking transcription factor response elements in several genes
(Gonzalez et al. 2007; ltokawa et al. 2003a; Searle and Blackwell 1999). Therefore, we
examined the potential effects of the Module A GT polymorphism in modulating GHR
transcriptional activity using three different approaches: (1) luciferase reporter assays, to
compare the ability of the S (short), M (medium) and L (long) repeats to modulate transcriptional
activity under both basal and transcription factor-stimulated conditions; (2) droplet digital PCR,
to determine the effects of the native GT polymorphism on allelic differential expression in vivo
using lymphoblastoid cell lines (LCLs); and (3) quantitative PCR to measure expression of total
GHR and four axis-related genes (GH, IGF1, BCL2 and SOCS2), to determine if there is an
association with a specific GT genotype in LCLs. Our study characterizes potential molecular

mechanisms whereby this microsatellite may affect GHR expression.

3. MATERIALS AND METHODS

A. Cell cultures

HEK293 cells (American Type Culture Collection, Bethesda, MD, USA) were maintained in
Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Burlington, ON, Canada)
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supplemented with 10% heat-inactivated fetal bovine serum and 25 mM HEPES. Forty-one
Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCLs) with specific GT
genotypes were obtained from the Coriell Cell Repositories (Camden, NJ, USA); they were
derived from individuals originating from France, Venezuela and the state of Utah in the United
States (collected by Fondation Jean Dausset-CEPH, Centre d'Etude du Polymorphisme Humain)
(Table 1V-S1). The cell lines were grown in suspension in RPMI 1640 medium (Invitrogen,
Burlington, ON, Canada) supplemented with 15% (vol/vol) non-heat-inactivated fetal bovine
serum, 100 IU/ ml penicillin G and 1.6 mg/ ml gentamycin. All cells were incubated at 37°C in
5% CO, in air.

B. GT repeat constructs

Three pA3Luc-reporter constructs containing different lengths of the GT repeat were generated
by amplifying ~1.2 kb of the GHR Module A region (from the last 91 bp of V2 to 14 bp past the
end of V3) (Figure 1VV-2a), using genomic DNA of individuals previously genotyped: a small
(S) GT19, a medium (M) GT26 and a long (L) GT33 reporter construct, following previously
described GT allele classifications: S = <24 GT, M = 24-28 GT, L = >28 GT (Dias et al. 2017).
In addition, a GT-deleted reporter construct (GTdel) was generated using specific forward and
reverse primers (Table 1V-S2) and the QuickChange Lightning Site-directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). The cloned inserts and the GT-deletion were confirmed by

sequencing (Génome-Québec, Montreal, QC, Canada).

C. Transient transfection and luciferase reporter gene assays

HEK293 cells (0.5x10°) were seeded in 24-well plates and grown to 40-60% confluency.
Transfections were performed using Polyfect reagent (Qiagen, Germantown, MD, USA). Each
well was transfected with 0.25 ug of GHR pA3Luc reporter vector (GT19, GT26, GT33 or
GTdel) or empty pA3Luc vector (Tremblay et al. 2000), along with 5 ng of pRSV-p-
galactosidase (Promega Corporation, Madison, WI, USA) for normalization; the total DNA per
well was made up to 0.4 pg with Sp64. For the stimulation experiments, cells were co-
transfected with expression vectors for DBP (pcDNA3-DBP), HIF-1a (pcDNA3-HA-HIF-1a) or
C/EBPB (pcDNA3-C/EBPp) at two doses (100/200ng, 50/100ng and 2/4ng, respectively). Forty-
eight hours after transfection, the cells were washed with cold phosphate-buffered saline and
harvested in 200 ul of lysis buffer (0.5% NP-40, 0.01 M DTT and 0.1 M Tris [pH 8]) for 15 min
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at room temperature. For the B-galactosidase assay, 10 pl of the lysates were added to each well
of a 96-well microtiter plate and incubated for 1 h at room temperature in the dark along with
100 ul of the B-galactosidase solution (0.1 mM B-galactosidase substrate in 100 mM sodium
phosphate [pH 7.5], 1 mm MgCIl, and 5% Sapphire 1l Enhancer [Tropix Galactonstar, Bedford,
MA, USA]). For the luciferase assay, 80 ul of the lysates were dispensed into a 96-well
microtiter plate and luminescence activity was assayed with 1x luciferin solution (0.1 mM
coenzyme A, 2.5mM ATP, 1x luciferin, 5SmM MgCIl, and 500 mM Tris-HCI [pH 7.9]).
Measurements were taken using a bioluminometer (GloMax; Promega Corporation). Samples
were analyzed in triplicate and experiments were performed a minimum of three times. Data are
expressed as a ratio of luciferase activity over B-galactosidase activity and normalized to the
empty pA3Luc vector data. Variance calculations and significance were calculated with the one-
way ANOVA test.

D. Quantitative PCR

LCLs were harvested at a density of 0.8x10° to 1.2x10° cells/mL every 3-5 days of growth and
lysed in Qiazol reagent following manufacturer’s instructions (Qiagen). Four to six extracts
(corresponding to successive passages) were obtained for each cell line. Total RNA was treated
with 2 U of TurboDNAse (Ambion/Thermo Fisher Scientific, Waltham, MA, USA) followed by
acid phenol-chloroform precipitation. 1 pg of purified RNA was used for reverse transcription
using the QuantiTect Reverse Transcription kit (Qiagen). Approximately 10 ng of total cDNA
were used in qPCR assays with the QuantiTect SYBR Green PCR kit (Qiagen). Primers for GH,
GHR, IGF1, BCL2, SOCS2 and B2M were designed using the Primer 3 software (Primer3 v.
0.4.0; http://bioinfo.ut.ee/primer3-0.4.0/) (Table 1VV-S2). Normalization and quantification were
performed using the comparative Ct method. Data are expressed as fold change (27" relative

to p2M normalizer.

E. Allelic Imbalance Measurements

Our LCL set was genotyped using the Sequenom technology (Genotyping Platform, Génome
Québec, Montreal, QC) at rs6180 (A/C) at chromosome 5:42719239 with a MAF=0.42 (C) in the
CEU (Utah residents with Northern and Western European ancestry) population (Human
assembly GRCh37) (Table 1VV-S2). Only heterozygous cell lines were used for the measurement
of allelic expression and homozygous ones were used to test the specificity of each probe. A

129


http://frodo.wi.mit.edu/

series of blanks (n=12) were run to assess the sensitivity and positivity threshold of each probe.
Primers and probes suitable for digital PCR were custom-designed for allelic discrimination
(IDT, Skokie, IL, USA) (see Table I1V-S2 for the sequences). For each LCL, cDNA and gDNA
were assayed using the BioRad system (example of raw results in Figure 1VV-S1). Each 20 ul
reaction contained 1 x ddPCR Supermix for Probes (Bio-Rad), 900 nM specific forward and
reverse primers flanking rs6180, 250 nM of specific locked nucleic acid (LNA) probe for each
allele at rs6180 and 20 ng of gDNA or cDNA. Each reaction was mixed with 70 ul Droplet
Generation Oil (Bio-Rad), partitioned into 12,000-18,000 droplets in the QX100 Droplet
Generator (Bio-Rad), transferred to a 96-well plate and sealed. The PCRs were performed in a
T100 Thermal Cycler (Bio-Rad) with the following cycling conditions: 1 x (95 °C for 10 min),
45 x (95 °C for 30, 60C for 60s, 72 °C for 1 min) and 1 x (98 °C for 10 min). Following end-
point amplification, the fluorescence intensity of individual droplets was measured with the
QX100 Droplet Reader (Bio-Rad) and data analysis was performed with QuantaSoft software
(Bio-Rad). Positive and negative droplet populations were detected manually by setting a
threshold at 3000 (fluorescence intensity of FAM or HEX probes). Technical and biological
(different passages) replicates were run and the ratio of the average copies/ul of each allele
(cDNA) was normalized to the ratio of the gDNA for each cell line. The normalized ratio was

then presented as a percentage of each allele (C:A).

F. Statistical analysis

Statistical significance was assessed using Chi-square tests (Figure 1V-3), unpaired two-tailed t-
tests (Figure 1V-4), one- or two-way ANOVA followed by Tukey, Dunnett or linear trend
(linear regression) post-hoc tests (Figures 1V-4-5, Table 1V-1), using GraphPad Prism v7.0
software (La Jolla, CA, USA). A p<0.05 was considered significant. For the student t-tests and
Chi-square tests, we applied a correction when the three classes of alleles were tested: the
threshold used to assess significance was Pcor<0.025 (1df) and peorr-sex <0.0125 after stratification

by sex; a p<0.05 was considered nominally significant.
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4. RESULTS

A. Luciferase reporter vector experiments

To investigate the biological significance of the GT repeat polymorphism, we subcloned ~1.2 kb
of the Module A region flanking 19, 26 and 33 GT repeats into luciferase reporter vectors to test
the ability of S vs. M vs. L repeats to modulate GHR transcriptional activity; in addition, we
deleted the entire GT repeat sequence to create a GT-deleted reporter vector (Figure 1V-2a). For
the following analyses, we used the GT26(M) vector as the reference construct. We observed
that all the constructs had a stimulatory effect under basal conditions; however, there were no
significant differences in reporter expression among the different GT lengths in HEK293 cells
(Figure 1V-2b). We next studied the effects of co-transfecting three transcription factors that had
response elements flanking the GT repeat: while all three transcription factors increased the
expression of reporters containing S, M and L GT repeats, we observed three different response
patterns.

First, we overexpressed the DBP transcription factor: a binding site is located ~300bp upstream
of the GT repeat and has been previously validated in our lab using ChIP assays (Figure 1V-2a
and Figure 1V-S1). At levels of 100ng or 200ng, DBP stimulated all three GT vectors as well as
the GT-deleted vector 2 to 3 fold. The overall increase was significant (F (1, 32) = 15.82,
p=0.0004) (Figure 1V-2c); however, there were no significant differences between the GT
lengths at either of the two doses of DBP and no interactions between DBP and the GT genotype.

Next, we tested the effects of overexpressing HIF-1a; two functional response elements had
previously been reported by our lab, one in each of the V9 and V3 exons (Erman et al 2011).
Following exposure to HIF-1a at 100 and 200ng, there was a dose-related significant stimulatory
effect on the different GT constructs (F (1, 24) = 12.92, p=0.0015) (Figure 1V-2d). The GT
genotype also had an overall significant effect on the differences observed (F (3, 24) = 4.209,
p=0.0158). More specifically, the GT19 construct showed a significant decrease in luciferase

transcriptional activation compared to GT26 at the 200ng HIF-1a dose (p=0.03).

In 2001 we characterized a functional CCAAT box located immediately 5 to the GT repeat
(Goodyer et al 2001) (Figure 1V-1b). In the present study, treatment with C/EBPJ resulted in a

significant dose-related increase in luciferase transactivation for all three GT lengths tested (F (1,
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20) = 85.71, p<0.0001) (Figure 1V-2e). Moreover, the GT genotype had a significant effect on
the response pattern observed (F (3, 20) = 9.056, p=0.0005): specifically, the GT-deleted vector
showed a significantly higher level of luciferase stimulation than the GT26, indicating a
repressor role for the microsatellite in modulating C/EBPR effects (p=0.011 at 4ng). When the
GT-deleted vector was used as a reference, it showed significantly higher luciferase induction
than the GT19 vector at 2ng C/EBPB dose (p=0.049) and, at 4ng of C/EBPp dose, it was
significantly higher than all of the GT vectors (GTdel vs. GT19 p=0.0009; GTdel vs. GT26
p=0.012; GTdel vs. GT33 p=0.0095).

Our results showed that the GT allelic length had a small but significant cis-regulatory effect and

that the GT repeat element could act as a repressor under specific test conditions.

B. Association of differential GHR allelic expression with the GT repeat polymorphism

In order to characterize the GT repeat polymorphism using more in vivo test conditions, we
genotyped more than 400 LCLs in order to obtain a minimum of four for each of the six GT
genotypes (total n=41, range: 4-13 LCLs/genotype). LCLs have been extensively used for
expression quantitative trait analyses (Pastinen 2010) and constitute an ideal model in which to
investigate whether, under basal conditions, the GT repeat microsatellite is a causal variant

associated with the expression of each individual GHR genotype or allele.

We first assessed the degree of differential GHR allelic expression (or allelic imbalance [Al])
using the digital droplet PCR technology. Using the transcribed SNP rs6180 located in exonl0,
we evaluated the relative amount of each allele in heterozygous individuals (n=21 LCLs); we
then normalized the ratio obtained in the cDNA to the ratio observed in the genomic DNA.
Allelic differential expression is observed if the ratio of the two alleles differs from the
theoretical 50:50. However, even if there is no allelic imbalance, there is variability inherent to
the technique. This experimental variability was calculated by measuring the differences between
duplicates (maximum 3%) which corresponds to a ratio threshold of 53:47 or 47:53 (dotted blue
lines in Figure 1V-3). A ratio above and below these thresholds indicates a true differential
expression between the two copies of the GHR gene. We observed significant allelic imbalance
at rs6180 for ~86% of the LCLs in our study (Figure 1V-3). Moreover, among the cell lines

showing significant allelic imbalance, a larger number of cell lines derived from males showed a
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high degree of Al (above 80:20 and below 20:80) (blue symbols; 57%; p=0.0045). No females
(orange symbols) reached this level of Al, even though there was a bias towards a larger number

of females in our LCL set (n=13 females vs. n=8 males).

It is important to note that the detection SNP (rs6180) was not in linkage disequilibrium with the
GT repeat; the microsatellite is located ~300kb upstream, beyond the limit of the rs6180
haplotype block. We, therefore, could not phase the genotypes and, thus, could not directly
correlate the allelic class of the GT repeat with a specific allele of the detection SNP.
Nevertheless, even without being able to infer a specific haplotype, we could perform association
tests (chi-squared) for the individual cell lines classified by GT genotype or by allelic classes
presenting with or without the allelic imbalance phenotype directed towards the C or A allele.
We did not find a significant association between a specific GT genotype and the allelic
differential expression phenotype, likely due to the low number of heterozygous
samples/genotype (Figure 1V-3a). However, when classified by alleles, LCLs derived from
male individuals with at least one L allele showed a deviation towards the A allele compared to
the non-L cell lines (p=0.047) (Figure 1VV-3d). There was no significant association of the LCLs
presenting with either the S or M alleles with a differential allelic expression phenotype (Figure
IV-3b-c). Interestingly, the profiles for the three alleles suggest changes in the clustering of the
LCLs, from a higher proportion of C alleles in Figure 1VV-3b to a higher proportion of A alleles
in Figure 1V-3d.

These endogenous data are in line with the in vitro luciferase reporter assay results: they both

suggest a cis-effect of the GT repeat polymorphism on GHR allelic differential expression.

C. GT genotype association with the expression of GHR and GH/IGF-1 axis genes in LCLs

We next evaluated whether the polymorphic GT repeat could affect total GHR gene expression
and, by extension, expression of different gene members of the GH-IGF1 axis. We examined
MRNA levels under basal conditions in our LCLs classified according to their GT genotypes
(Figures IV-4 and 1V-5). GHR gene expression levels were not associated with any specific GT
genotype. However, when organized in an ascending order of GHR expression levels, there was
a trend for L/M LCLs to have the lowest GHR expression compared to the other genotypes and
L/S to have the highest mean levels (ANOVA post-test for linear trend: p=0.025, r’=0.84)
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(Figure 1V-4a, Table IV-1). Interestingly, this trend was driven by LCLs derived from female
individuals and not by males (p=0.015, r’=0.95), as shown by the increased effect size from 13%
in both sexes compared to 31% in females (Table 1V-1). Furthermore, classifying the cell lines
according to their GT allelic class (S, M or L) revealed that LCLs presenting with at least one M
allele expressed significantly less GHR mRNA than the non-M cell lines (p=0.031); and this
signal was again driven by the females (p=0.029) (Figure 1V-4c). No significant differences in
GHR levels were observed for LCLs presenting with the S or L alleles (Figures 1V-4b and 4d).
We also tested for correlations between the degree of allelic imbalance in the individual LCLs and
the level of GHR expression but found no significant effects, suggesting that some compensation
mechanism (e.g. trans-acting feedback, which would not be measured by Al assays) may be
controlling the total GHR transcript levels (Pastinen 2010; Sladek and Hudson 2006).

In order to understand if the GHR GT repeat genotype could also be associated with expression
of different up- and down-stream members of the GH-IGF1 axis, the same analysis was
performed for GH, IGF1, BCL2 and SOCS2 (Figure I1V-5). Initial classification of the
genotypes in the same order as for the GHR gene analysis did not reveal a linear trend of
association of the GT genotypes for any of the four genes. However, when the genotypes were
classified in an ascending level of IGF1 gene expression, there was a highly significant linear
trend of association of the GT genotypes with IGF1 expression (p=0.0005, r*=0.96). Cells with
the L/M genotype had the lowest IGF1 expression, similar to what was observed with GHR, and
that association was driven specifically by the males (p=0.0093, r*=0.71) (Figure 1V-5b, Table
IV-1). The L/M cell lines also expressed significantly less IGF1 than the L/L lines (p=0.023)
(Figure 1V-5b). Keeping the same GT genotype order as for IGF1 for the other genes resulted
in a significant linear trend for BCL2 (p=0.0007, r’=0.79) (Figure 1V-5c, Table 1V-1) but not
GH or SOCS2 (Figure IV-5a and IV-5d). The L/M cell lines showed significantly less
expression of the BCL2 gene compared to the L/L lines (p=0.0047) and this was significantly
driven by the females (p=0.012) (Figure 1VV-5c).

These data suggest both a cis-effect of the GT repeat polymorphism on GHR total expression and

a trans-effect on GH-IGF1 gene members, with significant sex-specific differences.
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5. DISCUSSION

DNA microsatellites are a class of tandem repeats found throughout the human genome, with the
CAJ/GT motif the most common form amongst the dinucleotide motifs (Ellegren 2004; Sawaya et
al. 2013). They’ve been widely used in genetic mapping and forensics because of their frequent
polymorphic nature that is mostly due to slippage during DNA replication (Ellegren 2004).
Recently, DNA microsatellites have been shown to accumulate at a high density in promoter
regions where they co-localize with cis regulatory elements and can act as potential regulators of
gene expression (Sawaya et al. 2013). Several studies have shown the association of gene
promoter GT repeat polymorphisms with disease risk (e.g. ER-a, NRAMP1) (Cai et al. 2003;
Searle and Blackwell 1999) or disease severity (e.g. GRIN2A, S-ENaC) (Itokawa et al.
2003a)(Gonzalez et al. 2007), and many of them have shown a modulation of gene expression
with the GT length (Gonzalez et al. 2007; Itokawa et al. 2003a; Searle and Blackwell 1999). The
HO-1 gene is a well-documented example: its promoter GT microsatellite has been associated
with a wide range of clinical disorders, including emphysema, rheumatoid arthritis, type 2
diabetes mellitus, cardiovascular diseases and certain cancers (Bao et al. 2010; Daenen et al.
2016; Kikuchi et al. 2005; Rueda et al. 2007; Tang et al. 2016; Yamada et al. 2000); several of
these studies have also reported a modulatory effect of the GT repeat length on HO-1
transcriptional activity (Chen et al. 2016b; Hirai et al. 2003; Yamada et al. 2000).

However, the question of how variability in the length of a promoter microsatellite can modulate
gene expression is not often addressed. Several of the mechanisms proposed have been reviewed
recently (Bagshaw 2017) and include: a modification of the distance between functional
elements located outside of the short tandem repeat (Chen et al. 2016a) with a reorganization of
the local chromatin conformation mediated by a DNA looping process (Chen et al. 2016b); a
modulation of transcription factor binding (Bayele et al. 2007; Taka et al. 2013); and a potential
role in genome organization via long range chromatin interactions (Nikumbh and Pfeifer 2017).
These effects may also be complicated by the fact that there is a high propensity of the CA/GT
microsatellites to form Z-DNA, the left handed form of B-DNA. This transient conformation
occurs mostly during replication or transcription: in the latter case, the unwinding of the DNA
behind the RNA polymerase 11 (RNApolll) generates negative supercoiling and stabilizes the Z-
DNA conformation (Rich and Zhang 2003).
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In previous studies, we showed that a GT dinucleotide repeat, located ~80bp upstream of the
transcription start site of the V9 5’UTR exon in Module A of the GHR gene, was polymorphic in
the general population (Hadjiyannakis et al. 2001). Subsequent case-control analyses of cohorts of
idiopathic short stature children showed an association of specific GT genotypes with the short
stature phenotype, specifically in boys (Dias et al. 2017). Most recently, we found that obesity
indices, like BMI (body mass index) and FMI (fat mass index), have confounding effects,
strengthening the association of the GT repeat polymorphism with adult severe short stature, only in
women (Chapter I11). The aim of the present study was to characterize the potential mechanisms
by which this GT microsatellite may be modulating GHR gene transcription. Initially, we used
luciferase reporter assays to identify the modulatory potential of the GT repeat polymorphism. The
Module A region of GHR contains three exons that ubiquitously express the most abundant GHR
MRNA variants in human tissues (Goodyer et al. 2001c). Multiple cis factor response elements in
their promoter regions have been investigated in our lab, revealing their influence on GHR
transcriptional activity (Erman et al. 2011b; Kenth et al. 2011; Wei et al. 2009a). The regions
immediately flanking the GT repeat in our luciferase reporter constructs contain response elements
for three different cues relevant to GHR function: diurnal rhythms (DBP), adipose hypoxic

environment (HIF-1a) and adipogenic and chondrogenic processes (C/EBPJ).

Under basal test conditions, all of the constructs exerted a stimulatory effect on luciferase
transcription but there were no differences amongst the GT19, GT26, GT33 and GTdel groups.
This result led us to hypothesize that the GT repeat microsatellite may regulate promoter activity
only in response to specific signals. First we tested DBP, a circadian rhythm transcription factor, as
GHR mRNA has been shown to have a circadian rhythmicity in murine calvarial bone, liver and
skeletal muscle (Itoh et al. 2004; Zvonic et al. 2007). Our results showed that DBP was, indeed, an
inducer of luciferase transcriptional activity in our test system. However, the effect was not
regulated by the GT polymorphism, possibly since the DBP binding site is located ~300bp upstream
from the GT repeat element. Next we tested HIF-1a. This transcription factor is present in adipose
tissue during obesity (Ye 2009) and GHR mRNA levels in mature human adipose cells have been
shown to increase in response to HIF-1a in a dose-related fashion (Erman et al. 2011b). In the
present study, we found that, while all of the constructs were stimulated by HIF1-a, the shortest

allele showed a significantly lower response. The closest response element to the microsatellite is a
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CCAAT box immediately 5°. C/EBPf has been shown to be involved in several processes that also
involve the GH/GHR/IGF1 axis, including adipogenesis and chondrogenesis (Tsukada et al. 2011).
Our data show that the C/EBPp response was not affected by GT allele length; however, a reporter
with no GT repeats (GTdel) had a significantly greater response to C/EBP, suggesting a repressor
role for the microsatellite. Thus, we demonstrated that our GT polymorphic microsatellite could act
as a modulator of GHR promoter activity in response to specific cues. Our data also suggest that the
positioning of the response elements relative to the microsatellite may be partly responsible for the

differential effects observed.

Reporter construct studies are limited due to their use of a restricted region of the promoter that may
not represent the folded state of native chromatin. Therefore, in order to understand if the GT repeat
exerts cis-regulatory effects within its original genomic context, we also evaluated its activity using
a cell model. We chose to study LCLs from the CEPH collection to ensure finding as many
different GT genotypes as possible, including the rare S/S and L/L ones, in order to evaluate if the

GT repeat polymorphism could be an expression quantitative trait locus (eQTL).

Allelic specific expression is a method to evaluate the effect of a potential cis regulator on the
relative expression of two alleles within the same sample. The strength of the technique relies on
the fact that two alleles measured at the same locus become a control for each other, removing the
need for a reference gene and neutralizing the effect of confounding factors from the cell context
(trans-acting) (Lo et al. 2003; Pastinen and Hudson 2004; Serre et al. 2008; Yan et al. 2002).
Several studies have reported that allelic differential expression is a common phenomenon in the
human genome (Ge et al. 2009; Lo et al. 2003; Pastinen 2010): the expression of 30% of the genes
in LCLs is associated with common cis variants (Ge et al. 2009), and 40-60% of these cis-regulatory
variants are shared between cell types (Adoue et al. 2014). Genes showing allelic differential
expression are implicated in many biological pathways (Palacios et al. 2009) and have been
associated with a predisposition to certain diseases (de la Chapelle 2009; Wang et al. 2016). A
number of techniques have been developed to measure allelic differential expression, including
gPCR (Sun et al. 2010), quantitative sequencing (Ge et al. 2005), single-base extension methods
like SNUpe or SNApSHOT, pyrosequencing (Wang and Elbein 2007), RNA sequencing (Pastinen
2010), mass-spectrometry (Wang et al. 2016) and array-based methods (Ge et al. 2009; Ronald et

al. 2005; Serre et al. 2008); most of these techniques are able to detect changes in allelic expression
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of more than 1.5 fold (60:40 ratio).

In this report, we developed a new application for the droplet digital PCR assay to measure allele
specific expression. Combining the sensitivity of the droplet-based PCR and highly specific LNA
probes, we were able to discriminate allelic GHR expression in LCLs with high sensitivity. We
observed a high prevalence of allelic imbalance in GHR at the rs6180 locus (~86%); even after
taking a more common threshold for Al at 60:40, the prevalence remained elevated (>70%).
Interestingly, only the males in our set of LCLs showed a high degree of Al (>80:20) and, notably,
two male individuals showed extreme allelic imbalance (>95:5). The high degree of Al in LCLs
has already been reported although sex differences were not examined (Ge et al. 2009; Light et al.
2014; Serre et al. 2008). Differential allelic expression in GHR has only been assessed in one
previous study. In 2010, Verlaan et al. performed high-throughput allelic expression measurements
in LCLs and osteoblast cell lines (HObs) using rs6180 and intronic detection SNPs to map cis-
regulatory variants more efficiently in the human genome; the GHR gene was part of an 81 gene set

presenting with significant Al in both cell types (Verlaan et al. 2009).

Although our cell-based approach gave only nominally significant evidence of a cis regulatory
effect of the GT repeat on GHR allelic expression, it specifically showed that male individuals
carrying a long version of the GT repeat allele in their genotype had an effect on the Al phenotype
and potentially on the degree of the imbalances observed. In contrast, the examination of total GHR
MRNA expression levels for the full set of LCLs showed a significant linear trend, with the L/M
specific GT genotype correlating with the lowest levels of GHR. Although no significant
differences between the GT genotype categories were observed using ANOVA and post-hoc tests,
classifying the cell lines by alleles showed that those carrying at least one M allele had significantly
lower average expression levels of GHR mRNA than non-M cell lines, suggesting a cis regulatory
effect of the GT repeat genotype on GHR expression.

To understand if the GT repeat polymorphism has potential trans-acting effects within the GH-IGF1
axis, we tested its association with mRNA levels of GH and three GH-target genes. We observed a
significant association with IGF1 and BCL2, but not GH or SOCS2, gene expression; for both IGF1
and BCL2, there was evidence for significant sexual dimorphism as we observed for GHR.
Lymphocytes in healthy individuals express both GH and GHR, with B cells having the highest
levels; there is also considerable individual variability (Hattori et al. 2001). GH has been reported
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to exert a sex-specific secretory pattern in humans and in rodents (Lichanska and Waters 2008a).
Recent studies in the rodent liver described sets of ‘male-biased’ and ‘female-biased’ genes that had
chromatin modifications in response to pulsatile (male) vs. continuous (female) serum GH levels
(Connerney et al. 2017; Lau-Corona et al. 2017). Although our LCLs were not treated with
exogenous GH, basal levels of GH produced endogenously by B cells (Weigent and Blalock 1989)
may be sufficient for an autocrine stimulation leading to the sex-specific transcriptional differences
that we observed for GHR, IGF1 and BCL2.

In addition, LCLSs carrying the L/M genotype consistently showed the lowest GHR, IGF1 and BCL2
expression, suggesting a continuum of the effect of this genotype downstream of GHR.
GHR/IGF1/BCL2 could, thus, constitute a transcriptional unit co-regulated by the L/M GT genotype
regulatory variant. This trans effect may be partly explained by the property of this specific
dinucleotide GT repeat to form Z-DNA; in silico analyses using three different prediction
algorithms, Z-Hunt (Ho et al. 1986), SIBZ (Zhabinskaya and Benham 2011) and the nonB-DB
database (Cer et al. 2013), provide evidence for this (Figure 1V-S3). Several genes have been
shown to be regulated by a Z-DNA forming dinucleotide repeat in their promoter regions, including
HO-1, ADAM12, SLC11A1 and c-myc ((Bayele et al. 2007; Ray et al. 2011; Wittig et al. 1992;
Zhang et al. 2006). Z-DNA binding proteins (ZBPs), like ADAR-1, can specifically recognize Z-
DNA conformations (Herbert et al. 1995) and cause them to act as enhancer elements (Oh et al.
2002). Interestingly, LCLs have the highest levels of ADAR-1 when compared to 53 different
tissues in the GTEx database (www.gtexportal.org). It is possible that the amount of ZBP binding

could be proportional to the length of the GT allele and that increased Z-DNA stability may have
effects both (a) in cis, on GHR expression levels by regulating the entrance of RNApolll and
altering the formation of core transcriptional units; and (b) in trans, as Z-DNA formation excludes
the replacement of the nucleosomes, implying a local chromatin reorganization (Garner and
Felsenfeld 1987; Liu et al. 2006). The ZBPs may also constitute bridges to potential Z-forming
elements located in the promoter regions of other genes, such as the polymorphic CA repeat in the
IGF1 gene promoter. Recent studies using genome-wide Chromatin Interaction Analysis with
Paired-End-Tag sequencing (ChIA-PET) found that mapping long range interactions with
RNApolll uncovered a set of genes that cooperated in their transcriptional activity through
promoter-promoter interactions (Li et al. 2012). Moreover, short tandem repeats, specifically with

GT motifs, have been shown to be implicated in the 3D organization of the human genome with
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potential long range DNA-DNA interactions (Nikumbh and Pfeifer 2017).

Certain limitations of the present study should be noted. Our observation of an association between
the male LCL carriers of at least one GT L allele with a deviation towards the A variant of rs6180 is
intriguing but only of nominal significance. This is likely due to both the small number of cell lines
carrying the L allele and the need to work only with cell lines heterozygous at the detection SNP.
We had chosen rs6180 because of its high MAF (>40%) in order to have as large a group of LCLs
as possible to test but were still limited in the number of rarer GT genotypes available. The other
limitation is the absence of LD between the GT repeat and rs6180, making it impossible to infer a
regulatory haplotype. Taking a SNP in the V2, V9 or V3 first exons would have been ideal:
unfortunately, these regions contain a very small number of SNPs and are rich in CpG islands which
meant that we could not design proper probes. Another option would have been to use intronic
detection SNPs (Verlaan et al. 2009); however, heteronuclear non-spliced RNA is present at very
low concentrations in the nucleus and many of the LCLs had low total GHR mRNA levels making

this approach unfeasible.

To conclude, we have demonstrated for the first time the functional relevance of a GT repeat
polymorphism in a core promoter region of the GHR gene. As with many other promoter
microsatellites, this GT repeat has properties of a fine-tuning cis modulator of GHR expression in a
context-specific manner. Its potential trans effects need further experimentation to better understand
the underlying mechanisms that may shed new light on the complex regulation of the GHR

promoter and its effects on transcriptional targets of GH signalling.
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Table IV-1: GT repeat genotype associations with GH, GHR, IGF1, BCL2 and SOCS2

MRNA expression stratified by sex.

Gene ID Sex ANOVA Linear Trend
P-value P-value r2 Effectsize
B 0.14
GH M 0.97
F 0.072
B 0.281 0.025 0.84 0.13
GHR M 0.89
F 0.23 0.015 0.95 0.31
B 0.023 0.0005 0.96 0.29
IGF-1 M 0.077 0.0093 0.71 0.36
F 0.47
B 0.0047 0.0007 0.79 0.26
BCL-2 M 0.39 0.043 0.88 0.27
F 0.012 0.0008 0.87 0.48
B 0.67
S0CS-2 M 0.47
F 0.91

Statistical analyses were conducted using the one-way ANOVA test followed by Tukey and

linear trend (linear regression) post-hoc tests. B = both sexes, M = males, F = females.
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FIGURE LEGENDS

Figure IV-1: Schematic of the human GHR gene: (a) The GHR gene is located on the short
arm of chromosome 5. Exons 2-10 code for the protein. Thirteen non-coding exons have been
reported within the 150kb upstream of exon 2 in the 5> UTR. Seven of the non-coding exons are
clustered in 2 small regions defined as Module A (~1.6kb) and Module B (~2kb). VA-VD and
V3a/b/VE exons are found between the two Modules. V5 is located adjacent to the first coding
exon, exon 2. (Goodyer et al. 2001a; Orlovskii et al. 2004; Pekhletsky et al. 1992; Wei et al.
2006) (b) Promoter regions of the three major ubiquitously expressing human GHR 5'UTR exons
in Module A with putative response elements for DBP (D site binding protein), HIF-1la
(hypoxia-inducible factor-1a) and C/EBPB (CCAAT enhancer-binding protein ) transcription

factors.

Figure 1V-2: Effects of the GT repeat polymorphism on GHR gene promoter activity.
HEK?293 cells were co-transfected with a p-galactosidase vector, one of four GHR-luciferase
promoter reporter vectors containing different lengths of the GT repeat (19(S), 26(M), 33(L) or
GTdel), and different transcription factor expression vectors. (a) A schematic of the 1.2 kb GHR
promoter reporter construct shows the location of response elements for transcription factors
characterized in this study. Luciferase and B-galactosidase activities were assayed 48 h after
transfection. Luciferase activity was normalized using pA3Luc backbone data and corrected for
transfection efficiency with (B-galactosidase data. Effects of the different GT lengths on
luciferase activity were measured (b) with no stimulation (n=22) or following stimulation by (c)
DBP, at doses of 100 (n=5) and 200 ng (n=11), (d) HIF-1a, at 100 or 200 ng (n=4), or (e)
C/EBPB, at 2 (n=4) or 4 ng (n=3). All data are presented as mean + SEM. Significant differences
were assessed by one- or two-way ANOVA followed by Tukey multiple comparisons tests with
GT26 as the reference (*p<0.05, p** p<0.01, ***p<0.001, **** p<0.0001).

Figure 1V-3: Differential allelic expression association with GT repeat length at the GHR
gene locus in LCLs. Twenty-one LCL cell lines heterozygous at rs6180 (located in exon 10 of
GHR) have been analyzed using digital PCR with specific probes to discriminate between the C
and A alleles. Average allelic ratios (of two consecutive passages) normalized by the gDNA
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allelic ratios are displayed for each cell line as a percentage (orange symbols = females, blue =
males). The allelic imbalance threshold was estimated at 53:47 or 47:53 (dotted lines) based on
experimental variability. A high degree of allelic imbalance (80:20) was observed more
significantly in cell lines derived from males than females (p=0.0008) independent of the GT
genotype or allelic class. Upper panel (a) showed no significant association between the GT
genotypes and the allelic ratios. However, classification of the cell lines according to their GT
allelic classes revealed a significant difference for (d) the L allele but not for the S and M alleles
(b-c): there were significantly more L cell lines derived from males expressing lower levels of
the rs6180 C allele compared to non-L ones (d) (p=0.047). Statistical analyses were carried out

using the chi? test.

Figure 1V-4: GT genotype and allelic associations with GHR mRNA expression in LCLs.
Forty one LCLs classified (a) according to their GT genotype or (b-d) GT allelic class were
grown for 3-5 days to a concentration of 0.7-1.2x10° cells/mL for six consecutive passages.
Total GHR gene expression was assessed by quantitative PCR for a minimum of 3 passages for
each cell line. Results are presented as mean = SEM; orange symbols = females, blue = males.
Statistics were carried out using one-way ANOVA followed by Tukey’s post-hoc test for

multiple comparisons or an unpaired 2-tailed t-test (* p<0.038).

Figure IV-5: GT genotype and allelic associations with GH, IGF1, BCL2 and SOCS2 mRNA
expression in LCLs. Forty-one LCLs classified according to their GT genotype were grown for
3-5 days to a concentration of 0.7-1.2x10° cells/mL and RNA was harvested for six consecutive
passages. Total gene expression of (a) GH, (b) IGF1, (c) BCL2 and (d) SOCS2 gene expression
was assessed by quantitative PCR for a minimum of 3 passages for each cell line. Results are
presented as mean = SEM; orange symbols = females, blue = males. Statistics were carried out
using one-way ANOVA followed by Tukey’s post-hoc multiple comparisons tests (* p<0.02, **
p<0.0047).
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Table IV-S1: Characteristics of the LCLs used in our study

LCL ID Pedigree Sex GT Allele 1 | GT Allele 2 Genotype
GM12003 CEPH/UTAH PEDIGREE 1420 Male 18 22 S/S
GM12910 CEPH/UTAH PEDIGREE 1477 Female 19 19 S/S
GM11830 CEPH/UTAH PEDIGREE 1350 Female 19 22 S/S
GM12567 CEPH/FRENCH PEDIGREE 12 Male 19 20 S/S
GM10843 CEPH/UTAH PEDIGREE 1423 Female 22 23 S/S
GM12004 CEPH/UTAH PEDIGREE 1420 Female 23 23 S/S
GM12001 CEPH/UTAH PEDIGREE 1420 Female 23 23 S/S
GM12743 CEPH/UTAH PEDIGREE 1444 Female 22 23 S/S
GM7017 CEPH/UTAH PEDIGREE 1333 Male 22 30 L/S
GM11919 CEPH/UTAH PEDIGREE 1423 Male 23 29 L/S
GM11039 CEPH/VENEZUELAN PEDIGREE 104 Female 21 31 L/S
GM12815 CEPH/UTAH PEDIGREE 1454 Female 19 31 L/S
GM 10845 CEPH/UTAH PEDIGREE 1424 Male 19 30 L/S
GM11997 CEPH/UTAH PEDIGREE 1420 Female 18 27 S/M
GM11917 CEPH/UTAH PEDIGREE 1423 Male 19 25 S/M
GM12903 CEPH/UTAH PEDIGREE 1477 Male 19 27 S/M
GM12251 CEPH/UTAH PEDIGREE 1416 Female 19 24 S/M
GM12740 CEPH/UTAH PEDIGREE 1444 Female 22 28 S/M
GM12812 CEPH/UTAH PEDIGREE 1454 Male 19 26 S/M
GM11992 CEPH/UTAH PEDIGREE 1362 Male 23 25 S/M
GM12762 CEPH/UTAH PEDIGREE 1447 Male 23 24 S/M
GM11916 CEPH/UTAH PEDIGREE 1423 Male 23 25 S/M
GM10844 CEPH/UTAH PEDIGREE 1424 Female 23 24 S/M
GM12763 CEPH/UTAH PEDIGREE 1447 Female 23 28 S/M
GM12144 CEPH/UTAH PEDIGREE 1334 Male 23 28 S/M
GMO7357 CEPH/UTAH PEDIGREE 1345 Male 23 28 S/M
GM12240 CEPH/UTAH PEDIGREE 1416 Male 25 26 M/M
GM12874 CEPH/UTAH PEDIGREE 1459 Male 26 26 M/M
GM12253 CEPH/UTAH PEDIGREE 1416 Female 24 28 M/M
GM12750 CEPH/UTAH PEDIGREE 1444 Male 25 28 M/M
GM12761 CEPH/UTAH PEDIGREE 1447 Female 24 28 M/M
GM12813 CEPH/UTAH PEDIGREE 1454 Female 29 31 L/L
GM11930 CEPH/UTAH PEDIGREE 1424 Male 30 30 L/L
GM12249 CEPH/UTAH PEDIGREE 1416 Female 30 30 L/L
GM12682 CEPH/FRENCH PEDIGREE 17 Male 30 30 L/L
GM11840 CEPH/UTAH PEDIGREE 1349 Female 27 29 L/M
GM11832 CEPH/UTAH PEDIGREE 1350 Female 26 30 L/M
GM12237 CEPH/UTAH PEDIGREE 1332 Female 26 29 L/M
GM11923 CEPH/UTAH PEDIGREE 1424 Male 24 29 L/M
GMO07341 CEPH/UTAH PEDIGREE 1333 Female 26 31 L/M
GM12892 CEPH/UTAH PEDIGREE 1463 Female 27 32 L/M
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Table I'V-S2: List of primers and LNA probes used in quantitative PCR and droplet digital

PCR
PCR primers
GHR_F TGGATGGTTCTGGAGTATGAAC
GHR_R AGGAAGTGTTACATAGAGCACCT
IGF-1 F TGTGGAGACAGGGGCTTTTA
IGF-1 R ATCCACGATGCCTGTCTGAG
B2M_F AGATGAGTATGCCTGCCGTGT
B2M R GCTTACATGTCTCGATCCCACTTA

SOCS2 F
SOCS2 R
BCL2 F
BCL2 R
GH1 F
GHI R

156180 F
0180 R

ddPCR primers /LNA probes

156180 A allele
156180 _C allele

GAGCTCGGTCAGACAGGATG
TTCCGTCTTGGTATTCGATTC
ATGTGTGTGGAGAGCGTCAA
TTCAGAGACAGCCAGGAGAAA
CCTAGAGGAAGGCATCCAAA
GCAGCCCGTAGTTCTTGAGTAG

TGGACAATGCCTACTTCTGTG
CTTGGTTTAAGCTTGGCTGTATG
5'-/SHEX/AGHT+GHC+A+TC+C CT/3IABKFQ
5'-/56-FAM/AGHT+GHC+C+TCC C/3IABKFQ
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Figure 1V-S1: DBP binds its response element in V9 promoter. The ChIP assay was
performed as previously described (Goodyer et al. 2008). Briefly, HEK293 cells with
endogenous or overexpressed DBP were cross-linked and lysates immunoprecipitated with an
antibody against DBP (Dr. Christopher Mueller, Queen’s University, Kingston, ON, Canada) or
with 1gG. After reversal of the cross-linking, the DNA was purified and PCR assays were
performed across the binding site (forward primer: 5> GCT TTA TTT TCC TCC TGT TGT
GCC 3’; reverse primer: 5 GCC AGA GCA GAC GCC AGA GTG 3’). Products were resolved

on a 2% agarose gel. * indicates binding of the DBP within the region studied.
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Figure 1V-S2: Sample result of allelic imbalance measurement at rs6180 by droplet digital PCR in
the LCL GM11919. a) The FAM or HEX fluorescent signals (y-axis) of each droplet is plotted against
the droplet cumulative count (x-axis). The pink line indicates the positive fluorescence threshold set
manually at 3000. The yellow line separates the two wells with LCL GM11919 starting cDNA on the left
or gDNA on the right from the same passage. The blue or green dots represent individual droplets
containing at least one copy of the allele (for rs6180: allele C or A, respectively). The QuantaSoft Analysis
Software measures the positive (above the threshold) and negative (below the threshold) droplets for each
fluorophore (FAM or HEX). Analysis of the fraction of positive droplets is then fitted to a Poisson
distribution to determine the absolute initial copy number of the target DNA molecule in the input reaction
mixture in units of copies/ul. b) Concentration results, presented as copies/ul in the sample, are displayed
for each sample studied along with the ratio of the concentrations obtained of each allele (C/A)

(orange).Ch, channel.
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Position GeneID Length Z-Score Sequence Location
(GRCh37/hgl9)
chr5:42424274-42424323 GHR 49 11495.27 (GT)24 87bpupstream of VOGHR TSS
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Figure 1V-S3: In silico analysis of the GT repeat propensity to form a Z-DNA helix. a) The
Z-Hunt algorithm has been originally developed in 1986 by Ho and colleagues to measure the Z-
DNA forming potential of a sequence (probability score) referred as the Z-score. The cut-off is
700.(Ho et al. 1986) b) The SIBZ algorithm (calculates the propensity of regions within the DNA
molecule to transition from B to Z conformations under negative superhelical stresses
(Zhabinskaya and Benham 2011) c) The non-B DB database predicted our GT repeat located in
the V9 GHR promoter to form a Z-DNA motif (nonb-abcc.ncifcrf.gov).
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CHAPTER V

GENERAL DISCUSSION AND FUTURE DIRECTIONS

1. The short stature phenotype: a complex trait
A. The ISS phenotype is a heterogeneous population
a) The GT repeat as a potential new marker associated with the ISS phenotype

The hallmark endocrine features of individuals with GHI are normal or increased GH levels
with variable deficiencies of IGF-1; these have been shown primarily to correlate with the
type of GHR mutations and the degree of short stature observed (David et al. 2011). The ISS
population is composed of heterogeneous individuals presenting with varying degrees of GHI.
The etiology of the ISS phenotype is not fully known, partly because of the different clinical
subgroups it comprises (Wit et al. 2008). Although classified as GHI and, thus, showing a
certain degree of GH resistance at the receptor level, there is little evidence of associations of
GHR mutations with the ISS phenotype nor a continuum of the effects of these mutations on
IGF-1 levels. Heterozygous mutations in the GHR coding regions have been detected in
exonic regions in 2 to 5% of 1SS individuals but with little functional evidence to support their
relevance (Bonioli et al. 2005; Hujeirat et al. 2006).

Mutations in some genes outside the GH/IGF-1 axis have also been shown to be associated
with ISS. The most common are mutations in the short stature homeobox-containing (SHOX)
gene, located in the short arm pseudoautosomal region of the sex chromosomes and encoding
a transcription factor that plays a role in chondrocyte proliferation and differentiation. Defects
in the coding as well as cis-regulatory regions of the gene (point mutations, deletions,
duplications) resulting in absence or haploinsufficiency of function are found in patients with
Leri-Weill, Langer mesomelic dysplasia and Turner syndromes; these are characterized by
short stature and dysmorphic features. In addition, clinical studies have shown that 1 to 17%
of ISS individuals have SHOX mutations, with slightly affected body proportions or within
the normal range (Binder 2011; Fukami et al. 2016; Marstrand-Joergensen et al. 2017; Rosilio
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et al. 2012). It should be noted that our Montreal cohort was not tested for SHOX mutations,
only ISS children without SHOX mutations were included in the Novara cohort and we have
no information for the CARTaGENE cohorts, although it is likely that a certain percentage of
the short stature adults may be carriers of some defects in the SHOX gene. Two other genes,
aggrecan (ACAN) and the natriuretic peptide receptor 2 gene (NRP2) have been associated
with the ISS phenotype in 1.5 to 3% of the cases (Kang 2017). These two genes were not

examined in any of our cohorts.

The results from Chapter 11 showed that specific GT repeat genotypes within the GHR are
associated specifically with the pediatric ISS phenotype. In order to understand what type of
subgroup these genotypes were associated with, it was important to have as many clinical data
as possible for these children. For the Montreal cohort, we obtained two height measurements
(one at diagnosis and one at recruitment) so that we could extrapolate height velocities on
growth curves. These data enabled us to conclude that the L/S carriers were the shortest of our
group at diagnosis and showed the least catch-up growth with age. This led us to hypothesize
a potential functional role for the extreme allelic lengths of this repeat. Unfortunately, we
were unable to retrieve final height data for the majority of these children and, thus, could not
conclude which GT subgroup(s) had children with catch-up growth vs those who remained

under the 3" percentile.

In the larger Italian Novara cohort, the ISS boys showed an increased prevalence of the S/M
genotype but, because we did not have any height data other than at the time of diagnosis, we
were unable to assess a more specific association with a subgroup. The ideal goal for future
studies, even though this will take several years, would be to continue the collaboration with
the Italian pediatricians until they have been able to obtain the final heights of their ISS and
control children. Interestingly, the boys presenting with the S/M genotype did not show any
difference in height relative to the non S/M carriers, so we cannot rule out that this genotype
could be a marker of children with catch-up growth at puberty. In this case, we could have a
marker for a subgroup of children that could avoid unnecessary GH treatments.

The pooled ISS cohort analysis confirmed, at least partly, the results: we again observed that
the S/M genotype was more prevalent in the male ISS children. However, we failed to

reproduce the L/S genotype even though we observed more than twice more ISS females with
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this genotype; the small size of the cohorts was a problem as the prevalence of L/S was only
~5% in the different control cohorts. Although, in the end, a common etiology for the ISS
phenotype could not be obtained in our study, the data strongly suggest that the GT repeat
microsatellite within GHR constitutes an interesting potential marker of ISS subgroups.

b) The missing heritability and the genetic complexity

Height is a highly heritable polygenic trait and a good model to study the genetic architecture
of a complex trait (Lettre 2011). The first two genes shown to be associated with variation in
height in the human population, HMGA2 and GDF5, accounted for less than 1% of the
variance in height (Sanna et al. 2008; Weedon et al. 2007). HMGAZ2 is one of the high-
mobility group (HMG) proteins and encodes for an architectural factor that binds AT-rich
DNA sequences in the minor groove. It plays a role in DNA packaging as well as in the
assembly of transcriptional complexes to regulate specific genes (Bianchi and Agresti 2005).
Interestingly, HMGAZ2 has been shown to have a role in general growth control, osteogenesis
and adipogenesis. HMGAZ2 also has been shown to be overexpressed in several cancers,
correlating with a poor overall survival score (Huang et al. 2018). Hmga2”™ mice have a
pygmy phenotype with decreased fat levels (Zhou et al. 1995) and microdeletions at the
HMGAZ2 locus have been associated with osteopoikilosis, mental retardation and proportional
short stature (Menten et al. 2007). Variants in the GDF5-UQCC locus have been associated
with variation in height (Sanna et al. 2008). Rs143383, associated with height and located in
the 5°UTR of GDF5, has been shown to be also associated with risk of osteoarthritis in
European and Asian populations (Chapman et al. 2008; Miyamoto et al. 2007) and with GDF5
differential allelic expression. The SNP we chose in our analysis in Chapter Il is in
complete LD with Rs143383. GDFb5 is an important growth factor, a member of the TGFB
superfamily, which has major roles in skeletogenesis, particularly at the early stages of
chondrogenesis (Francis-West et al. 1999). Mutations of this gene result in brachydactyly and
chondrodysplasias in humans characterized by severe shortening of skeletal elements
(Polinkovsky et al. 1997; Thomas et al. 1996)

Ten years after the identification of these two genes, the latest height-related GWAS carried

out by the GIANT (Genetic Investigation of Anthropometric Traits) consortium reported
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almost 700 loci associated with variation in height in the human population (Weedon et al.
2007; Wood et al. 2014). Surprisingly, these ~700 loci explain only ~20% of the phenotype
variability. The identified loci are common SNP variants (with a MAF > 5%) and have
mostly small effects so that the impact on height comes from a combination of small effects
(Lettre 2011). Interestingly, these loci show an enrichment for genes involved in growth,
including genes contributing to syndromes of abnormal skeletal growth, but also for genes and
pathways not previously linked with skeletal growth (e.g. mTOR, osteoglycin and binding of
hyaluronic acid). A more recent study, using an Exome ChiP on ~700 000 individuals,
uncovered 83 new rare or low frequency variants (MAF < 5%) with moderate to large effect
on height (up to 2 cm/allele), showing that rare sequence variants can also influence height

variation (Marouli et al. 2017).

For our Chapter 11 SNP analysis, we were limited to the choice of common SNPs due to the
small size of our cohorts. However, to find if there could be rare variants associated with the
ISS phenotype in the regulatory regions of GHR, I initially sequenced the Module A region
(~2kb) in the Montreal ISS cohort along with ~70 controls but did not find novel mutations.
The absence of mutations in the Module A region coupled with our small sample size and the
fact that, as mentioned earlier, only 2-5% of the ISS children have been found with
heterozygous mutations in their coding exons, led us to decide not to go forward with
sequencing the exonic regions of the Montreal ISS children. We instead chose a genotyping

strategy with a selected set of known common SNPs encompassing the GHR locus.

SNPs are very practical as markers as they are common, stable and easy to use in genotyping
platforms. But they may not capture all the variability at certain loci. Some authors, seeing
the limitation of the SNP-based GWAS approach to explain phenotypic variability, have
brought forward the concept of ‘missing heritability’ and suggested the need to look at other
types of genetic variations “to fill the gap” (Hannan 2010). Microsatellites are frequent and
have a high heterozygosity rate which makes them interesting as they provide a wide variable
range of possible genotypes compared to the binary nature of SNPs (Hannan 2010).
Moreover, it has been shown that microsatellites are poorly tagged by nearby SNPs so that
both SNPs and microsatellites would add up to constitute a multi-marker platform to map

quantitative trait loci.
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In Chapter Il, we found that rs4292454 (located in intron 2) associated with the ISS
phenotype as did significant 3’ risk haplotypes spanning exon 2 to 120kb downstream of the
GHR gene. Classifying the ISS children and their controls according to the rs4292454
genotypes alone did not show significant differences in height nor a correlation with the L/S
or the S/M GT genotypes; and the same lack of correlation was observed with the 3 risk
haplotypes alone. Our study suggests that the three types of markers identified (GT repeat
genotype, SNP and haplotype) may be associated with a specific subgroup of ISS, but the
present lack of final adult height data for our cohorts has so far prevented us from pursuing
this hypothesis.

Another possible future route to take, to overcome these obstacles, would be to try again to
collaborate with the one other group in Europe with large ISS and control cohorts (~430 ISS
and ~1200 controls). There is a network of European pediatric endocrinologists (NESTEGG)
which focuses on the genomics of growth, including children diagnosed with small for
gestational age (SGA) and ISS. They have collected clinical diagnostic data and DNA
samples but whether they have been able to follow all of the ISS and control children to obtain
final adult heights is an important question (Johnston et al. 2009). We approached them
several years ago, when we were just beginning the Montreal ISS studies, but they were not
open to a collaboration at the time. It may be that, now we have published our initial data,
they may be more agreeable. If they are, and they have collected final adult heights, | would
propose to carry out the same analyses as in Chapter Il in order to perform association
analysis with these three markers and generate a genetic risk score using conditional
regression analysis. If we were able to get Novara final adult height data and pool results of
the three cohorts, the cumulative n~600 ISS children should provide sufficient power to allow
for assessing the “three marker” hypothesis. The categorical output would entail dividing the
ISS group into children that retrieve a normal height following puberty and those who stayed
under the 3" percentile. This is important because, at present, there is no diagnostic marker
for the pediatric endocrinologist to decide whether GH treatment of an ISS child is

appropriate or unnecessary.

A CA repeat in the promoter of the IGF-1 gene has also been extensively studied, looking for

its potential association with IGF-1 serum concentration, susceptibility to certain diseases and
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risk in certain types of cancer. In 2011, Chen et al. reported a specific haplotype association
combining Tag SNPs in LD and the promoter CA dinucleotide repeat with serum IGF-1
concentrations in a cohort of 450 premenopausal Chinese women (Chen et al. 2011). In this
study, they used a similar approach to ours with the Haploview software bioinformatic tool to
define the haploblock structure of the IGF-1 gene and a Tag SNP approach to capture IGF-1
variability. They also used an alternative software program to infer haplotypes, PHASE, that
is based on a different algorithm; while Haploview uses the expectation-maximisation (EM)
algorithm (Barrett et al. 2005), PHASE uses Bayesian methods (Stevens, 2002) that also infer
the diplotypes for each individual. As an additional investigation of our ISS cohorts, | would
propose using the same strategy as Chen et al. With the final height data of the ISS, we could
perform two kinds of analysis: one with the ISS vs control height but with a previous filtering
of the 1SS, keeping only the ones that stayed under the 3™ percentile, and one with a
dichotimization of the ISS group itself, with an ISS subgroup that showed catch-up growth
and a subgroup that did not. I hypothesize that this approach will allow us to find haplotypes
and diplotypes composed of the GT repeat and SNPs in LD in the 5’ regulatory region of
GHR that would constitute sequence variants underlying shortness or catch-up growth more

precisely than the GT repeat alone.
B. Short stature and obesity
a) Short stature as a risk factor for obesity

The Chapter 111 study showed a significantly higher prevalence of obesity (BM1>30kg.m?) in
the short stature compared to normal height women; at the genetic level this result translated
into a set of variants specifically located in the GHR promoter of short stature women with
both risk or protective odds after adjustment by BMI, BAI or FMI. In order to further
characterize these effects, | would need to perform further stratification, to determine which
category/threshold (e.g. normal vs obese vs morbidly obese) of each adiposity index drives the
changes. With our present cohort, this resulted in a significant loss in statistical power. To
overcome this limitation, a larger cohort of short stature adults will be needed. When we
started our project, CARTaGENE had recruited ~20,000 individuals; today they have reached
~43,000 making it possible to at least double our cohort size in any future studies.
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b) Sex-specificity across the studies

From the control case analyses in Chapters Il and 111 to the investigation of a functional role
for the GT repeat in Chapter 1V, there was evidence of sex specificity effects. In Chapter
11, the significantly higher prevalence of the S/M genotype of the GHR GT repeat was only
observed for the ISS boys. In Chapter 111, short stature women, but not men, presented with
both increased adiposity (measured by different indices) compared to normal height controls;
this was combined with a strong genetic component that included a cluster of nominally
significant variants in the GHR promoter and the L/M GT genotype whose association with
height is affected by different adiposity indices. Finally, in Chapter 1V, sexual dimorphism
was observed in CEPH cell lines at the transcriptional level of IGF-1 in males and BCL-2 in
females: in both cases their lowest expression levels were associated with the L/M genotype.
In addition, post-transcriptionally high levels of Al in GHR were measured in the males,
potentially in association with the L allele. This continuum of sex specificity at the genotype-
phenotype level and at the level of gene expression regulation not only in GHR but also two
downstream gene targets (IGF-1, BCL2) strongly suggests sex-specific mechanisms are

involved.
c¢) Functional characterization of sex-specificity in the GH/IGF-1 axis

Sexual dimorphism in gene expression is common in mammalian somatic tissues and may
underlie the differential susceptibility to certain diseases between men and women (Rinn and
Snyder 2005). Sexually dimorphic patterns of GH secretion observed in humans and in
rodents have been linked to sex differences in downstream signaling pathways in target tissues
with consequences on gene expression and body composition as well as metabolism. It has
been shown that 20 to 30% of rodent hepatic genes have a sex-specific expression pattern;
these are genes involved in metabolic functions, including drug and lipid metabolism, but also
transcription factors or signaling proteins (Liu et al. 2016). GH is the main regulator of
sexually dimorphic gene expression in the rodent liver through the pulsatile activation of
STAT-5b (Liu et al. 2016). Recently, Lau-Corona et al. showed that the loss of pulsatile
STAT-5 activity, through continuous infusion of GH in the male mouse, led to a down-

regulation of ‘male-biased’ genes that were dependent on a pulsatile STAT-5 stimulation
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(Lau-Corona et al. 2017). The absence of a total reversal to a feminine gene expression pattern
indicated a resistance to continuous GH stimulation, suggesting some programming probably

at the epigenetic level of the highly ‘male-specific’ genes (Lau-Corona et al. 2017).

It is still not known today how exactly GH drives and maintains the sex-specific gene
expression patterns observed at the molecular level in the liver and in different somatic tissues
as well. However, in the rodent liver, these mechanisms are thought to include sex-specific
chromatin states, determined by DNAse hypersensitivity mapping and high throughput
sequencing, and local chromatin marks, characterized by specific histone modifications (Ling
et al. 2010; Sugathan and Waxman 2013). Sexually dimorphic physiological patterns are also
likely the result of complex interactions between the GH/IGF-1 axis and gonadal steroids, as
best illustrated in puberty: the increase of both GH and estrogen triggers the growth spurt
(Leung et al. 2004). The sexually dimorphic nature of the GH secretory pattern itself has been
shown to be the result of a neonatal programming of the hypothalamus (GHRH and
somatostatin producing neurons) via exposure to sex steroids (androgens and estrogens), with
subsequent effects during puberty likely affecting expression of the GH and GHR genes
(Fernandez-Perez et al. 2016; Raisman and Field 1973).

At the GHR gene level, there are few studies looking for a molecular mechanism to explain
direct regulation of GHR gene expression by sex steroids in humans. Previous animal studies
have shown a positive regulation of hepatic GHR mRNA expression by estrogens in rodents,
with higher levels of the liver-specific GHR1 variant in female rats (Gabrielsson et al. 1995).
In extra-hepatic tissues, the effect of estrogens has been shown to be tissue-specific, with up-
regulation in osteoblasts and down-regulation in the brain (Bennett et al. 1996). In humans,
one study has shown a biphasic effect of estrogen on GHR mRNA levels in osteoblasts
(Slootweg et al. 1997).

To further investigate the sexual dimorphism effects observed in Chapter 1V at the level of
GHR, I would propose a two-part study: | would hypothesize, first, that the GHR GT repeat
polymorphism can regulate the response to estrogen and, second, that there are specific
epigenetic marks in LCLs at the level of the GHR GT repeat locus that could be specific in
males vs females (‘programmed’ to answer to GH in a sex-specific manner) and may be

linked to a specific GT genotype. The GHR promoter has several ERa response elements
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(EREs) predicted by in silico analysis (PROMO database). Those within the proximal
promoter region for Module A would be tested for functionality by Luc reporter promoter
constructs followed by site-directed mutagenesis of the EREs or by ChIP directly in HEK293

cells transfected with an expression vector for ERa.

The potential response modulation by the GT polymorphism would be tested in our set of
LCLs, with stimulation of estrogen alone or in combination with GH, as a synergistic action
of the two hormones has been demonstrated in primary mouse hepatocytes in upregulating
GHR expression (Contreras and Talamantes 1999). Using ChIP with specific antibodies for
histone post-translational modifications followed by sequencing, we can investigate
differential epigenetic marks at the GT locus region in males vs females and in relation to
their GT genotype. Interestingly, most of the binding sites for ER (~95%) are located in distal
parts of gene promoters and often associate with enhancer elements. To characterize a
potential transcriptionally active ER, we could verify the presence of associated co-factors,
such as AlIB1, p300 and CBP as well as the pioneer factor FOXA1 (Carroll 2016), and histone
marks usually associated with active enhancers (e.g. H3K4mel, H3K4me2, H3K27ac and
H2A.Z). Moreover, it has also been demonstrated that long-range chromatin interactions
occur between ERa bound regions and their target promoters; the same authors also showed
that ERa, through chromatin looping, could bring genes together for a coordinated
transcriptional regulation (Fullwood et al. 2009). In line with these properties of ERa, and if
we validate a functional ERE in the distal promoters of GHR, IGF-1 and BCL-2, it would be
of interest to explore the potential ERa long range regulation of these three genes through

chromosomal conformation capture (3C) techniques.

Differential methylation of CpG is another epigenetic mark that could be interesting to
investigate as Module A is a GC rich region and CpG islands overlap V2, V9 and V3 exons.
Promoter CpG islands at promoter sites are generally hypomethylated while CpGs outside
these regions are mainly methylated, however, little is known about how methylation
modification could play a role in the case of gender-specific gene expression. The LCLs
derived from males showed the highest degree of allelic imbalance. I hypothesize that
differential allelic methylation at CpG islands and CpG sites distal to and/or within the GHR

Module A locus may play a role in two ways: in the sex specificity and in the level of allelic
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imbalance observed. To test this hypothesis, 1 would use pyrosequencing technology after
bisulfite treatment of genomic DNA for an accurate assessment of the levels and positions of
methylated CpGs and design an assay to detect allele-specific methylation profiles in the set
of LCLs.

2. Towards a molecular mechanism for the GT repeat in GHR

The results of my studies have led me to propose potential mechanisms for the GHR GT
microsatellite (Figure V-1). This model involves the formation of Z-DNA by the GT repeat as
a driver for the differential effects observed at the transcriptional level. The discovery of
proteins able to bind Z-DNA forming elements has been crucial in elucidating the potential
role of this conformation in vivo. Since the isolation of the double-stranded RNA deaminase
(ADAR-1) from chicken blood using a Z-DNA affinity column (Herbert and Rich 1993),
three more Z-DNA binding proteins (ZBPs) have been identified: ZBP1/DLM-1 in mammals
(Schwartz et al. 2001), PKZ in zebrafish (Rothenburg et al. 2005) and the poxvirus virulence
factor, E3L (Kim et al. 2003). All of these have been implicated in the interferon response
pathway (Herbert et al. 1995). ADAR-1 is particularly highly expressed in LCLs
(www.gtexportal.org) and has the ability to bind the GT repeat in its Z-DNA conformation

through its Z-DNA binding domain. Lafer et al. have demonstrated that, in contrast to B-
DNA, Z-DNA is a strong immunogen and highly specific polyclonal as well as monoclonal
antibodies have been produced (Lafer et al. 1981). Z-DNA antibodies are also produced
during certain human and murine auto-immune diseases, including systemic lupus
erythematosus (Lafer et al. 1981; Lafer et al. 1983).

| hypothesize that the amount of ADAR-1 binding to each GT allele is proportional to its
length; that imbalance would translate into a differential transcriptional activity (so a
differential loading of RNApol 1) between the two alleles which would explain, at least in
part, the Al measured in the GHR gene. To prove this differential enrichment, | would use Z-
DNA and ADAR-1 specific antibodies to perform ChIP on LCLs with homozygous GT repeat
lengths (S/S vs M/M vs L/L) and compare the relative enrichment between the cell lines by
quantitative PCR. To verify if this differential enrichment of ADAR-1 is linked to a
differential transcriptional activity | would also use an antibody for RNApol Il
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(phosphorylated at serine 5) to analyze the loading level of RNApol Il at the transcription start
site of the GHR V9 variant (located 80bp downstream of the GT repeat).

It has been demonstrated, through fluorescence in situ hybridization (FISH) experiments, that
chromosome organization is not random in the nucleus; instead, each chromosome occupies a
specific territory and provides a spatial organization for mainly intra-chromosomal
interactions (Bolzer et al. 2005). However, there is also recent evidence for inter-
chromosomal interactions: RNApol Il and H3K9me3 marks accumulate in distinct foci
dispersed throughout the nucleus, marking actively transcribed gene transcriptional factories
as well as inter-chromosomal interaction clusters (Belyaeva et al. 2017). Recently, cluster
formation and transcriptional activity of two genes, Gfap and Osmr, have been shown to be
regulated by Brahma-related gene 1 (BRG1), a chromatin remodeler, and STAT3 in
astrocytes (Ito et al. 2018). In addition, IGF2, an imprinted gene, was reported to be located at
the edge of a chromosomal territory where it is involved in inter-chromosomal associations
(physically or co-localized) with two other imprinted genes located in different chromosomes
(Lahbib-Mansais et al. 2016). In line with these recent advances, and because short tandem
repeats, specifically with GT motifs, have been implicated in the 3D organization of the human
genome (Nikumbh and Pfeifer 2017), | would test the possibility of inter-chromosomal
interactions of GHR with IGF-1 and BCL-2 driven by the GT repeat. Using FISH techniques, |
would assess first if the three genes tend to co-localize in LCLs under basal vs stimulated (GH,
estrogen) conditions, followed by 3C technique using antibodies for RNApol Il or Z-DNA or Z-
DNA binding proteins (ChlIP-loop) to know which regions (Z-DNA forming or not) are
potentially interacting with our GHR GT repeat. Finding these ‘trans’ activities would open up

an important new field of study for the GT repeat/Z-DNA motifs.
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Figure V-1: Hypothetical model of the regulatory effects by the GHR promoter GT

microsatellite.
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CONCLUSION

My thesis work examined the roles of the GHR gene in its association with two complex
traits, short stature and obesity. My discovery of the association of specific genotypes (SNPs,
haplotypes, GT) with pediatric idiopathic short stature is promising and, combined with future
clinical data, has the potential to formulate diagnostic markers for specific ISS subgroups.
Given that 1-2% of children worldwide are considered to have ISS, the ability to provide
families with information about the DNA variants underlying shortness or predict who will
have catch-up growth would help to limit unnecessary GH treatments. My finding of
increased risk of obesity in short stature women is the first study to show that several growth-
related genes (GHR, HMGA2, GDF5) share associations with both severe short stature and
obesity-linked anthropometric traits in a sex-specific manner. Finally, the functional
characterization of the GT repeat has shed a new light on its biological significance as a fine-
tuning modulator of GHR expression in a context- and sex-specific fashion. Ideally, future
functional studies should be carried out in lymphoblasts or fibroblasts derived from ISS

children, something that has only been reported once to date (Ocaranza et al. 2012).
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